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Summary  

In the coming decades natural gas is expected to play a large role in sustaining growing global 

energy demands as well as having an important role in the transition to renewable energy 

sources. The abundance of natural gas deposits and the significant reduction in carbon 

emissions associated with energy produced from natural gas are two of the main drivers for 

the increased usage. However, one challenge associated with the production of natural gas is 

that many of the discovered deposits are considered sub-quality due to large concentrations of 

contaminants with the inert gas nitrogen being one of the more pernicious. Currently the only 

commercial process to separate nitrogen from methane, the main component of natural gas, is 

cryogenic distillation, although the cost of this process limits this technology to the very-large 

scale gas processing facilities. The nitrogen produced from natural gas source is ultimately 

vented to atmosphere but often this nitrogen vent stream contains small but appreciable 

concentrations of methane, which is a potent greenhouse gas significantly worse than carbon 

dioxide per unit mass. Significant quantities of highly diluted methane are also released into 

the atmosphere every year from coal mines as well as the aforementioned cryogenic 

distillation processes because no technology that can effectively capture the dilute methane 

from these streams exists. Pressure swing adsorption (PSA) is one technology with the 

potential to effectively capture and enrich dilute methane streams as well as perform bulk 

nitrogen methane separations. However, the low selectivity of adsorbent materials for 

methane over nitrogen has long represented a significant barrier. In this research, a relatively 

new class of PSA process which incorporates dual reflux streams was tested successfully with 

three different adsorbent materials to efficiently separate mixtures of nitrogen and methane 

relevant to both nitrogen rejection and methane capture (or nitrogen purification) 

applications. 

The three adsorbent materials tested in the DR-PSA experiments were selected following a 

screening of five adsorbent materials that can be readily manufactured on an industrial scale. 

This screening was conducted with a Dynamic Column Breakthrough (DCB) apparatus that was 

improved as part of this research to allow reliable measurements of the adsorbent properties 

central to the design of any PSA process: equilibrium adsorption capacity, adsorbent 

selectivity, and sorption kinetics. For methane capture applications, the ionic-liquidic zeolite 

TMA-Y was found to be most suitable because it possessed the highest methane-nitrogen 

equilibrium selectivity, a reasonable adsorption capacity for methane and fast sorption 

kinetics. An activated carbon, Norit RB3, was also selected for testing DR-PSA cycles because it 

had a slightly larger capacity, fast kinetics and reasonable methane-nitrogen equilibrium 
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selectivity; as a standard activated carbon it also provides a robust baseline performance. For 

the nitrogen rejection application, an adsorbent which is nitrogen selective is highly desirable 

but at equilibrium the vast majority of materials favour the adsorption of methane over 

nitrogen. Instead adsorbents with a kinetic selectivity for nitrogen were tested for the first 

time in a DR-PSA cycle.  The carbon molecular sieve MSC 3K-172 was found to have a 

significant difference in the sorption rates of nitrogen and methane which could be exploited 

to allow the favourable adsorption of nitrogen. The use of these kinetically-selective 

adsorbents introduces additional complexities to the PSA process as the adsorption of gas 

becomes a function of time in addition to pressure and temperature. 

A two-column rig capable of performing the four standard dual-reflux (DR-) PSA cycles was 

constructed so that the separation performance of the DR-PSA process could be 

experimentally assessed. Two of these cycles have never previously been operated 

experimentally. An excellent separation performance was achieved using the Norit RB3 

carbon, where in one experiment a 2.4 mol% methane stream was enriched to 35.7 mol% with 

a methane recovery of 87% and a nitrogen stream containing 3000 ppmv methane. The 

increased selectivity of TMA-Y allowed the process to produce a nitrogen vent stream 

completely free of methane while simultaneously enriching methane from the same 2.4 mol% 

feed concentration to 46 mol%, a level that is useful to a process and a feat that no 

conventional PSA process has performed. In addition, the four configuration of the DR-PSA 

process, were systematically compared to determine the relative strengths and weaknesses of 

each configuration and it was found that the A- and B-cycles have an inherently different 

separation pathway. These differences result in the PH-B cycle having the best enriching 

potential while the PL-A cycle has the best stripping characteristics. The effect of the main 

process variables on the separation performance was determined from which a design 

methodology was conceived; this can be used to guide the design of future DR-PSA processes. 

Finally, the dynamics of the DR-PSA process gained from equilibrium separations were 

combined with the kinetically-nitrogen selective adsorbent MSC 3K-172 to perform the first 

known kinetic DR-PSA experiments. These preliminary experiments show that the kinetic 

DR-PSA process is capable of bulk nitrogen methane separations where a 75 mol% methane 

stream is able to be enriched to 95 mol%, although a more modest 90 mol% methane product 

is required to bring the recovery to above 90%. An energy analysis shows that significant 

energy savings are capable compared the use of an equilibrium-methane selective adsorbent, 

where energy reductions up to 50% are achievable. 
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The separation results achieved with the DR-PSA process, both equilibrium and kinetic based, 

show that the process is able to achieve high separations of various nitrogen and methane 

mixtures. The development of this dual reflux based process removes the need for highly 

selective adsorbents in achieving high separation between two gaseous components, which is 

traditionally seen as a significant barrier to the widespread adoption of PSA processes. This 

work opens the door for the DR-PSA process to be seen as a viable alternative for other 

difficult separations where traditional processes have failed to provide an effective separation.  
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1.1. The need for energy 

As the global population grows and the world becomes more technology hungry, the demand 

for energy increases. In 2014 the world consumed 12.9 billion tonnes of oil equivalent in 

primary energy, of which 33% was from oil, 24% from gas, 30% from coal, and the remainder 

from the combined output of nuclear energy, hydro-electricity and renewables [1]. This global 

energy consumption represented an increase of 0.9% from 2013, significantly lower than the 

ten year average of 2.1%. Over the next twenty years primary energy is predicted to increase 

at an annual rate of 1.4%, resulting in a net increase of 32% by 2035 [2]. While renewable 

sources of energy are predicted to experience the greatest growth, hydrocarbons (oil, coal, 

and gas) will still dominate our energy supply and provide over 80% of the world’s energy. Of 

the hydrocarbons, natural gas will have the greatest growth of 1.8% per annum and will cover 

approximately one third of the net energy increase. Another third of the increase in energy 

demand will be covered by oil and coal, while the remaining third is covered by non-fossil fuels 

[2]. 

 

Figure 1.1. Global energy consumption by primary source from 1990 to present, and 

predictions from present to 2035. Note that renewables includes biofuels. Graph reproduced 

from [2]. 

 

A driver of increased natural gas consumption is that it emits significantly less carbon dioxide 

than oil or coal and emits negligible amounts of carbon monoxide, NOx, SOx, and particulates 

when combusted [3]. With environmental regulations becoming more stringent in developed 

and developing countries, natural gas will play an important role in the transition towards 

environmentally friendly sources of energy. The growth of natural gas will be driven by non-
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OCED (Organisation for Economic Co-operation and Development) demand and increased 

consumption in Asia will cause net gas imports in the region to nearly triple and will account 

for nearly half of global gas net imports by 2035 [2]. The vast majority (87%) of the increased 

gas trade will be supplied through liquefied natural gas (LNG) rather than piped in its gaseous 

form as the distance between producing and consuming countries is large. Australia and the 

US will each contribute around a third of the increase in LNG trade and as a result, Australia 

will overtake Qatar and become the leading supplier of LNG by 2035. Natural gas will also 

become more important in the Australian domestic market as it share of primary energy is 

expected to increase from 26% in 2013 to 34% in 2050 and overtake coal to become the 

second largest primary energy supplier behind oil [4]. 

The global demand for coal demand is expected to increase by 0.8% per annum between 2013 

and 2035 as the increase in non-OECD consumption is offset by declines in OECD consumption 

[2]. Coal is the ‘dirtiest’ form of primary energy and so its use will be the first to decline in 

developed countries. For example, in Australia, coal is predicted to decrease from 31% in 2013 

to 6% of the primary energy consumption in 2050 [4]. The majority of the global coal 

consumption growth will be driven by the Chinese and Indian power sector and industry, 

although the Chinese consumption is expected to peak in 2025 as nuclear energy and 

renewables gain share [2]. Coal, however, will still be an important provider of primary energy 

for many decades, and in the future coal seams will also be an important source of natural gas. 

 

1.2. The environmental challenges of natural gas and coal as fuels 

Natural gas and coal are primarily comprised of carbon and hydrogen atoms covalently bonded 

together thorough simple (natural gas) or complex (coal) arrangements as visualised in Figure 

1.2. The large amount of energy stored in the carbon-carbon and carbon-hydrogen bonds can 

be released through combustion, which converts the hydrocarbons to water and carbon 

dioxide (CO2), and releases thermal energy. 
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Figure 1.2. The chemical structure of methane and ethane, the two simplest hydrocarbons in 

natural gas, compared to an example of the complex structure exhibited by coal. The precise 

structure of coal is dependent on the geological history of the specific coal seam and therefore 

no one structure can adequately describe all types of coal. [Images taken from Wikipedia 

under the GNU free documentation license] 

 

The carbon dioxide released from these fuels presents a major environmental concern as 

carbon dioxide is a known greenhouse gas and is a primary driver of global climate change. 

However, methane itself is a potent greenhouse gas and represents the second largest source 

of greenhouse gas emissions [5]. The relative impact of methane compared to carbon dioxide 

is somewhat difficult to estimate as the average lifetime of methane in the biosphere (12.4 

years [6]) is significantly shorter than carbon dioxide, which effectively lasts forever [7]. It is 

common, however, to use the global warming potential of greenhouse gases over a one 

hundred year timeframe (GWP100) as a standardised measure, which results in methane having 

a warming potential 28-34 times larger than carbon dioxide [6]. It is from this number that 

methane emissions are calculated to account for 16% of the total greenhouse gas emissions 

[5]; however over a twenty year timescale, methane has a GWP20 84-86 times that of carbon 

dioxide, which increases the aforementioned methane contribution to 33% [6]. In either 

scenario, methane represents a significant source of greenhouse gas emissions and hence its 

reduction is essential to effectively mitigate global climate change. 

Major sources of methane emissions include oil and gas production, and coal mining 

operations, which in 2010 released 2.3 billion tonnes of CO2 equivalent (GWP100) into the 

atmosphere, accounting for a quarter of global methane emissions [8]. Significant sources of 

methane emissions include waste streams, fugitive emissions from oil and gas production 

facilities and ventilation air methane from coal mining activities. Moreover, emissions from 

these sources are predicted to increase 28% by 2030 [8]. Other major sources of methane 
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Ethane
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emissions are from enteric fermentation, rice cultivation, solid waste (i.e. landfills) and waste 

water. Figure 1.3 below shows the methane emissions by sector.  

 

Figure 1.3. Measured and predicted sources of global methane emissions from 1990 to 2030 

[8]. Note that the GWP100 of methane is used in the conversion to CO2 equivalent values. In 

2010 methane accounted for 16% of total greenhouse gas emissions [5]. 

 

The increased demand for natural gas will require the exploitation of gas reserves historically 

considered to be sub-quality due to the high concentrations of contaminants. One such 

contaminant is nitrogen, which acts as an inert diluent and reduced the energy content of the 

gas. Information on the quality of natural gas reserves is difficult to find, partially due to the 

reluctance of exploration companies to release this data; however in the US in 1998, 24 trillion 

cubic feet of natural gas was known to contain high (>4 mol%) concentrations of nitrogen, 

which represented approximately 16 % of the known gas reserves at the time [9]. A typical 

sales gas pipeline specification for nitrogen is 3 %  and in many cases the feed gas may meet 

this specification without need for nitrogen removal or it may be achieved for gas from a high 

nitrogen content field by blending it with gas from a richer field. However, for LNG a maximum 

concentration of 1 % nitrogen is often specified and, to achieve this specification, cryogenic 

distillation processes utilising Nitrogen Rejection Units (NRU) may be required. The methane 

recovery of these NRUs is often around 98 % [10] which indicates that 2 % of the feed methane 

can be lost through the nitrogen vent stream; this can represent a significant quantity of 

energy, given the large flows (3-6 million tonnes per annum [11]) processed by NRUs in LNG 

plants. However, if this methane could be recovered from the vent streams at concentrations 

exceeding 30 mol% it could be used to supplement the fuel of conventional lean gas turbines 

[12] present in an LNG production facility. 
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Within the coal mining industry, methane capture is made difficult as it is often found in very 

dilute concentrations in an air stream. Throughout coal mining operations, methane desorbs 

from the coal and fresh air is forcefully pumped through the mine to prevent it from 

accumulating in the mine shafts. It is critical for this methane to be evacuated as if is allowed 

to accumulate above a concentration of 5% there is a risk that it may explode and cause a loss 

of life. There have been nine major coal mine explosions since 2000 where methane was a 

contributing factor [10, 13, 14] and the global coal industry is concerned that the frequency 

and severity of these types of explosions is unacceptably high. The discharged ‘dirty’ air, called 

ventilation air methane (VAM), normally contains less than 1.5 % methane but a single 

ventilation shaft may discharge several hundred thousand cubic meters of VAM per hour [15]. 

Cumulatively this VAM represents approximately 8 % of global methane emissions [10, 12]. 

The recovery of this methane could add significant value to a coal mine through energy sales 

or cost savings, which can come from reduced power, heating and/or cooling costs from onsite 

electricity generation. Alternatively, depending on the jurisdiction in which the mine is located, 

the capture of methane from VAM could lead to savings through carbon reduction credits as 

part of greenhouse gas reduction programs [10]. 

Methane can also be extracted from a coal seam prior to the commencement of mining 

operations, or as part of the extraction of unconventional natural gas. These degasification 

methods include vertical wells (drilled into the seam months to years before mining), gob wells 

(drilled into the seam just prior to mining), and in-mine bore holes (drilled from inside the 

mine into the seam) which can produce methane concentrations in the range of 30–100 mol% 

[10]. These sources of natural gas are known as coal bed methane (CBM) or coal seam 

methane/gas (CSM/CSG) and represent a major source of unconventional natural gas. In 

Australia CSG production accounted for 10 % of the total gas production in 2010 [16] and 

economically demonstrated reserves of CSG in Australia are around 36,000 PJ, or around 150 

years at current production. With a further 66,000 PJ of sub-economic and 122,000 PJ of 

inferred CSG resources [16] there exists a large potential for CSG to contribute significantly to 

Australia’s future energy supply.  

When this extracted methane has a concentration above 95 mol%, it is able to be directly sold 

as domestic gas [3], otherwise it can be used in a variety of technologies to generate electricity 

and waste heat. However, the concentration produced depends on many factors including the 

method of stimulation. For example, an enhanced method of extracting this methane is to 

inject an inert gas, such as carbon dioxide or nitrogen, into the formation to aid in the 

desorption of methane from the coal seam [17, 18]. A pilot study performed between 1998 

and 2002 in the San Juan basin showed that intermittent nitrogen injection increased the gas 
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flow rate by a factor of five. Unfortunately, significant breakthrough occurred with up to 

30 mol% nitrogen measured in the product gas [19]. 

The natural gas and coal industries could therefore greatly benefit from improved technology 

to separate methane and nitrogen. The primary objective of this novel separation process 

would be to produce a nitrogen stream essentially free of methane, and thereby reduce 

greenhouse gas emissions, while simultaneously enriching the methane to a concentration 

where it becomes useful. The separation process should be capable of treating a range of feed 

methane concentrations, such as the very low concentrations in VAM, through to the 

moderate concentrations found in sub-quality natural gas reservoirs which could complement 

NRUs found in large LNG production facilities. To be adopted such process should also have a 

relatively small capital and operating cost. Ideally, any such technology should be scalable so 

that it can be applied to both small developments, in which it has traditionally been 

uneconomical to incorporate demanding separation processes, as well as in large scale 

facilities. 

 

1.3. The challenge of separating methane and nitrogen 

To separate two components from each other a relative difference in one or more of their 

properties must be exploited: the greater the difference in these properties the more likely it is 

they can be used to design an effective separation process. The primary properties that can be 

exploited relate to one of the following inherent separation mechanisms: (1) phase change 

such as in a distillation process, (2) permeation through a membrane, (3) absorption in a liquid 

or solid solvent, (4) adsorption on a solid, and (5) chemical conversion to another compound 

[20]. The challenge with the methane nitrogen separation is that the two molecules have very 

similar properties that hinder the ability to separate them. In the context of methane and 

nitrogen separations, chemical conversion is normally carried out by the oxidation of methane 

which, in the process, destroys it, rendering it unrecoverable and thus it is only used as a final 

means to reduce greenhouse gas emissions when other separation methods are unfeasible. 

The first four methods represent the main technologies that are being used and developed for 

most separations and processes based on these techniques have been developed for the 

nitrogen methane separation. Separation technologies based on distillation, membranes and 

adsorption and their suitability for the nitrogen methane separation are discussed individually 

below. Absorption technologies have been tested for the nitrogen methane separation but 

they have some serious flaws that make any practical applications unfeasible. These processes 

require significant quantities of hydrocarbon liquids to absorb methane, or organo-metallic 
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complexes (OMCs) to absorb nitrogen [20-22] and these introduce unnecessary operational 

safety and environmental concerns into plant operations. The main barriers to hydrocarbon 

liquids is the low capacity of the liquid and the need for methane recompression; while the 

barriers for OMCs include the high cost of synthesis and the low chemical resistance to 

common contaminants such as water. Some OMCs present serious operational issues as they 

are pyrophoric, so they can spontaneously ignite on contact with air [20]. These materials 

show some potential for this separation but the development of these molecules is still 

restricted to the laboratory and many challenges need to be overcome. 

In a distillation process the relative difference between the boiling points of each component 

is exploited to drive the separation. The normal boiling point of nitrogen (-195.8 °C) is 34.3 °C 

lower than that of methane (-161.5 °C) which is a large enough difference to drive an effective 

separation, although as the absolute temperatures are very low, the distillation process is 

energy intensive as it needs to operate under cryogenic conditions. The process is able to 

achieve high methane recovery (typically above 98 %) and high purity nitrogen (approximately 

1 % methane) [20] but this is at the cost of maintaining the cryogenic conditions that are 

required for distillation to occur. Complex heat exchanger networks are employed to recover 

the ‘cold’ that significantly reduce the operating costs of this process; this, however, adds to 

the capital cost of the process and makes it only economically feasible for the large flow rates 

of gas which are characteristic of large processing facilities such as plants producing millions of 

tonnes of LNG per annum (Mtpa). These cryogenic distillation columns, known as nitrogen 

rejection units, are currently the only mature technology to perform the nitrogen methane 

separation as numerous commercial processes exist which are predominantly found in LNG 

production facilities. Example of companies that supply nitrogen rejection units include Global 

Industrial Dynamics [23], Linde [24], Costain [25], Chart Industries [26] and Sep-Pro Systems 

[27]. While these NRU processes are suitable for LNG facilities where cryogenic conditions 

already exist, the need to maintain cryogenic conditions make the process unsuitable outside 

the LNG industry. In addition, the large capital cost of the process is prohibitively expensive for 

all but the Mtpa-scale gas processing facilities. 
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Figure 1.4. An example of a three-column industrial nitrogen rejection unit  that shows the 

complexity the heat exchanger network can possess (redrawn from [28]). 

 

A membrane is a thin sheet of material that is permeable to certain components in a mixture 

and can facilitate a separation of two components if one component is selectively permeated 

through the membrane. The basic transport mechanisms of molecules through a membrane 

are described by either: (1) the solution-diffusion model, in which a component is absorbed 

into the membrane, diffuses through the membrane sheet, and desorbs from the other side; 

or (2) the molecular sieve model, where some molecules can flow through pores while others 

are excluded based on their relative size compared to the membrane pores [29]. The 

molecular sieve type membranes have been successfully applied to water purification and 

desalination since 1959 although it was not until 1980 that membranes had a commercial 

presence for gas separations through the production of nitrogen from air [29]. Since then, 

membranes have been applied to other gaseous separations such as the carbon 

dioxide/methane separation and the recovery of hydrogen from nitrogen or methane [29], 

although they only account for less than 5% of the market for new natural gas processing 

equipment [30]. The similarity between the kinetic diameters of nitrogen (3.64 Å) and 

methane (3.8 Å) make it difficult to design an effective membrane using either of the 

membrane separation mechanisms: although N2 diffuses faster through membranes, CH4 has a 

higher sorption [20]. However, highly selective membranes that have significantly higher 

permeation flows compared to similar polymeric membranes have been reported recently 

[31]. Membranes can been used in multi-stage process to overcome their relatively low 

selectivity which can theoretically treat methane streams with up to 30 % nitrogen, although 

Natural Gas

Nitrogen

Methane

H
ig

h
 P

re
ss

u
re

In
t 

P
re

ss
u

re
Lo

w
 P

re
ss

u
re



10 
 

the cost of such systems rises sharply as the nitrogen content increases [20]. One such 

commercial system is the Nitro-Sep™ process, shown in Figure 1.5, which uses two membrane 

stages to separate a low grade natural gas stream into pipeline quality gas and a fuel gas which 

contains approximately 50% nitrogen [32]. While membrane processes are able to upgrade 

low-quality gas to pipeline specifications, they are unable to capture methane from dilute 

sources such as VAM in coal mining operations. 

 

 

Figure 1.5. The Nitro-Sep™ membrane nitrogen rejection process [32] which contains two 

membrane stages to produce product gas and recover/recycle methane.  

 

Adsorption, the topic of this thesis, is the phenomena of a component condensing on the 

surface of a solid, where adsorbent materials typically have hundreds of square meters of 

surface area per gram of adsorbent due to the material containing a range of micropores that 

may be interconnected to form a pore network. The details of adsorption and adsorbents are 

discussed more thoroughly in Section 1.4 and Chapter 2, but to summarise; the physical and 

chemical properties of these materials cause different components to adsorb with different 

strengths, allowing certain components in a mixture to be selectively adsorbed which can later 

be desorbed for recovery. Adsorption processes have been used in large scale operations such 

as hydrogen purification from steam reformers, air separation into nitrogen and/or oxygen, 

and the dehydration of natural gas [33, 34]. The main barrier to its application in methane and 

nitrogen separations is the relatively low selectivity of most adsorbent materials for these 

compounds, although theoretical models suggest that more highly selective materials are 

possible [20, 34]. 
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Figure 1.6. A basic two bed pressure swing adsorption system. Each bed periodically switches 

between two steps: high pressure adsorption and low pressure purge. The adsorbent is 

selected to usually target one or more components in the feed mixture. 

 

Adsorption processes are divided into two main categories which differ in the method used to 

regenerate the adsorbent; pressure swing adsorption (PSA) processes reduce the gas pressure, 

while temperature swing adsorption (TSA) processes increase the bed temperature. Pressure 

swing adsorption processes, such as the one displayed in Figure 1.6 are often the simpler of 

the two as they need no provision for heating and cooling. However, temperature swing 

adsorption processes are required when the sorption energy is very high; high temperatures 

are required to ensure the adsorbent is properly regenerated following the adsorption step. 

One such example of an industrial TSA process is in the dehydration of natural gas in LNG 

production facilities, where TSA is used to reduce the  water content of the gas to the 

parts-per-million level [3]; however, the long cycle times (4-24 hours) of TSA processes are a 

significant drawback. The relatively weak sorption strength of nitrogen and methane on the 

majority of adsorbents makes TSA processes unnecessary and the faster PSA process more 

viable. In contrast to the TSA cycle, PSA cycles can be operated very quickly due to the relative 

ease of pressurising and depressurising an adsorbent bed, which results in significantly higher 

adsorbent productivities [33]. A significant advantage of PSA is that the process can operate at 

ambient temperatures so no heating or cooling is required, and thus the only energy input into 

the process is in the form of compression work. Furthermore, if the strongly adsorbed 

component is not required at high pressure, some processes can avoid compression 

altogether. Depending on the adsorbent used in the process, trace impurities may or may not 

Feed Exhaust

ProductPurge
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be an issue, as strongly binding species can accumulate and slowly ‘poison’ the adsorbent, 

reducing its performance. Accordingly a thermal cycle can be required to regenerate the 

material. Water is one such component and so must be removed to minimal concentrations 

prior to the process. Overall, adsorption processes work well for smaller scale gas processing 

facilities (<100 MMSCFD [20]) and are used commercially where there is an appreciable partial 

pressure of methane or nitrogen. 

 

1.4. The challenge of separating methane and nitrogen with pressure 

swing adsorption 

The pressure swing adsorption process separates two or more components through the 

relative adsorption strength of each component. Within the feed mixture, the component that 

adsorb the strongest, known as the heavy component, is preferentially adsorbed over the 

weakly adsorbed, or light, component. This preferential adsorption, known as an equilibrium 

separation, enriches the adsorbed phase with the heavy component (relative to the feed 

composition). This adsorbed phase is then recovered through desorption at a pressure lower 

than the primary adsorption step, and is often coupled with a purge of the light component to 

produce a more thorough rinse. However, the primary challenge associated with the 

separation of nitrogen and methane is the low selectivity of the adsorbent materials [20]. Most 

adsorbent materials only adsorb three to four times more methane than nitrogen in an 

equimolar binary mixture; in contrast species like carbon dioxide and water normally adsorb at 

levels tens of times larger than methane or nitrogen. 

The vast majority of PSA processes are based on the four step cyclic process described by 

Skarstrom in 1965 [35]. The four steps of the process are displayed in Figure 1.7 and are 

described as a stripping PSA cycle as the process excels at stripping the heavy components 

from the feed mixture. Most adsorbent materials preferentially adsorb methane which allows 

these cycles to produce a primary product of clean nitrogen. These materials are appropriate 

when there is a low composition of methane; however, for streams that are already rich in 

methane, it is more efficient to remove nitrogen from the feed mixture. To accomplish 

nitrogen rejection with these PSA cycles, kinetically-selective adsorbents are used to 

preferentially adsorb nitrogen from the feed gas [34, 36-39] and these are further discussed in 

Chapter 2. 
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Figure 1.7. The basic four steps of the stripping PSA cycle as originally described by Skarstrom 

in his heatless dryer patent [35]. 

 

While the stripping cycle is capable of producing a near pure primary product, the enrichment 

of the secondary product is limited; such that it may need further processing. Adsorption 

cycles often use a very large pressure swing to improve this enrichment, and some systems 

perform the purge step under vacuum conditions to increase the ratio of the pressures. These 

vacuum swing adsorption (VSA) processes can increase the performance of the separation and 

importantly keep the total volume and concentration of methane to a minimum to mitigate 

explosive conditions where safety is of concern, such as in coal mine gas separations [40-42]. 

However, these processes are unable to effectively process very dilute methane streams such 

as those found in LNG vent streams and VAM. 

A new cycle design that significantly improves on the stripping PSA cycle is known as 

dual-reflux (DR) PSA. This process uses dual reflux-streams to overcome the performance 

limitations, namely the enrichment limitation, of the stripping PSA cycle, and is theoretically 

capable of a perfect separation with any bed pressures [43-47]. While there have been 

impressive laboratory separation results with ethane nitrogen [46] and carbon dioxide air [48-

50], it is unknown how the process will perform with the more difficult methane nitrogen 

separation. In addition, there is no documented quantitative understanding about how the 

various process parameters in the complicated cycle work or interact. The process has also 

never been tested with kinetically selective adsorbents which, based off conventional PSA 

processes, may be required for nitrogen rejection applications. The DR-PSA process has the 

potential to effectively and efficiently separate nitrogen and methane mixtures and, prior to 

the start of this investigation, had not been investigated for its application to the this 

separation. 
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1.5. The objectives of this research 

The primary objective of this research is to determine if PSA can be used to perform both 

nitrogen rejection and nitrogen purification. With regards to the nitrogen rejection application, 

kinetically nitrogen-selective adsorbents will be investigated and characterised through 

standard laboratory tests. This approach is detailed in Chapter 3, where an adsorption 

breakthrough apparatus and a volumetric rate-of-adsorption system (ROA) are used to 

measure kinetic parameters of various adsorbents. The design and construction of an 

adsorption apparatus capable of performing DR-PSA cycles is described in Chapter 4. In 

Chapter 5 the apparatus is used with highly methane selective adsorbents to characterise the 

DR-PSA process and determine its performance with nitrogen purification applications. Finally 

in Chapter 6, the DR-PSA process is combined with the best kinetic adsorbent to perform the 

first ever test of a kinetically based DR-PSA system. The conclusions and recommendations for 

future work are detailed in Chapter 7 of this thesis. 
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2.1. Forward 

The objective of this chapter is to detail the key steps in designing an effective adsorption-

based separation process, with a focus on either the purification of N2 vent streams by 

capturing CH4, or the rejection of N2 from sub-quality natural gas. After the process objectives 

are detailed, the key properties of adsorbents will be discussed in the context of how these 

impact the methane nitrogen separation process. This will then lead to the identification of the 

classes of adsorbents that are potentially capable of achieving the process objectives. Finally 

the adsorption-based process itself will be investigated to assess the productivity and work 

requirements of various process designs.  

 

2.2. Process objectives 

As identified in Chapter 1, the need for nitrogen methane separations can be divided into two 

distinct categories: 1) the capture of methane from dilute sources such as waste streams in the 

production of LNG, and 2) the upgrade of low quality natural gas from unconventional sources 

such as gas extracted from coal seams. The objective of capturing methane from dilute sources 

(<5 % CH4) is to clean the vent stream and reduce anthropogenic greenhouse gas emissions, 

and may be referred to as nitrogen purification. The definition of a “clean” methane free vent 

stream is arbitrary and will vary by company and jurisdiction; however a specification of <100 

parts per million (ppm) has been proposed [51]. In addition, the methane contained within the 

dilute source should be enriched to a point where it is useful to the industry, such as lean gas 

turbines that require a methane content greater than 25 % [52]. The only commercially 

available technologies capable of achieving the 100 ppm specification involve oxidation of 

methane to carbon dioxide, which converts the methane making the energy content of the 

stream unrecoverable. An adsorption process, however, has the potential to achieve such a 

specification, and also represents the only viable process of simultaneously treating such dilute 

feed streams. 
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Figure 2.1. A visual description of the nitrogen purification processes and the main separation 

objectives. 

 

Natural gas is said to be low-quality when the nitrogen content exceeded 4 % [3]. When the 

nitrogen content of the gas is below around 10 % one approach to upgrading is blending with a 

high quality natural gas to produce a product that meets pipeline specifications. However, this 

approach is not always available or feasible, and then upgrade of low quality natural gas 

requires the removal of nitrogen, leading to a process objective which may be referred to as 

nitrogen rejection [3]. The main objective of the nitrogen rejection process is to lower the 

nitrogen content of the natural gas from >20 % nitrogen to below 10 % [53] such that it can be 

blended or even be sold directly. The separation should have a high methane recovery (>90 %) 

so that the economics of the process are favourable for implementation. The secondary 

product should contain less than 50 % methane so that it can be used to supplement the fuel 

gas requirements of the process. Industrial nitrogen rejection units (NRUs) are capable of 

achieving, and exceeding, these separation goals; however the high capital cost of these NRUs 

make them only financially viable in very large gas processing facilities. The separation is 

therefore aimed at small scale gas processing facilities with natural gas flow rates less than 

100 MMscfd where NRU-based separation process are less economically viable. 
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Figure 2.2. Schematic of the nitrogen rejection process and the separation objectives. (MMscfd 

= million standard cubic feet per day) 

 

2.3. Key properties of adsorbents 

The term ‘adsorption’ commonly refers to the adhesion of molecules to a solid surface and 

should not be confused with absorption where molecules are dissolved into a bulk phase such 

as a liquid. In the adsorption phenomenon, the adsorbed molecules are bound to the surface 

by weak van der Waals forces (physisorption) or strong covalent bonds (chemisorption); 

adsorbed molecules can even bind to other molecules to form a multi-layered adsorbed phase 

[33]. As adsorption is proportional to the available surface area, materials described as 

adsorbents often have a significantly large surface area in the range of hundreds to thousands 

of square meters per gram of adsorbent. These materials possess large surface areas because 

they are extremely porous and often contain a network of micropores throughout their 

structure, which can have a diameter comparable with (slightly larger than) the size of a single 

molecule [54]. The three key properties of adsorbents: equilibrium adsorption capacity, 

equilibrium selectivity, and sorption kinetics, are discussed individually below, before the 

section concludes with a description of the experimental methods commonly used to measure 

these properties. 

 

2.3.1. Equilibrium adsorption capacity 

The most important property that any adsorbent material possesses is its equilibrium 

adsorption capacity for each of the components in the feed stream. The equilibrium capacity is 

defined as the quantity of gas that is adsorbed at a given pressure and temperature and is 

often normalised to the mass of adsorbent. It is desirable for an adsorbent to have a large 
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adsorption capacity as this determines how much adsorbent is required to treat a given 

amount of gas, and so directly correlates to the capital cost of the process. The equilibrium 

adsorption capacity is most commonly described in terms of an adsorption isotherm, which 

notionally gives a relationship between adsorption capacity and pressure at a constant 

temperature, although the mathematical model can be extended by including the enthalpy of 

adsorption to enable calculation of the capacity at other temperatures. This relationship is 

specific to the adsorbate/adsorbent pair but will follow one of six general trends, shown in 

Figure 2.3, depending on the strength of the interaction and the size of the pores in the 

adsorbent [55]. 

 

Figure 2.3. Classification of the isotherm types according to IUPAC [55]. The type of isotherm is 

determined by the adsorbate/adsorbent interaction and the pore size of the adsorbent. The 

relative pressure is defined as the ratio of the adsorbate pressure to the pure adsorbate 

saturation pressure at the temperature of the measurement. In the Type II and IV isotherms, 

point “B” indicates when mono-layer adsorption is complete and multi-layer adsorption 

begins. 

 

For gaseous adsorption systems where the relative pressure of the adsorbate rarely 

approaches the saturation limit, adsorption isotherms are usually characterised by type I and II 

isotherms [34, 56]. The first non-linear isotherm that accurately described real adsorption 

isotherms was the Langmuir isotherm and this model is still commonly used today [57]. To 

derive this model the rates of adsorption and desorption are linked to the adsorbate surface 

coverage, the pressure, and two rate parameters through the following equations: 

  1ads desadsorption k P desorption k     Eq. 2.1 
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where   is the fractional adsorbate surface coverage, P  is the adsorbate pressure, and adsk  

and desk  are the rate parameters for adsorption and desorption respectively. The adsorption 

system is at equilibrium when these two rates are equal to each other, so equating and 

rearranging equation Eq. 2.1 the following relationship is determined: 

 
1

KP

KP
 


 Eq. 2.2 

where K  is the equilibrium parameter and is equal to the ratio of adsk  to desk , and is often 

linked to temperature through the vant Hoff relationship [34]: 

 0 exp
H

K K
RT

 
  

 
 Eq. 2.3  

where 0K  is the equilibrium parameter at an infinite temperature, H  is the enthalpy of 

adsorption, R  is the ideal gas parameter, and T  is the gas temperature. As the fractional 

surface coverage,  , cannot be directly measured or observed, it is often expanded to the 

ratio of the adsorbed capacity ( q ) to the maximum adsorption capacity ( maxq ). Substituting 

this into equation Eq. 2.2 results in a more physically convenient form of the Langmuir 

Isotherm: 

 max
1

KP
q q

KP



 Eq. 2.4 

where K  is calculated from equation Eq. 2.3 and maxq , 0K , H  are the three parameters 

usually obtained by fitting to capacity data measured over a range of pressure and 

temperature. Many adsorption isotherms conform to this simple isotherm and as such it has 

become the standard model used in the description of PSA processes [34]. A modification of 

the Langmuir isotherm, called the Toth isotherm, incorporates an additional parameter that 

characterises the heterogeneity of the adsorbent surface [58]. This enables the model to 

better fit capacity data measured over a wide range of conditions. The Toth Isotherm is as 

follows: 

 

  
max 1

0 1

1
n n

KP
q q n

KP

  



 Eq. 2.5 

where the adsorbent heterogeneity factor, n , has a value between zero (completely 

heterogeneous surface) and one (homogeneous surface) whereupon it reduces to the 
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Langmuir isotherm. Alternative models such as the Langmuir-Freundlich and Sips isotherms 

also have the fourth fitting parameter, although these models are purely empirical and lack a 

theoretical foundation, and so should be used with caution [33]. 

