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ABSTRACT 

Biogas, a renewable energy source derived from organic materials, offers significant potential for 

creating sustainable power sources and minimize environmental pollution. However, the presence 

of contaminants like carbon dioxide (CO2) and hydrogen sulfide (H2S) in biogas can reduce its 

usefulness and efficiency in a number of applications. To address this issue, this research focuses 

on the purification of biogas using clay adsorbent. 

This study investigates the adsorption capacity of clay minerals, such as montmorillonite, in 

removing CO2 and H2S from biogas. In this study, Grand Canonical Monte Carlo (GCMC) 

simulations were performed using a self-consistent forcefield to predict adsorption isotherms for 

methane, carbon dioxide, ethane, and hydrogen sulfide in montmorillonite lattice. The 

experimental setup involved a Pressure Swing Adsorption (PSA) column, where biogas passes 

through the adsorbent, leading to the adsorption of impurities while maintaining the methane 

content, thus enhancing the overall biogas quality. 

The model was fitted with Langmuir adsorption isotherms for all species at different pressures 

and ambient temperature, coupled with batch equilibrium approach to model the PSA system. 

The equilibrium modelling of a pressure swing adsorption system to purify CH4/CO2 feedstock 

was demonstrated in such that a system can be incorporated into a solar biogas reforming process, 

targeting purity of 93-96 mol-% methane, which was readily achievable. 

The modelling of PSA indicate that the system could produce over 96% of methane and a recovery 

of around 82% at low pressure. The findings suggest that the choice of clay adsorbent and 

optimization of process parameters can significantly enhance the purification efficiency of biogas 

via pressure-swing adsorption. The strong selectivity of the montmorillonite adsorbent has 

affinity to adsorb carbon dioxide and other species at low pressures, even though nitrogen require 

more pressure to be adsorbed onto the montmorillonite bed. 
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 CHAPTER 1-INTRODUCTION 

1.1 Background 

With the current energy crisis in South Africa, biogas should be explored and exploited more as 

an alternative and complementary energy source. However, to increase biogas production, there 

are still some vital processes that need to be improved, for environmental and economic reasons. 

The use of this variant of green energy source would decrease the nation’s dependency on 

depleting fossil fuels which are large contributors to rise of the level of CO2 and its impacts. The 

current consumption of fossil fuels, as well as the environmental impact of greenhouse gases, are 

driving research into renewable energy production from organic resources and waste. 

However, the biogas industry in South Africa is still in its infancy, even though the first biogas 

implementations in South Africa began in 1962 but failed to progress for unclear reasons(Thopil 

et al., 2018). In developed nations such Germany, Austria, and Sweden, however, the biogas 

industry did mature(Ingo et al., 2022). Unfortunately, biogas production has also historically been 

documented to produce some greenhouse gases, namely, methane (CH4) and carbon dioxide 

(CO2). Biogas purification studies have thus been undertaken to reduce the emissions it releases 

to the environment.  

There are five essentials renewable energy sources (RE): solar energy, hydropower, wind energy, 

biomass energy, and geothermal energy that are used around the globe. These resources have a 

vital chance of helping many nations deal with the current energy crisis.  Therefore, maintaining 

these assets' improvement is crucial to resolving the current energy challenges(Abdul et al., 2022). 

Remarkably, the majority of research on renewable energy has been carried out in rich countries 

with steady energy supplies. As a result, making sure that such climate-friendly technology is 

widely deployed is a crucial concern for developing nations(Koniuszewska et al., 2021). 

Investment in RE technology, like solar photovoltaic panels, has already resulted in substantial 

cost savings in several economies, as they do not require fuel which needs to be extracted and 

transported. To meet their energy needs, the majority of nations have diversified into various 

renewable and sustainable energy sources. These changes include detrimental effects on health, 

the environment, and the potential depletion of fossil fuels (oil, gas, and coal) and/or low water 

table, which is what causes the decline in dam water levels(Gielen et al., 2019). The following 

sections include an overview of the possible reserves of solar, wind, hydropower, and biomass 

resources. Such technologies have a tremendous capacity for countries. Examples include 
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Pakistan, China, Germany, India, Brazil, USA, which has already introduced many of the RE 

technologies that have been discussed. The most widely used RE technologies are Hydropower 

and Solar power which ideally used for industrial energy supply. 

 

1.2 Problem statement 

Because of its economic and environmental sustainability, the ongoing global shift in the energy 

sector from fossil fuels to low-carbon sources has been progressively integrated into national 

energy plans(Kihombo et al., 2021). Biogas preserves 75 to 80% of its energy content and can be 

used in power generation, although raw biogas sources (whether from landfill or anaerobic 

digestion) lead to a diverse range of impurities which contribute towards climate change around 

the globe(Rafiee et al., 2021).  

Renewable energy sources (RE) offer an alternative solution to non-sustainable energy sources 

and reduce economic cost, environmental impact and improve social welfare. Although selection 

of RE resources have a high preference, from the technical aspects, the maturity of the technology 

is essential for the implementation of RE sources. In terms of environmental, land requirement 

CO2 emitted during biogas combustion is part of the natural carbon cycle since the organic 

materials used to produce biogas initially absorbed CO2 during their growth(Damyanova and 

Beschkov, 2020). By capturing and utilizing biogas, methane emissions from waste 

decomposition are significantly reduced, contributing to climate change mitigation. Biogas 

purification studies have been undertaken in the direction of reducing the emissions released to 

the environment, however each technology comes with its own unique limitations and sensitivity 

to contaminants, such as selectivity of the adsorbent that would produce high purity of the 

upgraded biogas. Some technology requires intensive-energy processes to remove impurities like 

CO2 and moisture form biogas (Das et al., 2022) .  

This study would explore the differential sorption of the various gases in pressure swing operation 

to separate the various components for downstream processing. The main aim is to investigate 

the suitability of montmorillonite as a novel adsorbent for biogas purification. This will be 

accomplished by using Monte Carlo simulations in the grand canonical ensemble simulation to 

develop adsorption isotherms, along with macro-scale batch equilibrium modeling. 
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1.3 Aims and objectives. 