 

2.3.2. Equilibrium selectivity 

The equilibrium adsorption capacity is also the dominant factor in determining the selectivity 

of an adsorbent, which is the second most important property for process design. When a gas 

mixture is exposed to an adsorbent, the individual components usually undergo competitive 

adsorption, resulting in adsorbed volumes different to that which might be predicted with if 

the pure gas adsorption isotherms were considered in a straightforward manner. In terms of a 

separation process, the selectivity has a large impact on the energy required to separate the 

feed gas mixture, with higher selectivities resulting in lower energy requirements and, hence, 

operating costs [54]. The equilibrium selectivity ( ) is defined through the competitive 

interaction of two components and is given as the ratio of their equilibrium adsorption 

capacities normalised to their gas phase compositions (Y ) at equilibrium. In the context of a 

methane and nitrogen separation, the selectivity of an adsorbent can be defined as [33]: 
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   Eq. 2.6 

One approach to the description of competitive adsorption in terms of the pure gas isotherms 

is through the use of a so-called extended isotherm. The Langmuir isotherm can be easily 

extended by adding additional KP  terms into the denominator for each additional 

component. Such a multi-component isotherm model is known as the extended Langmuir 

Isotherm [57]: 
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 Eq. 2.7 

Here the subscripts i  and j  refers to the individual components and N  is the total number 

of components in the fluid mixture. The parameters in this isotherm are identical to those of 

the Langmuir isotherm, so by knowing the pure gas adsorption isotherm, the adsorption of gas 

mixtures can be predicted without the requirement for additional parameters. Substituting the 

extended Langmuir equation into Equation Eq. 2.6 results in the definition of the Langmuir 

adsorption selectivity: 
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  Eq. 2.8 

As this definition of selectivity is independent of the gas phase composition, it is sometimes 

referred to as the ‘constant separation factor’ model [34].  

A more sophisticated method of predicting multi-component adsorption is to use the Ideal 

Adsorbed Solution theory (IAST) which assumes that: 1) the adsorbent is thermodynamically 

inert (the change in adsorbent properties during adsorption is insignificant compared to that of 

the adsorbate), 2) that the adsorbent possesses a temperature-invariant area that is the same 

for all adsorbates, and 3) the Gibbs definition of adsorption applies [59]. The Gibbs adsorption 

isotherm is derived from the fundamental thermodynamic equation representing the 

combined first and second laws of an adsorbed phase, and by considering an equilibrium with 

an ideal vapour phase [33]: 
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 Eq. 2.9 

This provides a general relationship between the spreading pressure ( , negative of the 

surface tension) and the adsorbed phase concentration, from which many adsorption 

isotherms can be derived, including the Langmuir isotherm described above. The core 

assumption of the IAST model is that the adsorbed phase is a thermodynamically ideal mixture 

when the spreading pressure  of each component in the adsorbed phase is equal; 

 1 2 ... N      Eq. 2.10 

where: 
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    Eq. 2.11 

Here i  is the spreading pressure of component i , and in  is the amount of component i  

adsorbed at the reference pressure iP . The reference pressure can be interpreted as the pure 

adsorbate vapour pressure for the component at the temperature T  and spreading pressure 

  of the mixture. By assuming that the adsorbed and gas phases behave as ideal mixtures, 

where the activity and fugacity coefficients are equal to one, the equilibrium can be described 

by Raoult’s Law: 
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Since ix  is the mole fraction of component i , the sum of the components, by definition, is 

one: 
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   Eq. 2.13 

The total adsorbed amount can then be calculated from the ideal mixing equation: 
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     Eq. 2.14 

The spreading pressure in equation Eq. 2.11 can be calculated from any pure component 

isotherm such as the Langmuir and Toth isotherms described above and as such, the accuracy 

is limited by the accuracy of the underlying adsorption capacity measurements. An 

implementation of the IAST method of adsorption predictions in mixtures has been described 

by Valenzuela and Myers [60] which requires the evaluation of nested iterative loops, making 

it very computationally intensive. In many adsorption systems the additional accuracy of the 

IAST isotherm is not worth the additional computational complexity, as the difference 

between it and simpler extended isotherms is often negligible [61]. 

 

2.3.3. Sorption kinetics 

An adsorbent’s sorption kinetics constitute the third key property required for the design of an 

adsorption process. The Linear Driving Force (LDF) model [62] is frequently used to describe a 

material’s sorption kinetics. The LDF model states that the rate of adsorption ( dq dt ) is equal 

to the sorption rate ( k ) multiplied by the difference between the equilibrium adsorption 

capacity at local conditions ( *q ) and the instantaneous adsorbed capacity (  q t ) as displayed 

in Equation Eq. 2.15. The sorption rate can thus be defined as the temporal rate of change in 

adsorption capacity divided by the sorption driving force. 

   
  

*

*

dq dq dt
k q q t k

dt q q t
   


 Eq. 2.15 

The inverse of the sorption rate is known as the characteristic time of adsorption and, 

assuming that the sorption rate and equilibrium adsorbed capacity are constant, corresponds 
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to the time required for the adsorbed capacity to reach 63.2 % of the equilibrium capacity as 

shown in Figure 2.4a. While the sorption rate as defined by the LDF model is in principle a 

readily measurable parameter commonly used for design purposes, it is not an intrinsic 

property of the adsorbent. The sorption rate observed in many experiments or processes is in 

fact governed by several mechanisms relating to heat and mass transfer limitations, with the 

latter often being microscopic in nature.  

In many cases, heat transfer is the dominant phenomenon governing the effective sorption 

rate.  The primary mechanism by which heat affects the rate of adsorption is through the 

reduction of the local equilibrium adsorption capacity, which limits the driving force for 

adsorption [33]. Figure 2.4b shows qualitatively the effect that a given temperature increase 

can have on the uptake of an adsorbate:  it can be seen that the temperature increase is 

capable of significantly changing the equilibrium capacity and hence rate of sorption. In the 

limiting situation when all mass transfer processes are comparatively rapid, the sorption rate 

can be entirely controlled through the dissipation of heat from the adsorbent [34]. 

 

 

Figure 2.4. Qualitative illustration of the adsorption uptake for a single component in a batch 

system. a) Ideally the dynamic adsorbed amount decays exponentially toward the equilibrium 

adsorption capacity. The time required to reach 63.2 % of the full change is the characteristic 

time of adsorption (the inverse of the sorption rate). b) In practice, the exothermic nature of 

adsorption often increases the local temperature, decreasing the equilibrium adsorption 

capacity, which in turn decreases the driving force of adsorption. In this case the apparent 

sorption rate appears to be much lower than the actual sorption rate (0.1 s-1) due to the slow 

rate of heat dissipation. 
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Mass transfer limitations determine the intrinsic rate at which a component will adsorb and 

are often divided into various categories as shown in Figure 2.5. The macropore and micropore 

resistances shown are determined by the structure of the adsorbent and the size and 

properties of the adsorbate molecule, while the contribution of the external film resistance is 

determined through hydrodynamic effects. In most adsorption systems, only one resistance 

will control the overall sorption kinetics, although dual-kinetic adsorbents have been described 

in literature [39, 63]. Each of the three categories of adsorption resistances, external, 

macropore, and micropore, are discussed separately below. 

 

 

Figure 2.5. The resistances to adsorption that can be encountered in an adsorbent. Under most 

conditions only one resistance will be dominant, or controlling. The numbered positions 

correspond to: (1) the bulk phase, (2) inside the macro/mesopore network, (3) outside of a 

micropore, (4) inside a micropore, and (5) the adsorbed phase.  

 

At the boundary of the fluid (bulk gas) and solid (adsorbent) phases, a no-slip condition occurs 

where the fluid phase molecules of one species exist as a viscous boundary layer next to the 

solid phase and are effectively unable to flow with the bulk phase. Molecules from the bulk 

flow of another species must diffuse through this layer to reach the adsorbent surface [33]. 

The resistance to adsorption represented by this layer is often estimated through 

experimentally determined mass-transfer correlations such as [33]: 
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Here, the Sherwood number (Sh ), a function of the film mass transfer coefficient ( fk , the 

inverse of the film resistance), pellet diameter ( pd ) and the component molecular diffusion (

mD ). It is related to the Schmidt (Sc ) and Reynolds ( Re ) numbers, which themselves are 

dimensionless groups of the fluid and flow properties. In adsorption systems, the flow velocity 

(Reynolds number) is often large enough such that the film resistance is rarely, if ever, the 

controlling resistance, although it often has a small contribution [34]. 

When the sorption kinetics are controlled by macropore resistance, the adsorbed phase is in 

equilibrium with the conditions in the macropores, and the sorption process within an 

individual adsorbent pellet initially occurs near the surface and slowly migrates towards the 

centre of the pellet [33]. Molecules can be transported through these pores by four separate 

and parallel mechanisms; molecular diffusion, Knudsen diffusion, surface diffusion, and 

Poiseuille flow, although usually only one or two mechanisms dominate in a given situation. 

While each of these mechanisms is well understood and characterised, their contribution to 

the resistance is dependent on the exact configuration of the pore structure and network, 

which is often poorly understood. 

Molecular diffusion is controlled by the random motion and collisions of molecules in a bulk 

phase such as in the free space of macropores. This process is dependent on the properties of 

the molecules such as their mass and size, along with the pressure and temperature of the 

fluid phase. The theory describing diffusion is usually credited to Chapman and Enskog who 

independently derived the following equation [64]: 
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 Eq. 2.17 

Here, ABD  is the mutual diffusion coefficient of two molecular species, A  and B ;T  is the 

local gas temperature, P  is the gas pressure, and M  is the molecular weight. The parameters 

AB  (the characteristic length of the intermolecular force law) and D  (the dimensionless 

collision integral) are dependent on the details of the intermolecular potential. When this is 

described by a Lennard-Jones function, they become [64]: 
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 Eq. 2.18 

Equation Eq. 2.17 shows that an increase in pressure causes there to be a higher density of 

molecules in the gas phase and so the diffusion coefficient is reduced, while as increase in 

temperature means that the molecules have greater kinetic energy, and hence velocity, 

increasing their diffusivity. When the molecular mean free path (the average distance travelled 

before a collision) is on a similar length scale to the pore diameter, which occurs at low gas 

densities and/or small pore diameters, the frequency of collisions with the pore wall can 

exceed the frequency of molecule-molecule collisions. This mechanism produces what is called 

Knudsen diffusion, where the collisions with the pore wall create a diffusional resistance 

comparable to that of molecular diffusion [33]. Unlike what might be expected from classical 

mechanics in these collisions the molecules do not bounce off the wall like a ball, but rather 

they are instantaneously adsorbed and desorbed in a random direction that is independent of 

the initial molecule trajectory. This random trajectory results in a process that is characteristic 

of diffusion, a function of temperature and molecular weight, and independent of the pressure 

of the bulk gas phase. It is often estimated from the expression [33]: 

 9700K p

T
D r

M
  Eq. 2.19 

where KD  is the Knudsen diffusion coefficient (cm2∙s-1), pr  is the mean pore radius (cm), T  is 

the temperature (K), and M  is the molecular weight of the diffusing species (g∙mol-1). As both 

molecular and Knudsen diffusion produce the same effect upon a system, they are often 

combined into a single effective diffusion coefficient using: 

 
1 1 1

M KD D D
   Eq. 2.20 

After molecules have adsorbed onto the surface of the pore wall, they do not become 

immobile, but rather they are free to diffuse over and along this surface, in a process also 

controlled by random motion. Similar to molecular diffusion, this surface diffusion acts to 

spread out the adsorbed phase over the entire accessible surface area, which in the case of 

adsorption, produces a net flow towards the adsorption sites. The surface mobility is 



28 
 

significantly lower than molecular diffusion, but because the concentration of the adsorbate 

molecules on the surface is much higher, especially when there significant adsorption has 

already occurred, the overall effect can be significant [33]. 

The final macropore mass transfer mechanism, Poiseuille Flow, occurs when there is a net 

pressure drop across an adsorbent particle; this causes laminar flow through the pore 

network, following the pressure gradient, and directly carries molecules to the micropores 

[33]. This mechanism, also known as advection, requires a significantly large pressure drop 

across an adsorbent bed in order to produce a noticeable effect and such operating conditions 

are usually avoided as they also produce detrimental effects such as the mechanical 

degradation of the adsorbent. 

Micropores in zeolites have different local structures to those in carbon materials, which result 

in the resulting adsorption kinetics having slightly different characteristics. In a zeolite the 

micropores are created from an ordered molecular framework that forms an individual crystal, 

the size of which is determined by the process and conditions under which it was grown [54]. 

These crystals are agglomerated together randomly forming a polycrystalline structure, which 

is permeated by macropores to facilitate gas transport through the material, illustrated in 

Figure 2.6. The diameter of the micropores within a crystal is constant and is known (or can be 

measured), but the overall size of the crystal can also have an influence on the kinetics of 

adsorption. The result of this is that that batches of the same adsorbent material, but 

produced from different sources, can have significantly different kinetics if the crystal sizes are 

different [34]. Carbon-based adsorbents, however, have no such structure, and the micropores 

protrude randomly into the walls of macropores, reducing the complexity of the kinetic 

process. 

 

Figure 2.6. A simplified comparison of the micropore structure between a zeolite and carbon 

material. In a zeolite, the micropores are ordered neatly in a crystal, which are randomly 

agglomerated together. However in a carbon, there is no local micropore structure, and the 

micropores randomly branch through the material. 

Micropores

Typical Zeolite Typical Carbon

MacroporeMacropore
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The ordered structure of zeolite crystals is produced by an aluminosilicate framework with a 

net negative charge which is balanced by cations such as Na+, K+, Ca2+ or Mg2+. As the cations 

each have a different molecular diameter, the ions interact with the frameworks to different 

extents, creating structures with different, although uniform, pore sizes [54, 65]. It is this pore 

size, along with the diameter of the adsorbing molecule that controls the crystalline diffusion 

rate ( cD ), which along with the crystal radius ( cr ), controls the characteristic time of sorption 

into the microporous material. Through the study of chromatographic columns, it has been 

found that the rate of adsorption ( k ) into spherical particles can be adequately described 

through the simple correlation [66]: 

 
2
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r
  Eq. 2.21 

The parameter ‘15’ was empirically derived to provide the best fit between theory and 

experiment and is commonly recommended for adsorbent process design [62]. 

The external film resistance ( fk , only applicable in multi-component conditions), combined 

molecular and Knudsen diffusion ( pD ), and micropore resistance, are often combined into a 

single equation that provides an effective overall sorption rate ( 'k ) that can be used in the LDF 

model [33]: 
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    Eq. 2.22 

Here pR  is the adsorbent pellet radius, p  is the adsorbent pellet porosity, and K  is the 

Henry’s Law isotherm parameter (linear part of the adsorption isotherm). The three terms on 

the right hand side correspond to the external, macropore, and micropore resistance and are 

combined in a simple resistances-in-series arrangement as shown graphically in Figure 2.5. 

When an adsorbent material has significantly different kinetic rates for two gas species, the 

square root of the ratio of kinetic parameters can be combined with the equilibrium (alpha) 

selectivity, Equation Eq. 2.6, to give the kinetic (beta) selectivity: 
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   Eq. 2.23 
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This definition of the kinetic selectivity allows different materials with different combinations 

of equilibrium adsorption capacity and sorption kinetics to be quantitatively compared to each 

other through the use of a single selectivity parameter. 

 

2.3.4. Measurement techniques 

In the design of an adsorption based separation process, the adsorption capacities of the 

adsorbent under the operating temperatures, pressures and gas compositions are the most 

critical piece of information and so significant effort is often taken to accurately measure these 

values [57]. Pure gas equilibrium adsorption measurements are the most readily performed 

experiments and commonly reported in literature, however, it is usually desirable to also have 

mixture adsorption measurements conducted over a range of gas compositions. While mixture 

equilibrium adsorption capacities can in principle be predicted from pure gas measurements, 

however, such predictions do not always match experimental data well [61, 67, 68]. There are 

three main techniques to measure the adsorption capacities along with sorption kinetics which 

are known as: the volumetric method, the gravimetric method, and the dynamic breakthrough 

method; each has its own advantages and challenges. 

In the volumetric method, an adsorbent sample is loaded into a cell with a fixed volume and 

adsorption is tracked through the decay of pressure in this sample cell. A simplified schematic 

of one such system used by Watson et al. [69] is displayed in Figure 2.7. In this apparatus the 

adsorbent sample is loaded into the sample cell, which is then evacuated while the (isolated) 

loading cell is pressurised with the sample gas. A valve connecting the two cells in then opened 

for a finite length of time to allow gas to be transferred to the sample cell where it adsorbs 

onto the adsorbent. After the pressures in each of the cells has stabilised, the initial and final 

pressures can be used to calculate the amount of gas in the gas phase before and after 

adsorption has taken place, with the difference being the amount of gas adsorbed. A material 

balance of the system results in: 

       0initial final initial final initial final

L L L S S SV V m q q          Eq. 2.24 

Here, V  is the volume,   is the gas phase density (calculated from a reference equation of 

state), m  is the adsorbent mass, q  is the adsorption capacity, and the subscripts L  and S  

refer to the loading and sample cells respectively. This method requires accurate knowledge of 

the volume of both cells at a given temperature, accurate knowledge of the equation of state 

of the gas in question, and numerous calibration measurements with an inert gas such as 
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helium or argon are required. If the cells is kept at a constant temperature, only one set of 

volume measurements are required, otherwise repeat measurements are required every time 

the temperature is changed, as thermal expansion and contraction can produce a significant 

change in the volume. The system described by Watson et al. has also been used to measure 

the adsorption of gas mixtures by sampling the composition of the gas phase [70]; this requires 

that the gas phase is well mixed, and that the sampling does not disturb the equilibrium 

significantly through the removal of gas from the system. 

 

 

 

Figure 2.7. A simple schematic diagram of the volumetric measurement method. Gas is 

transferred from the loading cell to the sample cell where it adsorbs onto the adsorbent and 

reduces the pressure. The difference between the predicted pressure assuming no adsorption 

(dashed red line) and the measured pressure (solid blue line) is used to calculate the amount 

of gas adsorbed onto the adsorbent. 

 

The volumetric method is also capable of extracting kinetic information by tracking the 

pressure decay towards equilibrium, as demonstrated for example by Jensen et al. [71]. 

Various diffusional models can be fit to the pressure data, which each contain different 

assumptions about the mass and heat transfer resistances, ranging from simple linear driving 

force models with no thermal effects [62] to rigorous analytical solutions of simultaneous heat 

and mass transfer [72]. However if the adsorption reaches equilibrium in the order of seconds, 

noise in the pressure signal from the sudden influx of gas into the sample cell can mask the 

transient behaviour of the pressure, making it difficult to determine the kinetics reliably. 

In the gravimetric method, adsorption is instead measured by direct weight measurements of 

the adsorbent sample as it adsorbs gas under constant pressure conditions. The mass of gas 

that adsorbed is very small so specialist devices are used to track the adsorbent weight such as 
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the magnetic suspension balance in the Rubotherm IsoSORP® series of apparatuses [73] for 

which a simple schematic is shown in Figure 2.8. The analysis of these constant pressure 

systems is similar to the volumetric method, although various equations are simplified as the 

pressure is constant throughout a single adsorption measurement [62]. Systems such as these 

are able operate with a net gas flow through the sample chamber so that mixture adsorption 

can be measured through the sample weight and effluent gas composition, although combined 

volumetric/gravimetric systems have been described which allow the adsorption of binary 

mixtures to be tracked without having to sample the gas phase in the sample cell [74]. A 

challenge involved with this technique is the buoyancy force produced from the displacement 

of gas by the sample, the adsorbed phase and internal components of the suspension balance 

[63, 75, 76]. This force needs to be accurately calculated using densities from an equation of 

state for the gas in question in order to calculate the mass/amount of adsorbed gas from the 

weight, from which the adsorption capacity is calculated. 

 

Figure 2.8. A simple schematic diagram of the gravimetric measurement method and a 

magnetic suspension balance as used by the Rubotherm IsoSORP® series of apparatuses. The 

suspension balance weighs the sample by adjusting the strength of the magnetic field 

(coloured blue) until the position of the internal balance (coloured red) is stable. 

 

The dynamic breakthrough method, the technique used in this investigation, is significantly 

different to the volumetric and gravimetric methods in that it more closely resembles an 

adsorption column. The details of this method and the apparatus used in this work are 

described in detail in Chapter 3 and only a simplified schematic of the general method is 

shown in Figure 2.9. Gas is flown through an adsorption bed packed with adsorbent pellets: 

first a flow of non-adsorbing gas (helium) through the column is used to desorb any bound gas, 

before being switched to the sample gas, which then flows through the column and is detected 

in the effluent gas stream. One advantage of the breakthrough technique over static methods 
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is the ability to estimate the length of unused bed when the composition front first breaks 

through, which can be used to scale up the process [77]. 

 

 

 

Figure 2.9. A simple schematic diagram of the dynamic breakthrough measurement method. 

The difference between the predicted breakthrough assuming no adsorption (dashed red line) 

and the measured breakthrough is used to calculate the adsorbed amount. 

 

The volume of gas adsorbed is calculated from the breakthrough curve although the void 

volume of the system needs to be accurately known to correctly separate the adsorption from 

the accumulation of the sample gas in the void space. Conveniently, the void volume can be 

calculated from the amount of helium measured in the effluent gas stream, negating the need 

for additional calibration experiments. In addition, this technique can be readily extended to 

measure the adsorption of gas mixtures as the analysis method is the same as for pure gas 

adsorption. The accumulation of component i  in the system can be related to the adsorption 

of that component through: 
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 Eq. 2.25 

where n  is the number of moles accumulated in the system, y  is the composition of the inlet 

gas, m  is the mass of adsorbent, q  is the adsorbed capacity of the gas, and the subscript He  

refers to helium. The term 1 Hey  is needed to convert Hen  into the total void volume when 

the feed gas contains helium (for dilution). The kinetics of adsorption can be extracted by 

fitting a model to the breakthrough curve although hydrodynamic effects need to be 

accurately estimated as the kinetic signal can be confused with effects such as dispersion. The 
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heat generated from adsorption can also produce a significant increase in the temperature of 

the adsorbent which can significantly affect the ability of the model to accurately determine 

the sorption kinetics. Consequently, most breakthrough experiments are carried out with 

dilute sample mixtures, which also have the benefit of reducing the complexity of the 

adsorption model as it can be assumed that the gas has a constant velocity through the 

column. By changing the flow rate of gas through the column, the conditions can be modified 

to accurately determine the sorption rate of adsorbents with fast and slow kinetics. 

 

2.4. Classes of adsorbents relevant to the nitrogen methane separation 

In addition to an adsorbent’s equilibrium capacity, selectivity, and kinetics, there are several 

other factors which impact the assessment of which will be best for a given process objective, 

including the cost and availability of the material. For the objectives of nitrogen purification 

and nitrogen rejection considered in this work zeolite and carbon-type adsorbents are the 

most prospective materials because they are used on commercial scale and are relatively 

cheap, so that they could be readily deployed in an industrial-scale process. Furthermore, 

these classes of adsorbents typically have large surface areas and hence high equilibrium 

adsorption capacities, which can help reduce the size and capital cost of a prospective 

separation process. Many zeolites and carbon adsorbents are known to also have reasonable 

equilibrium selectivity’s and can often adsorb 3-4 times more methane than nitrogen. Some of 

these materials exhibit a large kinetic selectivity for the smaller nitrogen molecule, which could 

be particularly important for the nitrogen rejection application. These two classes of 

adsorbents are discussed in further detail below. 

The adsorption capacities of methane and nitrogen have been reported for many different 

types of zeolites including, mordenite [78], ZSM-5 [68, 79], beta zeolite [80-82], chabazite [83], 

silicate [84, 85], and 13X  [86]. The molecular structures of these zeolite frameworks are well 

known and characterised, such as 12-ring window of the 13X framework, which when balanced 

by a sodium cation, results in a cage opening of 7.8 Å [65]. Zeolites such as 4A, clinoptilolites 

and the adsorbent ETS-4 (a titanosilicate material) have smaller pore openings that are near 

the kinetic diameters of methane (3.758 Å) and nitrogen (3.64-3.8 Å) which can result in an 

appreciable kinetic selectivity for the smaller nitrogen molecule, although these materials are 

often methane equilibrium-selective [36-38]. A new zeolite subclass that has recently been 

reported is the ionic liquidic zeolite, which combines the high capacity and fast kinetics of 

zeolites with the high selectivity of ionic liquids to produce an adsorbent that exceeded the 

separation performance of either of the base materials. This adsorbent was synthesised within 
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our laboratory by ion exchange of sodium Y type zeolite with a solution containing tetra-

methyl-ammonium (TMA) cations. The resulting TMA-Y adsorbent was found to have 

increased methane and decreased nitrogen adsorption compared to the base Na-Y adsorbent, 

significantly increasing its methane selectivity [87] . Preliminary measurements with pure fluids 

indicated this material had a methane-nitrogen selectivity around 5 and so it was also 

investigated in this work. 

Activated carbons are produced from carbonaceous materials such as coal, charcoal, wood, 

coconut husks, or nut shells which are baked in a low oxygen environment to convert the 

material to carbon before they are activated with an oxidising agent [54]. The base material 

and the conditions under which they are created control the particular properties of the final 

adsorbent material but some typical values are displayed in Table 2.1.  

 

Table 2.1. The typical range of pore and adsorbent properties for an activated carbon [33]. 

 Micropores Mesopores Macropores 

Diameter / Å < 20 20 - 500 > 500 
Pore Volume / cm3∙g-1 0.15 - 0.5 0.01 - 0.1 0.2 - 0.5 
Surface Area / m2∙g-1 100 - 1000 10 - 100 0.5 - 2 

Particle density: 0.6 - 0.9 g∙cm-3 Porosity: 0.4 - 0.6 

 

Advanced synthesis techniques are able to manufacture carbon adsorbents that have 

properties in excess of these typical values, as achieved for example by the Maxwell activated 

carbon [88]. This adsorbent has a measured surface area of 2250 m2∙g-1, a total pore volume of 

1.15 cm3∙g-1 and has fast kinetics for methane (2.9 s-1) and nitrogen (8.3 s-1); ideal properties 

for the nitrogen methane separation, although it only has an average methane selectivity 

(~2.8). While many activated carbon adsorbents have large a large adsorption capacity and fast 

kinetics for both methane and nitrogen, they tend to have a selectivity less than three which 

make it difficult to design an effective separation process [89]. An investigation by Rufford et 

al. found that the adsorbent Norit RB3 has high capacity for methane and nitrogen, and more 

importantly, a selectivity in the range 3-4 [90]. This high selectivity may be attributed to the 

very microporous structure of the adsorbent, although the total micropore volume 

(0.44 cm3∙g-1) is only 40 % of the Maxwell activated carbon. Due to the high selectivity, Norit 

RB3 was chosen for further adsorption characterisation, including the measurement of the 

adsorption kinetics. 

Carbon molecular sieves (CMS), also known as molecular sieving carbons (MSC), are activated 

carbons that are mainly comprised of micropores less than 20 Å in width. These small pores 
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are often of a similar scale to the adsorbing molecules, which causes a significantly large 

number of collisions between the molecule and the pore walls. The relative size and surface 

interactions of the molecules can result in a significantly different rate of diffusion into the 

pores for similar molecules [54]. Previous investigations of a carbon molecular sieve produced 

by Japan EnviroChemicals (formerly Takeda) have found that the sorption rate of methane is 

hundreds of times smaller than that of nitrogen [39, 63]. Measurements of the pore size of one 

of these materials, MSC 3K-161, have shown that the largest contribution to the total pore 

volume was from pores in the range (3.7-4) Å [91] which is near the kinetic diameters of 

methane (3.758 Å) and nitrogen (3.64-3.8 Å). These materials will adsorb a larger quantity of 

methane if left for long enough; however, the difference in kinetics can be exploited so that 

the material adsorbs more nitrogen. In this investigation two similar CMS materials were 

sourced from Japan EnviroChemicals: Shirasagi MSC 3K-161 and 3K-172, which are coconut 

based adsorbents that have a highly uniform pore diameter on the surface of the particles 

[92].  

 

2.5. Conventional pressure swing adsorption cycles 

After an adsorbent with suitable properties has been selected, the next step in design is to size 

the separation process, from which the capital (CAPEX) and operating (OPEX) costs can be 

estimated. The first pressure swing adsorption process was invented by Skarstrom in the 1950s 

and was used, in a laboratory-scale apparatus, to separate oxygen from nitrogen, with a patent 

being granted for his discovery in 1960 [35]. This process consisted of two connected 

adsorption columns (sometimes called beds), each undergoing a four step cycle as shown in 

Figure 2.10. 
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Figure 2.10. a) The four steps of the Skarstrom, or stripping, PSA cycle where ‘y’ represents the 

mole fraction of the strongly adsorbed component. The product and extract streams are 

shown with their composition relative to the feed stream. The movement and final position of 

the heavy component in each of the steps is shown through dashed lines and shading 

respectively. b) The sequence and relative length of each step for each adsorption bed. c) The 

arrangement and interaction between the adsorption beds through the first half of the cycle. 

Note that Steps 2, 3, and 4 are carried out sequentially as shown in the table. The second half 

of the process is the same but with the bed numbering reversed. 
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The adsorption cycle begins with the adsorption bed pressurised and saturated with the light 

component and so is (almost) completely free of the heavy component. In Step 1, the feed gas 

mixture is fed into the bottom of the bed where the heavy component preferentially adsorbs 

into the adsorbed phase and displaces some of the adsorbed light component. As the 

adsorbent has a finite capacity, the composition front of heavy component in the gas phase 

will travel along the length of the bed. During this time, a stream of almost pure light 

component exits the top of the bed as the product stream. If the heavy component 

composition front reaches the opposite end of the bed and starts to contaminate the product 

stream, the heavy component is said to have “broken through” the bed. However, since this is 

detrimental to the separation, the feed step is usually terminated before breakthrough occurs. 

In Step 2, the adsorption bed is depressurised which desorbs a significant portion of the 

adsorbed phase and releases this into the gas phase. As there is a relatively large adsorbed 

volume of the heavy component (by definition), this desorption enriches the gas phase with 

the heavy component. The degree of enrichment is determined by the ratio of the adsorbent 

capacities for that component at the high and low pressures that the step swings between; 

often this is referred to as a thermodynamic constraint which limits the maximum enrichment 

that is achievable [48, 93, 94]. The magnitude of this constraint is set by the adsorption 

isotherm: if this is linear then the pressure ratio determines the maximum enrichment ratio. 

After the bed has been depressurised Step 3 begins, where a purge stream of the light 

component flows from the opposite end of the column to desorb all remaining heavy gas. This 

purge stream is usually taken from a slipstream of the light product gas produced during Step 

1, and as it purges the remaining heavy component, it becomes enriched and produces the 

heavy gas product stream. In the final step of the cycle, Step 4, the bed is re-pressurised with 

more of the light product gas from Step 1, until the bed reaches the initial high pressure that 

the bed started with. This returns the bed to the initial state ready for the cycle to begin again. 

These four steps represent the standard (Skarstrom) pressure swing adsorption cycle, which is 

also known as a stripping cycle, due to its action of stripping the heavy component from the 

gas mixture. 

There have been many variations to this cycle that aim to improve its separation performance 

and decrease the compression energy that the cycle requires to operate. A common variation 

is to add one or more pressure equalisation steps, which aim to recover some of the pressure 

in the high pressure bed and help remove light gas from the bed, favouring enrichment [85, 95, 

96]. Another variation is to use a column with two different adsorbents in two separate layers 

within the bed to target two different gasses within the feed gas mixture [86, 96, 97]. The 
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blowdown and pressurisation steps (Steps 2 and 4) can be carried out with a flow direction 

that is counter- or co-current with the feed. The process described by Skarstrom, shown in 

Figure 2.10, has counter-current flow which better keeps the heavy component at the feed-

end of the bed and minimises the chance of early breakthrough. However, conducting the 

blowdown step in the co-current direction improves the extract product purity (enrichment) 

and also allows a pressure equalisation to be performed [34]. In the resulting process, shown 

as a half-cycle in Figure 2.11, the co-current blowdown and counter-current pressurisation 

steps are first carried out as a pressure equalisation step before a compressor is used to 

complete the pressure reversal. 

 

 

Figure 2.11. The half-cycle of the stripping PSA cycle where the second half of the cycle is the 

same but with the bed numbering reversed. Here, N is the flow rate, Y is the composition of 

component A, and the subscripts H and L refer to high and low pressure respectively. In 

adsorption models the heavy and light components are often denoted A and B respectively. 

 

To rigorously model the adsorption process, it is necessary to solve several non-linear, 

hyperbolic partial differential equations (PDEs) which describe the component material 

balance, the overall mass balance, the momentum (pressure) balance, and the adsorbent, gas, 

and wall temperatures. This system of equations is often solved by reducing the PDEs into 

ordinary differential equations (ODEs) and integrating them numerically [85, 86, 98] although 

this can introduce numerical artefacts. While a rigorous solution is required to determine the 
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exact process performance, reasonable estimates can often be determined through the use of 

simple adsorption models which are significantly easier and quicker to solve. A commonly used 

simplified model is the equilibrium adsorption theory, which makes a number of assumptions 

that simplify the mathematics, such as instantaneous adsorption (no mass transfer resistance) 

and linear-uncoupled isotherms (no competitive adsorption) [99]. These assumptions are only 

strictly valid under certain circumstances; however this theory can be used to obtain a first 

estimate of the process parameters and to direct more comprehensive modelling efforts.  

A model based on equilibrium adsorption theory was implemented in this work to investigate 

the application of a stripping PSA cycle (Figure 2.11) using the activated carbon Norit RB3 [90] 

to the nitrogen purification process (Figure 2.1). The details of this model are presented in 

Appendix A. An example separation was modelled in which a high and low pressure of 10 and 

1.3 bar, respectively, (pressure ratio of 7.7) was used to treat a feed stream containing 2 mol% 

methane. With these parameters, the model predicts that the process is only capable of 

enriching the feed stream to 7.3 mol% of CH4 in the extract while producing pure nitrogen in 

the raffinate, as shown in Figure 2.13 (pure nitrogen is produces as an assumption of the 

model). An identical second stage is required to meet the separation objective and obtain a 

methane content in the extract of 25 mol%. This highlights the problem that simple stripping 

PSA cycles have with separating nitrogen and methane: they are not capable of sufficiently 

enriching dilute feed streams such as those described in the nitrogen purification objective. 

An alternative PSA process is the enriching, or rectifying, cycle, which is in principle able to 

produce a pure stream of the heavy component, but has a limit on the purification of the light 

component. The enriching cycle has the same four steps as the stripping cycle except the feed 

enters the low pressure bed and the purge is performed at high pressure, as shown in Figure 

2.12. 
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Figure 2.12. A half-cycle of the enriching PSA process where the second half of the cycle is the 

same but with the bed numbering reversed. Here, N is the flow rate, Y is the composition of 

component A, and the subscripts H and L refer to high and low pressure respectively. In 

adsorption models the heavy and light components are often denoted A and B respectively. 

 

The mechanics of this cycle are somewhat more difficult to understand than those of the 

stripping cycle. The enrichment of the feed stream occurs because at low pressures it removes 

the heavy component from the adsorbed phase that was deposited there during the purge 

step of this PSA cycle, when the bed was at high pressure. The enrichment mechanism thus 

requires a ‘phase lag’ within the cycle: in the “normal” stripping cycle, the adsorption process 

occurs at the same time and in the same bed as the feed step, whereas in the enriching cycle, 

the adsorption process and the feed step are out of phase. During the feed step, the feed 

stream desorbs bound methane and leaves the low pressure adsorption bed as enriched 

product gas. A reverse composition front, located between the enriched gas that has desorbed 

and the original feed, travels along the bed during this step, which accordingly must be 

terminated in time to prevent breakthrough and the dilution of the enriched product stream. 

The bed is then pressurised with the heavy component from the top to push the light 

component back towards the feed end of the bed, before a high pressure purge stream 

displaces the remaining light component and enriches the adsorbed phase with the heavy 

component. The bed is then depressurised which returns it to the initial state, ready to start 

the cycle again. Through successive adsorption and desorption cycles the adsorbed phase 

becomes more enriched with the heavy component until it reaches near saturation, at which 
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point its desorption into the feed stream will produce a heavy component product stream with 

high purity. 

There has been little published on the enriching PSA process, but it has been investigated using 

equilibrium adsorption theory [100] and has been used experimentally to enrich carbon 

dioxide [49] and trace components from air [94, 101]. The equilibrium adsorption theory 

model was used in this work to simulate an enriching PSA cycle processing a feed stream 

containing 2 mol% methane with the same bed pressures as used in the stripping cycle. It 

managed to produce a pure methane product stream, although the recovery of CH4 from the 

feed was only 61 % because there was 0.8 mol% methane in the nitrogen stream. The model 

predicts that seven identical enriching cycles are required to reduce the methane content in 

the purified N2 stream below the process objective of 100 ppm. This example suggests that 

enriching cycles are also unable to effectively treat feed streams with such low methane 

compositions and meet the specified separation objectives. 