In many gas separation applications, the Pressure Swing Adsorption (PSA) optimization 

procedures provide realistic statistical information based on historical and empirical data through 

the design of experiment techniques. It is anticipated that the competitiveness of this technique 

for upgrading biogas would increase. The main focus of this study is: 

● To determine the effectiveness of montmorillonite as a biogas purifier. Montmorillonite 

has shown promise as a biogas purifier due to its high surface area and ion exchange capacity. 

These properties make it effective in adsorbing and removing H2S from biogas to an acceptable 

level. Other impurities such as ammonia, nitrogen, propane, and ethane may be present in the 

biogas, and the choice of purification process is determined by the specific pollutants present as 

well as the biogas's intended purpose. The study focuses more on the removal of carbon dioxide 

and hydrogen sulphide.  

● Establish the optimal operating condition of a Pressure Swing Adsorption (PSA) system 

using montmorillonite. The main cause of this is the degree of complexity that a PSA displays in 

its operational stage, while also providing a high degree of flexibility in its design and operation. 

This necessitates the careful selection of crucial decision variables in order to identify the ideal 

condition for high performance in order to eliminate impurities (Khajuria, 2011) . The flexibility 

of the PSA process is the use of operating pressure to effectively control the adsorption and 

subsequent preferential desorption processes.  

Factors such as pore size, surface area, and adsorption capacity determine the system's selectivity, 

efficiency, and capacity for gas separation. Temperature and pressure control are crucial during 

the regeneration phase of the PSA cycle (Hao et al., 2018) as it is influences the adsorption and 

desorption processes within the PSA system. By adjusting these parameters, PSA systems can 

tailor the separation process to target specific gas contaminants or impurities present in the feed 

gas mixture(Maniarasu et al., 2023). Maintaining optimal conditions throughout the adsorption 

and desorption phases, mixture can maximize the yield of purified gas while minimizing energy 

consumption and operating costs. Controlling temperature and pressure conditions(Raganati et 

al., 2021), the system can ensure effective regeneration of the adsorbent and restore its adsorption 

capacity, while minimizing energy consumption and maximizing the adsorbent's lifespan. 
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1.4 Approach 

Atomistic molecular simulations, such as molecular dynamics (MD) or Monte Carlo (MC) 

simulations, model the behaviour of individual molecules at the atomic or molecular level. These 

simulations provide detailed insights into adsorption processes, including adsorbate-adsorbent 

interactions, surface morphology, and diffusion kinetics. Understanding the microscopic 

mechanisms of adsorption, predicting adsorption capacities, investigating the effect of surface 

modifications, and exploring adsorbate diffusion dynamics. 

Classical adsorption isotherms, such as Langmuir, Freundlich, and BET (Brunauer-Emmett-

Teller) models(Saadi et al., 2015), describe the equilibrium relationship between gas or liquid 

adsorbate concentrations and the surface coverage of adsorbent materials at the macroscopic level. 

Characterizing adsorption behaviour, estimating adsorption capacities, determining surface areas 

and pore volumes of adsorbents, and optimizing process conditions for adsorption-based 

separation or purification systems(Gautam et al., 2023). 

Macro-scale batch equilibrium modelling involves solving mass balance equations to predict the 

distribution of adsorbate species between the liquid or gas phase and the adsorbent material under 

batch equilibrium conditions(Choi et al., 2001, Davarpanah et al., 2020). Designing and 

optimizing adsorption processes, conditions adsorption columns or packed beds, evaluating 

adsorbent performance under dynamic conditions, and estimating process parameters like 

breakthrough curves and loading capacities.  

While each technique operates at different scales and provides unique insights into adsorption 

phenomena, they can be complementary in understanding and modelling adsorption processes 

comprehensively. Atomistic molecular simulations offer detailed molecular-level insights, 

classical adsorption isotherms provide semi-empirical descriptions of macroscopic behaviour, and 

macro-scale equilibrium modelling enables the prediction of system-level performance under 

practical operating conditions(Sautetj et al.). Integrating these approaches can facilitate a more 

comprehensive understanding of adsorption phenomena and aid in the design and optimization of 

adsorption-based separation processes.  
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1.5 Structure of the thesis 

This dissertation is divided into five chapters, which are briefly summarized below. 

Chapter 1: The first chapter introduces and contextualizes the whole investigation, emphasizing 

the purpose for the study and the intended conclusion.  

Chapter 2: The second chapter provides a review of the literature, focusing on the background 

information on the pressure swing adsorption for separation of carbon dioxide using 

montmorillonite clay. Furthermore, the discussions about various types of upgrading processes, 

the design of experiment (DOE) knowledge, which is a tool for process optimization is clearly 

displayed. 

Chapter 3: The third chapter describes the research approach used in this research work and the 

corresponding simulations conducted to achieve required objectives on the network models gives 

an experimental methodology with some difficulties encountered. In addition, the processes for 

the characterization of adsorbents are described in depth. Finally, it explains the process 

optimization, analytical and data simulation approaches. 

Chapter 4: The findings and discussions are presented in this chapter, including comparative 

analysis approach. Finally, the results of RSM optimization are provided. 

Chapter 5: The conclusion and recommendations are presented in this chapter. This chapter 

summarizes the major results of the study and draws recommendations for future works. 
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 CHAPTER 2- LITERATURE REVIEW 

2.1. Introduction 

The field of bioenergy is currently experiencing rapid advancements in both technology and 

economics. Biogas has received significant attention from both academic and industrial 

sectors(Das et al., 2022). Consequently, the biogas purification market is facing significant 

challenges in terms of technology, energy consumption, and investment costs. Selecting the 

appropriate technology for biogas purification is dependent on site-specific factors, including 

local biomethane requirements. Thus, achieving sustainable development for biogas plants 

requires finding a balance between technology selection and required standards, such as selection 

of feedstock that is renewable and locally available. Optimizing the biogas production process to 

maximize energy output will require continuous evaluation of plant operations to improve 

efficiency and reduce costs. This chapter provides an overview of the methods that has been 

conducted with an aid of producing bioenergy.  