Figure 2.13 shows the primary results of a parametric study conducted using the equilibrium 

models for both the stripping and enriching PSA cycles with the adsorbent Norit RB3. The 

specific work, productivity, secondary product impurity content, and the recovery of the 

primary product are shows as a function of the process pressure ratio as the high pressure is 

varied between 140 and 1300 kPa. The specific work corresponds to the thermodynamic 

compression work required for the cycle to operate and would be central to determining the 

operating cost of the process. This calculation assumes that feed gas is supplied at low 

pressure and that both products are required at high pressure to allow for an equal 

comparison between the two processes. Figure 2.13a shows that the specific work 

requirements of the stripping cycle are significantly lower than the enriching cycle, illustrating 

the additional energy required to enrich the heavy component compared to purifying the light 

component. This is also reflected in the calculated adsorbent productivities for the two cycles 

(Figure 2.13b), with the adsorbent productivity of the stripping cycle being 8-31 times higher 

than in the enriching cycle. However, the results of the enriching cycle are skewed towards 

higher values of specific work and lower productivities because of the assumption that the 

enriching process produces pure methane, which is well beyond the separation objective of 

>25 % methane. Upon inspection of the internal composition profiles of the enriching cycle, it 

is found that only a fifth of the adsorbent is required to enrich the 2 % methane feed stream to 

25 %, and the remaining four fifths of the bed are used to enrich the methane to a pure 

component. Thus it could be argued that the specific work and productivities estimated for the 

enriching cycle should be improved by a factor of about 5 to enable a fairer comparison. Figure 

2.13c shows the methane content of the secondary product is in both cases far from the 
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respective product specifications: the enrichment of CH4 in the stripping cycle’s secondary 

product increases with pressure ratio but remains well below the target of 0.25, while the 

removal of CH4 from the enriching cycle’s secondary product decreases with increasing 

pressure ratio but does not come close to the required 100 ppm.  Figure 2.13d shows the 

relatively low recovery of the secondary product in both cases, which only reaches 80 % for a 

pressure ratio of 10. These results suggest that to meet the relatively strict 100 ppm methane 

specification, a process based on a stripping PSA cycle would require at least two stages if 

pressure ratios less than 50 were used, while the a process based on an enriching PSA cycle 

would require at least four stages. 

 

Figure 2.13. The equilibrium adsorption theory results of the stripping (blue) and enriching 

(red) PSA cycles as detailed in Figure 2.11 and Figure 2.12 with the adsorbent parameters of 

Norit RB3 [90], a varying pressure ratio, and a feed methane fraction of 2 mol%. a) The specific 

separation work per mole of feed gas which represents the main operating cost; b) the 

adsorbent productivity defined as the number of moles of feed gas treated per cycle per mass 

of adsorbent, which is the main factor determining the capital cost of the process, c) the 

methane composition of the secondary product stream, and d) the recovery of the primary 

component which is nitrogen in the stripping cycle and methane in the enriching cycle. Note 

that the model assumes that the primary product is recovered as a pure component. 
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While the equilibrium modelling can only be considered to give an indication of the separation 

performance, and detailed modelling is required to better estimate a real separation process, 

the modelling suggests that the stripping and enriching PSA cycles are unlikely to be able to 

effectively achieve the methane-nitrogen separation objectives. The insufficient selectivity of 

the adsorbents for the methane nitrogen separation is a significant barrier to an effective 

separation and more advanced PSA cycles are needed to overcome the limitations of the 

stripping and enriching cycles described above. 

 

2.6. Dual-reflux pressure swing adsorption 

Dual-reflux (DR) PSA is a relatively new cycle design (c.a. 1990s) that combines the stripping 

and enriching PSA cycles through a simple design which is fundamentally different to previous 

cycles. The feed stream enters at an intermediate position along the adsorption bed and two 

reflux streams are used [48]. The DR-PSA process is most easily thought of as a combination of 

stripping (Figure 2.11) and enriching (Figure 2.12) cycles that have been placed end-to-end, as 

depicted in Figure 2.14. As the non-pure secondary product streams of each of the base 

process is fed to the opposite process (enriching cycle raffinate stream  stripping cycle feed 

stream, stripping cycle extract stream  enriching cycle feed stream), the only product 

streams are, in principle, the two pure component streams, and consequently, the DR-PSA 

process is theoretically capable of a perfect separation at any pressure ratio [43]. In this 

arrangement the feed stream to the process can enter either the high or low pressure column 

(which may be considered as two half-beds), which results in two configurations of the 

process: feed to the low pressure bed (PL) or feed to the high pressure bed (PH). 
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Figure 2.14. A depiction of how the dual-reflux cycle can be constructed from the two 

conventional cycles by using the raffinate from one process as the feed of the other. The feed 

stream enters at the middle of the two, low pressure half-beds (PL) or the two high pressure 

half-beds (PH). In practise each pair of beds is combined into a single bed with an intermediate 

entry point for the feed stream. 

 

Dual-reflux PSA processes have features similar to a continuous distillation process; for 

example when both gas species are competing for adsorption sites the phase equilibria 

(vapour-solid) is akin to vapour-liquid equilibria [102], and the use of light and heavy refluxes 

through the adsorbent beds is similar to the use of liquid and vapour refluxes from a 

condenser and a reboiler, respectively. Figure 2.15 illustrates this comparison where it can be 

seen that the gas and liquid phases in a distillation column are similar to the low and high 

pressure phases in the DR-PSA process. In distillation, the components move between the 

liquid and vapour phases directly through interfacial films (the surface areas of which are 

designed to be as large as practical), whereas in DR-PSA processes the components move 

between the high and low pressure fluids through interactions with a solid phase, the 

adsorbent, that usually has a large surface area. In distillation processes, the position where 

the feed stream enters the column determines the relative importance of the enriching (or 

rectification) and stripping actions of the column. This is directly comparable to DR-PSA, where 

a feed position close to the heavy end of the column results in a greater fraction of the bed 
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being dedicated to stripping the heavy component from the feed stream rather than enriching 

it, and vice-versa. 

 

 

Figure 2.15. Illustration of how the DR-PSA cycle (right) can be compared to a continuous 

distillation column (left) where the component A is the more volatile/more strongly adsorbed 

component. As the high and low pressure phases of DR-PSA interact with a third solid phase, 

the adsorbent, and cannot perform this simultaneously, the high and low pressure phases 

have to be separated into distinct adsorption beds. In a distillation process the feed can enter 

the column as either a gas or liquid; likewise in DR-PSA the feed can enter either the low or 

high pressure column. The figure has been redrawn from [45]. 

 

The pressure reversal step of the DR-PSA cycle can be carried out at either end of the columns, 

as shown in Figure 2.16, where one end is saturated with the heavy component (A) and the 

other end, with the light component (B). Experimentally it is easiest to perform this reversal 

with the A component, as the feed step also requires a compressor in this location (see Figure 

2.14) so only one compressor is required to run the cycle. To perform the pressure reversal 

with the B component, either a second compressor is required and the two compressors 

operate alternately, or a manifold with appropriate valves can be used to connect the one 

compressor to both ends of the columns. This switching will, however, result in contamination 

of the two ends of the columns and deteriorate the separation. All reported DR-PSA 
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experiments to date have been carried out the pressure reversal step with the A component to 

avoid these difficulties [46-50, 103, 104]. While both configurations are theoretically capable 

of a perfect separation, the counter-current pressurisation and co-current blowdown features 

of the “B” cycle are known, in conventional cycles to both increase the purity of the raffinate 

product, and could thus improve the separation [34]. 

 

 

Figure 2.16. A depiction of how the blowdown and pressurisation steps are combined into a 

pressure reversal step where gas is directly transferred between the two columns. In the 

DR-PSA process this step can be carried out at either end of the columns with either the A or B 

component. 

 

The combination of the two sets of configurational choices presented in Figure 2.14  (feed to 

the low (PL) or high (PH) pressure column) and Figure 2.16: (pressure reversal with component 

A or B) result in four standard configurations of the DR-PSA process, which are referred to as 

PL-A, PH-A, PL-B and PH-B [43, 105]. These four configurations represent the standard DR-PSA 

cycles and each need to be compared to determine their relative performance and the 

strengths and weaknesses of each configuration for the nitrogen methane separation. Kearns 

and Webley performed a relative economic analysis of the four cycles for a separation process 

with low, medium and high values of both the feed composition and adsorbent selectivity, 

over a range of pressure ratios [105]. They compared the productivity and separation work 

which can be considered proxies for the capital and operating cost, respectively, required in 
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each of the four cycles. They found that for low selectivity adsorbents the four cycles had 

similar performance, while for higher selective adsorbents he two B-type cycles performed 

best. According to the results presented in their paper, however, the model did not converge 

to a cyclic steady state in several cases involving the highest adsorbent selectivity and so it is 

difficult to draw further conclusions regarding the optimal cycle configurations. Each of the 

configurations showed increasing productivity and work as the pressure ratio increased but in 

all cases the productivity levelled off so further increases in pressure ratio would only serve to 

increase the operating cost of the process. The results show a trade-off between capital and 

operating costs, and suggest the final pressure ratio chosen will depend on the relative 

importance of the two costs, making it therefore an economic decision [105]. 

 

2.6.1. Application to Nitrogen Purification 

Dual-reflux PSA has been previously applied to the ethane nitrogen separation by 

McIntyre et al. who used an activated carbon to simultaneously enrich a dilute ethane stream 

and produce purified nitrogen [46, 103]. In one experiment, McIntyre et al. were able to 

separate a 0.75 mol% ethane stream into a near-pure nitrogen stream (30 ppm ethane) and a 

68.4 mol% ethane stream with an ethane recovery of 99.6 %. While the adsorbent selectivity 

of ethane/nitrogen is significantly higher than typical methane/nitrogen values, the results of 

McIntyre et al. demonstrate the separation DR-PSA is capable of achieving with a hydrocarbon 

and nitrogen mixture.  

To investigate the prospects of applying DR-PSA to the target nitrogen-methane separation 

process, the equilibrium adsorption theory model was applied as has been done for other 

DR-PSA based separations [43, 44, 105]. One objective was to compare the relative process 

performance of the DR-PSA cycle to those of the stripping and enriching PSA cycles. The model 

is detailed in Appendix A and identical input parameters were used to those in the modelling 

of the stripping and enriching PSA cycles described above with the same feed fraction of 

2 mol% methane. The model assumes that the feed stream is perfectly separated into two 

pure products and the feed position (axial location in each bed) is treated as a variable so its 

position is adjusted until a self-consistent solution is reached. The productivity and specific 

work of the four DR-PSA configurations are compared in Figure 2.17 for various pressure ratios 

and it is clear that the two B cycles outperform the two A cycles. The PL-A and PH-A cycles 

show a maximum productivity at a pressure ratio of around three, beyond which the 

productivity decays, whereas the PL-B and PH-B cycles show no such maximum with the 

highest productivity being at the highest pressure ratio tested. In addition to a large 
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productivity, the two B cycles have a significantly lower specific work of separation, so much 

so, that at a pressure ratio of ten, the PH-B cycle requires only 2% of the energy required by 

the PH-A cycle. As the pressure ratio approaches one, where the high and low pressures are 

equal, the specific work of separation approaches 10.6 kJ∙mol-1; for highly selective adsorbents, 

this value is very close to the minimum work of separation based on the second law of 

thermodynamics [105].  

Analysis of the internal composition profiles of the four DR cycles shows that between 80 % (B 

cycles) and 95 % (A cycles) of the bed is required to enrich the methane from 25 % to a pure 

component. This indicates that for a process with a target methane product composition in the 

range (25-40) %, achieving the objective should be straightforward. This further suggests that a 

DR-PSA process would be able to achieve similar adsorbent productivities as the stripping PSA 

cycle but with a significantly reduced operating cost. Finally, the DR-PSA process should be 

able to achieve this with relatively low pressure ratios, so multiple stage compressors would 

not be required. 

 

 

Figure 2.17. The adsorbent productivity and specific work of each of the four DR-PSA cycles for 

the nitrogen purification case (2 mol% methane in feed) as a function of the pressure ratio. It 

can be seen that the two B cycles have a significantly higher productivity and lower specific 

work than the two A cycles. 

 

2.6.2. Application to Nitrogen Rejection 
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to remove and enrich this component. In principle, the same methane selective adsorbents 

used for the nitrogen purification application could also to be used for the nitrogen rejection 

application, Figure 2.2, although this is generally considered undesirable as it requires 

significantly more gas to be adsorbed.  However, DR-PSA can in principle produce two pure 

product streams using an adsorbent with a selectivity larger than 1, regardless of which 

component is preferentially adsorbed. Thus, it is worth considering whether a DR-PSA process 

could be used to achieve the objectives of the N2 rejection process using a methane selective 

adsorbent.  

Accordingly, the equilibrium model of the DR-PSA process, described in Appendix A, was used 

to model the N2 rejection process shown in Figure 2.2 using the same parameters as those in 

the DR-PSA nitrogen purification process and the two conventional PSA processes, but now 

with a feed methane fraction of 75 mol%. The results are shown in Figure 2.18. The specific 

work of separation is lower than in the purification application (shown in Figure 2.17) because 

the high methane feed composition significantly reduces the requirements of the energy 

intensive methane enrichment; this in turn also increases the adsorbent productivity of the 

process.  

 

 

Figure 2.18. The adsorbent productivity and specific work of each of the four DR-PSA cycles for 

the nitrogen rejection case (75 mol% methane in feed) as a function of the pressure ratio. The 

plots follow the same trend as in the nitrogen purification example although these results 

generally have a lower specific work requirement and higher adsorbent productivity due to the 

higher fraction of methane in the feed. Note that the highest pressure ratio is 7 as the 

configurations rarely converged for values beyond this. 

 

0

50

100

150

200

250

300

350

1 3 5 7

Sp
e

ci
fi

c 
W

o
rk

 /
 k

J∙
m

o
l-1

PL-A

PL-B

PH-A

PH-B

0

20

40

60

80

100

120

140

1 3 5 7

P
ro

d
u

ct
iv

it
y 

/ 
m

m
o

l∙
cy

cl
e

-1
∙k

g-1

Pressure Ratio (PH/PL), PL=130 kPa



51 
 

However, based on experimental results reported for conventional stripping cycles, large 

pressure ratios (>10) and a strong vacuum (<0.2 Patm) [41, 85] are likely to be required in 

practice to realise results comparable to these theoretical predictions. In the nitrogen rejection 

application, it would be significantly easier to strip the minor component, nitrogen, from the 

feed gas, than to adsorb and desorb the dominant methane fraction. Unfortunately, there are 

very few adsorbents that selectively adsorb nitrogen over methane. As identified in Section 

2.4, such a separation most likely requires kinetically selective adsorbents, which separate a 

gas mixture based on the rate of adsorption rather than equilibrium capacities. Previous 

investigations have identified adsorbents with a nitrogen kinetic selectivity in excess of 10 [37, 

63], which is considerably higher than the equilibrium methane selectivity used in the previous 

examples. While kinetically-based separations are in general more challenging to design and 

operate than equilibrium-based separations, moderate to good results have been 

demonstrated with appropriate system design [37, 39, 53, 106]. This suggests that the 

combination of a kinetically-nitrogen selective adsorbent and the enhanced performance of 

the DR-PSA cycles should create an effective separation process that can efficiently achieve the 

nitrogen rejection processing objectives. Such a kinetically based DR-PSA process has not been 

reported previously and thus an objective of this research is to apply the understanding of the 

dual-reflux cycle to a kinetic adsorbent and conduct the first kinetic DR-PSA separation. 

 

2.7. Conclusions 

In this Chapter, the requirements of adsorption based processes for separating N2 and CH4 

have been considered extensively both in terms of the materials used and process engineering 

design requirements. Zeolites and activated carbons are likely to be the most promising for the 

N2 purification application, shown in Figure 2.1, given they have the highest equilibrium 

capacities and selectivity’s for CH4 over N2, and are relatively cheap and easily available 

commercial materials. For the N2 rejection application shown in Figure 2.2, carbon molecular 

sieves or possibly small pore zeolites, which are kinetically selective for N2 over CH4, are likely 

to be the most suitable. However, the experimental characterisation of sorption rates needed 

for reliable estimates of kinetic selectivity can be challenging and care must be taken with such 

measurements. The results of experimental characterisations of the equilibrium and kinetic 

properties of several adsorbent materials using an improved dynamic column breakthrough 

apparatus are presented in Chapter 3 as a basis for their use in larger scale processes to 

separate CH4 and N2. 
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Equilibrium adsorption theory was used to model conventional stripping PSA cycles and the 

less conventional enriching PSA cycles to assess the viability of applying them to the N2 

purification and rejection applications. Even using an activated carbon with relatively high 

capacity and selectivity, the results indicated that such PSA cycles could not achieve the 

process objectives without an unviable number of stages. In contrast, Dual Reflux PSA cycles 

were identified as being capable, in principle, of achieving the process objectives in a single 

stage and at reasonable operating cost. Equilibrium adsorption theory models the four DR-PSA 

cycle configurations were developed and applied to the two CH4-N2 separation applications. 

One important result obtained for the N2 purification application was that the two B-type 

cycles were predicted to significantly outperform the two A-type cycles, in terms of both 

adsorbent productivity and the specific work of the separation. 

These results suggest that an experimental DR-PSA apparatus should be constructed and used 

to test all of the possible DR-PSA cycles for the purpose of achieving the challenging objectives 

of the N2 –CH4 separation processes. In particular, the apparatus should be capable of 

exploring all four DR-PSA cycle configurations, and ideally it should be tested using several 

different adsorbents with varying capacities and selectivity’s for CH4 over N2.  This includes the 

use of an adsorbent which is kinetically-selective for N2 over CH4, which would be a first for 

DR-PSA cycles and could potentially open up a wide-range of parameter space to investigate. 

The development and such a DR-PSA is described in Chapter 4 and its extensive application to 

the N2 purification and rejection applications is detailed in Chapters 5 and 6, respectively.  
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Chapter 3. 

Reliable Measurements of Sorption Kinetics 

and Mixture Selectivities  
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3.1. Forward 

This chapter forms the basis of a manuscript to be submitted shortly after the submission of 

this thesis, and so has been written in that format. 

 

3.2. Introduction 

With the increasing socioeconomic and political attention to the release of greenhouse gases 

(GHGs) into the atmosphere from industrial sources comes an increased need to develop 

technologies that can control or prevent these emissions. One important GHG is the gaseous 

fuel methane which is considered to have a global warming potential 84-86 times worse than 

carbon dioxide over a twenty year timescale [6]. One strategy in reducing GHG emissions is to 

convert coal fired power plants to use methane as a fuel as this can halve the carbon dioxide 

emissions [3] although the increased use of methane may also increase methane emissions, 

offsetting these gains. Pressure swing adsorption (PSA) is one technology that is being 

developed to capture and enrich methane from industrial sources that were otherwise 

destined to be released to the atmosphere [63, 85, 86].  

In the design of a PSA process, equilibrium capacities and the sorption kinetics are the two 

main properties required to produce accurate and reliable simulations [34]. There are several 

methods available for measuring equilibrium capacities and results from these techniques are 

published frequently [36, 107, 108]. Sorption kinetics, however, are less frequently published 

and are often estimated because they are difficult to measure (particularly at pressures above 

ambient) and the uncertainties of values found in the literature can be quite large [109]. The 

sorption kinetics are controlled by the rates of diffusion of the various components into the 

adsorbent which can be determined through the analysis of the dynamic response of the 

adsorbent to a change in conditions which is often the composition of the fluid phase. This 

uncertainty in the kinetics is often due to systematic errors which afflict measurements 

including heat of adsorption, heat transfer limitations, and hydrodynamic effects in the gas 

phase such as dispersion and buoyancy. The heat released from adsorption can have subtle 

but significant effects on the measured kinetics and in many circumstances the sorption 

kinetics can be entirely controlled by the rate of heat loss from the adsorbent pellets [33]. In 

experiments that have a net gas flow, the bulk phase gas dispersion needs to be accurately 

characterised to separate the kinetic effects from the gas-diffusion effects as the two are 

linked and an uncertainty in one, causes an associated uncertainty in the other. These effects 
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can results in significant discrepancies between measurements made with different 

apparatuses where differences up to an order of magnitude can be considered common [109].  

The dynamic breakthrough column is one apparatus that is commonly used to measure the 

capacity and kinetics of various adsorbents. In this technique, the adsorbate gas is flown 

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 flow rate, pressure, temperature and effluent composition, the volume of gas 

accumulated in the system can be calculated, from which the volume of adsorbed gas can be 

determined [78, 90, 110, 111]. An advantage of this technique in the measurement of 

equilibrium adsorption capacities is that the technique is inherently capable of measuring the 

adsorption of 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. In addition, the kinetics of adsorption are able to be determined through the 

regression of a mathematical model to the effluent breakthrough profile [63, 111]; the same 

models can then be used to predict the performance of the overall PSA process [85]. 

In this investigation the dynamic column breakthrough (DCB) apparatus described by Hofman 

et al. and Saleman et al. [110, 112] was used to measure the adsorption and kinetics of 

nitrogen and methane adsorption of five adsorbent materials. The five adsorbents: Norit RB3, 

CMS 3K-172, zeolite 4A, zeolite 13X and TMA-Y were chosen to assess their suitability for the 

nitrogen methane separation and because they were expected to cover a wide range or 

sorption kinetics. A chromatographic pulse technique was used to measure the sorption 

kinetics as this method eliminates undesirable effects such as buoyancy and limitations 

imposed by heat transfer. In addition, the model was solved in the Laplace domain to remove 

numerical dispersion and artefacts introduced from solving the differential equations of 

adsorption in the time domain on a grid of finite points. This method of analysis was 

significantly faster (<1 s) than the numerical solution of the differential equations in the time 

domain, and enabled use of a regression algorithm that could automatically fit the model to 

the data. Finally, the measured sorption rates were compared with values obtained using a 

static volumetric method, which has a lower operating pressure range and is limited to the 

study of pure fluids. 
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3.3. Experimental Method 

3.3.1. Materials 

Five adsorbents were used in this investigation; zeolite 4A [71, 113, 114] and MSC 3K-172 [86, 

91] were chosen for their molecular sieving properties as each have a large volume of 

micropores with a similar diameter to that of nitrogen and methane; zeolite 13X [86, 115] and 

Norit RB3 [90] were chosen as a typical zeolite and activated carbon, respectively; and finally 

the new adsorbent TMA-Y was chosen as it displays enhanced methane selectivity. TMA-Y 

represents the first adsorbent of the class ‘ionic liquid zeolites’ (ILZ) and was created in our 

laboratory by ion-exchanging the Na-Y zeolite with tetramethylammonium (TMA+) [87]. In 

addition to determining the suitability of these adsorbents for separating nitrogen and 

methane mixtures, these five adsorbents were expected to exhibit a wide range of sorption 

rates and so would assist in determining the range of sorption rates that the apparatus is 

capable of measuring. The physical properties of the five adsorbents are displayed in Table 3.1. 

All gases used in this work were supplied by BOC who stated the following fractional purities: 

He 99.999 %, CH4 99.995 %, and N2 99.999 %. 

 

Table 3.1. The adsorbents used in this investigation and their physical properties. 

 Zeolite 4A Zeolite 13X MSC 3K-172 TMA-Y Norit RB3 

Mass (g) 30.277 29.196 21.211 22.028 21.432 
Solid density1 (kg∙m-3) 1300 1100 950 950 780 

Skeletal density2 (kg∙m-3) 2430 2650 3230 2450 2150 
Size (mm) Ø 3 x 3.9 Ø 1.4 x 4 Ø 1 x 2 Ø 2 x 2 Ø 3.2 x 4 

1. Based on average mass and size of twenty pellets 

2. Measured with a helium pycnometer. 

 

3.3.2. Apparatus 

The DCB apparatus consists of a stainless steel adsorption column (130 mm long and 22.2 mm 

internal diameter) that can be packed with 20-30 g of material as depicted in Figure 3.1. This 

column has three thermometers inserted along the length of the column at 32.7, 65.4 and 98.1 

mm from the column entrance which allow the direct measurement of the internal gas phase 

temperature. Feed gas is supplied through four mass flow controllers (MFCs) where a four way 

valve controls whether helium or a combination of helium, methane and nitrogen is flown to 

the column. The effluent gas flow rate was measured with a orifice type mass flow meter 

(MFM) which was then corrected for the gas composition [112]. Pressure is controlled through 
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two back pressure regulators (BPRs), one at the column exit, and another the feed vent line to 

minimise disturbances from the four way valve switching. The temperature control has been 

upgraded since the previous investigation; the column is now submerged in a separate 

container with reticulated glycol from a temperature controlled bath; this allows the column to 

be orientated in a vertical direction with gas flow directed up the column. The vertically 

orientated column removes radial gradients in the horizontally orientated column produced 

from buoyancy driven flow which were found to contaminate the previous kinetic analysis 

[116]. The impact of this buoyancy driven radial flow is highlighted in Figure 3.2a where two 

identical experiments are compared and it can be seen that the horizontal column has a 

significantly more disperse breakthrough profile. Also in the previous investigation, it was 

noted that there a significant ‘helium tail’ was observed in the low pressure experiments which 

was attribute to the relatively large clean up time of helium in the RGA100 mass spectrometer 

(MS) detector chamber [110]. As such, the MS was upgraded to a UGA100 from Stanford 

Research Systems, which contains two vacuum pumps and so was able to more quickly 

evacuate light components such as helium. The effect of this enhanced vacuum system is 

shown in Figure 3.2b where two experiments with identical conditions are compared. The new 

MS measured a breakthrough profile that has the characteristic “s” shape that dispersion 

produces whereas the previous MS measures a breakthrough that is more accurately 

described by a first order exponential decay type equation; this is a characteristic of purge flow 

through a well-mixed volume [57], such as the MS detector chamber. 
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Figure 3.1. The process flow schematic diagram of the dynamic column breakthrough 

apparatus. Pulses of adsorbate were introduced to the column by switching MPV-1 for several 

seconds; the flow and pressure of the two feed lines were identical throughout the injection to 

minimise disturbance from the valve switching. 
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Figure 3.2. a) A comparison between experiments with glass beads carried out at 900 kPa, 

303 K, 100 sccm with a horizontal column (dashed line) and vertical column (solid line); this 

highlight the buoyancy effect with the column orientation. b) A comparison between 

experiments with glass beads carried out at 100 kPa, 303 K and 100 sccm with the RGA100 

mass spectrometer (dashed line) and the enhanced UGA100 mass spectrometer (solid line); 

this highlight the helium tail of the previous mass spectrometer. The horizontal axis is defined 

as the volume of gas that is fed to the adsorption column as a fraction of the total system 

volume. 

 

3.3.3. Equilibrium Capacity Determination 

Equilibrium adsorption experiments were performed with the same method as previously 

described [110, 112]; the previous limitations of the apparatus did not affect the measurement 

of equilibrium capacities as such measurements are independent of the transient response of 

the breakthrough. The equilibrium analysis was performed through a material balance 

analysis: 
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0

t

i

t

moles in f dt


   Eq. 3.2 

 
0

t

i

t

moles out Fy dt


   Eq. 3.3 

 
( ) ( ) ( ) ( ) ( ) ( )

0

gas ads gas ads gas ads

i i i i i i
t t

accumulation n n n n n n


               Eq. 3.4 

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0

M
o

la
r 

C
o

m
p

o
si

ti
o

n

Fractional Feed Volume

b)

N2

He

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0

M
o

la
r 

C
o

m
p

o
si

ti
o

n

Fractional Feed Volume

a)

N2

He



60 
 

Here if  is the component flowrate in (measured by the MFC’s), iy  is the effluent component 

mole fraction, F  is the total outlet flowrate (measured by the MFM), t  is the time since the 

experiment started, and ( )gas

in  and ( )ads

in  are the number of moles of component i  in the gas 

and adsorbed phases respectively. As helium is a non-adsorbing species, the volume of helium 

displaced can be used to determine the gas phase (void) volume of the system: 
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t t
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t t

t t

f dt Fy dt n n n


 

             Eq. 3.5 

Assuming that the net change in the moles of gas in the gas phase is zero and the molar 

density is constant across gas species: 

 
( ) 0gas

in   Eq. 3.6 

 ( ) ( )gas gas

i total in n y    Eq. 3.7 

Equations  Eq. 3.6 and Eq. 3.7 can then be combined to relate the change in moles of each 

component in the gas phase to the change in moles of helium and the change of each 

components composition: 
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 Eq. 3.8 

Equations Eq. 3.1-Eq. 3.5 and Eq. 3.8 can then be combined to give the overall working 

equation which is applied to each adsorbable component: 

     ( )

0 0

t t

adsi
i i He He i

Het t

y
f Fy dt f Fy dt n

y
 


      

   Eq. 3.9 

When the experiments are started with the adsorbent completely purged of any adsorbable 

components the adsorption capacity can be found from: 

 ( )ads

i in mq   Eq. 3.10 

where m  is the mass of adsorbent, and iq  is the number of moles of component i  in the 

adsorbed phase per unit mass of adsorbent. All that needs to be known to make the 

calculation are the component flowrates in (measured by the MFC’s), the total flowrate out 

(measured by the MFM), the effluent composition (measured by the MS), and the mass of 

adsorbent loaded into the column. The minimal reliance on parameters, such as pressure, 
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temperature and volume, results in an accurate and robust measurement of the adsorption 

capacity. 

A quantitative measurement of the uncertainty in the adsorbed capacity has been described 

by Hofman et. al. [112] and is as follows: 
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 Eq. 3.11 

where u  is the uncertainty of the bracketed value, and the angled brackets represent a time 

averaged value. The average effluent flowrate is calculated from the start of the adsorption 

step ( 0)t   until shortly after the experiment had reached steady state value. From the 

denominator it can be determined that adsorbents that adsorb gas very quickly and product a 

large difference between the inlet and effluent flowrates, will have the smaller uncertainty 

than adsorbents that adsorb gas slowly. 

Due to the assumption in Equation Eq. 3.6 that the gas phase volume doesn’t change over the 

course of the experiment, the calculated adsorption capacity is technically known as the excess 

adsorption capacity. As the adsorbed phase reduces the volume of gas occupied by the gas 

phase, this method measured the amount of gas adsorbed in excess of the bulk phase. The 

absolute adsorption capacity is calculated from the excess value using the following correction 

term [69]: 

 
 ( ) ( )1

ex
ads gas ads

q
q

 



 Eq. 3.12 

Here the subscripts ‘ads’ and ‘ex’ correspond to the absolute and excess adsorption capacities 

respectively, ( )gas  is the gas phase density, and ( )ads  is the adsorbed phase density. In the 

range of pressures and temperatures studied with the apparatus, the ideal gas law was 

sufficient to calculate the gas phase density while previously the Ono-Kondo model has been 

used to estimate the adsorbed phase densities to be 0.354 g∙cm-3 for methane and 0.701 

g∙cm-3 for nitrogen [69]. 

 

3.3.4. Sorption Rate Determination 

Kinetic experiments in the DCB were performed through the injection of an adsorbate pulse 

into the inert helium carrier stream. This injection was accomplished by switching the four-way 
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valve controlling the gas flowing to the column to flow the adsorbate gas for a finite period of 

time before being switched back to helium. This does not allow a precise pulse volume of 

adsorbate gas to be injected but it does easily allow the pulse volume to be changed between 

experiments so the size of the effluent pulse can be controlled; the precise size of the injected 

pulse was calculated from integrating the area of the effluent pulse. The flow rates and line 

pressures of the helium and adsorbate gas were set to be equal to each other so that the 

disturbance from switching the four-way valve was minimal. The result of a typical experiment 

is displayed in Figure 3.3, which had the experimental conditions: 101.3 sccm, 105.5 kPa, 303.4 

K, and a 4.2 s inlet pulse of pure nitrogen. 

 

 

Figure 3.3. Four examples of the effluent pulse composition showing data (points) and the 

model fit (lines). Note the difference in the maximum pulse composition and the time that the 

pulse takes to clear the column. Data is collected every second and not all data points are 

shown for clarity. 

 

To extract the kinetic information from the effluent pulse shape, a material balance describing 

the dynamics of the column was constructed. This model was based on the following 

assumptions: 
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1. The gas phase was ideal 

2. There were no gradients in the radial directions 

3. The bed hydrodynamics were described by plug flow with axial mass dispersion 

4. The mass transfer rate between the gas and adsorbed phases was described using the 

LDF approximation with a lumped sorption rate 

5. The adsorption of helium was neglected under the conditions studied 

6. The pressure drop along the column was negligible 

7. The adsorption isotherm was linear 

8. The velocity along the column was constant 

9. Heat effects were negligible 

The final three assumptions (7-9) are only applicable under dilute adsorbate conditions hence 

the reason why it was desirable to be able to easily change the pulse volume between 

experiments. The mass balance of the column can be described by the partial differential 

equations: 
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 Eq. 3.13 
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 Eq. 3.14 

where c  is the gas phase concentration, 
axD  is the gas phase dispersion coefficient, 

gv  is the 

interstitial gas velocity, k  is the sorption rate, a  is the Henry’s law linear adsorption 

parameter on a per-column-volume basis (moles of gas adsorbed per unit column volume), q  

is the total concentration of the adsorbed phase, t  is the time dimension, z  is the axial 

column position, 
t  is the total void fraction ( (1 )b b p    ), 

b  is the bulk void fraction, and 

p  is the pellet void fraction. 

Using the analysis from Qamar et. al. [117], the following solution to Equation Eq. 3.13 and 

Eq. 3.14 is found in the Laplace domain: 
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 Eq. 3.18 

where  ,c s x  is the concentration in the Laplace domain, x  is the fractional axial column 

position, s  is the Laplace domain variable, 
initialc  is the initial concentration of the adsorbate 

in the column, Pe  is the column Peclet number ( /g axv L D ), F  is equal to (1 ) /t t  , 
injc  is 

the concentration of the injected pulse, and 
injt  is the time the pulse was injected over. The 

Laplace domain solution was transformed numerically back into the time domain using the 

method of Dubner and Abate [118]: 
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  Eq. 3.19 

Here f  is the function in the time domain, F  is the corresponding function in the Laplace 

domain,  Re  is the real part of the enclosed complex number, T  is the time interval over 

which the transform is performed (as discussed below), and a  is an arbitrary parameter used 

to control the error in the inversion. As the error can only be made acceptably small in the 

interval (0, 2)T , the value of T  is chosen to be twice the required length of the transform, 

so that if  f t  is required up to 100 s, T  is chosen to be 200 s (higher values would also be 

acceptable). The value of a  is chosen to produce an acceptable error in the inversion 

according to the formula: 

  experror C aT   Eq. 3.20 

In this analysis the value 10aT   was chosen which results in a fractional error of 

approximately 55 10C   where C  is the maximum bound of the function  f t  over the 

range of t . The value of the summation in Equation Eq. 3.19 has a rapid decay in magnitude 

such that by the one hundredth term, the change in the sum’s value is approximately ten 

orders of magnitude lower than it was for the first term. To ensure there were no errors 

introduced from the summation, one thousand terms were used. 

The extra column void volume produced negligible dispersion in the breakthrough signal when 

compared to the adsorption column so plug flow through this volume was assumed. The 
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model was regressed to the raw composition data by adjusting the sorption rate parameter ( k

) and the error was calculated through the root mean squared deviation (RMSD): 
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 Eq. 3.21 

The results of a typical experimental fit are shown in Figure 3.4 along with the model 

predictions for both zero and infinite sorption rates, which demonstrate the theoretical limits 

of the pulse shape in the cases of no adsorption (infinitely slow) and arbitrarily fast adsorption, 

respectively. Figure 3.4b shows that when the sorption rate is sufficiently slow a 

“breakthrough” peak is present in the effluent composition profile. This breakthrough peak is 

the result of the injection pulse reaching the end of the column without being adsorbed and is 

detrimental to the kinetic analysis as there is significantly reduced kinetic information in this 

area of the profile. In such cases it would be required to increase the residence time of the 

pulse in the column by either increasing the column length of reducing the flow rate to 

accurately resolve the kinetic effects. Conversely, as the effluent profile approaches the 

“adsorption” peak, it becomes difficult to resolve the difference between the finite sorption 

rate and the infinite effluent pulse profile. In such experiments, it would be required to 

decrease the residence time of the pulse in the column to obtain more accurate kinetic 

information. It is for these reasons that experiments were carried out over a range of flow 

rates although the apparatus is only capable of accurate flow rates in the range (20-

180) standard cubic centimetres per minute, or approximately one order of magnitude. 
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Figure 3.4. a) An example of a pulse with the fitted model curve. b) How the model prediction 

changes with varying sorption rates (k = 0, 0.01, 0.03, 0.1, ∞). The initial “breakthrough” peak 

(shown on its own when k = 0) is the result of the injected pulse reaching the end of the 

column without being adsorbed. As the sorption rate increases, more of the injected pulse is 

adsorbed and the intensity of this peak is reduced and the “adsorption” peak gains intensity, 

as shown by the arrows. As the sorption rate approaches infinite the “adsorption” peak 

becomes sharper (has a reduced peak width) as gas is more readily transferred between the 

bulk and adsorbed phases. 

 

To determine the sorption rate by regression, it is necessary for the RMSD objective function 

defined in Equation Eq. 3.21 to have a local minimum. As illustrated in Figure 3.5 below, this 

was only the case for sorption rates in the range (1 to 10-4) s-1, which represents the resolvable 

range of sorption rates measurable with the current DCB apparatus; sorption rates outside this 

range are indistinguishable from their respective high (arbitrarily fast) or low (infinitely slow) 

limit. This range of measurable sorption rates is sufficient for most practical purposes and is 

currently set by the length of the column and the gas velocities achievable. 
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Figure 3.5. Example values for the objective function RSMD defined in eq Eq. 3.21 and used in 

the determination of the sorption rate by regression material with a fast, intermediate, and 

slow kinetics. Sorption rates above 1 s-1 and below 10-4 s-1 are statistically indistinguishable 

from infinite and zero, respectively because the objective function does not have a local 

minimum. The apparatus is most sensitive to sorption rates in the middle of these limits as the 

uncertainty increases as the sorption rate nears a limit. 

 

3.4. Equilibrium Adsorption Results 

Pure methane and nitrogen adsorption measurements were carried out at nine partial 

pressures ranging from 25 kPa to 900 kPa. Experiments in which the adsorbates partial 

pressure was below 100 kPa were performed by dilution with helium. All adsorbents had their 

isotherms measured at a temperature of 303 K, as well as several measurements at 273 K and 

253 K. All the data could be adequately described by the Langmuir isotherm: 

 max 0 exp
1

bP H
Q Q b b

bP RT

 
   

  
 Eq. 3.22 

 
4 2 4 2/ maxCH N CH NK K K Q b    Eq. 3.23 

where Q  is the adsorption capacity, 
maxQ  is the adsorption capacity at infinite pressure, P  is 

the adsorbate partial pressure, b  is the equilibrium parameter, 
0b  is the equilibrium 

parameter at infinite temperature, H  is the enthalpy of adsorption, R  is the gas constant, 

T  is the gas temperature,   is the selectivity, and K  is the Henry’s law adsorption 

parameter. The measured adsorption data are tabulated in Table 3.2 and displayed in Figure 

3.6 along with the Langmuir isotherm fits, where the best fit parameters are listed in Table 3.3. 

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.0001 0.001 0.01 0.1 1 10

R
M

SD

Sorption Rate / s-1

Fast
Adsorption

Slow
Adsorption

Intermediate
Adsorption



68 
 

The only exception was methane adsorption on MSC 3K-172, which adsorbed too slow to allow 

determination of the capacity with this DCB. 

The greatest methane sorption capacity was exhibited by Norit RB3, followed by zeolite 13X; 

zeolite 4A and TMA-Y had near identical methane capacities, but this was approximately 30 % 

less than that of Norit RB3. All adsorbents had a similar nitrogen sorption capacity with the 

exception of TMA-Y which adsorbed approximately 60 % less than the others; this is due to the 

molecular interaction between nitrogen and the TMA+ ion [87]. Due to the low nitrogen 

sorption capacity, TMA-Y showed the greatest methane sorption selectivity with a value of 4.8, 

significantly larger than the second most selective adsorbent, Norit RB3, with a value of 3.2. 

Due to the complex nature of adsorption processes, it is difficult to compare the relative 

importance of the different adsorption properties, but for PSA processes a general rule of 

thumb is that selectivity is more important than capacity [119], which makes TMA-Y more 

suitable that Norit RB3 for this separation. Zeolites 4A and 13X showed the lowest selectivity’s 

with values of 1.8 and 1.9 respectively and so are not considered suitable for equilibrium 

adsorption separations of methane and nitrogen. 

These equilibrium adsorption capacities of these five adsorbents were also measured 

volumetrically by Xiao et. al. [120] and the Langmuir isotherm fits are also displayed in Table 

3.3 for comparison. The pressures of Xiao’s measurements were limited to 110 kPa, but in this 

range they showed good agreement with the DCB data. The best-fit Langmuir isotherm 

parameters are displayed in Table 3.3 alongside those measured in this work; the isotherms 

have significantly different parameters although the predictions are within the uncertainty 

limit in the range (0–110) kPa. Outside of this range the capacity predictions can vary greatly, 

for example the 900 kPa predictions are up to 50 % less than the DCB measured values; this 

highlights the well-known uncertainty of extrapolation. The large uncertainties in Qmax and b0 

arise from the relatively linear isotherms, which make it difficult to determine the relative 

contribution of each of the parameters. As the measured isotherm becomes more linear (bP << 

1 in Equation Eq. 3.22) the Langmuir isotherm reduces to maxQ Q bP , in which case it is 

impossible to determine individual uncertainty of Qmax and b. 
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Table 3.2. The adsorption measurements along with their uncertainties of nitrogen and 

methane on the five adsorbents tested in this investigation. Note that methane adsorption on 

MSC 3K-172 was too slow to measure the equilibrium capacity so this data is excluded. 

Partial 
Pressure 

(kPa) 

Temp 
(K) 

Q_abs 
(mmol∙g-1) 

u(Q_abs) 
(mmol∙g-1) 

Partial 
Pressure 

(kPa) 

Temp 
(K) 

Q_abs 
(mmol∙g-1) 

u(Q_abs) 
(mmol∙g-1) 

Zeolite 4A 

Nitrogen Methane 

26.0 303.0 0.07 0.05 28.0 303.0 0.13 0.18 

51.2 303.0 0.13 0.10 54.3 303.0 0.26 0.21 

77.6 303.0 0.19 0.11 79.9 303.0 0.35 0.11 

105.9 303.0 0.25 0.02 104.9 303.0 0.45 0.10 

203.3 303.0 0.43 0.03 204.1 303.0 0.75 0.11 

303.0 303.0 0.58 0.04 303.9 303.0 0.98 0.10 

502.9 303.0 0.84 0.05 503.7 303.0 1.27 0.22 

702.5 303.0 1.01 0.06 703.4 303.0 1.48 0.16 

901.7 303.0 1.15 0.06 902.8 303.0 1.56 0.09 

26.7 273.0 0.14 0.10 27.9 273.0 0.21 0.33 

51.5 273.0 0.27 0.10 55.0 273.0 0.51 0.38 

78.7 273.0 0.39 0.10 80.6 273.0 0.67 0.37 

107.3 273.0 0.49 0.05 105.5 273.0 0.78 0.26 

204.5 273.0 0.78 0.06 204.2 273.0 1.20 0.22 

304.5 273.0 1.00 0.06 303.9 273.0 1.44 0.23 

504.3 273.0 1.29 0.07 503.9 273.0 1.72 0.17 

703.6 273.0 1.47 0.07 703.8 273.0 1.85 0.15 

903.1 273.0 1.61 0.08 902.7 273.0 2.06 0.25 

Zeolite 13X 

Nitrogen Methane 

26.9 303.1 0.08 0.03 26.9 303.1 0.14 0.05 

52.6 303.1 0.16 0.03 51.8 303.1 0.27 0.05 

78.8 303.1 0.24 0.05 78.0 303.1 0.40 0.05 

106.8 303.1 0.30 0.02 104.3 303.1 0.52 0.03 

204.0 303.1 0.53 0.03 202.7 303.1 0.90 0.04 

303.5 303.1 0.72 0.04 302.7 303.2 1.23 0.05 

503.1 303.1 1.04 0.05 502.4 303.2 1.71 0.07 

702.8 303.1 1.29 0.07 701.9 303.2 2.04 0.08 

901.7 303.1 1.49 0.08 900.9 303.3 2.29 0.10 

26.9 273.4 0.18 0.06 26.5 273.5 0.29 0.06 

52.5 273.5 0.33 0.03 52.6 273.5 0.55 0.07 

78.8 273.4 0.47 0.06 78.8 273.5 0.78 0.06 

106.5 273.4 0.59 0.04 104.7 273.5 0.99 0.05 

203.9 273.5 0.96 0.05 203.6 273.5 1.60 0.06 

303.7 273.5 1.24 0.06 303.5 273.5 2.01 0.08 

503.4 273.4 1.65 0.07 503.3 273.5 2.52 0.09 

702.9 273.5 1.96 0.09 702.8 273.5 2.83 0.11 

902.0 273.4 2.18 0.10 902.3 273.5 3.02 0.12 

MSC 3K-172 

Nitrogen 

27.1 303.2 0.09 0.07 24.5 273.4 0.15 0.14 

53.1 303.2 0.17 0.07 50.0 273.4 0.28 0.09 
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79.2 303.2 0.24 0.07 76.5 273.4 0.41 0.15 

107.0 303.3 0.30 0.05 106.0 273.4 0.50 0.10 

204.4 303.2 0.50 0.05 203.8 273.4 0.77 0.10 

304.0 303.2 0.65 0.05 303.4 273.4 0.86 0.09 

503.7 303.3 0.88 0.06 503.3 273.3 1.22 0.09 

703.2 303.2 1.06 0.07 702.6 273.3 1.43 0.10 

902.1 303.2 1.19 0.07 901.7 273.3 1.56 0.10 

Norit RB3 

Nitrogen Methane 

23.9 303.0 0.07 0.01 26.0 303.0 0.24 0.04 

48.1 303.0 0.12 0.01 53.7 303.0 0.44 0.04 

74.8 303.0 0.19 0.02 79.9 303.0 0.60 0.05 

106.2 303.0 0.24 0.02 104.7 303.0 0.73 0.03 

203.5 303.0 0.41 0.02 203.6 303.0 1.13 0.05 

303.4 303.0 0.62 0.04 303.4 303.0 1.51 0.09 

503.3 303.0 0.86 0.05 503.2 303.0 2.02 0.08 

702.7 303.0 1.08 0.07 702.6 303.0 2.41 0.10 

901.9 303.0 1.27 0.08 901.5 303.0 2.74 0.12 

TMA-Y 

Nitrogen Methane 

25.7 303.3 0.03 0.02 24.4 303.2 0.12 0.05 

51.4 303.3 0.06 0.03 50.7 303.2 0.26 0.05 

77.1 303.3 0.08 0.04 77.7 303.2 0.37 0.06 

105.3 303.3 0.11 0.04 104.2 303.2 0.47 0.04 

203.0 303.2 0.20 0.03 202.9 303.2 0.80 0.05 

302.7 303.2 0.28 0.03 302.7 303.2 1.05 0.05 

502.6 303.2 0.44 0.04 502.4 303.2 1.42 0.07 

702.2 303.2 0.57 0.06 701.9 303.2 1.67 0.09 

901.5 303.2 0.69 0.07 901.0 303.2 1.86 0.10 

25.9 273.3 0.06 0.02 24.7 273.0 0.29 0.05 

51.4 273.3 0.11 0.03 49.8 273.0 0.54 0.07 

77.2 273.3 0.16 0.04 77.4 273.0 0.76 0.07 

105.4 273.3 0.21 0.03 103.9 273.0 0.93 0.05 

202.7 273.3 0.37 0.03 202.9 273.0 1.41 0.07 

302.5 273.3 0.52 0.04 302.8 273.0 1.73 0.08 

502.3 273.0 0.77 0.06 502.6 273.0 2.11 0.09 

701.9 273.0 0.97 0.07 701.9 273.0 2.35 0.11 

900.9 273.0 1.14 0.09 901.2 273.0 2.52 0.12 

26.4 253.0 0.10 0.04 24.7 253.0 0.54 0.09 

51.7 253.0 0.19 0.03 50.3 253.0 0.95 0.12 

77.7 253.0 0.27 0.05 77.7 253.0 1.24 0.10 

106.0 253.0 0.35 0.03 104.4 253.0 1.46 0.07 

203.6 253.0 0.61 0.05 203.2 253.0 2.01 0.08 

303.6 253.0 0.83 0.06 303.2 253.0 2.32 0.10 

503.3 253.0 1.15 0.07 502.8 253.0 2.67 0.11 

702.6 253.0 1.39 0.09 702.0 253.0 2.86 0.12 

901.7 253.0 1.57 0.10 901.3 253.0 2.98 0.14 
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Figure 3.6. Measured (points) and predicted (lines) adsorption capacity of nitrogen (green, 

squares) and methane (red, circles) on the adsorbents a) Zeolite 4A, b) Zeolite 13X, c) MSC 

3K-172, d) TMA-Y, and e) Norit RB3 at 303 K. The experimental uncertainty of the data points 

are shown through error bars, which in many cases is smaller than the size of the point. The 

rate of adsorption of methane on MSC 3K-172 was too slow to measure equilibrium adsorption 

capacities; the isotherms shown (dashed lines) were measured on a volumetric apparatus 

(ASAP2020, Micromeritics) at pressures up to 110 kPa [120]. 
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Table 3.3. The fitted Langmuir isotherm parameters and their associated uncertainties'. 

Methane adsorption on MSC 3K-172 was too slow to be measured by the DCB.  

 DCB (This work) Volumetric Method [120] 
 Nitrogen Methane Nitrogen Methane 

 Zeolite 4A 
Data Points 18 18 31 34 

Qmax (mmol∙g-1) 2.31 ± 0.16 2.39 ± 0.22 1.8 ± 2.3 3.6 ± 1.8 
b0 x106 (kPa-1) 0.71 ± 0.45 1.4 ± 2.5 0.15 ± 0.23 0.98 ± 0.64 
ΔH (kJ∙mol-1) 18.6± 1.7 18.6 ± 4.5 23.2 ± 3.6 18.9 ± 1.5 

RMSD (mmol∙g-1) 0.0045 0.035 0.0064 0.0021 
α (303 K) 2.0 2.3 

 Zeolite 13X 
Data Points 18 18 36 39 

Qmax (mmol∙g-1) 3.27 ± 0.19 4.19 ± 0.17 1.8 ± 1.8 5.2 ± 2.8 
b0 x106 (kPa-1) 0.60 ± 0.26 0.98 ± 0.39 0.24 ± 0.31 1.16 ± 0.74 
ΔH (kJ∙mol-1) 18.5 ± 1.1 18.2 ± 1.0 22.2 ± 3.1 17.3 ± 1.5 

RMSD (mmol∙g-1) 0.016 0.015 0.0062 0.0014 
α (303 K) 1.9 2.0 

 MSC 3K-172 
Data Points 18 - 33 38 

Qmax (mmol∙g-1) 2.09 ± 0.17 - 1.1 ± 1.3 1.8 ± 0.8 
b0 x106 (kPa-1) 2.9 ± 2.8 - 0.39 ± 0.66 150 ± 120 
ΔH (kJ∙mol-1) 15.7 ± 2.4 - 22.6 ± 3.9 10.0 ± 1.9 

RMSD (mmol∙g-1) 0.018 - 0.0066 0.010 
α (303 K)  4.0 

 TMA-Y 
Data Points 27 27 23 29 

Qmax (mmol∙g-1) 2.82 ± 0.29 3.30 ± 0.10 0.7 ± 2.6 3.0 ± 1.9 
b0 x106 (kPa-1) 0.49 ± 0.19 0.43 ± 0.14 0.07 ± 0.34 5.90 ± 0.50 
ΔH (kJ∙mol-1) 16.7 ± 1.0 20.6 ± 0.8 25.0 ± 11.0 20.4 ± 2.0 

RMSD (mmol∙g-1) 0.0059 0.034 0.0040 0.0040 
α (303 K) 4.8 4.31 

 Norit RB3 
Data Points 9 9 34 41 

Qmax (mmol∙g-1) 2.7 ± 0.36 4.04 ± 0.24 1.2 ± 1.7 2.7 ± 1.0 
b0 x106 (kPa-1) 3.76 ± 0.65 2.43 ± 0.23 0.78 ± 1.50 2.50 ± 1.50 
ΔH (kJ∙mol-1) 13.932 16.992 19.9 ± 4.4 18.7 ± 1.4 

RMSD (mmol∙g-1) 0.015 0.051 0.0055 0.0141 
α (303 K) 3.3 4.4 

1. Value calculated from 303 K isotherm fit. 

2. Values taken from Rufford et. al. [90]. 
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Equimolar mixture equilibrium adsorption measurements were performed with TMA-Y to 

further characterise the mixture adsorption capacities and the results are tabulated in Table 

3.4 and shown graphically in Figure 3.7. The mixture adsorption measurements at 303 K show 

methane selectivity’s in the range 5-9 which, within the authors’ knowledge, represents the 

largest published methane selectivity. 

 

Table 3.4. TMA-Y mixture equilibrium adsorption capacities. Average uncertainty in the 

selectivity is ±1.6 

Pressure 
(kPa) 

Temperature 
(K) 

YCH4 
QCH4 

(mmol∙g-

1) 

u(QCH4) 
(mmol∙g-

1) 

QN2 
(mmol∙g-

1) 

u(QN2) 
(mmol∙g-

1) 
Selectivity 

104.8 303.0 0.52 0.26 0.03 0.04 0.03 6.5 

203.2 303.0 0.50 0.43 0.03 0.08 0.03 5.6 

302.5 303.0 0.51 0.68 0.10 0.07 0.08 9.2 

501.9 303.0 0.51 0.92 0.09 0.12 0.07 7.5 

701.3 303.0 0.51 1.17 0.13 0.12 0.10 8.9 

900.5 303.0 0.51 1.31 0.13 0.19 0.11 6.6 

104.3 273.0 0.50 0.52 0.03 0.10 0.03 5.1 

202.4 273.0 0.50 0.87 0.05 0.16 0.04 5.5 

302.1 273.0 0.50 1.13 0.06 0.20 0.05 5.6 

501.7 273.0 0.51 1.50 0.08 0.25 0.06 5.8 

701.7 273.0 0.52 1.83 0.11 0.26 0.07 6.5 

900.8 273.0 0.53 2.05 0.13 0.29 0.08 6.3 

104.4 253.0 0.49 0.87 0.05 0.15 0.05 5.9 

202.5 253.0 0.50 1.30 0.07 0.22 0.05 6.1 

302.3 253.0 0.50 1.61 0.08 0.26 0.05 6.3 

502.0 253.0 0.51 2.03 0.11 0.31 0.07 6.4 

701.6 253.0 0.51 2.30 0.13 0.34 0.08 6.4 

901.0 253.0 0.52 2.53 0.16 0.35 0.09 6.6 
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Figure 3.7. The measured (points) and predicted (lines) adsorption of nitrogen (green squares) 

and methane (red circles) in an equimolar mixture at 303 K (filled points, solid lines) and 253 K 

(hollow points, dashed lines). 

 

3.4.1. Kinetic Adsorption results 

Multiple pulse experiments were carried out for each adsorbent at pressures of (100, 300, and 

900) kPa and flow rates from (20 to 180) sccm; this represents the full range of pressure and 

flow rate that the apparatus is capable of achieving. For each experimental condition, two 

experiments were carried out with different pulse volumes to determine if the pulse size had 

an effect on the results. The duration of the pulses were between 4 and 32 seconds, 

depending on the pressure, but the exact volume of the pulse was calculated by integrating 

the measured effluent composition and was approximately 25% lower than expected due to 

momentary disturbances produced by the movement of the valve position. 

The slowest rates of adsorption were exhibited by the carbon molecular sieve MSC 3K-172, 

which are displayed as a function of volumetric flow rate in Figure 3.8. The nitrogen sorption 

rate measurements at 303 K show that there is no flow rate, or velocity, dependence to the 

sorption rate which indicates that there is no significant film resistance in the system. There 

was also found to be no appreciable dependence on the gas pressure so the overall sorption 

rate at 303 K was measured to be 1.1±0.4 x10-2 s-1. The sorption rates of nitrogen at 273 K and 

low pressure were not able to be measured due to the low volume of adsorption; the effluent 

breakthrough profile was consistent with a “breakthrough” peak and there was no significant 

“adsorption” peak (see Figure 3.4b). The 900 kPa experiments however, had a large enough 

residence time to produce an adsorption signal and the measured sorption rate was 4.1±0.3 

x10-3 s-1, approximately half of the value at 303 K. These values are similar to, although slightly 
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lower than, the values (15*Dc∙r
-2) of 1.6x10-2 s-1 and 6.9x10-3 s-1 measured by Xiao et al. [120] at 

303 K and 243 K respectively which are also displayed in Figure 3.8. The slower sorption rate of 

methane resulted in none of the experiments having a significant “adsorption” peak and so no 

extracted sorption rates were considered to be reliable. As the effluent pulse of these 

experiments only consisted of a “breakthrough” peak, the model fit was very sensitive to the 

volume of the injected pulse, with a 1 % change in the injected pulse volume resulting in a 

15 % change in the fitted sorption rate. 

 

 

Figure 3.8. The measured sorption rates of nitrogen on the adsorbent MSC 3K-172 at 303 K 

(squares) and 273 K (triangles) as a function of the volumetric flow rate. Values measured by 

Xiao et. al. [120] are displayed as solid black points at a flow rate of zero. 

 

The sorption rates on zeolite 4A at 303 K were slightly larger than the carbon molecular sieve, 

with a measured nitrogen sorption rate of 3.5±1.0 x10-2 s-1 and methane sorption rate of 

3.1±0.7 x10-3 s-1. These values were reduced to 1.3±0.2 x10-2 s-1 and 7±2 x10-4 s-1 for nitrogen 

and methane respectively at 273 K; an average of a 70 % reduction. The methane sorption rate 

is consistent with the measurements of Xiao et al. [120], shown as open squares in Figure 3.9. 

The kinetic selectivity of an adsorbent (  ) is often defined as the equilibrium selectivity 

multiplied by the square root of the ratio of the kinetic sorption parameter [34]: 
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where k  is the sorption rate. Although zeolite 4A has a nitrogen to methane sorption rate 

ratio greater than ten, the kinetic selectivity is only 1.7 at 303 K, and 2.4 at 273 K due to the 

adsorbent being methane equilibrium selective. This highlights the main disadvantage of 

kinetic adsorbents: often the material has the opposite equilibrium selectivity, such that 

sorption rate ratios approaching one hundred are needed to produce a good kinetic selectivity. 

 

 

Figure 3.9. The measured sorption rates of nitrogen (green diamonds) and methane (red 

circles) on the zeolite adsorbent 4A. Open squares correspond to the values measured by Xiao 

et. al. [120] which has been horizontally offset for clarity. 

 

The experiments performed with zeolite 13X, TMA-Y, and Norit RB3 showed that the sorption 

rates of nitrogen and methane on these materials is sufficiently fast such that they can only be 

said to have a sorption rate above the limit of 1 s-1. This was expected as the pore size of these 

materials is considerable larger than the diameters of nitrogen and methane and so provided 

very little resistance to sorption [54]. These are consistent with the measurements performed 

by Xiao et al. [120] and so these materials can be assumed to have instantaneous adsorption 

for most application. 
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3.4.2. Conclusions 

In this investigation the equilibrium adsorption capacities and sorption kinetics were measured 

for five different adsorbents with a dynamic breakthrough apparatus. The five adsorbents 

were each from a different class of adsorbent: MSC 3K-172 (carbon molecular sieve), zeolite 4A 

(zeolite molecular sieve), Norit RB3 (activated carbon), zeolite 13X (large pore zeolite), and 

TMA-Y (ionic liquidic zeolite). All adsorbents had a similar nitrogen adsorption capacity with 

the exception of TMA-Y which had approximately half the capacity of the others due to the 

molecular interactions between tetremethylammonium and nitrogen. Norit RB3 was found to 

have the greatest methane adsorption capacity, then 13X, followed by 4A and TMA-Y which 

had near identical methane capacity due to the similarity of 4A (zeolite Na-A) to the base 

material of TMA-Y (zeolite Na-Y); methane adsorption sufficiently slow on MSC 3K-172 such 

that no appreciable adsorption was measured. TMA-Y was predicted to have the greatest 

methane selectivity and so further equimolar adsorption capacity measurements were carried 

out at three temperatures to better characterise the selectivity. It was found that the 

extended Langmuir isotherm could predict the adsorption measurements within the 

uncertainty of the measurements although the slightly lower nitrogen adsorption at 303 K 

resulted in a methane selectivity of 7.4; higher than the predicted 4.8, while the values of 5.8 

and 6.3 were less than 5 % different from the predictions at 273 and 253 K respectively. 

The kinetics of adsorption was measured with a pulse technique that eliminated the heat 

transfer limitations of conventional breakthrough techniques. This technique showed that the 

sorption rates of Norit RB3, zeolite 13X and TMA-Y were all above the upper limit of 1 s-1 which 

is sufficiently fast to be considered instantaneous in most adsorption applications. The slowest 

sorption rates were exhibited by MSC 3K-172 which had a nitrogen sorption rate of be 

1.1±0.4 x10-2 s-1 at 303 K and a methane sorption rate lower than the estimated lower-limit of 

1 x10-4 s-1; this result in a sorption rate ratio of approximately 100, which is sufficient to be 

considered for a kinetic separation process. The sorption rate of nitrogen and methane on 

zeolite 4A were found to be right in the sensitive range of the apparatus and were measured 

to be 3.5±1.0 x10-2 s-1 and 3.1±0.7 x10-3 s-1 for nitrogen and methane respectively at 303 K; 

these values were consistent with independently measured values on a different apparatus. 

Despite having a large sorption rate ratio, the kinetic selectivity of nitrogen of zeolite 4A was 

measured to be 1.7 at 303 K as the material has the opposite equilibrium selectivity which 

reduces the overall kinetic selectivity. 

The breakthrough column used in this investigation has proven to be a robust measurement 

tool in the study of adsorbent materials. The wide range of temperatures, pressures, and flow 
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rates able to be investigated, along with the ability to measure the adsorption of gas mixtures 

sets it apart from other techniques such as the volumetric style of apparatuses. The combined 

equilibrium adsorption capacity and sorption rate measurements have shown that the ionic 

liquidic zeolite TMA-Y is the most suitable adsorbent to use for equilibrium separations and the 

molecular sieve MSC 3K-172 may be suitable for kinetic separations of nitrogen and methane. 
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4.1. Introduction 

Within the literature on pressure swing adsorption (PSA) there are a large number of reported 

separation simulations that demonstrate the performance of the PSA process and how it can 

be modified to increase the performance and/or reduce operating costs. However there are 

significantly fewer studies that have been carried out with a real adsorbent in a real PSA 

process, and even fewer that have been performed with the new dual-reflux (DR) PSA 

configuration. Only three groups are known to have constructed an adsorption system capable 

of performing these DR-PSA cycles; Hirose’s research group in Kumamoto University [47-49], 

Ritter’s research group at the University of South Carolina [46, 103], and Rota’s research group 

at the University of Milan (Politecnico di Milano) [104]. Each of these systems contain two 

adsorption beds approximately one meter in length and diameters in the range (18 to 28) mm 

packed with (114 to 170) g of adsorbent. Some advantageous features that these designs 

exhibit, but not simultaneously by a single apparatus, include having multiple feed locations, 

multiple internal temperature probes and axial gas sample ports. The separation experiments 

carried out in Ritter’s research group were performed with an modified cycle design in which 

the feed and purge steps are not carried out at a constant pressure, but start at an 

intermediate pressure which continually diverge until the end of the step. The main limitation 

of all three apparatuses is that that only A-type DR-PSA cycles can be performed as the 

systems lack a second compressor located at the light gas end of the adsorption beds. 

 

4.2. The DR-PSA Apparatus 

A fully automated pressure swing adsorption apparatus that can be operated in wide range of 

configurations to study both conventional PSA cycles and all four standard DR-PSA cycles was 

designed and constructed. The apparatus consists of two stainless steel adsorption columns 

(3.5 cm internal diameter, 97 cm length), two mass spectrometers (MS) for gas composition 

analysis, pressure and flow control instrumentation, temperature indicators, a recycle gas 

compressor, two 12 L purge tanks, two 12 L product tanks, and data acquisition components. 

The simplified flow diagram of the apparatus is displayed in Figure 4.1 and several 

photographs are presented in Figure 4.2. 

The feed can enter at any of seven ports along the length of the beds via seven pairs of valves 

between the columns. The middle pair of feed valves is located in the exact middle of the two 

columns with the others valves spaced at 125 mm intervals, with the first and last valve pairs 

being 110 mm from their respective ends of the beds. Feed can also be supplied through a 
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valve at the bottom of the feed manifold to operate in a conventional PSA mode. The feed 

flow rate and composition are controlled by three independent mass flow controllers (MFC) 

for each pure gas (N2, CH4 and CO2) and mixed before the total flow rate, pressure and 

temperature of the feed are (re-)measured before the gas reaches the column manifold. The 

pressures in each column are controlled with back pressure regulators (BPRs 1 and 3) located 

at the top and bottom of the high and low pressure columns, respectively. The product and 

recycle flows are controlled by setting the heavy product draw with MFC5, which is the smaller 

product flow for feeds containing low CH4 concentrations, and the light reflux flow with MFC4.  

Although the low and high-pressure columns alternate through each DR-PSA cycle, the heavy 

product is always drawn from the bottom of the apparatus and the light gas from the top of 

the apparatus. The product tubing sections each contain a 1 L purge tank to store purge gas 

and dampen pressure or composition fluctuations, but these purge tanks can be bypassed to 

reduce the time taken to transfer gas between the columns from several minutes to a few 

seconds.  

Gas compositions were measured with two QMS-100 series mass spectrometers from Stanford 

Research Systems, which are connected to the two product gas streams in the system. A 

second set of 12 L storage tanks are available to store light and heavy products for 

measurement of average compositions over a DR-PSA cycle. Each MS was calibrated to have a 

maximum uncertainty of 0.01 (or 1 %) in the molar composition over the full range for binary 

mixtures of CH4 + N2. We also measured CO2, O2, Argon and water with the MS’s to check for 

back flow of air into the MS that could potentially occur when there is no product flow 

because of the design of the MS. Check valves were used to prevent the back-flow of air into 

the DR-PSA apparatus through the analysis lines.  

Four pressure transmitters are used to measure the pressures at the top and bottom of each 

column and one in the feed line. Eleven PT-100 series platinum resistance temperature sensors 

were embedded along the length of each column to track the thermal front through the 

adsorbent beds. The middle temperature probe (labelled as T6) is located in the exact middle 

of the column with the remaining probes spaced in intervals of 83 mm, where the first and last 

probes are 70 mm from their respective ends of the column. There are two additional PT-100 

temperature sensors installed in the feed line and in the outlet of the heavy gas compressor. 
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Figure 4.1. The process flow diagram of the multi-column adsorption apparatus. The valves are 

shown in their position (white – open, black – closed) for a typical PL-A experiment. The heavy 

purge tank is bypassed to allow the gas to be transferred between the two beds with minimal 

delay, and the light purge tank is also bypassed, although it is open to the flow line to increase 

the void volume to minimise pressure fluctuations in this section caused by BPRs 1 and 2. The 

two product void tanks (not shown) are open to the flow so that the MSs measure the average, 

rather than instantaneous, product composition. 
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Figure 4.2. Pictures of the pressure swing adsorption apparatus. From left to right: the process 

instrumentation, the front panel with the control screens, and the two adsorption beds. The 

entire apparatus is enclosed in a self-contained enclosure that allows all components to be 

easily accessed, allowing visual checks and modifications to the system to be easily performed. 

 

4.2.1. Control Scheme 

The controls of the PSA apparatus can be separated into two sections, the internal and 

external control, as shown in Figure 4.3 as a simple process flow diagram. The external section 

of the process has a single feed stream that is being split into two product streams, so as to 

over-constrain the system, the feed and heavy product streams have a controlled flow rate 

while the light product stream is used to maintain the pressure of the internal system. The 

internal system can be further divided into four sections: the two adsorption beds, and the 

light and heavy void volumes, where each has its own controls. The pressure in the high 

pressure bed (Bed 1) is controlled via a back pressure regulator (BPR 1) which vents any excess 

pressure into the light gas void volume (T1). From this void volume a constant flow is fed to 

the low pressure bed (Bed 2) and any excess gas is vented through a back pressure regulator 

(BPR 2) as the light product. The pressure of the low pressure bed is then controlled via the 

suction pressure that a compressor (C2) is able to achieve with a constant discharge pressure 

and the flow rate being eluted from the adsorption bed. The compressed gas is stored in the 

heavy void volume (T2) where a constant flow is drawn as the heavy product, and the excess 

gas is vented into the high pressure bed (Bed 1), completing the internal circular flow. 

It was found that the minor feed component should have its product draw controlled as the 

process operation is more sensitive to any changes in this flow rate due to its relatively small 

flow rate. For experiments containing high fractions of the heavy product, the control scheme 
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can be ‘flipped’ by swapping BPR 1 for compressor ‘C1’ and compressor ‘C2’ for BPR 3, as 

shown as dashed lines in Figure 4.3, and reversing the bed pressures so that Bed 1 and Bed 2 

are the low and high pressure beds respectively. This results in the heavy product being 

produced from the top of the process (formerly the light product) and the light product being 

produced from the bottom of the process (formerly the heavy product). 

 

 

Figure 4.3. The control scheme of the PSA apparatus showing the internal and external 

controls. The internal controls relate to the circulating flow rate between the two adsorption 

beds and the external controls are linked to the feed and two product streams. The solid 

controls are used when the feed stream has a small fraction of heavy component, and 

therefore it is desirable to control the heavy product stream. In this configuration Bed 1 and 2 

correspond to the high and low pressure beds respectively. When the feed stream contains a 

large fraction of the heavy component, it is desirable to control the light product flow rate as it 

is the smaller of the two products. In this configuration, the two dashed controls replace their 

respective control and Bed 1 and 2 correspond to the low and high pressure beds respectively. 

In this setup the composition of the two product streams is reversed so the light product is 

collected form the ‘Heavy Product’ stream and vice-versa. 
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4.2.2. Flow Rate Measurement 

The mass flow meters (MFMs) and mass flow controllers (MFCs) were sourced from Alicat 

Scientific Inc and the uncertainties of these devices are 0.2% of the full scale and 0.8% of the 

reading (the full scale of the devices were in the range 1.2-10 SLPM). The MFMs and MFCs 

devices measure pressure drop along a laminar flow element (see Figure 4.4) within the device 

and use the Hagen-Poiseuille equation to calculate flow rate. This calculation requires the 

viscosity of the mixture, which is dependent on the gas composition. In the DR-PSA 

experiments the composition of streams passing flow devices (MFM1, MFM3, MFC5, MFM2, 

MFC4) are variable and the measurement strategy employed was to set these devices to pure 

N2 in the real-time measurement then apply post-experiment data processing to correct the 

apparent flow rates using the product compositions at cyclic steady state operation. This 

correction is not required for the feed MFCs that flow pure gases as these devices are set to 

their respective gas. 

 

 

Figure 4.4. Simple schematic of the laminar flow element used in the Alicat flow devices in the 

pressure swing adsorption apparatus. 

 

The Hagen-Poiseuille equation, shown in Eq. 4.1, states that the volumetric flow rate is 

proportional to the pressure drop divided by the gas viscosity, which is then multiplied by a 

constant determined from the physical dimensions of the flow field. In the case of a straight 

section of circular pipe, this constant can be calculated ( 4 8r L ), otherwise it is determined 

through calibration to known flow rates. 
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  Eq. 4.1 

From this equation it can be seen that to determine the true flow rate, the viscosity needs to 

be corrected to the viscosity of the gas mixture flowing through the device. From this the 
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definition of the correction factor is the ratio of nitrogen viscosity to that of the gas mixture, 

which can be rearranged to the ratio of the true flow rate to that which is measured: 

 2Correction Factor
N Measured True

mixture True Measured

A P F F

A P F F






  


 Eq. 4.2 

The correction factor was initially calculated through empirical correlations for the viscosity of 

nitrogen and methane. The method of Chung et al. [64] was used to calculate the viscosity of 

pure nitrogen and methane and then the mixing rule of Wilke [64] was used to determine the 

viscosity of nitrogen and methane mixtures. This method predicts that the viscosity varies by 

5% over the temperature range (20-40) °C, but the viscosity ratio (aka the correction factor) 

only varies by 0.5% over the same range. This indicates that although the viscosity is 

temperature dependent, the ratio of viscosities has minor temperature dependence, which is 

negligible over the range of temperatures experienced in this experiment. The correction 

factor was also experimentally determined by setting the feed MFC’s to a total flow rate of 

1 SLPM and by varying the composition in 10% increments, shown in Figure 4.5. The 

experimental value was in good agreement with the theoretical value, with a maximum 

deviation of 2% which is within the uncertainty of the calculation (~5%). Due to the complexity 

of the theoretical calculation of the correction factor, an approximation to the theoretical 

prediction was employed. A quadratic equation was fit to the theoretical prediction with a root 

mean squared deviation (RMSD) of 0.005 (~0.4%): 

 
4 4

2Correction Factor 0.31749 0.26247 1CH CHY Y      Eq. 4.3 
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Figure 4.5. The measured and calculated correction factor for the MFC’s and MFM’s. The solid 

line represents the value calculated from the method of Chung et al. and the mixing rule of 

Wilke (The Properties of Gases & Liquids). 