Molecular simulation techniques, such as Monte Carlo simulations and molecular dynamics 

simulations, can provide insights into the underlying mechanisms of the separation process and 

aid in the design and optimization of PSA systems(Tao et al., 2022). Both methods aid to generate 

adsorption isotherms, which describe the relationship between the amount of adsorbate (gas) 

adsorbed onto the adsorbent and how gas molecules interact with porous solid adsorbent at atomic 

level. They can also give insights into how different factors, surface chemistry, temperature and 

pore size, can affect the adsorption process.   

2.2. Montmorillonite 

The primary component of the clay mineral montmorillonite, which is locally accessible in South 

Africa (a commercially exploited deposit is located close to Heidelberg in the Western Cape 

province), (Lasich, 2020)Montmorillonite possesses a large surface area per unit mass due to its 

layered structure, the  characteristic provides ample active sites for gas molecules to adsorb onto 

the surface, facilitating gas separation(Li et al., 2011). By tuning its surface chemistry, 

montmorillonite can preferentially adsorb certain gas components while allowing others to pass 

through, enabling efficient gas separation. Montmorillonite exhibits significant swelling when 

hydrated, leading to an increase in interlayer spacing(Du et al., 2020). This property enhances its 
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gas adsorption capacity and allows for the intercalation of gas molecules between its layers, 

contributing to gas separation efficiency. 

The regenerability allows for the repeated use of montmorillonite adsorbents, reducing 

operational costs and environmental impact. Its cost-effectiveness makes it an attractive option 

for various gas separation applications, particularly in industries where cost considerations are 

dominant. Montmorillonite is chemically stable under a wide range of conditions, including 

elevated temperatures and varying gas compositions. Its stability ensures the reliability and 

longevity of montmorillonite-based adsorbents as it can be regenerated by desorbing adsorbed 

gas molecules through temperature or pressure swing processes.  

2.3. Biogas 

Biogas is a renewable energy source that can be used for various energy applications. It can be 

utilized in combined heat and power (CHP) systems, where it is used to generate both power and 

heat simultaneously, space heating and cooking. Industrial processes can also use it for heat and 

steam production and replacing fossil fuels. Additionally, biogas can power vehicles once it 

undergoes a purification process to eliminate contaminants (biogas cleaning and upgrading). 

Nonetheless, the removal of CO2 from methane is a crucial stage in biogas upgrading processes 

and is currently a major obstacle to the widespread use of biogas. Methane is the main component 

of biogas, which accounts for its substantial energy potential. Once it has undergone suitable 

processing, it can be converted into bio-methane and used as a fuel to generate electricity, thus 

reducing dependence on non-renewable energy sources. The use of biogas as an energy source 

also helps to reduce methane emissions into the atmosphere, which is highly beneficial given that 

methane has a global warming potential that is 23 times greater than carbon dioxide(Abdeshahian 

et al., 2016). There are four primary biological and chemical stages hydrolysis, acidogenesis, 

acetogenesis, and methanogenesis involve complicated microbial interactions to produce biogas, 

which is obtained by methane fermentation in anaerobic digestion(Koniuszewska et al., 2020). 

Methane content varies; biogas produced from agricultural waste has the highest methane content 

(80%), while landfill gas has the lowest (35%). It demonstrates that, depending on the kind of 

substrate, methane output can range from 35% to 80%. The biogas production is a viable and 

sustainable choice to generate a decentralized and low carbon emission-based energy economy to 

reduce the current environmental load partially by using a wide range of feedstock such as 

industrial wastewater, agricultural waste, sewage sludge and left-over carbon-based material from 

biodiesel and ethanol production units.   
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Generating sustainable energy can be accomplished by utilizing biogas, which offers a number of 

ecological benefits. The calorific value of biogas equals that of half a liter of diesel oil (6 

kWh/m3), making it a viable alternative to other rural energy sources such as kerosene, hard coal, 

wood, plant residues, or propane(Koniuszewska et al., 2020). Biogas utilization can have a 

positive impact on the environment by reducing the release of greenhouse gases and air pollution 

that are associated with burning and extraction of fossil fuels which leads to degradation of 

environment.  

The primary utilization of biogas is for the generation of electricity and Combined Heat and Power 

(CHP), and its incorporation into the national power grid. Similar to all other sustainable energy 

sources, the adoption of biogas technology would lead to a decrease of greenhouse gas (GHG) 

emissions and air pollution, as non-renewable fossil fuels are expected to be consumed less. In 

Figure 2.1, a life-cycle analysis has been carried out to compare the GHG emissions linked with 

different electricity production options, such as biogas, fossil fuels, and other forms of renewable 

energy sources. The negative emissions associated with biogas-CHP are due to replacing oil fuel 

with biogas(Mondal et al., 2018) . 

 

Figure 2-1  Analysis of diverse carbon dioxide discharges linked to various alternatives of 

power generation(Mondal et al., 2018). 
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2.3.1. Biogas Plants 

A biogas plant is a common name for an anaerobic digester that processes farm waste or energy 

crops. These air-tight tanks with various configurations can generate biogas, using energy crops 

such as maize silage or biodegradable waste like sewage sludge and food waste. The process 

involves microorganisms transforming biomass waste into biogas, consisting mainly of methane 

and carbon dioxide, as well as digestate. Co-digesting wastewater with other residuals from dairy, 

sugar, or brewery industries can increase biogas yields(Achinas et al., 2017). The use of anaerobic 

digestion technologies for biogas production helps to reduce environmental pollution, greenhouse 

gas emissions, fossil fuel and chemical fertilizer usage, and improve the quality of life for rural 

and suburban residents(Janzen et al., 2020). 

The usage of biogas as a supply of electricity is not a new idea at the worldwide level. However, 

in recent times, the effect of low-carbon, sustainable bioenergy programs on a nation's renewable 

energy have gained more interests. Figure 2.2 presents biogas plants in Europe at each country In 

the European Union, there may be a growing interest in bioenergy because of the need to promote 

renewable energy and achieve diverse goals such as(Scarlat et al., 2018):   

• lowering dependence on non-renewable fossil fuels.  

• curtailing emissions that make contributions to climate change.  

• creating new profits streams for the agro-forestry sector; and 

• enhancing effective waste disposal. 

Germany was the first country to develop biogas plants for biowaste in the 1990s. China, India, 

the United States of America, and European nations use biogas technology extensively and more 

prudently.  
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Figure 2-2  Illustration of biogas plants in Europe per country in 2015(Scarlat et al., 2018). 

Despite some delays globally, especially in the next few years from 2022 to 2027, the world's 

biogas production is expected to continue rising with the introduction of new technologies and 

innovation(Mallouppas et al., 2023), demonstrating the value of biogas in the future. Various 

regulatory frameworks, educational programs, and technology accessibility, may provide all the 

person's energy needs, which reduces energy use and protects the environment(Abdul et al., 

2022). The first option to meet the need for energy will be renewable energy, due to the growing 

environmental difficulties and problems worldwide. 

2.4. Biogas Industry in South Africa 

The economics of renewable energy (RE) confirm its growing significance in any future energy 

mix. A cost-effective way to guarantee grid and system resilience is to diversify a portfolio of 

resources by adding affordable RE power options(Amigun and Von Blottnitz, 2009, Mutungwazi 

et al., 2018). In the early days of 1957, the primary digester was installed for biogas technology 

in South Africa and the set up was on a pig farm located in the southern region of Johannesburg. 

John Fry initiated this procedure through utilising pig manure in primary 170-liter drums as 

digesters to fuel his six horsepower Lister engine. 

Since 1962, biogas systems have not been widely implemented in South Africa, despite being 

recognized as a significant potential source of renewable energy in the nation(Dahunsi et al., 

2020). The potential for biogas to replace fossil fuel-based energy sources and lessen reliance on 
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them is there due to its abundance and variety of sources. This is because of the need to move 

away from fossil fuels and toward sustainable energy alternatives, as well as national and 

international goals for renewable energy. A set of components that collaborate to generate biogas 

for a consumer is known as an anaerobic digestion process system(Gogela et al., 2017). The lack 

of significant focus given to the technology to various obstacles such as financial inadequacy and 

insufficient efforts to promote it. The advantages of biogas technology and the difficulties 

associated with its distribution, as outlined in literature, are discussed in sections 2.4 and 2.5. 

2.4.1. Access to clean Renewable Energy 

The biogas generated has the potential to function as a power source through the utilization of gas 

turbines or as gas itself. The electricity produced has the possibility of being integrated into the 

national power grid provided that there are adequate policies and laws in place. Attractive 

incentives and refunds make small-scale biogas facilities a desirable choice for farms seeking to 

minimize their carbon emissions and reduce electricity expenses(Gogela et al., 2017). The 

utilization of biogas has significant potential in addressing South Africa's energy needs. This can 

be accomplished through the implementation of basic biogas systems in rural regions, which can 

produce sufficient energy for cooking and heating. Additionally, these systems can be expanded 

to include community-based or commercial biogas production initiatives(Msibi and Kornelius, 

2017). By establishing such systems, indoor air pollution can be reduced, illumination can be 

enhanced, and local employment opportunities can be created. According to Basson L. (2017), 

replacing fuel wood with biogas as an energy source can result in savings of R1 808 per household 

per year, which is equivalent to 8.6% of the household income. This equates to potential annual 

national cost savings of up to R4-5 billion. The potential for improving human well-being is 

therefore significant. 

2.4.1.1. Effective Waste Management 

Efficient waste management is of utmost importance for safeguarding the environment and human 

well-being. As per the findings of the biogas sector in South Africa is primarily devoted to waste 

management by diverting solid and hazardous waste away from landfills(Milanzi, 2022). 

However, biogas production also presents a promising source of renewable energy, particularly 

in rural regions where waste feedstock is abundant. Therefore, it is a suitable option for such 

areas, as highlighted and underscored the potential of biomass as a renewable energy resource, 

which encompasses several types of biomasses that can be viably transformed into 
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bioenergy(Rafiee et al., 2021, Yuan et al., 2022). The potential of biomass as an eco-friendly 

power source surpasses the yearly consumption of primary energy worldwide. Additional 

research has revealed that there is a possibility of deploying additional anaerobic digesters 

throughout the country, which can lead to cost savings by redirecting waste from landfills or 

employing it as a source of heat or power. 

2.4.1.2. Challenges of South African Biogas Digester Industries 

The challenges in South Africa are not related to the advancement of biogas digesters, but rather, 

there is a requirement for translational research to facilitate local production and efficient, secure, 

and economical implementation, especially with regards to the specific conditions in South 

Africa. It has been shown that the biogas digester design criteria to be considered in the selection 

of a suitable digester design are strength, airtightness, availability of construction materials in the 

locality, cost of construction, ease of operation, ease and cost of maintenance, efficiency, 

feasibility of insulation and reliability (Mutungwazi et al., 2018) . 

a) Financial Requirements 

Recent reports have highlighted that the South African biogas industry faces significant financial 

requirements, which is the biggest challenge to its development (Awe et al., 2017) adds that the 

high initial investment costs are a practical issue in biogas project development. According to, the 

financial viability of biogas projects in South Africa is site-specific and relies on certain 

conditions. The failure of projects in the country is often due to an unfavorable cost-benefit ratio, 

especially when electricity generation cannot be utilized as intended. 

The Bronkhorstspruit initiative, for instance, took approximately seven years to initiate the project 

and commence the construction phase(Kaur et al., 2017). Furthermore, long-term agreements for 

waste management facilities present a challenge since most waste-to-energy plants necessitate a 

15-20-year payback period. In order to attract investors, it may be necessary to establish 

comparable agreements for feedstock. However, this has been a challenge for South African 

organizations that focus on managing municipal solid waste, as municipalities usually have 

procurement contracts that are limited to three to five years. 
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2.5. Biogas Production 

The production of biogas using anaerobic digestion is a natural biological process. The 

decomposition of organic materials to create biogas occurs through anaerobic digestion, which 

happens in oxygen deficiency environment and at certain temperatures(Bahrun et al., 2022). This 

process is facilitated by the interaction between various microorganisms that thrive under specific 

conditions. The process of anaerobic digestion, which results in biogas, can be classified into 

three main phases. These three stages include hydrolysis, acidogenesis, and methanogenesis. The 

efficiency of the anaerobic digestion process solely depends on the equal progression rate of each 

stage.  