 

Figure 4.6 shows an example of the feed, light product, heavy product, light reflux and heavy 

reflux flow rates over a single four step PL-A cycle. The feed, heavy product and light reflux 

flow rates are maintained constant throughout the feed/purge steps (Steps 1 and 3). However, 

the heavy reflux flow has some large fluctuations at the start of the feed/purge steps due to 

the slow response of the manipulated BPR4 (Figure 4.1) and the flow characteristics of the 

compressor. During the pressure reversal step the rate of gas transfer between the two 

columns exceeds the full range scale of flow meter MFM3, and thus the volume of gas 

transferred between the columns cannot be directly measured. Instead, this volume was 

independently calculated from the initial and final states of the columns. There is a slight 

variation in the total light product gas produced in each cycle as the back pressure regulator 

(BPR 2 in Figure 4.1) has some difficulty in controlling the start/stop nature of this flow and it is 

an on-going issue to have this back pressure controller finely tuned to remove this variation. 

However, this control limitation does not affect the performance of the apparatus because it 

does not affect the flow rate out of the high pressure column or the flow rate into the low 

pressure column. All it does is cause a pressure fluctuation in the light purge section of the 

apparatus, which is damped out by the 12 L void tank in this section, and if this tank is 

bypassed, one valve is left open so it is not in the flow path but does contribute to volume of 

this section. 

 

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

0.0 0.2 0.4 0.6 0.8 1.0

C
o

rr
e

ct
io

n
 F

ac
to

r 
/ 

-

Methane Composition  / -

MFM1 MFM2 MFM3 MFC4 MFC5



88 
 

  

  

Figure 4.6. a) External and b) internal flow rates of a PL-A cycle with a heavy product flow rate 

set point of 0.241 SLPM and a light reflux set point of 1.970 SLPM. The light product flow is 

intermittent due to the control of a back pressure regulator, where the average flow over the 

previous five cycles is displayed as a dotted line. 

 

Each experiment has its mass balance calculated to ensure that that there is no gas leak in the 

experiment and that there are no errors in the analysis. The balance was calculated with the 

flow rates measured with MFM1 (feed gas), MFM2 (light gas) and MFC5 (heavy gas), and for 

the experiment shown in Figure 4.6, the overall material balance was -0.1% and the 

component balance was +0.5 and -5.6% for nitrogen and methane respectively. These are 

within the uncertainty of the calculations, which were 3.2%, 3.2% and 6.9% for the overall, 

nitrogen and methane balance respectively. The methane balance has a significantly higher 
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uncertainty due to the small composition in the light product gas having a large relative 

uncertainty. Any experiments that had a higher than expected mass balance error were 

discarded and the source of the imbalance located and resolved before experiments 

continued. 

 

4.2.3. Pressure Measurement 

The pressure controllers used in the apparatus were sourced from Alicat Scientific Inc and had 

a reported uncertainty of 0.25% of the full scale (0-400 kPag). The pressure in the high 

pressure bed was controlled via BPR1, which released pressure into the light gas purge section. 

This section was kept at an intermediate pressure so that there was a pressure gradient 

between the two columns. The pressure was controlled via BPR2 which released gas into the 

light gas product section. The pressure in the low-pressure bed was set by the suction pressure 

the compressor could achieve with an outlet pressure of 550 kPa and a flow rate equal to the 

combined heavy reflux and product flow rates. 

The pressures measured at the top of the two adsorption beds are shown in Figure 4.7, where 

Bed 1 starts in the high pressure step and Bed 2 in the low pressure step. In Step II and IV, the 

pressures are reversed and the step is timed so that the pressures at the end of the step 

slightly overshoot the set points of the next step. Due to a slight delay in the response of BPR1, 

the high pressure continues to rise at the beginning of the high pressure purge steps (Bed 

1/Step I and Bed 2/Step III) before the BPR responds and starts to release pressure. The plot 

shows how the pressure profile changes from the first cycle (dotted line), when the columns 

were saturated with nitrogen, to the final cycle (182nd cycle, solid line), when the heavy 

product composition was 26% methane. 
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Figure 4.7. The pressure at the top of Beds 1 and 2 over the four step PL-A cycle. The dotted 

lines are the pressure in the first cycle and the solid lines are the final cycle (#182). 

 

Figure 4.8 shows the same plot but for the pressures at the bottom of the adsorption beds. In 

the start of the pressure reversal steps (Steps I and III) pressure at the bottom of the 

adsorption experiences a significant jump towards an intermediate pressure due to the sudden 

opening of several solenoid valves connecting the two beds. It can be seen that from the first 

to final cycle it takes longer to perform the pressure reversal step and the low pressure has 

increased, which is due to the enrichment of methane in the bottom section of the beds. As 

the adsorbent becomes increasingly loaded with heavy gas, the adsorbed phase contains a 

larger volume of gas, which requires a longer time to transfer between the two beds. The 

increased fraction of heavy component in the adsorbed phase also causes more gas to be 

released in the low pressure purge/feed step so that there is an increased effluent flow rate 

from the bed and through the compressor. As the outlet pressure of the compressor is fixed by 

BPR4, an increased flow through the compressor comes at the cost of a higher suction 

pressure. The measured pressure drop along the beds was found to be produced from the pipe 

segments between the end of the columns and the ports for the pressure transducers, rather 

than a pressure drop through the bed. Theoretical calculation of the bed pressure drop predict 

that it is one thousand times smaller than measured so it is assumed that the entire measured 

pressure drop is from the pipe segments rather the adsorbent bed. 
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Figure 4.8. The pressure at the bottom of Beds 1 and 2 over the four step PL-A cycle. The 

dotted lines are the pressure in the first cycle and the solid lines are the final cycle (#182). 

 

4.2.4. Temperature Measurement 

Thermal waves in adsorption beds are generally in good agreement with the concentration 

profiles that develop in the column [121], so the axial temperature profiles shown in Figure 4.9 

that developed in Bed 1 during the low pressure feed step (Figure 4.9c) and the high pressure 

purge step (Figure 4.9a) can provide information about the CH4 concentration front during the 

DR-PSA cycles. In the high pressure purge step (Figure 4.9a) the methane-enriched gas flows 

upwards through the bed where methane is adsorbed and a thermal wave propagates towards 

the light end of the column due to the heat of methane adsorption. The thermal wave follows 

a self-sharpening trend with the progression of the heavy purge, reflecting the fact that 

methane’s adsorption isotherm is ‘favourable’ on the adsorbent. Figure 4.9c shows the cooling 

of the bottom section of the low pressure column effected by desorption of methane into the 

combined internal flow of nitrogen-rich light reflux (top of the column at fractional length = 1) 

stream plus feed gas (entering at fractional length 0.5). Most of the heavy gas produced from 

the bottom of the low pressure column in Step III is recycled to Column 2 as heavy purge gas 

with only a small fraction of the methane enriched stream drawn off as a heavy product. With 

this knowledge of thermal fronts developed in the column, cycle structures can be engineered 

to prevent the thermal front reaching the end of a column, avoid contamination of the light 

product by the heavy component and maximise the utilisation of the adsorbent’s capacity. 
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Figure 4.9. Bed 1 temperature profile over the a) high pressure purge, b) blowdown c) low pressure feed/purge, and d) pressurisation steps in a typical PL-A cycle. 

The dashed arrow shows the direction of movement of the profiles in 30 s intervals.
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The temperature of individual temperature probes can be tracked through a single cycle to 

visualise the temperature swing produced from the combined effect of adsorption, desorption, 

pressurisation and depressurisation (blowdown). 

Figure 4.10 shows the temperature at the top, middle and bottom of adsorption Bed 1 over a 

single cycle at cyclic steady state. The largest variation occurs for T-06 in the middle of the 

column (z/L = 0.500). The peak at the end of Step I is due to methane adsorption front passing 

through the middle of the column at the end of the purge step; this corresponds to the peak in 

the thermal profile in the middle of the column shown in Figure 4.9a. The peak-to-peak 

temperature variation experienced the middle (T-06, z/L = 0.5) and the bottom (T-11, z/L = 

0.072) of the column are similar but the average temperature at the bottom of the column is 

lower. This is mainly caused by the regenerative heat exchange effect [42] where more cold 

stream flowed down during desorption (steps II and III) than the hot stream that flowed up 

during adsorption (steps IV and I). We suggest no net energy gain or loss across a full cycle at 

CSS, but there is a spatial misalignment (or hysteresis) between the exothermic adsorption 

thermal wave and endothermic desorption thermal wave. The temperature at the top of the 

column (T-01, z/L = 0.928) varies to a much lesser degree than either the middle or the bottom 

because little methane adsorption occurs in this region, and the enthalpy of adsorption for 

nitrogen is smaller than for methane. 

 

 

Figure 4.10. The temperature at the top, middle, and bottom of column 1 over a typical cycle. 

The fractional position of the three sensors are 0.928 (T-101), 0.500 (T-106), and 0.072 (T-111) 

where zero is the bottom of the column. 
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As there is no temperature control in the apparatus the feed gas temperature varies over the 

course of a day with the day/night cycle and as the building air conditioning turns on and off. 

Figure 4.11 shows that the feed gas temperature of the experiment shown in Figure 4.9 and 

Figure 4.10 above, varied by up to 5.9 °C. While the feed temperature had no noticeable effect 

on the product compositions, it did shift the average temperature in Figure 4.9 and Figure 4.10 

by the full variation in temperature. A result of this is that it is difficult to directly compare the 

thermal profiles from one experiment to another, but this can be overcome by comparing the 

change in temperature over each step rather than the absolute temperature. 

 

 

Figure 4.11. The feed temperature over the course of an entire experiment showing a 5.9 °C 

temperature drift from the morning to the afternoon. This causes the bed temperature 

profiles to shift by an equal amount making it difficult to directly compare temperature 

profiles from one experiment to another. 

 

4.2.5. Composition Measurement 

Gas compositions were measured with two QMS-100 series mass spectrometers (MS) from 

Stanford Research Systems, which are connected to the two product gas streams in the 

system. These are configured to continuously perform a scan of the mass to charge (m/z) 

range 12 – 45 in increments of 1, and the molecules that can potentially be detected are 

nitrogen, methane, carbon dioxide, oxygen, argon and water. Figure 4.12 shows the mass 

spectra of nitrogen and methane as measured by the light and heavy gas MS. The two MSs 

produce almost identical mass spectra for nitrogen, but for methane, MS 1 has a higher signal 

for m/z 15 and 16. 
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Figure 4.12. The mass spectra of nitrogen and methane measured with the a) light gas and b) 

heavy gas mass spectrometers (MS). The small peak at m/z = 14 is part of the nitrogen signal. 

 

The specific mass spectra for carbon dioxide, oxygen, argon and water for the two MSs were 

not measured as no experiments were carries out with these gas species. The presence of 

these species was only used to check for back flow of air into the MS that could potentially 

occur when there is no product flow because of the design of the gas sampling manifold. This 

back flow of atmosphere was prevented from entering the adsorption beds due to check 

valves and the pressure gradient in the sampling system. The mass spectra of these gases was 

taken from the NIST Chemistry WebBook [122] while nitrogen and methane used the mass 

spectra independently measured with each MS. The analysis was performed with the most 

significant peaks in each mass spectrum, which are displayed in Table 4.1. 

 

Table 4.1. The mass spectra measured for nitrogen and methane in the two RGAs, along with 

the standard spectra that were used for argon, oxygen, water and carbon dioxide [122]. 

m/z MS 1 MS 2 m/z MS 1/2 

N2 O2 

28 100.0 100.0 32 100.0 

14 4.6 5.0 16 21.8 

CH4 H2O 

16 100.0 100.0 18 100.0 

15 77.4 80.1 17 21.2 

14 8.6 11.8 CO2 

13 3.8 5.5 44 100.0 

Ar 28 9.8 

40 100.0 16 9.6 

20 14.6 12 8.7 
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Within the MS, each gas ionizes differently and its ions make it through the quadrupole mass 

filter with different efficiencies, which results in different gas species producing different peak 

signals, as can be seen in Figure 4.12. To be able to determine the concentration of each gas 

species, the gas sensitivity must be known, which is defined as the ratio of the peak signal to 

the partial pressure in the detector chamber, which assumes that there is a linear relationship. 

However, in these experiments the gas concentration is not important, but the gas 

composition needs to be known. Due to this, only the ratio of the sensitivities needs to be 

known to calculate the composition. 

The MS signal was analysed by solving a set of linear equations relating the mass spectra 

measured by the MS to a combination of the mass spectra of each gas species to determine 

the pseudo concentration of each species. After multiplying each species concentration by its 

relative sensitivity value, the results were normalised to the total concentration to determine 

the composition of the gas mixture. As there are only two gas species of interest, each MS only 

needs a single sensitivity, which was applied to the methane pseudo concentration and found 

through calibration. The measured compositions were filtered so that only measurements with 

a combined nitrogen and methane composition greater than 99.5% were included in the 

analysis. This filters out the measurements’ that were contaminated with back flow of 

atmosphere, and after taking into account the noise of the carbon dioxide, argon and water 

signals (~0.1% each) a maximum oxygen composition of 0.2% remains, corresponding to a 

maximum air composition of 1%. The methane sensitivity was found to be 0.8903 and 1.004 

for MS 1 and MS 2 respectively and the resulting deviation plot is shown in Figure 4.13.  
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Figure 4.13. The measured composition deviation from the expected value after calibration of 

the light gas (MS 1) and heavy gas (MS 2) mass spectrometers. As it is a binary calibration, the 

deviation of nitrogen is equal to, but opposite of, the methane composition. Also displayed is 

the root mean squared deviation (RMSD) 

 

4.2.6. Data Analysis 

In this section an example experiment is analysed. The experiment was carried out in the PL-A 

configuration and the valve positions of the feed/purge step are those that are shown in Figure 

4.1. The feed MFCs (MFCs 1, 2 and 3) were set to 1.12, 0.13 and 0.00 SLPM for nitrogen, 

methane and carbon dioxide respectively, resulting in a feed stream with a total flow rate of 

1.25 SLPM and a methane composition of 10.4% with the balance nitrogen. The pressure of 

BPRs 1, 2 and 5 were set to 500, 550 and 300 kPa respectively, which corresponds to the 

pressures of the high pressure bed, heavy purge section, and light purge section respectively. 

The light purge flow rate (MFC 4) was set to 2 SLPM and the heavy product flow rate (MFC 5) 

was set to 0.2 SLPM. The feed/purge step was run for 120 s before switching to the pressure 

reversal step, which was run for 90 s, resulting in a total step time of 420 s (two feed/purge 

and two pressure reversal steps) 

Prior to this particular experiment, the two adsorption beds were flushed with nitrogen for 

approximately twenty minutes although the product void tanks were not completely flushed 

so they had some residual methane in them. Few experiments were carried out with a pre-

flush of the adsorption beds as this increases the time it takes for the experiment to come to 

steady state and is unnecessary as the process will come to the same steady state value 
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regardless of its starting point. Because of this, almost all experiments start from the final state 

of the previous experiment. 

Figure 4.14 shows how the average heavy product composition of each cycle changes as the 

experiment progresses. The overall trend show an exponential-decay-type approach to the 

steady state value (the initial methane signal is from residual methane in the product void 

tank, not from the columns) and takes about 60 cycles, or 7 hours, to reach a steady value. In 

experiments where the two purge void tanks are used, it can take up to 200 cycles, or 24 

hours, for the experiment to reach cyclic-steady-state. The final product composition was 

measured to be 51.5%, which is a fivefold enrichment of the feed gas. 

 

 

Figure 4.14. The composition of methane (red) and nitrogen (green) in the heavy product over 

the course of an entire experiment. The compositions are averaged over each 420 second 

cycle. 

 

In this experiment the methane composition in the light product stream was measured to be 

0.046% which is far smaller than the uncertainty of the MS. Figure 4.15 show the average 

composition of methane and carbon dioxide that was measured in the MS, where it can be 

seen that the methane composition is indistinguishable from zero. As carbon dioxide was not 

used in any experiments it is representative of the noise floor of the MS, and while methane 

(main peak: 16 m/s) and carbon dioxide (main peak: 44 m/z) may have different noise floors, it 

shows that the MS is detecting an extremely small fraction of methane, if any at all. Due to the 

uncertainty in the measurement, it can only be said that the light product contains less than 
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3500 ppm (0.0035 or 0.35%) and more accurate measurements are needed to determine the 

true value. 

 

 

Figure 4.15. The composition of methane (red) and carbon dioxide (blue) in the light product 

over the course of the entire experiment. As carbon dioxide was not used in any experiments 

its signal is representative of the noise in the mass spectrometer. The compositions are 

averaged over each 420 second cycle and the dashed line represents the uncertainty of the 

mass spectrometer. 

 

Figure 4.16 displays the uncorrected external flow rates and it can be seen that the light 

product has an oscillating flow rate which is caused by the tuning and sensitivity of BPR2. The 

flow oscillations converge towards a stable value, but before the flow rate stabilises the 

apparatus switches to the next step in the cycle and the flows are stopped. The start-stop 

nature of the flow rate means that it is difficult to adequately control the BPR to produce a 

smooth flow rate, which is only made more difficult due to the inability of the BPR controller to 

be switched on and off. All flow rates are averaged over the final five full cycles to determine 

the average flow rates that are independent of these control issues. The feed and heavy 

product streams have a flow controller on then, hence why they do not have any significant 

flow rate oscillations. The average raw flow rates are then corrected with their respective 

average composition to determine the true flow rates, from which a material balance is 

performed. The total balance comes out to be -3.35%, where the main contribution is from the 

nitrogen balance (-3.71%) as the methane almost perfectly balances (-0.23%) as displayed in 

Table 4.2. 
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Figure 4.16. The uncorrected flow rates measured by the feed MFM, light product MFM and 

heavy product MFC. These flow rates have been measured assuming that the gas is pure 

nitrogen and need to be corrected for their true composition. During steps II and IV, the 

pressure of the adsorption beds is reversed so there are no external flow rates during these 

steps. 

 

Table 4.2. The total and component material balances of the experiment. The total flow and 

methane composition is found from averaging the values over the final five full cycles of the 

experiment, from which the component flows are calculated. 

 
Total Flow 

(SLPM) 
Methane 

Composition 
Methane Flow 

(SLPM) 
Nitrogen Flow 

(SLPM) 

Feed 1.2218 0.1034 0.1264 1.0954 

Heavy Product 0.2440 0.5148 0.1256 0.1184 

Light Product 0.9369 0.0005 0.0004 0.9364 

Balance -3.35 %  -0.23 % -3.71 % 

 

The internal flow rates are displayed in Figure 4.17, which show the controlled light reflux and 

free heavy reflux flow rates. The heavy reflux flow in Steps I and III is the difference between 

the gas being eluted from the low pressure column and the heavy product flow rate. In this 

experiment, at the start of these steps the flow rate builds up over thirty seconds before it 

reaches an essentially constant value. This behaviour is not present in all experiments as 

demonstrated in Figure 4.6b which show a roughly constant heavy reflux flow rate. In this 

example the flow rate of gas being transferred during the pressure reversal step (Steps II and 

IV) does not spend a significant time at the maximum measurable flow rate.  The measured 

0

1

2

3

4

5

6

7

0 60 120 180 240 300 360 420

U
n

co
rr

e
ct

e
d

 F
lo

w
 R

at
e

 /
 S

LP
M

 

Cycle Time / s 

I II III IV 

Light 
Product 

Feed 

Heavy 
Product 



101 
 

flow rate spends about ten seconds above the MFMs maximum rated flow rate of 6.25 SLPM  

and measure the maximum measurable flow rate of 6.4 SLPM for one or two seconds (the 

Alicat flow devices can measure 2.4% over the maximum rated value). The difficulty in using 

this flow rate to measure the volume of gas transferred is that the composition of the gas 

needs to be known so that the correct flow rate correction factor can be calculated and 

applied to the flow rate. However, the composition of this stream is likely to change over the 

step, from an initial high methane composition and reducing over the duration of the step, 

further complicating the calculation. By assuming that the gas transferred is pure nitrogen and 

methane respectively, a lower and upper bound can be determined and equates to be 

(5.3-8.5) SL. A reasonable assumption would be to assume that this composition is equal to the 

heavy gas composition (51.5%) in which case the calculated volume is 6.5 SL. The volume of 

gas transferred can also be independently calculated from the initial and final states of the two 

adsorption beds; however this requires the axial composition profile to be known. Assuming 

that the beds are saturated in nitrogen and methane, the range of possible gas volumes is 

calculated to be 4.8-10.5 SL. Using the best estimate of the adsorbed and void phase 

compositions in the beds results in a calculated volume of 6.4 SL, which is in good agreement 

with the measured value. 

 

  

Figure 4.17. The raw flow rates measured by the light purge MFC and heavy purge MFM. These 

flow rates have been measured assuming that the gas is pure nitrogen and need to be 

corrected for their true composition. 
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From the measured flow rates, the flow rate out of the two adsorption beds can be calculated 

and the resulting flow network is shown in Figure 4.18. From the total inlet and outlet flow 

rates of each bed, it can be calculated that approximately 20% of the feed flow rate to each 

adsorption bed is adsorbed and desorbed in the high and low pressure beds respectively. 

 

 

Figure 4.18. The average measured and inferred (italicised) flow rates around the apparatus 

during the feed/purge step, and the volume of gas transferred between the two beds during 

the pressure reversal step. The flow rates have been averaged over the final five cycles of the 

experiments and the volume of gas transferred has been calculated from the initial and final 

states of the two beds. The values in the brackets are the measured methane compositions. 

Approximately 20% of the beds feed flow rate is adsorbed and desorbed in the high and low 

pressure beds respectively. 

 

Due to fluctuations in the feed gas temperature (ambient temperature) the temperature 

profiles of experiments often cannot be directly compared to each other, and as the 

temperature profile is dependent on the previous steps, the best method of comparing the 

temperature profiles is to compare the temperature change during each step. In this state the 

ΔT profiles are independent of the absolute temperature and also independent from the 

previous step in the cycle and therefore each step can easily be compared from experiment to 

experiment. 

Figure 4.19 shows the ΔT profile for Bed 1 over the four steps of the cycle: high pressure 

purge, blowdown, low pressure feed/purge, and pressurisation. During the high pressure 
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purge step (Figure 4.19a) the heavy gas flows up the column and methane is preferentially 

adsorbed onto the adsorbent producing a local temperature increase and reaches a fractional 

bed length of ~0.85 by the end of the step. Over the depressurisation step (Figure 4.19b) the 

majority of the bed cools at a relatively constant rate indicating that methane is being 

desorbed roughly equally along the length of the bed, with the exception of the top of the bed 

(z/L > 0.85) which was not saturated with methane in the previous step. The lower rate of 

cooling in this section is due to the lower adsorption capacity and heat of adsorption of 

nitrogen. Over the low pressure feed/purge step (Figure 4.19c), the bottom 60% of the bed 

(z/L = 0 to 0.6) has an approximately flat ΔT profile indicating that this section has experienced 

an even purge. This purge rate is decreasing with time indicated by the reduced difference 

between the final two profiles than between the first two profiles. In the upper 25% of the bed 

(z/L 0.75 to 1), the temperature profiles converge and cease to change with time which 

indicates that this section of the bed has been completely purged of methane. There is a small 

bump in the temperature profiles at z/L = 0.5 which is produced by the feed stream as it is 

warmer than the bed. Finally during the pressurisation step (Figure 4.19d) the bottom of the 

bed heats up significantly from the influx of rich methane while the rest of the bed only 

experiences a moderate increase from the adsorption of nitrogen. 
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Figure 4.19. The change in bed temperature over the a) high pressure purge, b) blowdown, c) low pressure feed/purge, and d) pressurisation steps. 
The change in temperature is calculated by subtracting the initial step profile from the subsequent profiles. The dashed arrow shows the movement 
of the profiles which are in 30 s intervals. 
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4.3. Summary 

In this chapter the two-bed pressure swing adsorption apparatus constructed in our research 

laboratory was introduced and described. The apparatus contains two stainless steel 

adsorption beds, each with an internal diameter of 3.5 cm and a total length of 97 cm resulting 

in an internal volume of approximately 0.93 litres. Each bed has eleven temperature probes 

embedded along the length which are used to measure the local temperature inside the bed 

and can be used as an indirect measurement of the adsorption and composition within the 

beds. The feed system allows binary or ternary mixtures of methane, nitrogen, and carbon 

dioxide to be mixed and fed to one of seven intermediate feed positions along the length of 

the beds, or to the bottom of the beds. The purge sections at the top and bottom of the bed 

each contain a compressor and a 12 L void tank that can be used to damp any fluctuations in 

the flow rate, pressure and/or composition. The product sections also each contain a 12 L void 

tank that can be used to measure the average product composition rather than an 

instantaneous value which could have significant fluctuations. 

The control scheme of the dual-reflux separation process was explained and it was described 

how the system can be ‘reversed’ so that the two products are produced from the opposite 

ends of the adsorption beds. This reversal is possible as the process flow lines around the top 

and bottom of the beds are identical, but importantly the control scheme at the top and 

bottom are the opposite. At the top of the beds, the reflux flow rate is controlled and any 

additional pressure is vented as product gas; whereas at the bottom of the beds, the product 

flow rate is controlled and additional pressure is vented as reflux. The reversal of the process 

allows the smaller of the two product flow rates to always be controlled, and the larger flow 

set by material balance, which provides the most stable operation. 

The method and devices used to control and measure the process variables: flow rate, 

pressure, temperature, and composition were listed and described, with the most notable 

description in how the flow devices require the composition of the fluid in order to measure 

the flow rate. As most of these devices can experience a variable composition, the strategy 

employed was to assume that the flow rate was pure nitrogen for the measurements and then 

correct the flow rates in the post processing. One oddity of this technique is that two 

experiments can have the same flow rate set-point, but if the compositions of the stream are 

different, the corrected flow rates will be different, even though they were set to the same 

flow rate. As the feed flow controllers only ever flow a pure gas, they are set to their 

respective gas so this oddity does not affect the feed stream. 
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Finally the method of analysing an experiment was described through an example, and 

techniques used to compare experiments to each other were described. 
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5.1. Introduction 

The dual-reflux pressure swing adsorption (DR-PSA) apparatus was used to separate nitrogen 

and methane mixtures over a wide range of feed mixture compositions using various 

operational parameters and all four of the DR-PSA cycle configurations. The increased 

complexity of having two compressors that alternate in operation has previously prevented 

the PL-B and PH-B cycle configurations from being investigated experimentally, although the 

modeling work of Kearns and Webley [105] suggest that they are likely to have an equal or 

greater separation productivity than the PL-A and PH-A cycles.  

Experiments were performed with feed compositions from (2.4 to 74.4) mol% methane, which 

represent the full range of separation cases, from capture and enrichment of trace emission 

sources, to purification of low grade methane. The separation was performed with two 

adsorbents, the activated carbon Norit RB3 and the ionic liquidic zeolite TMA-Y, which 

represent a typical activated carbon and highly selective zeolite adsorbent. The adsorption 

capacities of the two adsorbents have been measured with the dynamic column breakthrough 

(DCB) apparatus and the measured capacities are displayed in Figure 5.1. The Langmuir 

isotherm was fitted to the data and the fitted parameters, along with their uncertainties, are 

listed in Table 5.1. The Langmuir equation is as follows: 

 max 0 exp
1

KP H
Q Q K K

KP RT

 
   

  
 Eq. 5.1 

where Q  is the predicted adsorption capacity, P  is the partial pressure of the gas, R  is the 

universal gas constant, T  is the gas temperature and maxQ , 0K , and H  are the three 

fitted parameters. Through the extended Langmuir isotherm the selectivity of the adsorbent is 

calculated from: 

 
 

 

 

 
max

4/ 2

max

methane methane
CH N

nitrogen nitrogen

Q P Q K

Q P Q K
    Eq. 5.2 

Table 5.1 shows that the selectivity of TMA-Y is approximately 65% larger than Norit RB3 at 

303 K, although it has a ~30% lower methane adsorption capacity. 
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Figure 5.1. The pure gas isotherm measurements (points) and Langmuir predictions (lines) of 

methane (red) and nitrogen (green) on the adsorbents (a) Norit RB3 and (b) TMA-Y at a 

temperature of 303 K. Langmuir predictions were calculated with Eq. 5.1 and the parameters 

in Table 5.1. 

 

Table 5.1. Adsorption isotherm parameters of Norit RB3 and TMA-Y as measured on the DCB 

apparatus. The isotherm parameters were fit in the temperature range (243-303) K and 

pressure range (25-900) kPa. 

Langmuir Isotherm 
Parameters 

Norit RB3 TMA-Y 

Nitrogen Methane Nitrogen Methane 

Qmax / mmol∙g-1 4.17 ± 1.26 5.53 ± 0.69 2.85 ± 1.58 3.35 ± 0.74 
K0 / 10-6 kPa-1 1.75 ± 0.86 1.19 ± 0.31 0.445 ± 0.393 0.344 ± 0.198 
-ΔH / kJ∙mol-1 14.3 ± 1.2 17.3 ± 0.6 16.9 ± 2.0 21.0 ± 1.3 
αCH4/N2 (303 K) 2.91 4.76 

 

The effect of this increased selectivity can be visualised in the breakthrough of equimolar 

nitrogen and methane mixtures carried out with the DCB apparatus. Figure 5.2 shows two such 

breakthroughs where it can be seen that there is a significantly greater separation between 

the two components with TMA-Y. Furthermore the fractional width of the methane 

breakthrough with TMA-Y (=0.49), defined as the ratio of the time taken for the effluent 

methane concentration to increase from 0.05 to 0.95 of the inlet concentration and the time 

taken for breakthrough (defined as the time to reach 0.05 of the inlet concentration), is less 

than half that of Norit RB3 (=1.27). This indicates that TMA-Y creates a significantly sharper 

concentration front than Norit RB3 and so will produce a smaller mass transfer zone in the 

column; this allows a greater fraction of the column to be used for separation, as depicted in 

Figure 5.3, and produces a more pure light product [54]. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 500 1,000

A
d

so
rp

ti
o

n
 /

 m
m

o
l∙

g-1

Pressure / kPa

CH4

N2

a)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 500 1,000

A
d

so
rp

ti
o

n
 /

 m
m

o
l∙

g-1

Pressure / kPa

CH4

N2

a)



110 
 

 

Figure 5.2. Breakthroughs of an equimolar nitrogen methane mixture with the adsorbents (a) 

Norit RB3, and (b) TMA-Y. The operating conditions were approximately, 100 sccm, 303 K, and 

500 kPa. Note that TMA-Y shows a much greater separation between nitrogen and methane 

compared to Norit RB3 as shown by the arrows. 

 

 

Figure 5.3. A depiction of how the mass transfer zone leaves a portion of the bed unused. The 

larger mass transfer zone of Norit RB3 (a) leaves a significantly large portion of the bed unused 

than with TMA-Y (b). The length of the mass transfer zone is primarily determined by the 

adsorption isotherm [54]. 

 

5.2. Adsorbent Productivity 

The numerous operating parameters of the DR-PSA cycle and the interconnected nature of 

many of these parameter results in a process that is difficult to design and/or optimise for a 

particular separation and separation objectives. As such, a design procedure was developed 

that can be used to design a DR-PSA process for a given separation or optimise an existing 

DR-PSA process. This method is based on the idea that any individual cycle can only process a 

finite amount of gas ( n ), and if this value is exceeded the separation performance will 
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decrease. In the process, n  fixes the combination of the cycles feed time ( Ft ) and the sum of 

the feed and reflux flow rates ( F R ); if one is fixed and the other too large so that their 

combination exceeds n , then the product streams will be excessively contaminated and the 

separation performance will be degraded. However, if the combination of Ft  and F R  is 

too small, then the capital cost of the process will be larger than needed for the amount of gas 

treated per cycle. Therefore to optimise the capital cost of the DR-PSA cycle it is necessary to 

select Ft  and F R such that there combination is as close as possible to n . 

Conceptually this is also true for conventional PSA cycles; however, there are two additional 

complications for DR-PSA cycles that need to be accounted for: (1) in a PSA cycle the feed 

stream always enters at one end of the bed while in DR-PSA can enter at any axial location, 

and (2) in a PSA cycle there is no reflux stream to be combined with the feed stream, whereas 

in a DR-PSA cycle the reflux stream is an operating parameter that can be varied to improve 

the separation performance achieved for a given operating cost. The values of n , Ft  and 

F R  can be determined in a variety of ways, including from DR-PSA experiments, 

breakthrough experiments, or by modelling. Allowances for the fraction of the bed used for 

pressurisation and blow-down, gas phase dispersion and mass transfer zones must be included 

in such models. The experimental DR-PSA separation results shown in Figure 5.4 suggest that 

the value of n  for Norit RB3 is 6.1 ± 1.5 SL or 8.4 ± 1.5 SL when referring to the feed to the low 

and high pressure columns respectively, and similar results shows that the value of n  for 

TMA-Y is 3.6 ± 1.1 SL or 4.7 ± 1.3 SL when referring to the feed to the low and high pressure 

columns respectively. 
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Figure 5.4. a) The effect of the volume of gas fed to the low pressure bed on the nitrogen 

product composition, and b) the effect of the volume of gas fed to the high pressure bed on 

the methane product composition. Experiments were performed with Norit RB3 and the PL-A 

(diamonds), PH-A (squares), PL-B (triangles) and PH-B (circles) cycle configurations. 

Experiments have a feed fraction of 10.4 mol% methane and details on the adsorption cycle 

can be found in Appendix B. 

 

5.3. Cycle Optimisation 

It is easily understood that if the DR-PSA process was able to perfectly separate a methane and 

nitrogen mixture, the methane product stream would have a flow equal to the fractional feed 

flow of methane, and likewise the nitrogen product flow would be equal to the fractional 

nitrogen inlet flow. Furthermore, it the flow rate of the methane product stream was to be 

increased, the additional flow would be comprised of nitrogen and the methane produce 

would be diluted. By treating the process as a simple component splitter, splitting a single feed 

stream into a light (nitrogen) and heavy (methane) product stream, the relationship between 

the heavy product flow rate and the maximum product composition can be determined. By 

excluding any internal details of the separation process, the molar flow rate of methane ( n ) in 

the heavy product stream can be calculated from: 

 
if    

if    

Heavy Heavy Feed Feed
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Feed Feed Heavy Feed Feed

f f f y
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 Eq. 5.3 

where f  is the molar flow rate of the respective streams and y  is the methane molar 

composition. The composition of methane in the heavy product stream can then calculated 

from: 
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Heavy

Heavy

Heavy

n
y

f
  Eq. 5.4 

The molar flow of methane in the light product stream, and hence the light product 

composition, are then calculated according to the following equations: 

 Light Feed Feed Heavyn f y n   Eq. 5.5 

 
Light

Light

Feed Heavy

n
y

f f



 Eq. 5.6 

From these equations it can be determined that a pure methane product is theoretically 

possible when the fractional heavy product flow rate is less than or equal to the feed 

composition of methane. Likewise, a pure nitrogen product is possible when the fractional 

heavy product flow rate is greater than or equal to the feed methane composition, and in 

addition, these equations can be used to calculate the maximum product compositions 

achievable with various product flow rates. 