The subsequent stages won't proceed if any of the stages are hindered since their substrate 

availability will be limited, which will lower the amount of methane produced(Kapoor et al., 

2017). If the third phase is shortened, the acids generated in the second phase will amass swiftly, 

impeding the ensuing stage.  

The progression of anaerobic digestion is backed by diverse categories of specialized 

microorganisms that supplement each other in a consecutive fashion, with the byproducts of one 

microbial category acting as inputs for the following category. Consequently, the microbial 

categories are interlinked in a chain-like pattern, and the most vulnerable categories are the 

acetogenic and methanogenic categories. Microorganisms decompose organic substances 

(biomass) in the absence of oxygen, giving rise to methane, carbon dioxide, and water as the 

major byproducts. The three fundamental phases of anaerobic digestion are depicted in Figure 

2.3.  

 

Figure 2-3  Biogas production via anaerobic digestion(Srivastava et al., 2020). 
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During the initial phase, which is also known as hydrolysis or liquefaction, the non-soluble and 

intricate organic matter, such as cellulose, is transformed into soluble compounds such as sugars, 

amino acids, and fatty acids by means of fermentative bacteria. 

During the second phase, the outputs of the initial stage undergo a transformation process 

facilitated by acetogenic microorganisms, resulting in the formation of simple organic acids, 

hydrogen, and carbon dioxide. The process of acetogenesis is demonstrated reaction (1). 

C6H12O6 → 2C2H5OH + 2CO2        Equation 2.1 

Last stage, methane is generated by methanogens, which are bacteria, using either of two methods 

- either by breaking down acetic acid molecules into methane and carbon dioxide or by reducing 

carbon dioxide with hydrogen. The former is the more prominent reaction, as the reduction of 

CO2 relies on concentrated H2 in the digesters. The methanogenesis reaction can take on various 

forms (equation 2.1 to 2.4): 

CH3COOH → CH4 +CO2        Equation 2.2 

2C2H5OH + CO2 → CH4 + 2CH3COOH       Equation 2.3 

CO2 + 4H2 → CH4 + 2H2O        Equation 2.4 

The resulting renewable fuel has the potential to serve as a substitute energy source. Once the 

process of refinement eliminates CO2 and other contaminants, the methane concentration rises, 

thereby allowing the resulting biomethane to act as an alternate option to conventional natural 

gas. After undergoing the required processing, biogas can be added to the natural gas pipeline or 

used as automobile fuel and also feeding into the grid, or when the project is not large enough in 

scale. 

2.6. Biogas Upgrading  

Certain pollutants are produced as reactions' byproducts when biogas is created. The utilization 

of biogas as a fuel source may be seriously harmed by certain contaminants present in it(Meegoda 

et al., 2018). Activated carbon (AC) is considered as a low cost and accessible adsorbent which 

consists of high surface capacities which enhance the adsorptive ability. The related study of 

activated carbon was conducted in separation of CO2/N2 operated under specific conditions of 
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ambient temperature and pressure swing the outcome reveals that adsorption capacity can be 

improved through chemical modification with metal alkalis. The PSA method is a significant 

advancement in gas separation that needs more research for a range of uses, most notably the 

upgrading of biogas. 

2.6.1. Biogas Upgrading Technologies 

Upgrading of biogas quality is achieved by eliminating CO2 and other harmful impurities like H2S 

which can cause harmful emissions and lead to corrosion. The energy content of biogas is directly 

proportional to its CH4 content, and removing CO2 enables a higher CH4 content and calorific 

value to be achieved. The technologies used to remove CO2 mainly involve absorption, either 

physical or chemical(Cozma et al., 2015), such as water scrubbing or amine scrubbing, 

adsorption, such as pressure swing adsorption and membranes. In addition to conventional biogas 

upgrading technologies, emerging alternatives such as cryogenic, in situ methane enrichment and 

hybrid are still under research and development and could eventually replace conventional biogas 

upgrading(Ismail et al., 2015). The purification and upgrading methods used are mainly 

distinguished based on their consistency, methane purity at the outlet, and methane loss during 

the operation process. Pressure swing adsorption and membrane technology offer promising 

research potential. The technology's level of maturity and vast applicability is related to lower 

energy consumption and costs included in the process. Lower energy consumption leads to higher 

net energy savings, making it more suitable for commercial and industrial purposes. The 

following sections describe different biogas cleaning and upgrading technologies. 

2.6.1.1. Water Scrubbing 

Water scrubbing is often more cost-effective than other purification methods, especially for small 

to medium-scale biogas plants offering high efficiency, ease of operation, and environmental 

compatibility. Water scrubbing efficiently removes impurities such as hydrogen sulfide (H2S) and 

ammonia (NH3) from biogas streams. It is suitable for a wide range of feedstocks and can handle 

fluctuations in biogas production(Ahmed et al., 2021). They can be adapted to different biogas 

compositions and their impurity levels. The process operations can run continuously with trivial 

supervision. Water scrubbing can also recover valuable byproducts such as sulfur, which can be 

further processed or reused in other applications, which adds value to the purification process and 

reduction waste.  



 

 

 

16 

 

Water scrubbing is a safe purification method, as it does not involve the use of hazardous 

chemicals. It eliminates the risk of chemical spills or exposure to toxic substances, making it 

suitable for use in various environments. It is environmentally friendly, as it does not produce 

harmful emissions or generate chemical waste. The process uses water as the scrubbing medium, 

which can be recycled or treated before disposal which contributes in minimizing operational cost 

of the plant. These systems can be scaled up or down to meet the needs of different biogas 

production facilities, (Läntelä et al., 2012)observed a decrease in CO2 removal efficiency from 

88.9 to 87.3% at 25 bar as the temperature increased from 10–15 to 20–25 °C (Xiao et al., 2014) 

observed that the CO2 removal efficiency decreased from 85.3 to 52.2% as the temperature 

increased from 7 to 40 °C. Hence, temperature control in water scrubbing column for efficient 

biogas upgradation should be given great attention, especially when the plant is operated in 

summers. A cooling system should be used in such cases. The method is illustrated in Figure 2.4. 