As the DR-PSA process only has a finite separation power, it is unable to achieve the maximum 

product composition defined by the mass balance, but the knowledge of this composition limit 

can be used to adjust the separation between high methane enrichment and high nitrogen 

purification. As the fractional heavy product flow rate is increased from the “perfect 

separation” point and is moved further into the “pure nitrogen” region, the purity of the 

nitrogen product increases (Figure 5.5a), but the limitation on the methane product causes this 

product composition to decrease (Figure 5.5b). Likewise, as the fractional heavy product flow 

rate is decreased, the methane product composition is increased, but this is at the cost of 

reduced nitrogen purity. This can be used to fine tune the separation to achieve the desired 

product compositions depending on the separation objectives. The higher selectivity of TMA-Y 

causes the experimental results to be significantly closer to this limit than the experiments 

with Norti RB3, and in some cases the results of TMA-Y are indistinguishable from the limit. 
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Figure 5.5. The effect of the varying the heavy product flow rate on the a) light gas and b) 

heavy gas compositions. The data points correspond to Norit RB3 (diamonds) and TMA-Y 

(squares), the solid black line is the mass balance limit and the vertical dashed line is the 

fractional heavy flow rate that is capable of a prefect separation. All experiments were carried 

out with the PL-A configuration, a feed flow of 1.25 slpm, a feed fraction of 10.4 mol% 

methane, and had a light reflux flow rate of 2.00 ± 0.04 SLPM and 1.05 ± 0.01 SLPM for Norit 

RB3 and TMA-Y respectively. The circled values have a light reflux of approximately a third of 

the nominal valve. Details on the adsorption cycle can be found in Appendix B. 

 

Figure 5.5 and Eq. 5.3 to Eq. 5.6 show that in order to theoretically produce a pure heavy 

component, the fractional heavy product flow rate has to be equal to or less than the feed 

methane composition. In practise, as shown be the data in the figure, the quality of the 

adsorbent and other aspects of the DR-PSA cycles design result in the perfect separation being 

unachievable. However Figure 5.5 shows that improved enrichment of the heavy product can 

be achieved, at the expense of the light product purity by choosing a fractional heavy product 

flow rate which is less that the heavy component fraction in the feed gas. Similarly, a higher 

purity light product stream can be achieved by increasing the fractional heavy product flow 

rate above this threshold at the expense of the heavy product enrichment. In summary, the 

relative heavy product flow rate , /H Hp P F , defines the separation performance, with 

maximum enrichment,  , occurring when it is less than the partial feed flow rate of the heavy 

component (
4H CHp x ), and increased light product purity,  , occurs when it is higher than 

the partial feed flow rate of the heavy component (
4H CHp x ). 

Once the value of Hp  has been selected (i.e. the balance between enrichment and 

purification desired), then there is one more operational parameter, the reflux flow rate, that 
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can be specified, which will affect the separation performance achieved. The reflux can be 

controlled in one of two ways - by setting the light reflux flow (
LR ) or by setting the heavy 

reflux flow ( HR ). Once one of these is set, the other is constrained; if the product flow rates 

are constant then increasing HR  will increase LR  too. It is convenient to refer to the heavy 

reflux flow rate when focussing on the enrichment of the heavy product, and on the light 

reflux flow rate when focussing on the purity of the light product. In practice the reflux flow is 

linked to the chosen bed pressures and the throughput curve of the selected compressor; 

however it is possible to design a DR-PSA cycle in which the amount of reflux flow circulating is 

independent of the product flow rates. Importantly, it is assumed in the below that if R  is 

increased then the value of Ft  is adjusted in accordance with the constraints defined above, to 

ensure that breakthrough does not occur and degrade the separation performance. Figure 5.6 

shows how for a fixed value of Hp  the heavy product enrichment varies with the relative 

heavy reflux to feed ratio ( /HR F ) and similarly how the light product purity varies with the 

relative light reflux to feed ratio ( /LR F ). Figure 5.7 shows the effect of the heavy reflux to 

heavy product ratio, which is similar to the reflux to feed ratio but is independent of the mass 

balance limitation. The figure shows that an increase in the reflux to feed ratio results in a 

more enriched methane product, however beyond a ratio of 30-40 a maximum enrichment is 

reached. 

 

 

Figure 5.6. Variation of a) the enrichment of the heavy product stream as a function of the 

heavy reflux to reed ratio, and b) the purity of the light product stream as a function of the 

light reflux ratio. The values of RH and RL are not independent: once one is specified the other 

is fixed. Each curve shown corresponds to a fixed value of the relative heavy product flow rate 

(pH), which once specified also fixes the relative light product flow rate. Note that xCH4 is the 

composition of methane in the feed gas mixture. 
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Figure 5.7. Effect of the heavy reflux to heavy product ratio on the methane product 

composition for experiments carried out with Norit RB3 (diamonds) and TMA-Y (squares). 

 

Figure 5.6 and Figure 5.7 also show that in the limit of no reflux flow, the performance 

achieved with conventional PSA cycles is achieved, which is known to be limited by the 

adsorbent’s selectivity and the amount of void space in the adsorbent bed. By increasing the 

reflux flow (at constant product flow rate) higher enrichments or purities are achievable but 

this comes at the cost of the increased operating cost associated with the work being done 

with the compressor. Clearly there is a diminishing return, with the limiting separation 

performance achievable for a given product flow rate also set by the adsorbent quality, bed 

size, operating pressures and temperatures and other factors that largely determined the 

capital cost of the DR-PSA cycle.  

Bhatt et al. [104] performed similar DR-PSA separation experiments with the adsorbent Norit 

RB1 and a feed composition of 5 mol% methane and came to the same conclusion that an 

increase in reflux flow rate improves the separation performance; however they make no 

connection between an increased reflux to feed ratio and increased performance. The 

significantly lower recoveries of the experiments of Bhatt is attributed to the lower light reflux 

flow rate, where Bhatt used a flow between 26-100 % (nominally 100%) of the feed flow rate, 

while the experiments presented here had a flow rate between 52-417% (nominally 180%) of 

the feed flow rate. The higher light reflux flow in these experiments resulted in a greater 

separation performance as described by Figure 5.6 and Figure 5.7. 
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Figure 5.8. Separation performance of the Norit RB3 experiments with a 10.4 mol% feed 

methane composition for the PL-A (diamonds), PH-A (squares), PL-B (triangles) and PH-B 

(circles) cycle configuration. The results of Bhatt et al. [104] (crosses) are included for 

comparison, which were performed with a 5 mol% methane feed composition, the adsorbent 

Norit RB1 and the PH-A cycle configuration. The arrows show the effect of reducing the reflux 

flow rate of the separation performance of the process. 

 

5.4. Separation Characteristics 

Despite a similar separation performance of the four DR-PSA cycle configurations, the internal 

composition profile of the two A-cycles are vastly different to those of the two B-cycles. While 

the internal composition cannot be directly measured, the temperature waves in adsorption 

beds generally reflect the concentration profiles that develop in the column and so can be 

used to track the composition fronts [121]. Figure 5.9 shows how the column temperature 

profile changes over the cycle in each of the DR-PSA cycle configurations with experiments 

that had the same separation performance. 

As the columns are pressurised with light product gas in the two B-cycles, at the start of the 

high pressure feed/purge step the adsorbent is free of methane, and as heavy gas enters from 

the bottom of the column, methane is adsorbed and the temperature increases. However, in 

the two A-cycles, heavy gas is used to pressurise the column and so the bottom of the column 

is already saturated with methane; therefore, methane is primarily adsorbed in the middle of 

the bed. As some of the effluent gas from this step is taken as light product gas, it is important 

to not allow the methane concentration front reach the opposite end of the column and 
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contaminate this product gas. As the following blowdown step is performed in a 

counter-current direction in the A-cycles, the step can be timed so that the thermal wave 

reaches the end of the column, with an appropriate safety margin. However, in the two B-

cycles, the following blowdown step is performed co-currently, and methane further migrates 

along the column in this step; so to prevent gas breakthrough, the methane composition front 

in the feed/purge step need to be stopped at an intermediate bed position and trial and error 

may be required to find the optimum position. 

In the blowdown step, gas is removed from the bottom and top of the columns in the A- and 

B-type cycles respectively, and this difference is the primary cause of the different 

temperature profiles. The removal of heavy gas during the A-cycles results in a large overall 

temperature drop due to increased capacity and heat of adsorption of methane. As gas 

migrates down the column in this step, the middle of the column experiences a larger 

temperature drop than the bottom of the bed as the nitrogen in the upper section of the 

column creates a more efficient purge in the middle of the bed. An interesting phenomenon 

occurs in the B-cycles, where an intermediate section of the column experiences little to no 

net temperature drop as the removal of gas from the top of the column causes methane to 

migrates up the column and the heat of methane adsorption balances the net gas desorption. 

In the example shown in Figure 5.9b, this occurs in the fractional bed range of 0.25-0.40. 

In the low pressure purge feed/step, Figure 5.9c, purified nitrogen produced from Step I flows 

into the top of the column and purges methane from the column, and produces the methane 

enriched heavy product gas. As methane was adsorbed along the length of the column in the 

A-cycles, a relatively even purge of methane occurs along the length of the bed. This large 

desorption results in a large volume of enriched gas, but as the purest methane was removed 

in the blowdown step, the overall enrichment is limited. As this methane is retained in the 

column during the blowdown step of the B-cycles, the gas phase is highly enriched with 

methane, but a limited volume of this gas limits the overall enrichment. 

In the final step of the cycle, shown in Figure 5.9d, the column is pressurised from the bottom 

of the column with heavy gas in the A-cycles, and the top of the column with light gas in the B-

cycles, and the column is returned to the initial state of Step I. As the column contains 

predominantly nitrogen in the two B-cycles, there is a very even temperature increase along 

the column, caused by the adsorption of nitrogen, whereas in the two A-cycles, enriched 

methane is adsorbed in the lower section of the bed which results in a large temperature 

increase. 
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Figure 5.9. The temperature change of Column 1 over a) Step I: high pressure feed/purge step, 

b) Step II: blowdown, c) Step III: low pressure feed/purge step, and d) Step IV: pressurisation. 

The experiments were performed with a heavy product and light reflux flow rate of (0.235 ± 

0.006) SLPM and (2.06 ± 0.07) SLPM, respectively. All four experiments produced a 99% 

nitrogen product and a 46% methane product at a recovery of 92%. 

 

 

The different separation characteristics of the A- and B-cycles can be visualised through the 

comparison of the overall temperature swing, as shown in Figure 5.10. The four cycles 

experience the same temperature swing at the top and bottom of the column as these 

sections have the same saturation with light and heavy product gas respectively; however the 

two B-cycles experiences the same 4 K swing along the majority of the column, whereas the 

two A-cycles have a temperature swing of approximately 9 K in the centre of the column. This 

shows that the feed gas is primarily separated in the lower section of the column in the 

B-cycles and in the middle of the column in the A-cycles.  
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Figure 5.10. The overall temperature swing of the column for each of the four different cycle 

configurations compared in Figure 5.9. This overall temperature swing is calculated by adding 

the temperature change over steps I and IV or steps II and III. 

 

Figure 5.11 illustrates the primary movement of methane in the blowdown step where it is 

shown that desorbed methane is removed from the column in the A-cycles whereas in the B-

cycles, this methane is retained in the column and creates a section of highly enriched 

methane. In the following low pressure feed/purge step, purified nitrogen flows down the 

column and methane is further desorbed and purged from the column, which produces the 

heavy product gas. As the gas phase of the B-cycles is more highly enriched in methane, these 

cycles are capable of achieving a higher overall methane enrichment but the migration of the 

methane up the column in the blowdown step makes them more prone to methane 

breakthrough and a contaminated nitrogen product. 

 

Figure 5.11. A depiction of the blowdown step (Step II) showing that that in the A-cycles, 

desorbed methane is removed from the column while in the B-cycles, this methane is retained 

in the column and enriches the gas phase. 
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The experimental apparatus uses the light reflux flow rate to control the reflux which produces 

an important different between the PL- and PH-cycles. Figure 5.12 shows how this fixed flow 

rate causes the PL-cycles to have an increased gas flow through the section of the columns 

below the feed port. This increased flow in the PL-cycles creates a more efficient purge of the 

adsorbent but also allows the feed gas to easily contaminate the heavy product, which cause 

these cycles to be better suited towards high purification separations. Conversely, the 

PH-cycles are less prone to this contamination but are more likely to contaminate the light 

product, so they are more suitable for high enrichment separations. 

 

 

Figure 5.12. A depiction showing how the fixed light reflux flow rate causes there to be an 

increased flow rate through the lower section of the columns with the PL configuration 

compared to the PH configuration. 

 

Through the combination of the two effects shown in Figure 5.11 and Figure 5.12, it can be 

concluded that the PL-A cycle configuration is most suitable for applications that require 

efficient removal of the heavy component (methane) from the light component (nitrogen); and 

the PH-B cycle configuration is most suitable for applications where maximum enrichment of 

the heavy component is desired. The results of experiments performed with various heavy 

product flow rates is displayed in Figure 5.13, which illustrate these differences between the 

configurations. Also shown is the separation power which is often used in distillation column 

analysis and is defined as: 

Fixed flow rate

PH-Cycles PL-Cycles

Increased flow in the lower 
section of the columns with 
the PL configuration
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2, 4,

2, 4,1 1

N Light CH Heavy

N Light CH Heavy

Y Y
S

Y Y
 

 
 Eq. 5.7 

where 2,N LightY  is the nitrogen molar composition in the light product and 4,CH HeavyY  is the 

methane molar composition in the heavy product. 

 

 

Figure 5.13. Separation performance of the TMA-Y experiments with a 10.4 mol% feed 

methane fraction at a flow of 1.25 SLPM for the PL-A (diamonds), PH-A (squares), PL-B 

(triangles) and PH-B (circles) cycle configuration. The blue, green and yellow lines correspond 

to a separation power of 25, 50 and 100 respectively, as defined by Eq. 5.7. Details of the 

adsorption cycle can be found in Appendix B. The figure shows that the PL-A configuration is 

capable of the highest enrichment while maintaining a high purity light product; and the PH-B 

configuration is capable of the highest overall enrichment. 

 

As the entire column is completely purged with heavy and light gases every half cycle, a zone 

saturated with the heavy gas is created which is transferred back and forth between the two 

columns, and the concentration front is sharpened each time until cyclic steady state is 

reached. Due to this, the ‘feed’ step of the column is considered to be the heavy reflux flow 

rather than the feed flow which only serves to maintain the material balance. Through this 

redefinition of the ‘feed’ gas, it can then be understood how the DR-PSA process is capable of 

separations beyond the limit imposed on conventional cycles, as the separation is limited by 

the real partial pressure ratio of the purge flows, which is many times larger than the 

superficial pressure ratio between the columns. Furthermore, as the creation of the saturation 
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zone in the columns is dependent on the refluxes and independent of the feed gas, the 

separation in the DR-PSA process becomes independent of the feed composition. This 

separation independence of the feed composition is demonstrated in Figure 5.14 where it can 

be seen that the product compositions of the experiments with a feed methane composition in 

the range (2.6-40.0) mol% essentially fall on a single curve; although differences do appear 

when comparing the recovery of the components. 

 

 

Figure 5.14. The effect of the methane feed composition on the separation performance of 

TMA-Y with the PL-A cycle configuration, shown as a) the molar composition of nitrogen and 

methane in the light and heavy product streams respectively, and b) the molar composition 

and recovery of methane in the heavy product composition. The experimental points 

correspond to a feed composition (mol% methane) of 2.6 (diamonds), 10.4 (squares), 

20.0 (triangles), and 40.0 (circles). The temperature profiles of the four experiments circled are 

further compared in Figure 5.15. Experiments had a feed fraction of 10.4 mol% methane and 

details of the cycle can be found in Appendix B. 

 

Though we cannot measure the exact axial methane concentration, the temperature profiles 

do show good agreement across different experiments. Figure 5.15 displays the change in 

column temperature over steps I and III of experiments that produced the same product 

composition, yet had different feed compositions (the four experiments circled in Figure 

5.14a). The similarity of the movement of the temperature wave in these experiments strongly 

suggests that that they have the same internal composition profile with some minor 

differences in the middle of the column due to the inclusion of the feed gas. 
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Figure 5.15. The column temperature change across steps I and III for experiments that 

produced the same product compositions from a feed methane composition (mol%) of 

2.6 (blue), 10.4 (red), 20.0 (green), and 40.0 (purple). The similarity of the temperature profile 

changes indicate that the composition profiles within the column are the same with some 

minor differences present at a fractional axial position of 0.5, the location of the feed port. The 

arrows display the direction of gas flow during the two steps. 

 

5.5. Energy of Separation 

The separation energy of the process is in the form of compression work required by the one 

or two compressors in the process used to drive the heavy reflux flow in the feed/purge step 

and perform the pressure reversal step. In the PL-cycle configuration, the feed flow increases 

the volume of gas required for compression (see Figure 5.12), so these cycles require greater 

compression energy which is equal to the energy required to independently compress the feed 

gas from the low to high pressure. In addition, as a greater volume of methane is adsorbed 

compared to nitrogen, a greater volume of heavy gas, and hence energy, is required to 

perform the pressure reversal step in the A-cycles than nitrogen in the B-cycles. The energy 

required by each of the cycle configurations was calculated with the assumption that the 

compression was performed with a single stage isentropic compressor with an after-cooler to 

cool the discharge gas to the feed gas temperature. The results, tabulated in  

Table 5.2, show that the B-cycles require approximately 14% less energy than the A-cycles, and 

the PH-cycles required approximately 24% and 39% less energy that the PL-cycles for Norit RB3 

and TMA-Y respectively. The difference between the percentage savings of the adsorbents is 

from the reduced light reflux flow rate of the TMA-Y experiments which cause the feed flow 

rate to have a higher fractional impact on the energy. The comparison between the PL-A and 

PH-B experiments show that there can be up to a twofold difference in energy requirements of 

the cycle, which indicate that the energy requirements need to be taken into consideration 
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when a configuration is chosen for a particular application, not just the separation 

performance. 

 

Table 5.2. The average separation energy per mole of feed gas. Only experiments with similar 

light reflux flow rates were included so this variable can be removed from the comparisons. 

This light reflux flow rate was 2.06 ± 0.07 SLPM for the Norit RB3 experiments, and 

1.09 ± 0.07 SLPM for the experiment with TMA-Y. The fixed flow rates result in a constant 

volume of gas being processed by each of the four cycles; however, a different volume of gas 

was processed for the same cycle configuration with each of the two adsorbents. 

Norit RB3 / kJ∙mol-1(feed) TMA-Y / kJ∙mol-1(feed) 

 A B B/A  A B B/A 

PL 14.6 ± 1.5 12.6 ± 0.2 0.86 ± 0.09 PL 13.8 ± 1.4 11.8 ± 0.9 0.85 ± 0.11 

PH 11.0 ± 0.9 9.5 ± 0.0 0.86 ± 0.07 PH 8.2 ± 1.1 7.1 ± 1.1 0.86 ± 0.18 

PH/PL 0.75 ± 0.10 0.75 ± 0.01 0.65 ± 0.07 PH/PL 0.60 ± 0.10 0.60 ± 0.11 0.51 ± 0.10 

 

The above comparison is useful to compare the energy requirements to treat a given feed 

stream; however, for methane capture applications, it is more useful to normalise the cycle 

work to the amount of methane captured. As the absolute work requirement of the DR-PSA 

process is independent of the feed composition, the capture work is inversely proportional to 

the feed concentration, as shown in Figure 5.16. The heating value of methane suggests that 

the process can be net energy positive for feed compositions of approximately 1.2 mol% 

methane, although inefficiencies of the compressor and extracting energy from the methane 

will push this value higher; however with monetary incentives from reduced carbon emissions, 

the process may be net cost efficient at lower concentrations. 
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Figure 5.16. The separation work per mole of methane captured with the adsorbents a) Norit 

RB3 and b) TMA-Y. The dashed line has been fit to the lowest work of the respective PL-A 

(diamonds) experiments. Note that the PH-A (squares), PL-B (triangles), and PH-B (circles) 

cycles are horizontally offset from the PL-A results for clarity. 

 

The combined feed and purge step contributes 60-90% of the total energy cost of the process, 

and hence 10-40% of the energy is consumed in the pressure reversal step. Improvements in 

the pressure reversal step, such as additional pressure equalisation steps designed to recover 

more “pressure” from the blowdown step, could reduce the energy cost of the process by up 

to a maximum of 40%, but a value significantly less than 10% is more likely. The low potential 

energy recovery from improvements in the pressure reversal step suggests that these 

improvements may not be worth the capital cost and increased process complexity. The 

largest source of inefficiency in the process comes from the light reflux stream which is 

wastefully depressurised from the high to low pressure column, and recovery of this wasted 

energy can potentially offer large savings in the energy requirements of the DR-PSA process. 

 

5.6. Dual-Reflux Vacuum Swing Adsorption 

Dual-reflux vacuum swing adsorptions (DR-VSA) experiments were used to compare how the 

process performs in different zones of the adsorption isotherm. Under lower pressures, the 

adsorption isotherm is more linear and has a steeper gradient, which result in a higher 

productivity from the pressure swing. This high and low pressures were reduced from 5.0/1.4 

bar to 2.0/0.7 bar which reduced the adsorption capacity by half although it had no effect on 

the methane selectivity. The lower pressure ratio of the VSA experiments reduced the fraction 
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of the bed that was used for pressure reversal and allowed a greater fraction of the bed to be 

used for adsorption. This greater fraction of bed usage balances the reduced adsorption 

capacity, such that the overall column temperature increase over steps I and III, shown in 

Figure 5.17, are the same for both PSA and VSA dual-reflux cycles. 

 

 

Figure 5.17. The temperature change across the four steps of a dual-reflux pressure (blue) and 

vacuum (red) swing adsorption experiment. The pressure swing was between 5.0 and 1.4 bar 

while the vacuum swing was between 2.0 and 0.7 bar. Under the vacuum conditions, the 

adsorption capacity was halved but the adsorbent selectivity was unchanged. The experiments 

were performed with the PH-A cycle configuration so that the feed gas was not supplied to a 

column under vacuum conditions. 

 

Figure 5.18 compares the separation performance between the dual-reflux PSA and VSA 

experiments and shows that there is very little performance difference, although the methane 

purity was slightly lower for the high enrichment experiments (bottom right of Figure 5.18). As 

the VSA experiments had a smaller pressure ratio, less compression energy was needed to 

perform these cycles, such that they needed approximately 40% less energy than the PSA 

experiments. These results suggest that significant energy savings can be realised by 

performing the process with a vacuum swing although additional safety concerns are created 

from the presence of a vacuum.  
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Figure 5.18. The separation performance of dual-reflux pressure and vacuum swing adsorption 

experiments with the adsorbent TMA-Y and the PH-A configuration. The vacuum swing 

experiments were carried out with the same parameters as the pressure swing experiments 

other than the high (2.0 bar) and low (0.7 bar) pressures and the time of the pressure reversal 

step, which was reduced from 90 s to 60 s. 

 

 

5.7. Conclusions 

In this chapter the dual column DR-PSA apparatus described in Chapter 4 was used to perform 

equilibrium separation experiments with two adsorbents, a typical activated carbon, 

Norit RB3, and a highly selective ionic liquidic zeolite, TMA-Y. The results of these separation 

experiments were used to show how the DR-PSA process is only capable of separating a fixed 

quantity of gas per cycle, and that if this quantity is exceeded, the separation performance is 

decreased. This volume can be determined through DR-PSA experiments, breakthrough 

experiments, or by modelling. Such models need to allow for the fraction of the bed used for 

pressurisation and blow-down, gas phase dispersion and mass transfer zones in order to 

accurately determine this value. 

It was shown that the process is theoretically capable of producing two pure components 

when the fractional heavy product flow rate is equal to feed composition of the heavy 

component; however, by deliberately adjusting this flow rate away from the “perfect 

separation” point, the separation can be adjusted between high purification and high 

enrichment. By increasing the methane product flow rate, the purity of the nitrogen product 

can be increased, and hence the methane recovery can also be increased, although this comes 

20%

30%

40%

50%

60%

70%

80%

90%

100%

0.3 0.4 0.5 0.6 0.7

R
e

co
ve

ry

Methane Molar Composition



129 
 

at the cost of decreased methane enrichment. In the other direction, the methane product 

flow can be decreased to increase its purity, but this comes with lower methane recovery and 

nitrogen purity. The separation performance was found to be largely determined by the reflux 

flow rates, where a high reflux to feed flow rate results in superior separation performance, 

although this comes with a higher energy cost. There is a non-liner relationship between reflux 

and separation performance, where at low reflux ratios there is a near linear trend, which 

levels of to a constant value at high reflux ratios. As the reflux ratio approaches zero, which 

defines the conventional PSA cycles, the performance is significantly decreased, and will 

ultimately reach the separation limit of the conventional cycles. The higher selectivity of 

TMA-Y produced superior separation performance compared to Norit RB3, such that TMA-Y 

was capable of a simultaneous higher enrichment and purification at lower reflux to feed 

ratios. 

The separation performance of the four DR-PSA cycle configurations was compared, which has 

yet to be reported in the literature, and it was shown that the PL-A configuration has the 

highest purification performance, while the PH-B configuration has the highest enrichment 

potential. This difference is primarily due to the fundamental difference between the A- and 

B-cycles, where the entrainment of desorbed methane in the B-cycles allows high enrichments, 

but the co-current blowdown causes methane to migrate up the column and break through 

into the nitrogen product; whereas the counter-current blowdown of the A-cycles prevents 

this upwards migration, but it requires the removal of enriched methane to achieve. The 

choice between the PL- and PH-cycles resulted in a subtle difference, where a fixed light reflux 

flow rate caused the PL-cycles to have an increased flow through the section of both columns 

below the feed port. 

As the columns are completely purged with light and heavy gas every half cycle, a zone of 

saturated methane is transferred between the columns, which cause the “feed” gas to be the 

purge gas rather than the actual feed gas. This is why the DR-PSA process is capable of 

enrichments greater than the so called thermodynamic limit, as the separation is limited by 

the real partial pressure ratio of the purge flows, which is many times larger than the 

superficial pressure ratio between the columns. Furthermore, as the creation of the saturation 

zone in the columns is dependent on the refluxes and independent of the feed gas, the 

separation in the DR-PSA process becomes independent of the feed composition. This was 

experimentally demonstrated with methane feed compositions of (2.6, 10.4, 20.0 and 

40.0) mol%, which were each able to separate the feed stream into a near pure nitrogen 

product and a 60 mol% methane. 
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The compression energy be each of the cycle configurations were compared and it was found 

that a saving of 14% can be achieved with the B cycle rather than the A cycle, and the PH cycle 

can reduce the energy by up to 40% depending on the size of the reflux streams. As the energy 

required by the cycle is independent of the separation performance, the work required to 

capture the methane from the feed stream is inversely proportional to the methane 

composition. The heating value of methane suggests that the process can be net energy 

positive at compositions as low as 1.2 mol%, but incentives from reduced emissions may allow 

the process to be cost efficient at lower concentrations. Finally dual-reflux vacuum swing 

adsorption was shown to be able to produce a very similar separation performance to the 

pressure swing experiments, but with a reduction of 40% in the energy requirement. This 

decreased energy requirement is due to the adsorption isotherm being steeper at lower 

pressures which cause the pressure swing to be more productive and allow the same 

separation to be performed with a lower pressure ratio. 
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Chapter 6 

Preliminary DR-PSA Separations Using a 

Kinetically Nitrogen Selective Adsorbent 
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6.1. Introduction 

In adsorption processes it is more energy efficient to remove the minor component rather 

than the dominant component in a feed mixture; thus it is desirable to adsorb nitrogen from 

streams containing predominantly methane. However, there is not yet any effective adsorbent 

available at low cost that has equilibrium selectivity for nitrogen over methane. Carbon 

molecular sieves (CMS) are known to adsorb nitrogen faster than methane and have been 

previously shown to separate nitrogen from binary mixtures by kinetic means. Fatehi et al. 

have shown that CMS is capable of increasing feed streams containing 60 and 92 % methane to 

75 and 96 % respectively, although the methane recovery was prohibitively low [39]. 

Preliminary laboratory characterization suggested methane adsorbs 100-1000 times slower 

than nitrogen on MSC 3K-172, and that methane does not adsorb in a reasonable time scale 

(<10 min). 

We investigated using MSC-3K-172 to process a 75 mol% methane feed stream which is often 

a nuisance composition in gas processing facilities as the methane composition is too low to 

sell it as product gas, but also considered too high to use as lean fuel gas. The processing 

objective was to produce a 90 mol% product methane stream at a recovery of 90%, where the 

secondary nitrogen product still contains >30 mol% methane so that it can be used as lean fuel 

gas. 

 

6.2. Cycle Optimisation 

Kinetic adsorption separations have the additional complexity of contact time that needs to be 

controlled in order to produce an effective separation. Through the adjustment of the contact 

time, the adsorption of nitrogen can be maximised while ensuring that minimal methane is 

adsorbed which results in a separation that is not only dependent on the volume of gas 

treated, but also how quickly the gas is treated. Figure 6.1 shows the effect of the feed time on 

the separation performance with experiments carried out with a feed flow rate of 

approximately 0.4 SLPM. Preliminary experiments showed that the performance was increased 

with low feed flow rates and this was the lowest rate achievable before certain flow rates were 

at 1% of their measurable flow rate which would cause significant measurement uncertainties. 

The figure shows that the PL-A and PH-A configurations appear to have a maximum separation 

in the range (120-180) s, whereas the PL-B and PH-B configurations have the highest 

separation at the lowest feed step time. The decrease in performance at large feed step times 

can be explained by either the favourable uptake of methane or the breakthrough of feed gas 
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into the product gas; while in the other direction, shorter feed times may not allow for enough 

time for the uptake of nitrogen. 

 

 

Figure 6.1. The a) methane product purity and b) methane recovery as a function of the feed 

step time. Experiments were carried out with the PL-A (diamonds), PH-A (squares), PL-B 

(triangles), and PH-B (circles) cycle configuration and a light reflux and heavy product flow rate 

of 0.364 ± 0.011 SLPM and 0.120 ± 0.006 SLPM, respectively. 

 

While the PL-B experiments had the greatest methane purity, the low recovery resulted in a 

secondary product that still contained significant quantities of methane. Thus it was 

determined that the PH-B cycle configuration produced the best combined purity and recovery 

of methane and showed the greatest potential for improvement. Furthermore, as the 

separations objective was not to produce pure methane, it was hypothesised that the 

increased enriching potential of the PH-B configuration shown in the equilibrium separation 

experiments (see Section 5.4) would result in the greatest separation performance. 

Further experiments were performed with the PH-B cycle configuration and various light reflux 

flow rates in order to determine the optimal relationship between the volume of gas treated 

per cycle and the feed step time. Figure 6.2 shows that the methane purity and recovery was 

improved with low reflux flows and feed times and that the greatest separation performance 

was achieved with the lowest combination of the two parameters. As the column is capable of 

adsorbing 13.4 SL of pure nitrogen, or 4.9 SL of nitrogen at the feed conditions, this is likely to 

be a direct consequence of the slow rate of adsorption, rather than attempting to process too 

much gas per cycle.  
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Figure 6.2. The effect of the volume of gas entering the high-pressure bed on the a) methane 

product composition and b) methane recovery in the PH-B experiments. The data shows 

experiments carried out with a feed step time of 60 s (diamonds), 120 s (squares), 180 s 

(triangles), 240 s (circles), and 300 s (crosses). These experiments had a methane product flow 

rate of 0.110 ± 0.006 SLPM and a light reflux flow rate in the range (0.138-0.653) SLPM. 

Experiments with a lower reflux flow rate, for the respective feed time, resulted in a larger 

separation. 

 

Figure 6.3 shows the column temperature change over each of the four steps of the PH-B cycle 

for the experiment with the lowest reflux flow and feed time which resulted in the greatest 

separation. The plot shows that there is only a very small temperature swing of 1.2 K at the 

bottom of the column produced from the sorption of nitrogen, while the remaining 80% of the 

column experiences a temperature swing of 0.5 K. Breakthrough experiments with pure 

nitrogen at 5.0 bar with the dynamic breakthrough column apparatus show that complete 

nitrogen adsorption produces a 2.4 K increase in the bed temperature, as can be seen in Figure 

6.4. While not directly comparable, the 2.4 K increase in the DCB experiment suggest that the 

active 0.7 K temperature swing (1.2 K - 0.5 K) corresponds to an adsorption volume of 30% of 

the capacity at this pressure and temperature. This, along with the small fraction of the bed 

involved with the separation, explains why the adsorbent productivity is so low, and suggests 

that the ideal feed volume is 0.8 SL, slightly lower than the 1.2 SL used in the best performing 

experiment. 
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Figure 6.3. The axial bed temperature change over steps 1-4 of a typical kinetic DR-PSA cycle. 

As the sorption rate is so slow, no significant sorption occurs during the pressure reversal step 

(Steps II and IV), so the temperature change during these steps is only produced from Joule-

Thompson heating and cooling. The small temperature swing at the bottom of the column is 

produced from the sorption of nitrogen. 

 

 

Figure 6.4. The bed temperature of a pure nitrogen breakthrough carried out at 5.0 bar with 

the DCB experiment. Temperatures were measured at a fractional length of 0.25 (blue, T-1), 

0.50 (red, T-2), and 0.75 (green, T-3) and they show that the bed temperature rises by 

approximately 2.4 K with complete nitrogen adsorption. 
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6.3. Separation Performance 

The results of all of the kinetic separation experiments are displayed in Figure 6.5 as the 

composition and recovery of methane in the light product gas. Experiments were carried out 

with all four cycle configurations although the cycle type had little effect on the separation 

performance, with the majority of the observed differences being due to process parameters 

such as the feed time and the light reflux flow rate. The best separation performance was 

found to be from the combined minimum light reflux flow rate and feed step time, which with 

the PH-B configuration resulted in a methane product of 89.9 mol% at a recovery of 90%. As 

the detailed parametric study was only performed with the PH-B cycle configuration and due 

to the inherent difference between kinetic and equilibrium adsorption processes, the current 

set of experiments are unable to distinguish between the performances of the four cycle 

configurations. The trends in the separation results shown in Figure 6.5 suggest that there is 

no significant difference between the configurations but a larger data set and detailed 

comparison is required before this conclusion can be made. 

 

 

Figure 6.5. Kinetic separation performance of the MSC 3K-172 experiments with a 75 mol% 

feed methane composition for the PL-A (diamonds), PH-A (squares), PL-B (triangles) and PH-B 

(circles) cycle configuration. The separation is expressed as the purity and recovery of methane 

in the light product. 
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6.4. Energy of Separation 

Figure 6.6 shows the thermodynamic work required to capture the methane as a function of its 

purity and shows that there is little overall correlation between the variables, although 

individual sets of experiments show that as the desired purity is increased, greater work is 

required to capture the methane. However this plot ignores the recovery of the purified 

methane, which is often inversely correlated to the purity. In addition to the kinetic separation 

results, the result of a single equilibrium separation experiment performed with the adsorbent 

Norit RB3 with a feed methane composition of 74.4 mol% is shown. This experiment falls in the 

middle of the kinetic experiments, and as such has similar methane purity and recovery. 

However, the greatest performing PH-B experiments required only half of the work of the 

equilibrium separation experiment, and so suggest that significant energy savings may be 

obtained with the kinetic adsorbent, although a larger quantity of adsorbent is required to 

process the same quantity of gas. 

 

 

Figure 6.6. The work required to capture methane for the PL-A (diamonds), PH-A (squares), 

PL-B (triangles) and PH-B (circles) cycle configurations. An equilibrium separation carried out 

with Norit RB3 and a 74.4 mol% methane feed composition is also displayed for comparison 

(black cross). 
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6.5. Conclusions 

In this chapter, the kinetically nitrogen selective adsorbent MSC 3K-172 was used, along with 

the DR-PSA apparatus described in Chapter 4, to perform kinetic nitrogen and methane 

DR-PSA separations, which to the authors knowledge represent the first time this has been 

attempted. It was found that the separation performance was improved with reduced feed 

and reflux volume per cycle and the results suggest that the optimum volume to feed to the 

high pressure bed was 0.8 SL, although the lowest volume tested was 1.2 SL as certain flow 

rates were approaching their minimum achievable value. 

The temperature profile of the experiments show that only a small temperature swing was 

realised in the lowest section of the column, and comparison to a DCB experiment suggest that 

this section of the column is only adsorbing and desorbing 30% of the capacity, indicating a low 

adsorbent productivity. However the increased cycle productivity due to the low pressure 

reversal time, slightly makes up for the low productivity such that the throughput was 

approximately half of that of the equilibrium experiments. The greatest separation achieved 

was a 90 mol% methane product at 90% recovery, which only just meets the separation 

objective, although further optimisation may push the separation higher. The secondary 

nitrogen product of this separation experiment contained 48 mol% methane; this makes it 

more suitable for fuel gas than the initial feed gas. The results also suggest that there was little 

to no difference between the cycle configurations although more results over a wider range of 

conditions are required before this can be concluded. 

Trends in the separation work show that increased work is required to produce methane at a 

higher purity, although a lower correlation was found with methane recovery, which indicate 

that it is more difficult to achieve high purity than high recovery. Comparison of these kinetic 

results to a similar experiment performed with an equilibrium separation, indicate that the 

same kinetic separation can be performed with half the separation work which confirms the 

initial statement that it is more energetically efficient to adsorb the minor component. While 

this work was only a preliminary investigation, it shows that kinetic DR-PSA has promising 

potential for upgrading low quality methane sources. 
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7.1. Conclusions 

Natural gas is predicted to have a large contribution to the future global energy supply due to 

its abundance and it significantly reduced emission of pollutants compared to oil and coal. The 

increased use of natural gas will drive the development of new and novel technologies that are 

capable of effectively processing and refining the raw natural gas into a predominantly 

methane product that is able to be used in existing infrastructure. One major contaminant is 

nitrogen, which acts as a diluent and must be removed to meet product specifications. Two 

industrially-important separation cases were identified and considered: the capture of dilute 

traces of methane in predominantly nitrogen streams, called nitrogen purification; and the 

upgrade of low grade natural gas through the bulk removal of nitrogen, called nitrogen 

rejection. This work’s major contribution is through the demonstration and understanding of 

how a sophisticated pressure swing adsorption cycle known as dual-reflux PSA can be used to 

effectively perform both the nitrogen purification and rejection separations through the use of 

different adsorbent materials. 

It is challenging to separate nitrogen and methane due to the similarity in the properties of the 

two compounds. In this investigation, specialised adsorption apparatus were constructed to 

measure and take advantage of the relatively small difference in adsorption on most materials 

between the two components. Initially measurements were made with a dynamic column 

breakthrough (DCB) apparatus to determine the equilibrium and kinetic sorption parameters 

of pure nitrogen and methane on a number of different adsorbents. A rigorous pulse 

technique was used to measure the sorption kinetics because this allowed rapid 

measurements to be made and avoided issues that caused previously used techniques to infer 

incorrect values. Where possible, these adsorbent properties were used in preliminary 

modelling of separations based on conventional pressure swing adsorption cycles. The 

modelling results showed that such conventional cycles are not capable of performing the 

required separation in a reasonable manner. However, equilibrium-theory modelling of the 

dual-reflux PSA cycle indicated that the process could potentially perform an effective 

separation of nitrogen and methane. Accordingly, an apparatus capable of performing the four 

different standard configurations of the DR-PSA process was designed, constructed, and used 

to gain important insights into how best to design and operate this novel adsorption process 

cycle to achieve excellent separation performance. 

The results of the adsorbent screening and characterisation experiments with the DCB 

apparatus showed that the ionic liquidic zeolite TMA-Y has superior equilibrium methane 

selectivity than any other adsorbent tested and so is the most suitable adsorbent for the 
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nitrogen purification application. This adsorbent was synthesised in our laboratory in parallel 

to this work by impregnating the ionic liquid cation TMA+ into the Y zeolite structure, thereby 

combining the high methane-nitrogen selectivity characteristic of ionic liquids with the fast 

kinetics and high capacity of zeolites. The methane equilibrium selectivity of this material was 

measured to be 4.8 at 30°C, which is 50% higher than the second most selective adsorbent, 

the activated carbon Norit RB3; in addition TMA-Y had insignificant mass transfer resistance 

making it an ideal candidate for equilibrium type separations. As the vast majority of 

adsorbents adsorb more methane than nitrogen, a material that is kinetically-selective for 

nitrogen over methane was considered most suitable for the nitrogen rejection separation 

case. Measurements of the kinetics of sorption found that the carbon molecular sieve 

MSC 3K-172 exhibited the greatest kinetic nitrogen-methane selectivity, where the slightly 

smaller nitrogen molecule adsorbed approximately 100 times faster than methane, making it 

an ideal candidate for kinetic separations. 

The nitrogen purification separation application using DR-PSA cycles were investigated through 

experiments with a range of operating conditions with both Norit RB3 and TMA-Y and the 

results were used to develop a technique for designing DR-PSA process to achieve a given 

separation performance. An increase in the reflux ratio can improve the separation 

performance but this comes at the cost of increased energy consumption and reduced 

adsorbent productivity. A key insight into the DR-PSA process is how the relative product flow 

rates can be adjusted to shift the separation towards more pure nitrogen or methane; an 

increase in the methane product flow rate will improve the recovery of methane but decrease 

the purity, and vice-versa. Comparisons between the four cycle configurations found that 

separation mechanisms central to the DR-PSA processes are vastly different for the A- and 

B-cycles. Consequently, the PL-A cycle can produce the highest methane composition (~50%) 

at a recovery of nearly 100%, but the PH-B cycle is capable of the highest methane 

enrichments (>80%), although the recovery is limited to <80%. Calculations of the separation 

energy showed that the PL-A cycle has the highest energy requirement and the PH-B the 

lowest; however, all four cycles are able to separate mixtures containing as little as 1-2% 

methane with an energy requirement lower than the heating value of methane, indicating it 

could be economical to process mixtures with even these low concentrations. Finally, 

dual-reflux vacuum swing adsorption experiments were carried out and the separation 

performance was found to be very similar to the pressure swing adsorption experiments but 

importantly, the vacuum swing experiments has a 40% lower energy requirements, which 

shows that significant savings could be realised at lower adsorption pressures. 
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The nitrogen rejection application was tested by performing the first known kinetic DR-PSA 

experiments with the carbon molecular sieve MSC 3K-172. It was found that the separation 

performance was improved with reduced feed and reflux volume, both of which increase the 

mass of adsorbent per unit of gas processed and consequently reduce the adsorbent 

productivity. However this was somewhat mitigated by the very rapid pressure reversal which 

resulted in high cycle productivities; this rapid reversal was a result of the slow sorption, such 

that no gas was ad/desorbed during the pressure reversal and only the gas occupying the bed’s 

void space was transferred. The separation performance of the process showed that a feed 

stream containing 75% methane was able to be enriched to 95% but higher recoveries 

required lower purities; one experiment was able to meet an industry-specified separation 

goal of 90% purity and 90% recovery. These results show that kinetic DR-PSA has the potential 

to effectively upgrade low grade sources of natural gas although more experimentation is 

required to determine the best process parameters.  

The work presented in this thesis has made a significant contribution towards the 

development of novel adsorption processes that can effectively separate a wide range of 

nitrogen and methane gaseous mixtures. For the nitrogen purification application, it has 

clearly shown how DR-PSA cycles can achieve excellent separations even with standard 

adsorbents with standard selectivities; if high selectivity adsorbents such as TMA-Y are used 

then the separation performance becomes superlative. It has also demonstrated how a DR-PSA 

process could be used efficiently for separations using kinetically selective adsorbents, such as 

the nitrogen rejection application. Beyond the nitrogen-methane separations, this work has 

elucidated the relationships between key parameters in DR-PSA cycles in determining the 

separation performance. In particular as part of this process separation theory the roles of 

feed-step time, product flow rates, reflux flow rates and cycle work are significantly clearer 

and can be used in the optimisation of cycle designs. 

 

7.2. Recommendations for Future Research 

Further research into the dual-reflux pressure swing adsorption process should revolve around 

the verification and refinement of the process separation theory presented in this thesis. The 

most important aspect of this theory that needs to be investigated is the mass of adsorbent 

required to treat a given flow rate of feed gas with known composition. This is important to 

the continued development of DR-PSA processes as the adsorbent mass is the main variable 

that dictates the capital cost of the process, which may be used in comparisons with other 

technologies such as cryogenic distillation or membranes. While it is relatively easy to 
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determine the mass of adsorbent required for conventional PSA processes, the recirculating 

flow rate of gas produced from the dual reflux streams results in a certain mass of adsorbent 

being used to process the reflux stream, rather than actively process the feed gas. While it may 

seem intuitive to minimise this reflux flowrate to preserve the amount of adsorbent available 

for treating the feed, it is precisely this reflux flow that produces the enhanced separation 

performance of the DR-PSA process. This trade-off has been investigated in this work but 

further studies over a range of feed flow rates, compositions or process pressures are required 

to determine how the mass of adsorbent used is affected by these parameters. 

While the impact of reflux flow rate was studied in detail, it was done by holding all other 

parameters constant, which changes the volume of gas fed to the column in the feed and 

purge steps. This technique allows the determination of the optimal volume of gas that should 

be fed to the bed per cycle, but it does not produce a level comparison between the different 

reflux flows, as low reflux rates will under-utilise the adsorbent and high reflux rates will result 

in gas breakthrough. To remove these effects, experiments should be carried out with varying 

reflux flow rates and feed step times, such that the volume of gas fed to the bed with each 

reflux flow rate is constant. This should be performed over a range of heavy product flow rates 

(specifically, the heavy product to feed ratio) to determine if the reflux flow rate has the same 

effect across the accessible range of product compositions. 

As the DR-PSA apparatus was constructed with the ability to feed gas to seven different 

locations along the column length, the importance of this variable should be investigated 

experimentally. It is also probable that the feed position will have a different effect on each of 

the four standard DR-PSA configurations, so each needs to be tested individually. This could be 

performed by selecting several representative experiments from each configuration and 

running them with different feed positions. It is possible that over a certain range there will be 

no significant effect of separation performance but only a thorough investigation will be able 

to confirm this. In addition to varying feed positions, it should be investigated how the DR-PSA 

process behaves with a ternary feed gas mixture. It is likely that three components with 

different adsorption characteristics will be enriched in different sections along the column; this 

may allow for the mixture to be separated into three product streams, where a “feed port” is 

used at the third product location, and so provide a nearly complete ternary separation within 

a single unit.  

A final longer term recommendation is to upscale the design to a pilot scale apparatus to 

demonstrate the technology on a scale relevant to industrial application. The work presented 

in this thesis demonstrates that DR-PSA processes are capable of effective methane-nitrogen 



144 
 

separations, but there may be aspects of its practical implementation that limit the operational 

effectiveness. One such limitation which may be relevant to larger scale processes is the 

operation of the compressor, which in the current configuration has an inherent start/stop 

nature. At larger scales additional steps will likely be required to smooth the operation of the 

compressor and maximise performance. These practical matters should not be seen as a 

deterrent, they should be seen as the final challenge before this process is able to be 

incorporated in a commercial process: the ultimate goal of applied scientific research. 
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A.1. Equilibrium Adsorption Theory 

The equilibrium adsorption model that describes the operation of a pressure swing adsorption 

cycle was published by Knaebel and Hill in 1985 [99]. This study details the partial differential 

equations that describe an adsorption bed and how they have been solved, using the method 

of characteristics, to produce a set of ordinary differential equations. These ordinary 

differential equations were then used to create a model of the stripping adsorption cycle. 

Almost two decades later, Ebner and Ritter [100] used the same model equations to create a 

model of enriching PSA (sometimes called enriching PSA) which has the ability to produce a 

pure stream of the strongly-adsorbed component. Four years later, Webley and Kearns [43, 

105] combined the two models to produce a dual-reflux PSA process model and published a 

two part paper on the model and the results. Bhatt et. al. [123] have also used the same 

approach to model DR-PSA cycles. One difference to the model of Kearns and Webley is Bhatt 

et. al. kept several parameters free to determine an operating zone, whereas the former 

model iterates to directly find the optimal operating point. In addition, Kearns and Webley 

detail the model implementation for all four DR-PSA configurations, while Bhatt et. al, have 

focused on the PH-A configuration. For these reasons, the model of Kearns and Webley was 

used in this study of DR-PSA. 

This appendix details the equilibrium theory model and how it is transformed into partial 

differential equations using the method of characteristics. In the later sections, the method of 

implementing this model is described for the stripping and enriching PSA process and 

separately for each of the four DR-PSA configurations as each has a different method. The final 

section describes the iterative technique used to solve the four DR-PSA models. 

 

A.2. The Equilibrium Adsorption Model 

The adsorption bed is assumed to operate isothermally and at pressures for which the gas 

behaves as an ideal gas. Furthermore all forms of diffusion are neglected, including axial and 

radial dispersion and the mass transfer is assumed to be instantaneous. These assumptions 

reduce the mass balance of component A, the heavy or strongly adsorbed component, and the 

total mass balance to: 

  1 0A A A
s

p up n
RT

t z t
  

   
    

   
 Eq. A.1 
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  1 0s

P uP n
RT

t z t
  

   
    

   
 Eq. A.2 

where P  is the total gas pressure (Pa), p  is the partial pressure (Pa), u  is the gas interstitial 

velocity (m·s-1), 
s  is the adsorbent density (kg·m-3), R  is the universal gas constant 

(8.314 J·mol-1·K-1), T  is the gas temperature (K),   is the column void fraction (-) and n  is the 

moles of adsorbed gas per unit volume of adsorbent (mol·kg-1). The two dimensions t  and z  

represent time and axial position respectively. Assuming that the adsorption capacity follows a 

linear uncoupled isotherm, the adsorbed volume of gas is related by: 

 i i in k p  Eq. A.3 

 A B A A B Bn n n k p k p     Eq. A.4 

where k  is the linear isotherm constant (mol·kg-1·Pa-1) and the subscripts A  and B  refer to 

component A and B respectively. 

As component A is the preferentially adsorbed component, Eq. A.1 can be simplified to: 
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 Eq. A.5 

where y  is the molar fraction of component A and i  is a measure of the inverse adsorption 

capacity, defined by: 

 
  

1

1 1
i

s iRTk


  


 
 Eq. A.6 

Similarly Eq. A.2 can be reduced to the following: 
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 Eq. A.7 

Eq. A.5 and Eq. A.7 can be combined to become: 
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t z z




  
   

  
 Eq. A.8 

Neglecting axial pressure gradient leaves only time dependence, expressed as an ordinary 

derivative. Invoking this assumption and integrating Eq. A.8 with the following conditions 

yields, 
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a) u = 0 at z = 0 
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 Eq. A.9 

which applies during the pressurisation and blowdown steps, and, 

b) dP/dt = 0 
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 Eq. A.10 

which applies during the high pressure feed and purge steps. The subscripts 1 and 2 refer to 

different points within the bed.  

By eliminating u z   between Eq. A.5 and Eq. A.7 we get: 
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 Eq. A.11 

which completely describes the movement of gas within the adsorption bed. 

 

A.2.1. The Method of Characteristics 

The method of characteristics is a method that can be used to solve initial value problems for 

first order liner partial differential equations (PDEs), such as the equation that describes an 

adsorption bed, Eq. A.11, which can be rewritten as: 
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 Eq. A.12 

which can be equated to the first order, two variable PDE: 

 0
y y
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 Eq. A.13 

where: 
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 Eq. A.14 

The method of characteristics is used to change the  ,t z  coordinates of this equation into 

 0,s z  which allow the PDE to be reduced to an ordinary differential equation (ODE) along 

specific curves in the z-t plane. These curves are called the characteristic curves, or simply the 

characteristics, and the new variable s  will vary along these curves while the new variable 0z  

will remain constant along the curve, but will vary along the initial 0t   line. 

If we choose the equations: 

 1
t

s





 Eq. A.15 

 
 1 1

Az u

s y








  
 Eq. A.16 

which are the equivalent  to A  and B  from Eq. A.14, and describe how the variables t  and z  

vary along the characteristic. From these we can produce the equation: 

 
 1 1
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 Eq. A.17 

which when substituted into the original PDE (Eq. A.12), becomes the ODE that describes how 

the variable y  varies along the characteristic: 
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 Eq. A.18 

Substituting Eq. A.15 into Eq. A.16 and Eq. A.18 to cancel the s  variable and rearranging, 

results in two ODEs that are the characteristic of the original PDE, Eq. A.11: 
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  Eq. A.19 
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Where Eq. A.20 describes the change in composition that is associated with a pressure change, 

along the path of the characteristic described by Eq. A.19. Integrating Eq. A.20 and denoting 

the subscript ‘0’ as the initial conditions gives: 
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 Eq. A.21 

Inserting Eq. A.9 into Eq. A.20 results in: 
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 Eq. A.22 

and: 
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 Eq. A.23 

Eq. A.21 and Eq. A.23 are used to track the movement of the characteristics when the pressure 

in the bed changes with time. When the pressure is fixed, Eq. A.20 implies that the 

composition is constant, therefore Eq. A.19 can be used to calculate the characteristic 

movement directly. 

As the variable y  appears on both sides of Eq. A.21, it is solved numerically by taking an initial 

guess of y  and iterating the equation until the value of y  converges to a single value. The 

equation is rearranged in two ways so that the lone y  appears on the left hand side in one 

equation and the right hand side in the other: 
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 Eq. A.24 
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 Eq. A.25 

These two equations complement each other as each of them alone, will not converge to a 

solution over the entire range of the input variables, but together, will converge for all initial 

values. For low values of 0y , equation Eq. A.24 converges to a single value, while Eq. A.25 

converges for high values; although for certain values in the middle of the 0y  range, a 
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significant number (>106) of iterations are required for convergence. To reduce the number of 

iterations required for convergence, the iterations are damped according to the equation: 

   *

1 11i i iy DF y DF y      Eq. A.26 

where DF  is the damping factor in the range  0 1DF  , 
*

1iy   is the value calculated from 

Eq. A.24 or Eq. A.25, and 1iy   is the value that is used in the next iteration of the equations. In 

order to have fast convergence over the entire range, a variable damping factor was used that 

got smaller as 0y  approached its limits of zero and one. The damping factor that was found to 

produce adequate convergence was 
2

0 2DF y  which resulted in the majority of cases 

converging in less than twenty iterations. These two equations were iterated simultaneously 

and convergence was achieved when either equation produced a fractional error of less than 1 

part per billion, as defined by: 
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A.2.2. Description of the Shock Wave 

It is known from the relative characteristic velocities that axial position of the characteristics 

diverge if heavy gas leaves the bed and/or light gas enters the bed. Conversely, converging 

characteristics (shock waves) are caused when heavy gas enters and/or light gas leaves the 

bed. Diverging characteristics are known as simple waves and are easily tracked through the 

adsorption bed. Converging characteristics become more complicated as the formation of the 

shock wave needs to be located and tracked through the step. Figure A.1 show four 

characteristic profiles in various stages of shock formation. As the characteristics move to the 

right they become more compressed until two characteristics have the same axial coordinate, 

this is the point where the shock wave forms (profile 2). Further movement causes the 

characteristics to fold over themselves, shown as dashed lines in profiles 3 and 4, although 

these characteristics merge into the shock wave. 
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Figure A.1. Depiction of how the shock wave forms from the overlapping of the characteristics. 

The composition profile begins at (1) where the trailing characteristics have a higher velocity 

than the leading ones as they have a higher composition as calculated by Eq. A.10. At some 

time (2), two of the characteristics will have the same axial position, which indicates the 

formation of the shock. The shock travels faster than the leading edge and as such it will 

overtake the remaining characteristics (3) until all have been incorporated into the shock wave 

(4). At this point the shock wave is fully developed. 

 

When the characteristics fold over themselves, they suggest that there are two compositions 

at a single position in the bed, which is physically impossible. Instead of this occurring, a shock 

wave is formed that has a vertical composition profile. The shock behaves as a single entity 

and by assuming that there is no material accumulation at the shock boundary, the shock 

velocity can be calculated using: 
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 Eq. A.27 

where the subscripts 1 and 2 refer to the material immediately in front of and behind the 

shock wave and s  refers to the shock wave. When the pressure varies Eq. A.9 can be used to 

simplify this equation to: 
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 Eq. A.28 

and Eq. A.10 is used to simplify it when the pressure is constant: 
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 Eq. A.29 

In each of these equations the velocity of the shock is dependent on both the leading and 

trailing edge of the shock wave; but, during its formation, the leading and/or the trailing edge 

of the shock wave vary with time, as a function of the shock velocity. The normal solution 

would be to iteratively track the shock position, although a very small step size is required to 

minimise cumulative errors and it becomes very computationally expensive and time 

consuming. By solving this set of equations it can be shown that the area that the composition 

profile (a.k.a. the characteristics) overlaps itself, is equal to the area that the shock wave 

advances past the trailing edge of the composition profile, as shown graphically in Figure A.2. 

This conceptually makes sense when considering the initial assumption that there is no 

material accumulation in the shock wave, so that the material that would accumulate in the 

shock advances the shock position by a volume equal to the volume that would have been 

accumulated. In this manor the position of the shock front can be found by calculating the 

position where the two areas in Figure A.2 are equal to each other. This technique is more 

accurate than an iterative method as there is no scope for small errors to combine into large 

errors and it is orders of magnitude faster due to the relatively small number of calculations. 

 

 

Figure A.2. An illustration showing that the area of the overlapping characteristics is equal to 

the area that the shock has advanced past the characteristics. The composition profile in this 

figure is equal to the fourth profile in Figure A.1.  
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A.2.3. Additional Equations 

As the model predicts a perfect separation between the two components, the product flow 

rates of each component are equal to the component inlet flow rate and are calculated from: 

 A F FN y N  Eq. A.30 

  1B F FN y N   Eq. A.31 

The flow rates around into and out of the adsorption beds are related to each other through 

Eq. A.10, and in the two cases where the feed flow rate is fed into the low pressure bed (PL-A 

and PL-B) the flow rate can be calculated as: 
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  Eq. A.32 
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  Eq. A.33 

  , ,1H out F F L inN N y N    Eq. A.34 

and in the two cases where the feed flow rate is fed into the high pressure bed (PH-A and 

PH-B), the flow rates are calculated as: 
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  Eq. A.35 
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   Eq. A.36 

  , , 1H out L in F FN N N y    Eq. A.37 

The volume of gas transferred to the low pressure adsorption bed during the pressure reversal 

step can be calculated from the integral: 

 
0

PRt

PR PR CS

P
N u A dt

RT
   Eq. A.38 

where PRN  is the number of moles transferred to the low pressure bed, PRt  is the length of 

time the pressure reversal takes to complete, and PRu  is the interstitial velocity at the 

entrance of the bed, which is calculated from Eq. A.9. The solution of this integral becomes: 
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 Eq. A.39 

where BDN  is the number of moles transferred from the high pressure bed and 
X  is equal to 

A  or B  if the gas being transferred is component A or B, respectively. 

The energy input for the process is in the form of compression energy and is calculated 

assuming that the compression is isentropic (adiabatic), single stage (100% efficiency) with an 

after-cooler to cool the discharge gas temperature to the operating temperature of the 

process. As half of the cycles have a low pressure feed stream, and the other half a high 

pressure feed, to produce a fair comparison between the cycles, the same boundary 

conditions will be used for each process. These boundary conditions will be a feed stream that 

is initially at low pressure, and two products that are both at high pressure. The two pressures 

will be the same as the high and low pressures used in the adsorption beds. The specific work (

compW ) of the compressors are given by the adiabatic compression equation: 
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 Eq. A.40 

where   is the ratio of specific heats and is assumed to be equal to 1.4, and the subscripts 1 

and 2 denote the inlet and outlet conditions respectively. During the combined feed and purge 

step (FE/PU), some of the low pressure A product gas is compressed and refluxed into the high 

pressure adsorption bed. The work required for this step is calculated as:  
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 Eq. A.41 

where N  is equal to ,L outN  for the two DR-PSA PL cases and the enriching PSA case, 

,F L outN N  for the two DR-PSA PH cases, and F RN N  for the stripping PSA case. 

The blowdown and pressurisation steps are assumed to be carried out by first equalising the 

pressure between the two adsorption beds and then using a compressor to finish the pressure 

reversal. During this step, the compressor discharge pressure varies from intP  to HP , while the 

suction pressure varies from intP  to LP . Eq. A.40 is numerically integrated between these 
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limits and multiplied by the number of moles of gas transferred (Eq. A.39) to calculate the 

work of this step, /PR BDW . From the work of the two steps, the specific work is calculated from: 

 / /J
Specific Work 

mol

FE PU PR BD

F

W W

t N

 
 

 
 Eq. A.42 

where N  is the moles of pure product and is equal to ( )A B FN N N   for the DR-PSA 

cycles, BN  for the stripping cycle, and AN  for the enriching cycle. The productivity is a 

measure of how much pure gas is generated per cycle and per adsorbent mass, and is 

calculated from: 
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 Eq. A.43 

The pressure drop along the adsorption bed is an important consideration as a too large value 

can cause mechanical damage to the adsorbent and has the possibility of fluidising the bed, 

which will significantly reduce the performance of the separation. The pressure drop is 

calculated at the outlet of the low pressure bed as this is the location of the highest velocity so 

it represents the maximum pressure drop in the process. 
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 Eq. A.44 

The diameter of the pellets has been assumed to be 3mm. The velocity is the maximum 

superficial velocity: 
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A
  Eq. A.45 

The density is calculated assuming the gas follows the ideal gas law: 
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   Eq. A.46 

And the viscosity is calculated from Sutherland’s Formula: 
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 Eq. A.47 
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This equation was chosen as it is a simple representation of more complicated equations. The 

constants 
0 , 

0T  and C  have been regressed to the Chapman-Enskog equation. In the 

separation of nitrogen and methane, the latter is generally the strongly adsorbed (A) 

component so the three constants have been calculated for methane, and are: 

1.3341x10-5 Pa.s, 372.26 K and 162.73 K respectively. The average deviation over the range 

(200 to 400) K is 0.04%. 

 

A.3. Model Implementation 

The model implementation of the two conventional cycles can simply be calculated, but as the 

DR-PSA process has a circulating flow rate between the two adsorption beds, the model 

equations produce a circular reference where the flow rates are dependent on each other. In 

order to solve the equations, the flow rate into the low pressure bed ( ,L inN ) is initially guessed 

and then iterated until the final composition profile of the bed matches the initial profile, the 

details of which are described in Section A.3.8. The characteristics form two distinctive 

sections within the adsorption column: a stripping section, where the feed stream is purified to 

a pure A component, and an enriching section, where the feed is enriched to a pure B 

component. Between these two sections there is a portion of the bed that has a constant 

composition that connects the two main sections, as can be seen in Figure A.3. Individual 

characteristics are not tracked between the two sections as they always fall in a horizontal line 

between the final stripping and initial enriching characteristics. The model is implemented to 

determine the maximum possible performance for the given process conditions and adsorbent 

parameters, therefore the axial feed position is calculated to be in its optimum position, rather 

than a specified value. The feed position gives an indication of how stripping or enriching 

dominant the process is, where a feed position close to the component A end of the bed 

indicates that a larger portion of the bed is used for the purification of component B (stripping 

dominant). 
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Figure A.3. An illustration of how the characteristics form the composition profile within an 

adsorption bed. The figure shows the two main sections within the bed, the stripping (red 

curve) and the enriching (green curve) sections which are connected at the middle by a 

connecting line (orange curve). 

 

A.3.1. Model Parameters 

In the following section the model equations described above are used to aid in the operation 

of the adsorption processes and there are many input parameters to the models that need to 

be fixed over the course of the simulation. These parameters, along with their associated 

values are presented in Table A.1 below. The feed gas to be treated consists of an equimolar 

composition of the two components and has unit flow rate. This stream will be treated using a 

bed with unit area and length, filled with an adsorbent that has typical activated carbon values 

for the adsorption separation parameters. The operating parameters are one and three bar for 

the low and high pressure respectively and the entire process works under ambient 

temperature. 
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Table A.1. Input parameters for the mathematical model. Parameters that are italicised have 

been calculated from other parameters. 

Parameter Symbol Value Units 

Feed flow rate FN  1 mol·s-1 

Feed composition of component A Fy  0.5 mol·mol-1 

High Pressure HP  2 bar 

Low Pressure LP  1 bar 

Adsorption separation parameter A A  0.15 - 

Isotherm coefficient, A Ak  1.06 x10-6  mmol·g-1·Pa-1 

Adsorption separation parameter B B  0.300 - 

Isotherm coefficient, B Bk   4.35x10-7  mmol·g-1·Pa-1 

Adsorption selectivity parameter   0.5 - 

Adsorbent selectivity   2.43 - 

Column length cL  1 m 

Column diameter cD  1.1284 m 

Column Area CSA  1 m3 

Column void fraction   0.37 - 

Adsorbent density s  1270 kg·m-3 

Combined adsorbent mass adsm  1600 kg 

Column Temperature T  298.15 K 

Specific heat ratio   1.4 - 
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A.3.2. Stripping PSA 

As the stripping cycle, shown in Figure A.4, does not have an internal circulating flow like the 

dual-reflux variation, the model can be solved directly without the iteration of the flow rate to 

the low pressure bed.  

 

 

Figure A.4. The half-cycle of the stripping PSA configuration. 

 

In this cycle, the high pressure bed adsorbs all of component A and produces a stream of pure 

component B; therefore: 

 , , 0H out B L iny y y    Eq. A.48 

The raffinate composition can be related to the feed composition using Eq. A.21: 
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The overall material balance for component A is used to calculate the raffinate flow rate, from 

which the B product flow rate is calculated: 

 F
R F

R

y
N N

y
   Eq. A.50 

 
B F RN N N   Eq. A.51 

By converting the velocity terms in Eq. A.10 to flow rates and using the high pressure bed inlet 

and outlet streams as the two points, the flow rate out, and through mass continuity the low 

pressure bed feed flow, can be calculated from: 

   , 1 1H out F FN N y    Eq. A.52 

 , ,L in H out BN N N   Eq. A.53 

From the flow rates shown in Figure A.4, it can be determined that at the end of the blowdown 

step, a shock wave will have formed in the bed and it will be located at the end of the bed (

1z  ). In order to extract the raffinate stream at the maximum composition, the purge step is 

stopped when the leading characteristic ( Ry y ) reaches the feed-end of the adsorption bed 

( 0z  ). Integrating Eq. A.19 between these two points gives a formula for the duration of the 

feed and purge step: 
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  Eq. A.54 

The characteristics are tracked through the cycle using Eq. A.19 for the feed and purge steps 

and, Eq. A.21 and Eq. A.23 for the pressurisation and blowdown steps. 
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A.3.3. Enriching PSA 

Similar to the stripping cycle, the enriching cycle, shown in Figure A.5, can be solved directly 

without iteration.  

 

 

Figure A.5. The half-cycle of the enriching PSA configuration. 

 

In the enriching cycle, pure component A is desorbed from the adsorbent in the low pressure 

bed, and displaced out the end of the column, producing a stream of pure component A; 

therefore: 

 , , 1L out A H iny y y    Eq. A.55 

The raffinate composition can be related to the feed composition using Eq. A.21: 
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 Eq. A.56 

The overall material balance for component B is used to calculate the raffinate flow rate, from 

which the A product flow rate is calculated: 
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A F RN N N   Eq. A.58 

By converting the velocity terms in Eq. A.10 to flow rates and using the low pressure bed inlet 

and outlet streams as the two points, the flow rate out of the low pressure bed, and through 

mass continuity the high pressure bed feed flow can be calculated: 

 
  

,

1 1 F
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y
N N





 
  Eq. A.59 

 , ,H in L out AN N N   Eq. A.60 

From the flow rates in Figure A.5, it can be determined that at the end of the purge step, a 

shock wave has developed and is located at the feed-end of the bed ( 0z  ); therefore at the 

start of the feed step, the adsorption bed is completely saturated with component A. By 

tracking the leading characteristic ( 1y  ) through the feed step to the end of the bed ( 1z  ), 

the time of the feed and purge step can be determined. In integrating Eq. A.19 between these 

two points, and using Eq. A.10, results in:  
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 Eq. A.61 

Similar to the stripping PSA cycle, the characteristics are tracked through the enriching cycle 

using Eq. A.19 for the feed and purge steps and, Eq. A.21 and Eq. A.23 for the pressurisation 

and blowdown steps, starting with the blowdown step. 

 

 

 

A.3.4. DR-PSA-PL-A 

From the flow rates in Figure A.6, it can be determined that the feed and blowdown steps will 

produce simple spreading waves, while the purge and pressurisation steps will produce 

converging, or shock forming, waves. As the model requires the initial profile to be a double 

step function, the model starts at the end of the final shock wave forming step, which is the 

purge step, hence the model starts at the beginning of the blowdown step. 
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Figure A.6. The half-cycle of the dual-reflux PSA PL-A configuration. 

 

Blowdown Step (BD) 

The initial step of the PL-A model is the blowdown step where the corner of the double step 

function is at the coordinates ( *z , *y ). This arbitrary coordinate is related to the feed 

composition ( Fy ) and the feed position ( Fz ) through  Eq. A.21 and Eq. A.23, which become: 
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 Eq. A.62 
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 Eq. A.63 

By combining Eq. A.9, Eq. A.19 and integrating results in an equation relating *z  to ^z : 
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 Eq. A.64 

and by combining this with Eq. A.63, a relationship between Fz  and ^z  is produced: 
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 Eq. A.65 
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The equation used to independently calculate ^z  (Eq. A.73) is described in the ‘Feed Step’ 

section below as it requires equations from the feed step to calculate. Many characteristics 

along the vertical and horizontal sections of the steps can be tracked, using Eq. A.21 and 

Eq. A.23, to produce the final composition profile, shown in red in Figure A.7, which also shows 

the position of the initial composition profile and the position of the variables used in the 

above equations. 

 

 

Figure A.7. Blowdown step for the DR-PL-A configuration. The characteristics move from a step 

profile at (z*, y*) to their final position at the red profile. 

 

Feed Step (FE) 

The inlet velocity of the gas in the stripping section ( 0 Fz z  ) is found using Eq. A.10, the 

ideal gas law and the molar flow rate entering the bottom of the adsorption bed ( ,L inN ): 
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 Eq. A.66 

and then Eq. A.19 is used to calculate the displacement of the characteristics: 
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 Eq. A.67 

The fees step ends when the characteristic at ( 0, Fz y ) reaches the point where the feed 

gas enters the intermediate position within the bed ( Fz ), which can be visualised in Figure A.8. 

Integrating Eq. A.67 between these two points results in an expression for the feed time: 
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  Eq. A.68 

The inlet gas velocity for the enriching section at Fz  is the combined flow from the stripping 

section and the feed stream. The interstitial velocity at any point in the enriching section (

1Fz z  ) is found using this combined flow rate and Eq. A.10: 
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 Eq. A.69 

and, again, combining with Eq. A.19 results in the displacement equation for the 

characteristics: 
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 Eq. A.70 

The feed step ends when the characteristic at ( ^, 1z y  ) reaches the end of the adsorption 

bed ( 1z  ), and integrating this equation between these two points results in a second 

equation for the feed time: 
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 Eq. A.71 

Combining this equation with Eq. A.68 to eliminate Ft  gives a second relationship between Fz  

and ^z : 
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 Eq. A.72 

which when combined with Eq. A.65, results in an expression for ^z  that is only dependent on 

known values and ,L inN : 
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 Eq. A.73 

Once ^z  is calculated, Fz  and *z  can be found from two of Eq. A.63, Eq. A.64, Eq. A.65 and 

Eq. A.72, while the feed time ( Ft ) can be calculated using either Eq. A.68 or Eq. A.71. The 

composition profile at the end of the feed step can be calculated using the characteristics in 

the initial profile and Eq. A.67 and Eq. A.70. 

 

 

Figure A.8. Feed step for the DR-PL-A configuration.  

 

Pressurisation Step (PR) 

Through the pressurisation step, Eq. A.21 and Eq. A.23 are used to track the characteristics to 

their final position in the step; although during this step a shock wave may form in the 

stripping section and/or the enriching section of the bed. 
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Figure A.9. Pressurisation step for the DR-PL-A configuration. Note that a shock wave has 

formed in the enriching section of the bed, visualised as a vertical line. 

 

Purge Step (PU) 

Through the purge step, Eq. A.10, Eq. A.19, the ideal gas law and ,H inN  are combined to track 

the characteristics. At the end of this step, the shock waves have fully developed in both the 

stripping and enriching sections of the bed and are located at the same position as they are in 

the start of the blowdown step. 

 

 

Figure A.10. Purge step for the DR-PL-A configuration. As this is the second shock forming step, 

both enriching and stripping shocks are formed. The end of this step is exactly the same as the 

start of the blowdown step, shown in Figure A.7. 
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Model Algorithm 

The equations describing the PL-A configuration are solved according to the algorithm detailed 

in Figure A.11. 

 

 

Figure A.11. The algorithm for solving the Dual-Reflux PL-A model. 

 

 

A.3.5. DR-PSA-PL-B 

From the flow rates of the PL-B configuration, shown in Figure A.12, the shock-wave forming 

steps are the purge and blowdown steps, so therefore the model starts at the end of the 

blowdown step, or the start of the feed step. 
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Figure A.12. The half-cycle of the dual-reflux PSA PL-B configuration. 