 

Figure 2-4 Water Scrubbing Technology (Brunetti et al., 2010) 

This method relies on the difference in solubility between CO2 and CH4 in water. CO2 is 

significantly more soluble in water at high pressures and low temperatures than CH4. As a result, 

raw biogas is fed into a tower and blended with water streaming in the opposite direction, which 

is sprinkled from the top at a low temperature. Afterward, the CO2-rich water is directed to another 

tower for the restoration process, which can be executed at high temperatures or low pressure 

(where the solubility of CO2 in water decreases again). The purified CH4 stream must be 

dehydrated after leaving the purifier. In this kind of technology, H2S might also be removed 

together with CO2. 
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2.6.2. Physical /Chemical Scrubbing 

The physical scrubbing techniques are comparable to water scrubbing in terms of the fundamental 

principle of distinguishing between solubility of CO2 and CH4. Nevertheless, instead of water, 

organic solvents such as polyethylene glycol are employed to dissolve CO2. They offer flexibility 

in design and implementation, allowing for integration into existing infrastructure. These methods 

can simultaneously remove multiple impurities from biogas streams, offering comprehensive 

treatment and ensuring compliance with quality standards for various end uses, such as power 

generation, heating, or vehicle fuel. Chemical/physical scrubbing systems allow for precise 

control over purification parameters(Cavaignac et al., 2021, Upadhyay et al., 2022), such as 

temperature, pressure, and chemical dosing rates, optimizing performance and ensuring efficient 

operation. Energy requirement during the process is mainly for gas compression, water pumping 

and regeneration. Investment costs of water scrubbing systems depend upon the scale of the plant 

(Bauer et al. 2013). As the plant capacity increases, the cost decreases. W.  

The solubility of CO2 in these solvents is greater than that in water. Consequently, the efficiency 

of a chemical scrubbing system can surpass that of a water scrubbing system with equivalent 

capacity.  Dehydrated and compacted biomethane is inserted at the base of the absorption tower, 

while the cooled natural solvent flows from the top to create a counter-current flow of gas and 

liquid. Afterward, the natural solvent is directed to the flash tank(Mohanakrishnan et al., 2016), 

where methane with a small amount of impurities is released under low pressure and recycled. 

The solvent then enters the desorption column to be regenerated. Because natural solvents are 

resistant to corrosion(Ahmed et al., 2021), the scrubber's pipeline doesn't have to be made of 

stainless steel, which can save on investment capital and make installation and maintenance 

easier. Additionally, depending on the system's design, it can be operated at low temperatures 

without the need for extra heat due to the natural solvent's low freezing point. The  
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Figure 2-5 Biogas upgrading by chemical absorption amine scrubbing(Cavaignac et al., 2021).  

Scrubbing technology that employs chemicals like mono-ethanol amine and di-methyl ethanol 

amine is utilized to dissolve CO2. Nonetheless, a chemical reaction transpires between the CO2 

and the solvent, resulting in the creation of a fresh solution. Amines have a great attraction for 

CO2, which makes it feasible to attain high levels of purity and retrieval using such solvents. The 

column where the chemical absorption process is transpiring can be regenerated with the help of 

vacuum (low pressure) or heat (high temperature)(Ghatak and Mahanta, 2016). The pre-

pressurized unprocessed biogas is introduced from the lower part of the absorber as the amine-

derived solution (AmH) is introduced from the upper part. This creates contact with a 

counterflow, where the CO2 is absorbed into the solvent used. Once the absorption process is 

completed, biomethane is obtained from the upper section of the columns. Simultaneously, the 

fluid is conveyed to the upper section of the stripper column through a heat exchanger, where it 

encounters a packing substance that encounters steam to discharge CO2. 

2.6.3. Membrane Technology 

In most cases, a membrane refers to a solid layer, although it may occasionally be a thin fluid 

layer. The process of separation relies on a chemical or physical bond between the membrane 

material and a specific gas. The movement across the membrane is propelled by a gradient in 

chemical potential. The membrane's composition and design dictate the rate of flow. Membrane 

separation methods are categorized based on pore size and the driving force. Examples of these 
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classifications include ion-exchange, reverse osmosis, nanofiltration, ultrafiltration, and 

microfiltration(Bernardo and Clarizia, 2013, Drioli et al., 2011). There are numerous aspects to 

contemplate for the effective utilization of membrane separation. In order for the membrane to 

function, it is imperative that a pressure differential is upheld across it. This enables gases with 

high permeability to pass through while gases with low permeability are retained. As a result, the 

feed must be obtainable at an appropriate pressure, typically high. While it may not be feasible to 

achieve high purity recovery in all cases, applications that necessitate moderate purity can be 

examined. Additionally, selectivity plays a crucial role in the successful separation process. It is 

essential that the feed does not contain any hazardous materials that may cause damage to the 

membrane(Zhou et al., 2017). 

Currently, membrane processes are widely used to upgrade biogas due to their simple operation 

and lack of chemicals or heat. This technology operates by permeating gas or liquid through the 

membrane filters and is dependent on the concentration gradient of the permeator. Choosing the 

right type of membrane is essential to the technology's efficacy. It is lightweight, compact, and 

requires minimal labor for plant maintenance. Unlike other upgrading technologies that depend 

on the concentration of volatile organic compounds (VOCs) in the biogas, the membrane process 

is not affected by the concentration of VOCs. Figure 2.5 shows a 2-stage membrane process 

biogas upgrading process. 

Figure 2-6 Two Stage Membrane Process Biogas Upgrading process (Zhou et al., 2017) 
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A key benefit of membrane separations is their simple installation and usage. Additional benefits 

include convenient scalability thanks to a modular layout, absence of any phase alteration, no 

requirement for chemical supplements, potential for recycling, and uninterrupted steady-state 

operation(Gkotsis et al., 2023). Despite numerous benefits, membrane technology also presents 

certain drawbacks, including the high cost of membranes, the degradation of membrane filters 

over time, and membrane damage caused by vibrations from colloidal solids(Hashemifard et al., 

2011). However, there exist numerous obstacles when it comes to utilizing membranes.  

These barriers include fouling and cake formation, which can lead to a decrease in effectiveness 

over time. While concentration polarization may not be as prominent in gas separation, it still 

poses a challenge. To address fouling, cleaning and purging with non-adsorbing gases can be 

employed, as well as prefeed filters to mitigate the issue to a certain extent. Additionally, high 

pressure can trigger compaction, causing a reduction in pore size for polymeric membranes. 