 

Feed Step (FE) 

The initial step of the PL-B cycle is the feed step and the characteristic velocity of the stripping 

and enriching sections are found from Eq. A.10, Eq. A.19, the ideal gas law, the inlet molar flow 

,L inN  at 1z   and the feed flow rate. As the axial coordinates have been reversed, the 

velocities are negated: 
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 Eq. A.75 

The feed step ends when the stripping section characteristic originally at  1, Fz y  reaches 

Fz  and likewise when the enriching section characteristic originally at  , 1Fz y   reaches 

0z  . Integrating Eq. A.74 and Eq. A.75 with these conditions results in two equations for 

duration of the feed step: 
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 Eq. A.77 

Combining these two equations and eliminating 
Ft  results in an expression for the feed 

position: 
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 Eq. A.78 

which is used to find Fz , allowing Ft  to be calculated by either Eq. A.76 or Eq. A.77. Knowing 

the feed position and feed step time allows the characteristics to be tracked using Eq. A.74 and 

Eq. A.75, which is displayed in Figure A.13. 

 

 

Figure A.13. Feed step for the DR-PL-B configuration. 

 

Pressurisation Step (PR) 

Through the pressurisation step the characteristics are simply tracked using Eq. A.21 and 

Eq. A.23, which is shown in Figure A.14. 

 



172 
 

 

Figure A.14. Pressurisation step for the DR-PL-B configuration. 

 

Purge Step (PU) 

Through the purge step the flow rate into the high pressure bed, the ideal gas law, Eq. A.10 

and Eq. A.19 are combined to produce the equation which is used to track the characteristics: 
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 Eq. A.79 

As the characteristics are convergent, during this step a shock wave may form in the stripping 

and/or enriching section of the bed, where a shock has formed in the enriching section of the 

example shown in Figure A.15. 

 

 

Figure A.15. Purge step for the DR-PL-B configuration. Note that a shock wave has formed in 

the enriching section of the bed, visualised as a vertical line. 
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Blowdown Step (BD) 

The characteristics are tracked through the blowdown step using Eq. A.21 and Eq. A.23, and as 

this is the second shock forming step, both shocks will be fully developed and located at their 

initial position in the feed step. 

 

 

Figure A.16. Blowdown step for the DR-PL-B configuration. As this is the second shock forming 

step, both enriching and stripping shocks are formed. The end of this step is exactly the same 

as the start of the feed step. 

 

Model Algorithm 

The equations describing the PL-B configuration are solved according to the algorithm detailed 

in Figure A.17. 
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Figure A.17. The algorithm for solving the Dual-Reflux PL-B model. 

 

 

A.3.6. DR-PSA-PH-A 

From the flow rate of the PH-A configuration, shown in Figure A.18, it can be determined that 

the pressurisation and feed steps are the two shock wave forming steps, therefore the model 

starts at the end of the feed step, which is the start of the blowdown step. 

 

 

Figure A.18. The half-cycle of the dual-reflux PSA PH-A configuration. 
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Blowdown Step (BD) 

The initial step of the PH-A model is the blowdown step where the corner of the double step 

function is at the coordinates ( Fz , Fy ) which is related to the arbitrary point ( *z , *y ) through  

Eq. A.21 and Eq. A.23, which become: 
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 Eq. A.81 

The arbitrary axial coordinate ^z  can be related to *z  by combining Eq. A.9, Eq. A.19 and 

integrating, resulting in: 
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 Eq. A.82 

Although Fz  is not yet known, because ^z  must be less than one as it cannot be located past 

the end of the adsorption bed, which results is the following inequality: 
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 Eq. A.83 

Once Fz  is known, the final position of the characteristics are calculated using Eq. A.21 and 

Eq. A.23, and are shown in Figure A.20. 

 

Figure A.19. Blowdown step for the DR-PH-A configuration. 
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Purge Step (PU) 

the displacement of the characteristics during the purge step can be calculated from the ideal 

gas law, Eq. A.10 and Eq. A.19: 
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 Eq. A.84 

The purge step ends when the characteristic originally at  ^, 1z y   reaches 1z  , shown 

graphically in Figure A.20, and integrating over these conditions gives the purge time which is 

identical to the feed time: 
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    Eq. A.85 

Using the purge time and Eq. A.84, the position of the characteristic at the end of the purge 

step can be calculated. Rearranging Eq. A.85 results in: 

 
  1 2

, ,

1 F H L CS L

L in L in F

A

z P P A P
n N t

RT


 




   Eq. A.86 

which shows that a fixed quantity of gas enters (and leaves) the bed during the purge step, and 

is only dependent on Fz , although Fz  along with ,L inN  are still variables. 

 

 

Figure A.20. Purge step for the DR-PH-A configuration. Note that z^ applies only to the black 

curve, it does not represent the position of the ‘bend’ in the red curve. 
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Pressurisation Step (PR) 

During the pressurisation step, the characteristics are tracked using Eq. A.21 and Eq. A.23, 

while monitoring for the formation of a shock wave in the stripping and/or enriching sections 

of the bed. 

 

 

Figure A.21. Pressurisation step for the DR-PH-A configuration. Note that a shock wave has 

formed in the enriching section of the bed, visualised as a vertical line. Note that the zF only 

applies to the ‘bend’ in the red curve; it does not represent the end of the black curve. 

 

Feed Step (FE) 

From the ideal gas law, Eq. A.10 and Eq. A.19 the displacement of the characteristics during 

the purge step can be found to be: 
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 Eq. A.87 
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 Eq. A.88 

Using these velocities and the feed time calculated from Eq. A.85, the characteristics can be 

tracked through the feed step to their final position, shown in Figure A.22, which is the same 

as the starting position in the blowdown step. 
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Figure A.22. Feed step for the DR-PH-A configuration. As this is the second shock forming step, 

both enriching and stripping shocks are formed. The end of this step is exactly the same as the 

start of the blowdown step. 

 

Model Algorithm 

As the flow rate ,L inN   cancels out between Eq. A.84 and Eq. A.85, the blowdown, purge and 

pressurisation steps are independent of the value of this variable, although these steps are 

dependent on the position of the feed stream, Fz . As this has no independent equation that it 

is calculated through an iterative process by guessing its value in the blowdown step, and 

checking if the final value in the pressurisation step (displayed as point ( ,F Fy z ) in Figure A.21) 

is equal to the initial guess. The value is accepted when the fractional error between the initial 

guess and final value is less than one part per billion. Figure A.23 shows how this iteration can 

be performed in one step, although sometimes one step produces an error on the order of ten 

parts per billion, so several more iterations are made to reduce the error to less than the 

specified one part per billion. The remainder of the model algorithm is displayed in Figure 

A.24. 
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Figure A.23. Illustration of how the iteration of the feed position can be solved in one step. The 

point z1 is found by initially estimating that the feed position is at z=0, while the point zmax is 

found from Eq. A.82 with z^ set to equal one (its maximum possible position). 

 

 

Figure A.24. The algorithm for solving the Dual-Reflux PH-A model. The iteration of Fz  is 

independent of the value of ,L inN  so this can be calculated separately from the main iteration 

of the position of the shock waves. 
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A.3.7. DR-PSA-PH-B 

In the final configuration, PH-B, shown in Figure A.25, the two shock forming steps are the feed 

and blowdown steps, hence the model starts at the end of the blowdown step, or the start of 

the purge step. 

 

 

Figure A.25. The half-cycle of the dual-reflux PSA PH-B configuration. 

 

Purge Step (PU) 

During the purge step, the elevated composition ( *y ) is found by substituting the appropriate 

values into Eq. A.21 and is the same equation as in the PH-A case: 
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 Eq. A.89 

The displacements of the characteristics are calculated from the same formulas as the PH-A 

case, although this is negated as the axial coordinate system is reversed: 
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 Eq. A.90 

Integrating this equation between the initial ( *z z ) and final ( 0z  ) position of the 

characteristic located at 1y   gives the formula for the feed, or purge, time: 
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   Eq. A.91 

Using these two equations characteristics can be tracked through the purge step, although *z  

is unknown. 

 

 

Figure A.26. Purge step for the DR-PH-B configuration. 

 

Pressurisation Step (PR) 

The characteristics are tracked through the pressurisation step according to Eq. A.21 and 

Eq. A.23. Tracking the characteristic located at ( ,F Fz y ) back to its position at the start of the 

purge step, *( 1, )z y  gives the following expression relating *z  and Fz : 
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 Eq. A.92 

However *z  and Fz  are still unknown. 
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Figure A.27. Pressurisation step for the DR-PH-B configuration. 

 

Feed Step (FE) 

During the feed step, the characteristic velocities are tracked using the same equations as in 

the PH-A case, although the sign is reversed as the axial coordinates are reversed: 
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 Eq. A.94 

These two equation along with the feed time (Eq. A.91) are used to track the characteristics to 

the end of the feed step. At this point two possibilities exist; 1) the enriching shock is fully 

developed and at a position of Fz , or 2) the enriching shock is not fully developed and a 

characteristic is located at ( ,F Fz y ) (this is the case shown in Figure A.28). 
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Figure A.28. Feed step for the DR-PH-B configuration. Note that a shock wave has formed in 

the enriching section of the bed, visualised as a vertical line. 

 

Blowdown Step (BD) 

The characteristics are tracked through the blowdown step according to Eq. A.21 and Eq. A.23, 

and at the end of this step the enriching and stripping shocks are fully developed and at 

positions *z z  and 1z   respectively, which is the position they started at in the purge 

step.   

 

 

Figure A.29. Blowdown step for the DR-PH-B configuration. As this is the second shock forming 

step, both enriching and stripping shocks are formed. The end of this step is exactly the same 

as the start of the purge step. 
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Model Algorithm 

By combining the equations from each step it can be discovered that the convergence of the 

shock positions by iteration of ,L inN , is independent of the exact value of *z  (from which Fz  

is calculated by rearranging Eq. A.92); which allows the convergence of ,L inN  and *z  to be 

separated, rather than nested together. However *z  is dependent on ,L inN , so the four steps 

are iterated while holding  * 1z    and when ,L inN  has converged, the iteration of *z  can 

begin. The error in the position of Fz  is calculated as the difference between the value from 

Eq. A.92 and the position of the leading characteristic in the enriching section at the end of the 

purge step (point ( ,F Fz y ) in Figure A.28). This error is linear with *z  so several values are 

calculated covering the entire range and then interpolated to the value that produces an error 

of zero. The overall model algorithm of the PH-B configuration is shown in Figure A.30. 
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Figure A.30. The algorithm for solving the Dual-Reflux PH-B model. The iteration of ,L inN  is 

independent of the value of *z  so the position of the shock waves can be calculated with an 

estimated value of *z , then this value is found through iteration of the first three steps of the 

model. 

 

A.3.8. Model Iteration Technique 

The technique used to solve for the low pressure reflux flow rate, ,L inN , is known as the 

bisectional method which is a very simple and robust root finding method, i.e. it finds where a 

function is equal to zero. This technique requires two initial guesses with the requirement that 

they have the opposite sign, these are shown as the lower and upper bounds in Figure A.31. As 

long as the unknown function, the red curve, has no dis-continuities in the region between the 

two bounds, there will be a root in this region. The method finds the root by splitting the 

region in half and testing the half way value for its sign. In the figure above it can be seen that 

the lower bound has a negative sign (as it is below the x-axis) while the upper bound is 

positive. As the first iteration produces a value that has a positive sign, the root is located in 

the left hand region. Halving this new region and testing the mid-point results in a negative 

value (2nd point) indicating that the root is to the right of this point. Repeating this process 

results in a smaller and smaller region that the root can be located in, and after approximately 

seventeen iterations the relative error in the shock is reduced to less than one part per million 

  6

, 1 , , 10F i F i F iz z z 

    and the iteration is said to be converged. 
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Figure A.31. The bi-section method is used to iterate the model and solve it for NL,in. This 

method requires the estimation of a lower and upper bound which define the search area, 

which is manually defined. The unknown function of NL,in always follows the general 

logarithmic form as displayed in this figure. 
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DR-PSA Separation Results 
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B.1. Introduction 

A total of 54 experiments were performed with Norit RB3 and an additional 68 experiments 

were performed with TMA-Y.  As methane is the strongly adsorbed component, the enriched 

methane stream is generated from the bottom of the columns and leaves the process in the 

heavy product gas stream. Likewise, the nitrogen is purified at the top of the columns and 

leaves the process in the light product gas steam. Each experiment was performed over (8-24) 

hours, which corresponds to approximately 100-200 cycles depending on the cycle timing, to 

allow the system to reach a cyclic steady state. We assessed several process parameters as 

indicators of cyclic steady state condition and found the best indicators to be the product 

compositions, where Figure B.32 shows the heavy product gas composition over the course of 

an entire experiment. Pressure and temperature profiles in the columns were not good 

indicators of cyclic steady state because the pressure reached a steady profile in just a few 

cycles and the temperatures changed only very slightly over a significant number of cycles. In 

addition, the ambient temperature fluctuations from day to night produced a small but 

noticeable drift in bed temperatures (up to 5 K), further reducing the reliability of 

temperatures in determining the attainment of cyclic steady state. 

 

 

Figure B.32. The progression of the heavy product composition over the course of an 

experiment as it approaches cyclic steady state. The vast majority of the experiments started 

at the end of the previous experiment so very few experiments start from a state saturated 

with nitrogen.  
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The adsorbent pellets of TMA-Y were in the form of granules that had a random shape, which 

reduced the packing density of the pellets and resulted in a bed void fraction of 0.665. The 

Norit RB3 on the other hand, was in the form of cylindrical extrudates which were able to be 

packed much denser and therefore resulted in a bed void fraction of 0.433. The resulting mass 

of adsorbent loaded into each column was approximately four hundred grams for each 

adsorbent, despite the TMA-Y having a pellet density 1.5 times greater than Norit RB3. The 

larger bed void fraction of TMA-Y also resulted in a lower pressure in the low pressure column 

due to a lower resistance on the compressor suction. 

Due to the lower specific adsorption capacity of TMA-Y, the feed/purge step was performed 

over 90 s, whereas the experiments carried out with Norit RB3 used 120 s. In addition, the 

larger void volume of TMA-Y, although balanced by a smaller adsorption capacity, required 

that the pressure reversal step in the two B cycles be slightly increased compared to the 

experiments with Norit RB3; although the pressure reversal in the two A cycles was the same 

between the two adsorbents. These differences, along with the standard operating parameters 

of the experiments, are detailed in Table B.1. The feed gas of all experiments was supplied by 

Coregas and had a stated purity of 99.995% and 99.999% for methane and nitrogen, 

respectively.  
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Table B.1. The default operating parameters used across all the dual reflux PSA experiments.  

Feed and System Parameters 

 Norit RB3 TMA-Y MSC 3K-172 
Feed flowrate (FFE) 1.25 SLPM 1.25 SLPM 0.4 SLPM 

Temperature (ambient) 20-25 °C 
High pressure (PH) 5.0 bar 
Low pressure (PL) 1.4 bar 1.1 bar 1.0 bar 

Pressure ratio 3.6 4.6 5.0 
Fractional axial feed position (zF) 0.5 

Adsorbent Details 

Material Norit RB3 TMA-Y MSC 3K-172 
Pellet size (D / L) (mm) 3 / ~5 ~3 / ~2 1 / ~3 

Mass per column 410 g 406 g 614 g 
Bed voidage 0.433 0.665 0.379 

Cycle Parameters 

 Bed 1 Bed 2 
Step I HP Heavy Purge LP Feed/Light Purge 
Step II Blowdown Pressurisation 
Step III LP Feed/Light Purge HP Heavy Purge 
Step IV Pressurisation Blowdown 

Cycle Timing 

 Norit RB3 TMA-Y MSC 3K-172 
Steps I and III (tFE/PU) 120 s 90 s (30-420) s 
Steps II and IV (tPR/BD) 

A-cycles 
 

90 s 
 

90 s 
 

30 s 
B-cycles 55 s 60 s 20 s 

 

 

B.2. Separation Results 
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Table B.2. The results of the equilibrium separation experiments performed with the adsorbent Norit RB3. 

Run 
# 

Feed 
Gas 

CH4 (%) 

Light Product 
MFM #2 
(SLPM) 

Heavy Product 
MFC #5 
(SLPM) 

Light Reflux 
MFC #4 
(SLPM) 

Heavy Reflux 
MFM #3 
(SLPM) 

Light 
Product 
N2 (%) 

Heavy 
Product 
CH4 (%) 

Specific 
Work 

(kJ/mol) 

Capture 
Work 

(kJ/molCH4) 
Notes 

PL-A 

1 74.4 0.432 0.808 2.427 3.992 0.485 0.874 14.8 25.1  

2 49.6 0.320 0.896 2.276 3.780 0.992 0.659 13.9 28.7  

3 49.6 0.387 0.853 2.231 4.017 0.972 0.725 14.9 28.8  

4 49.6 0.394 0.827 3.388 5.102 0.933 0.683 17.9 38.8  

5 10.4 0.767 0.435 1.959 3.095 0.997 0.258 11.9 127.7  

6 10.4 0.854 0.338 1.953 3.287 0.995 0.324 12.6 137.4  

7 10.4 0.951 0.229 2.712 4.341 0.991 0.424 16.6 195.6  

8 10.4 0.959 0.235 4.023 5.089 0.987 0.469 18.1 198.4  

9 10.4 0.971 0.240 1.940 3.783 0.989 0.470 16.2 172.4 tFE/PU = 60 s 

10 10.4 0.961 0.233 1.959 3.829 0.991 0.472 14.9 163.0 tFE/PU = 90 s 

11 10.4 0.962 0.244 1.970 3.748 0.991 0.455 13.9 151.3  

12 10.4 0.965 0.235 1.978 3.745 0.987 0.452 13.2 150.0 tFE/PU = 180 s 

13 10.4 0.967 0.245 2.796 4.529 0.992 0.484 16.4 166.7  

14 10.4 1.044 0.171 2.717 4.840 0.971 0.558 17.8 219.7  

15 10.4 0.965 0.261 2.287 4.030 0.993 0.457 14.6 149.6  

16 10.4 0.955 0.259 2.036 3.826 0.993 0.462 13.9 143.2  

17 10.4 1.044 0.167 1.965 4.293 0.976 0.615 15.7 184.2  

18 10.4 1.003 0.269 1.301 3.099 0.989 0.448 11.3 118.9  

19 10.4 1.046 0.160 1.237 3.430 0.967 0.580 12.7 167.9  

20 10.4 1.028 0.233 0.801 2.558 0.963 0.402 9.7 130.8  

21 10.4 1.030 0.217 2.033 4.013 0.984 0.521 14.4 157.9  

22 10.4 1.057 0.185 2.057 4.322 0.980 0.578 15.4 177.9  

23 10.4 1.101 0.084 2.003 4.451 0.943 0.660 16.0 351.8  
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Run 
# 

Feed 
Gas 

CH4 (%) 

Light Product 
MFM #2 
(SLPM) 

Heavy Product 
MFC #5 
(SLPM) 

Light Reflux 
MFC #4 
(SLPM) 

Heavy Reflux 
MFM #3 
(SLPM) 

Light 
Product 
N2 (%) 

Heavy 
Product 
CH4 (%) 

Specific 
Work 

(kJ/mol) 

Capture 
Work 

(kJ/molCH4) 
Notes 

24 10.4 1.099 0.132 2.054 4.527 0.961 0.646 16.1 232.1  

25 10.4 1.150 0.045 2.028 4.287 0.914 0.587 14.9 677.6 tFE/PU = 180 s 

26 10.4 1.164 0.047 2.014 4.577 0.919 0.680 16.4 621.6  

27 10.4 1.146 0.063 1.996 4.777 0.929 0.719 17.7 474.9 tFE/PU = 90 s 

28 10.4 1.121 0.069 1.972 4.964 0.933 0.735 19.9 471.7 tFE/PU = 60 s 

29 4.1 0.959 0.252 2.281 3.423 0.999 0.192 12.9 320.6  

30 4.1 1.001 0.226 1.534 2.837 0.998 0.212 10.9 278.0  

31 2.4 1.077 0.059 3.775 5.265 0.993 0.325 19.9 1170.5  

32 2.4 1.153 0.070 2.302 3.971 0.997 0.357 14.4 707.7  

33 2.4 1.165 0.028 2.223 4.353 0.984 0.513 16.0 1333.4  

34 2.4 1.205 0.053 0.811 2.501 0.987 0.279 9.6 821.6  

PH-A 

35 10.4 0.869 0.337 1.984 2.357 0.998 0.365 10.0 93.6  

36 10.4 0.959 0.230 5.009 4.924 0.985 0.450 18.3 205.3  

37 10.4 0.968 0.233 4.010 4.279 0.990 0.478 16.3 169.0  

38 10.4 0.966 0.238 2.983 3.541 0.993 0.498 13.9 135.2  

39 10.4 0.955 0.233 2.042 2.675 0.990 0.467 11.1 116.5  

40 10.4 0.962 0.227 1.062 1.597 0.975 0.417 7.5 91.1  

41 10.4 1.037 0.159 2.056 2.902 0.966 0.542 11.8 157.2  

42 10.4 1.166 0.027 2.257 2.981 0.991 0.428 12.1 1216.2  

PL-B 

43 10.4 0.966 0.227 4.135 5.092 0.972 0.402 16.9 226.8  

44 10.4 0.960 0.234 3.157 4.439 0.979 0.452 15.1 172.0  

45 10.4 0.950 0.241 2.159 3.749 0.991 0.465 12.8 139.1  

46 10.4 0.947 0.232 2.133 3.664 0.988 0.455 12.5 144.4  

47 10.4 0.951 0.238 1.173 2.881 0.992 0.450 10.1 114.5  
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Run 
# 

Feed 
Gas 

CH4 (%) 

Light Product 
MFM #2 
(SLPM) 

Heavy Product 
MFC #5 
(SLPM) 

Light Reflux 
MFC #4 
(SLPM) 

Heavy Reflux 
MFM #3 
(SLPM) 

Light 
Product 
N2 (%) 

Heavy 
Product 
CH4 (%) 

Specific 
Work 

(kJ/mol) 

Capture 
Work 

(kJ/molCH4) 
Notes 

48 10.4 0.967 0.229 0.618 2.350 0.987 0.436 8.4 102.6  

PH-B 

49 10.4 0.952 0.234 4.109 4.234 0.983 0.444 14.2 167.8  

50 10.4 0.956 0.238 3.151 3.570 0.987 0.467 12.1 133.9  

51 10.4 0.955 0.233 2.120 2.687 0.986 0.477 9.5 103.6  

52 10.4 0.955 0.232 2.113 2.719 0.987 0.460 9.5 109.1  

53 10.4 0.983 0.233 1.151 1.818 0.980 0.458 6.7 77.0  

54 10.4 0.981 0.229 0.664 1.256 0.972 0.424 4.9 62.6  

 

Table B.3. The results of the equilibrium separation experiments performed with the adsorbent TMA-Y. 

Run 
# 

Feed 
Gas 

CH4 (%) 

Light Product 
MFM #2 
(SLPM) 

Heavy Product 
MFC #5 
(SLPM) 

Light Reflux 
MFC #4 
(SLPM) 

Heavy Reflux 
MFM #3 
(SLPM) 

Light 
Product 
N2 (%) 

Heavy 
Product 
CH4 (%) 

Specific 
Work 

(kJ/mol) 

Capture 
Work 

(kJ/molCH4) 
Notes 

PL-A 

1 40.0 0.429 0.774 1.030 2.198 1.000 0.631 11.2 27.6  

2 40.0 0.542 0.666 1.078 2.426 0.954 0.696 12.1 31.5  

3 40.0 0.675 0.539 1.124 2.585 0.858 0.718 12.6 39.6  

4 40.0 0.782 0.415 1.165 2.821 0.789 0.760 13.6 52.0  

5 40.0 0.907 0.277 1.179 3.054 0.726 0.817 14.5 77.3  

6 20.0 0.719 0.491 1.047 2.375 1.000 0.525 11.8 55.5  

7 20.0 0.820 0.392 1.059 2.744 0.999 0.630 13.2 65.1  

8 20.0 0.925 0.270 1.089 2.982 0.940 0.686 14.0 92.6  

9 20.0 1.143 0.056 1.077 3.405 0.832 0.798 15.8 429.5  

10 20.0 1.087 0.127 1.114 3.273 0.858 0.758 15.0 193.3  
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Run 
# 

Feed 
Gas 

CH4 (%) 

Light Product 
MFM #2 
(SLPM) 

Heavy Product 
MFC #5 
(SLPM) 

Light Reflux 
MFC #4 
(SLPM) 

Heavy Reflux 
MFM #3 
(SLPM) 

Light 
Product 
N2 (%) 

Heavy 
Product 
CH4 (%) 

Specific 
Work 

(kJ/mol) 

Capture 
Work 

(kJ/molCH4) 
Notes 

11 10.4 0.946 0.250 1.023 2.509 1.000 0.510 12.2 117.3  

12 10.4 0.858 0.336 1.058 2.154 1.000 0.356 10.9 111.2  

13 10.4 0.960 0.245 1.048 2.625 1.000 0.521 12.8 121.4  

14 10.4 0.989 0.213 1.057 2.811 0.998 0.604 13.4 127.0  

15 10.4 1.007 0.185 1.047 2.967 0.994 0.650 14.0 142.5  

16 10.4 0.994 0.152 3.035 5.124 0.974 0.570 22.6 313.8  

17 10.4 1.038 0.158 2.035 3.976 0.972 0.642 18.2 214.9  

18 10.4 1.035 0.160 1.052 3.067 0.980 0.667 14.4 164.9  

19 10.4 0.995 0.156 0.566 2.290 0.974 0.566 11.4 157.4  

20 10.4 0.980 0.159 0.317 1.962 0.967 0.539 10.1 144.2  

21 10.4 1.072 0.123 1.029 3.156 0.963 0.703 14.9 208.8  

22 10.4 1.090 0.097 1.060 3.225 0.958 0.715 15.0 265.0  

23 10.4 1.128 0.067 1.052 3.244 0.923 0.708 15.3 388.3  

24 10.4 1.152 0.040 1.052 3.266 0.925 0.706 15.3 661.1  

25 2.6 1.034 0.059 1.052 2.527 1.000 0.437 13.4 584.3  

26 2.6 1.043 0.047 1.050 2.591 1.000 0.460 13.7 703.9  

27 2.6 1.055 0.037 1.057 2.869 0.999 0.556 14.8 810.9  

28 2.6 1.063 0.025 1.003 2.974 0.998 0.588 15.4 1175.8  

29 2.6 1.071 0.013 1.089 3.141 0.994 0.653 15.9 2125.4  

PH-A 

30 10.4 0.875 0.342 1.025 1.013 1.000 0.364 6.5 63.8  

31 10.4 0.965 0.238 0.989 1.287 0.999 0.508 7.5 76.2  

32 10.4 0.981 0.202 1.078 1.318 0.984 0.531 7.7 87.1  

33 10.4 1.010 0.182 1.020 1.352 0.979 0.557 7.8 93.8  

34 10.4 1.049 0.154 1.054 1.374 0.965 0.542 7.8 115.0  

35 10.4 1.064 0.124 1.056 1.562 0.967 0.665 8.6 127.5  
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Run 
# 

Feed 
Gas 

CH4 (%) 

Light Product 
MFM #2 
(SLPM) 

Heavy Product 
MFC #5 
(SLPM) 

Light Reflux 
MFC #4 
(SLPM) 

Heavy Reflux 
MFM #3 
(SLPM) 

Light 
Product 
N2 (%) 

Heavy 
Product 
CH4 (%) 

Specific 
Work 

(kJ/mol) 

Capture 
Work 

(kJ/molCH4) 
Notes 

36 10.4 1.083 0.096 1.058 1.590 0.952 0.672 8.7 165.8  

37 10.4 1.142 0.040 1.027 1.656 0.922 0.672 9.0 410.0  

38 10.4 1.134 0.034 1.091 1.660 0.921 0.693 10.4 538.7 tFE/PU = 60 s 

PH-A – Vacuum Swing Adsorption – PH = 2.0 bar, PL = 0.7 bar 

39 10.4 1.044 0.161 1.044 1.337 0.975 0.548 4.8 65.7 tPR/BD = 90 s 

40 10.4 1.048 0.161 1.033 1.344 0.978 0.552 4.8 65.3  

41 10.0 0.835 0.125 1.035 1.410 0.973 0.574 6.2 84.1 FFE = 1 SLPM 

42 10.4 0.966 0.241 1.045 1.198 0.995 0.494 4.4 44.9  

43 10.4 0.872 0.343 1.043 0.963 1.000 0.359 3.8 37.3  

44 10.4 1.156 0.051 1.075 1.553 0.928 0.643 5.3 196.0  

45 10.4 1.041 0.164 2.030 2.488 0.975 0.586 7.7 98.7  

46 10.4 1.054 0.150 0.335 0.450 0.941 0.376 2.4 52.4  

47 10.4 1.049 0.155 0.555 0.757 0.955 0.475 3.2 53.4  

PL-B 

48 10.4 0.850 0.338 1.199 2.187 0.998 0.337 9.9 104.7  

49 10.4 0.953 0.235 1.195 2.573 0.991 0.505 11.3 115.9  

50 10.4 1.012 0.178 1.152 2.679 0.969 0.534 11.9 149.9  

51 10.4 1.022 0.156 1.169 2.706 0.973 0.529 12.0 174.6  

52 10.4 1.072 0.113 1.207 2.783 0.940 0.555 12.2 235.7  

53 10.4 1.092 0.088 1.172 2.821 0.934 0.560 12.4 303.3  

54 10.4 1.137 0.037 1.203 2.865 0.917 0.557 12.5 736.9  

PH-B 

55 10.4 0.889 0.335 1.189 1.008 0.974 0.302 5.3 63.3  

56 10.4 0.982 0.237 1.231 1.250 0.973 0.433 6.2 73.4  

57 10.4 1.031 0.178 1.133 1.400 0.976 0.557 6.8 83.4  

58 10.4 1.053 0.159 0.999 1.501 0.974 0.617 7.1 88.9  
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Run 
# 

Feed 
Gas 

CH4 (%) 

Light Product 
MFM #2 
(SLPM) 

Heavy Product 
MFC #5 
(SLPM) 

Light Reflux 
MFC #4 
(SLPM) 

Heavy Reflux 
MFM #3 
(SLPM) 

Light 
Product 
N2 (%) 

Heavy 
Product 
CH4 (%) 

Specific 
Work 

(kJ/mol) 

Capture 
Work 

(kJ/molCH4) 
Notes 

59 10.4 1.075 0.125 1.163 1.552 0.972 0.744 7.4 96.6  

60 10.4 1.098 0.116 1.242 1.753 0.969 0.839 8.2 102.1  

61 10.4 1.152 0.044 1.183 1.840 0.933 0.856 8.5 273.3  

62 10.4 1.102 0.104 1.165 1.880 0.967 0.833 8.6 121.4 zF = 0.629 

63 10.4 1.097 0.103 1.202 1.880 0.966 0.845 8.6 120.5 zF = 0.758 

64 10.4 1.105 0.102 1.213 1.851 0.963 0.830 8.5 122.2 zF = 0.887 

65 10.4 1.089 0.103 1.205 1.847 0.967 0.831 8.5 121.1 zF = 0.887 

66 10.4 1.093 0.104 0.936 1.494 0.969 0.868 7.2 95.9 zF = 0.887 

67 10.4 1.087 0.104 0.693 1.114 0.966 0.850 5.7 78.5 zF = 0.887 

68 10.4 1.085 0.100 0.422 0.703 0.960 0.794 4.1 62.7 zF = 0.887 

 

Table B.4. The results of the kinetic separation experiments performed with the adsorbent MSC 3K-172. All experiments were carried out with a feed gas 

composition of 75.0 mol% methane. 

Run 
# 

Feed 
Time 

(s) 

Light Product 
MFM #2 
(SLPM) 

Heavy Product 
MFC #5 
(SLPM) 

Light Reflux 
MFC #4 
(SLPM) 

Heavy Reflux 
MFM #3 
(SLPM) 

Light 
Product 
CH4 (%) 

Heavy 
Product 
N2 (%) 

Specific 
Work 

(kJ/mol) 

Capture 
Work 

(kJ/molCH4) 
Notes 

PL-A 

1 60 0.590 0.322 1.080 2.350 0.845 0.400 12.9 25.2 FFE = 1.0 SLPM 

2 60 0.487 0.460 1.094 2.127 0.874 0.357 12.1 26.8 FFE = 1.0 SLPM 

3 60 0.504 0.256 1.068 2.224 0.856 0.397 15.6 27.6 FFE = 0.8 SLPM 

4 60 0.213 0.114 0.359 1.128 0.852 0.364 17.4 35.1  

5 60 0.256 0.110 0.726 1.535 0.873 0.378 22.5 37.7  

6 30 0.612 0.303 2.769 4.273 0.836 0.322 24.1 44.9 FFE = 1.0 SLPM 
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Run 
# 

Feed 
Time 

(s) 

Light Product 
MFM #2 
(SLPM) 

Heavy Product 
MFC #5 
(SLPM) 

Light Reflux 
MFC #4 
(SLPM) 

Heavy Reflux 
MFM #3 
(SLPM) 

Light 
Product 
CH4 (%) 

Heavy 
Product 
N2 (%) 

Specific 
Work 

(kJ/mol) 

Capture 
Work 

(kJ/molCH4) 
Notes 

7 30 0.621 0.337 0.665 2.582 0.824 0.300 15.0 28.1 FFE = 1.0 SLPM 

8 60 0.698 0.235 1.442 2.762 0.839 0.403 15.8 25.0 FFE = 1.0 SLPM 

9 240 0.245 0.119 0.367 1.174 0.863 0.487 16.0 28.8  

10 300 0.239 0.123 0.368 1.085 0.866 0.450 15.0 27.2  

11 180 0.251 0.119 0.368 1.156 0.878 0.463 15.8 27.6  

12 120 0.245 0.116 0.368 1.177 0.875 0.452 16.3 29.3  

13 120 0.230 0.117 0.745 1.591 0.887 0.416 23.3 41.1  

PH-A 

14 240 0.249 0.122 0.737 1.086 0.865 0.434 15.3 26.3  

15 240 0.245 0.123 0.370 0.638 0.877 0.478 9.3 15.8  

16 300 0.248 0.122 0.371 0.621 0.880 0.469 9.0 15.0  

17 420 0.252 0.123 0.370 0.573 0.866 0.444 8.1 13.7  

18 180 0.256 0.118 0.372 0.663 0.888 0.479 9.8 15.8  

19 120 0.259 0.117 0.366 0.702 0.879 0.454 10.7 17.1  

20 60 0.245 0.115 0.359 0.746 0.853 0.361 12.3 21.3  

PL-B 

21 180 0.182 0.127 0.353 0.994 0.912 0.324 15.9 31.7  

22 120 0.188 0.123 0.375 1.031 0.923 0.330 17.1 32.1  

23 240 0.194 0.131 0.373 0.939 0.898 0.312 15.0 28.3  

24 300 0.193 0.134 0.366 0.919 0.888 0.308 14.3 27.9  

25 60 0.170 0.117 0.371 1.214 0.945 0.281 20.9 42.5  

PH-B 

26 60 0.281 0.103 0.142 0.872 0.899 0.524 13.7 20.1  

27 60 0.267 0.103 0.214 0.941 0.895 0.540 14.2 22.8  

28 60 0.272 0.105 0.326 1.107 0.891 0.520 16.6 25.9  

29 60 0.272 0.103 0.466 1.242 0.891 0.513 18.3 28.7  
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Run 
# 

Feed 
Time 

(s) 

Light Product 
MFM #2 
(SLPM) 

Heavy Product 
MFC #5 
(SLPM) 

Light Reflux 
MFC #4 
(SLPM) 

Heavy Reflux 
MFM #3 
(SLPM) 

Light 
Product 
CH4 (%) 

Heavy 
Product 
N2 (%) 

Specific 
Work 

(kJ/mol) 

Capture 
Work 

(kJ/molCH4) 
Notes 

30 60 0.274 0.103 0.653 1.371 0.887 0.498 19.9 31.4  

31 120 0.280 0.109 0.147 0.616 0.903 0.575 8.9 13.7  

32 120 0.271 0.111 0.221 0.717 0.901 0.552 10.6 16.2  

33 120 0.265 0.114 0.364 0.883 0.885 0.526 12.3 20.5  

34 120 0.269 0.115 0.515 1.020 0.888 0.498 14.3 23.0  

35 180 0.269 0.112 0.138 0.504 0.907 0.579 7.3 11.4  

36 180 0.272 0.116 0.357 0.764 0.879 0.510 10.6 17.1  

37 240 0.273 0.118 0.361 0.684 0.872 0.491 9.4 15.2  

38 300 0.273 0.121 0.348 0.636 0.863 0.472 8.5 14.2  

39 120 0.221 0.165 0.148 0.467 0.923 0.459 7.1 13.2  

40 120 0.217 0.176 0.190 0.577 0.928 0.445 8.5 16.2  

41 120 0.209 0.177 0.356 0.749 0.919 0.431 10.5 21.4  
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