Sustaining the pressure is the sole task that requires significant energy input. As the majority of 

flue gases comprise a negligible proportion of CO2, the resident time prolonged. Consequently, 

the operation must continue for an extended period, leading to increased expenses. To be 

applicable for industrial-scale separation, the membrane must exhibit a high degree of selectivity 

towards CO2. In addition, the membranes are designed in such a way that they are incapable of 

withstanding temperatures exceeding 100°C(Ji and Zhao, 2017). 

2.6.4. Cryogenic Separation 

Cryogenic separation can achieve very high purity levels in the purified biogas, particularly in 

terms of methane content. Their processes are highly efficient in removing impurities such as 

carbon dioxide (CO2), hydrogen sulfide (H2S), water vapor (H2O), and other contaminants, 

resulting in a biogas product with superior quality. Cryogenic separation allows for selective 

separation of gases based on their boiling points even at low temperatures(Yousef et al., 2018), 

leading to effective purification with minimal energy consumption. Methane, which has a lower 

boiling point compared to other impurities, can be selectively captured and recovered, while other 

impurities such as CO2 or H2S can be recovered for further processing or reused in other 

applications as valuable byproducts.  

The process provides a clean and environmentally friendly purification method, as it does not 

involve the use of chemicals or generate harmful emissions and reduction of waste(Baena-Moreno 

et al., 2019). They can operate continuously with minimal maintenance requirements, providing 
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consistent performance over extended periods It relies on physical principles of gas separation, 

making it a sustainable option for biogas upgrade. Cryogenic separation systems are known for 

their reliability and long-term stability(Karne et al., 2023). They are suitable for applications 

requiring premium-grade biogas for use in power generation, heating, or transportation. They 

offer flexibility in design and implementation, making them suitable for both small-scale and 

large-scale biogas production facilities.  

 

Figure 2-7 Biogas upgrading procedure by cryogenic separation (Baena-Moreno et al., 2019) 

This process entails segregating gas blends through fractional condensation and low-temperature 

distillations. The raw biogas is pressurized to roughly 8 000 kPa and subsequently dried to prevent 

freezing during cooling as shown in Figure 2.6. The biogas is then cooled to -45oC, and the 

separator eliminates condensed CO2. The CO2 is then further treated to retrieve dissolved 

methane(Naquash et al., 2022), which is recycled back to the gas inlet. This process yields 

methane with a purity of 97%, which is attained in the form of liquid that can be easily transported. 

Despite its benefits, the method has some drawbacks, including high capital costs and complex 

equipment requirements(Yusuf and Almomani, 2023). 
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2.7. Pressure Swing Adsorption (PSA) 

The technology used for upgrading biogas, called Pressure Swing Adsorption (PSA), relies on 

separating CO2 and other non-calorific gases such as N2 and H2S. Understanding the molecular 

composition allows for assessing the economic viability and potential applications for biogas 

production that is used to evaluate the necessary treatments (Bahrun et al., 2022) and upgrading 

technologies to meet desired quality specifications. The PSA unit operates in a predetermined 

cycle consisting of several steps. The first step is pressurization, where the adsorbent-filled 

column is pressurized to the desired level for the production phase. During the production phase, 

which takes place at high pressure, CO2 is adsorbed while CH4 is produced. Just before the CO2 

ruptures, a blowdown phase begins to prepare the vessel for the low-pressure regeneration phase. 

During regeneration, or purge, CO2 is released from the adsorbent by passing a product gas or an 

inert gas counter-currently through the column. The column is then ready for a new cycle. 

Adsorption refers to the phenomenon where a gas or liquid molecule attaches itself to the surface 

of a specific solid material, causing the molecules to be held on the surface of the solid, which is 

known as the adsorbent. The molecules that are held on the surface of the adsorbent are referred 

to as the adsorbate. The process is spontaneous and releases energy, and the amount of adsorbate 

retained in the adsorbent is dependent on the material selected and environmental elements(Abd 

et al., 2021). 

The adsorption techniques can depend on two mechanisms: kinetics and equilibrium. Separations 

that rely on kinetics are achieved by utilizing the difference in diffusion rates of different 

molecules into the adsorbent pores. This type of separation is possible only in adsorbents that 

depend on kinetics, for instance, carbon molecular sieves (CMS). Conversely, separations that 

rely on equilibrium depend on the different abilities of the adsorbent to hold various types of 

molecules. 

At a specific temperature and pressure, the interaction between an adsorbent and a molecule leads 

to an equilibrium state between the adsorbed phase and the concentration of the adsorbate in the 

fluid phase. This occurrence is commonly depicted by adsorption equilibrium isotherms(S., 

2010), which establish a correlation between the amount of adsorbate in kilogram of adsorbent 

with pressure and concentration.  
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Due to the low capital investment, the PSA process is of great interest. PSA can be efficiently 

used for large-scale production of biomethane compared to membrane-based technologies(S., 

2010). Additionally, the oxygen content in PSA technology can be reduced to 0.2-0.5% by 

volume, whereas in other products the oxygen is not removed by processe(S., 2010)s such as 

physical scrubbers. Oxygen can cause irreversible damage to amines in the amine scrubbing 

process. PSA technology poses the opportunity of removing nitrogen. Most techniques are also 

described, depending on the sorbent used. The standard configuration does not remove nitrogen. 

In addition to the above reasons, power consumption at high speed is low. The PSA regeneration 

process is one of the most commonly used commercial processes. 

 

2.7.1. Principles of Pressure Swing Adsorption 

PSA unit has been a mature technology and there is active research and development on 

improving processes, selecting new adsorbents, and designing new adsorbents. The fundamental 

concept behind the PSA operational process is uncomplicated. At first, a mixture of gas is guided 

towards a bed filled with particles that adsorb - this is referred to as the adsorption phase. In the 

PSA column, gases are selectively separated, producing a stream with a high concentration of 

light product, which is the compound that is least adsorbed. The adsorber has a zone with a 

concentration gradient ranging from zero to equilibrium, termed the mass transfer zone (MTZ), 

and this is where the adsorption process occurs at a given moment. To avoid the adsorbent from 

becoming saturated and contaminating the resulting product, the adsorption phase halts before the 

MTZ front traverses the entire column. Afterwards, the column is depressurized to facilitate the 

regeneration of the bed by desorbing impurities - this is the depressurization phase. Regeneration 

is assisted by a purge that contains a small amount of purified light product or an inert gas - this 

is the purge phase. Finally, the column is partially pressurized, typically by introducing feed gas, 

to initiate the cycle once again - this is the pressurization phase. 

The Skarstrom cycle, a basic four-step process applicable to two beds, can be enhanced through 

the use of pressure equalization steps. To integrate these steps into the cycle, an additional 

connection between the top of one column and the bottom of another must be established. Once 

high-pressure adsorption has occurred in one bed and low-pressure purging in the other, the 

pressures in both can be equalized. This step is an alternative that can improve separation 

efficiency and energy conservation in a simple PSA cycle. Another option is vacuum pressure 
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swing adsorption (VPSA)(Abd et al., 2021), which replaces low-pressure purging with vacuum 

desorption. This method saves products that would otherwise be lost in the off-gas stream during 

purging. Although VPSA systems consume more energy due to the need for vacuum pumps and 

higher adsorber regeneration energy, they are a viable option for reducing product losses(S., 2010) 

. The PSA method boasts several benefits, including minimal energy consumption, chemical-free 

operation, and economical maintenance. Additionally, it is a reliable and well-established 

technology with numerous operational units in the industrial sector. However, there are also a few 

drawbacks to consider, such as the necessary supplementary unit to eliminate H2S (and often 

water) prior to the PSA unit, a rigorous process control requirement for cycle regulation, and 

costly maintenance due to the frequent switching of many valves within the system.  

2.8. Literature Survey on Research Performed to upgrade Biogas quality. 

Compared the purification of biogas by clay through dry adsorption and wet carbonation 

procedures(S., 2010), which had not been attempted before. The scientists utilized X-ray 

fluorescence to characterize the natural and altered clay. Gas chromatography and digital biogas 

analyzers were utilized to examine the composition of the biogas. The CAVS adsorption software 

was used to examine the carbon dioxide removal process's breakthrough curves, kinetics isotherm, 

and adsorption equilibrium. It was discovered that 75°C and a clay-to-water ratio of 1:3 were the 

ideal slurry temperatures and ratios for CO2 absorption during the carbonation process. The results 

indicated that the carbonation process resulted in a pH drop from 9.2 to 6. Additionally, the results 

showed that the modified clay had the maximum capacity to absorb CO2 (5.72 mmol/g), and 

complete elimination of hydrogen sulfide was achieved. The CO2 absorption capability dropped 

as the adsorbent mass-to-biogas volume ratio started dropping. However, the CO2 removal 

efficiency reached a maximum of 93.8% at a ratio of 7 g/L. As a result, modified clay has the 

potential to be a promising option for purifying biogas.  

Karne et al (2023) devised a numerical framework to effectively portray the dynamic functionality 

of activated carbon derived from biomass in the refining of biogas. This research signaled the 

start of the initial phase in creating a carbon capture system that is based on biomass, in the context 

of circular economy and bioenergy. The adsorbent material chosen was microporous activated 

carbon pellets, which were derived from pine sawdust through physical activation using CO2. The 

Langmuir-Freundlich model was used to fit the single-component adsorption isotherms of CO2 

and CH4 at different temperatures, while the Ideal Adsorbed Solution Theory (IAST) was utilized 

to consider multicomponent adsorption. The separation efficiency of a biomaterial-based PSA 
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process for biogas refining was assessed using the model(Khajuria, 2011), and the impact of 

important performance parameters was ascertained by a parametric analysis. According to the 

sensitivity study, in a setup with P/F ratios (ratios of molar fluxes of CH4 in the purge and feed 

streams) ranging from 0.67 to 1 with an adsorption pressure of 300 kPa, a single stage 4-step PSA 

may produce methane with a purity of over 95% and a recovery rate of over 60%. 

Conducted experimental analysis to enhance the quality of raw biogas by increasing its calorific 

value and eliminating undesirable components(Bahrun et al., 2022).The experimental findings 

indicate that novel techniques are capable of reducing the acidic content (H2S) by 99% and 

eliminating the CO2 content by 82%. Consequently, the methane content increased from 56.7% 

to 85%, while the CO2 content diminished from 36% to 7%. Based on the results, it can be inferred 

that chemical purification process is the most effective method to upgrade biogas by augmenting 

the CH4 concentration. Among the two methods used in the experiment, method 1 of using NaOH, 

activated carbon, and silcagel was found to be superior to method 2 of using KOH, wood charcoal, 

and silcagel. The research highly recommended more work to be performed on economic analysis 

to verify ways in which additional cost incurred in upgrading biogas can be recouped by selling 

the upgraded biogas. This research also recommended future studies on alternative biogas 

upgrading technologies to be explored to identify the most efficient, economical, and 

environmentally friendly options. 

Executed the development and construction of a 1 cubic meter biogas digester for households and 

simulated its functionality by utilizing donkey manure as a biogas substrate(S., 2010). A 

mathematical model was created using MATLAB to calculate the methane output of donkey 

manure based on pH, COD, NH4-N, digester temperature (TD), and total alkalinity (TA). The 

biogas digester design was successful in producing biogas with an average methane yield of 55% 

when supplied with donkey manure as a single substrate. According to this study, additional 

research is required to identify bacteria genera that can endure temperature changes in a biogas 

digester while still generating biogas. Furthermore, more investigation can be conducted on a 

batch biogas digester to generate additional dependable data.  

(Bahrun et al., 2022)Performed an examination process of enhancing biogas through adsorption 

utilizing commercial carbonaceous adsorbents. The experiment was executed using CO2/CH4 

mixtures of varying concentrations as feed gas in a fixed-bed column. The study revealed that 

Desotec's activated charcoal (AC) had a higher capacity to adsorb both CO2 and CH4 and superior 

kinetic performance compared to carbon molecular sieves (CMSs) made by Carbotech and 
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Xintao. However, the results showed that CMSs had a significantly lower CH4 adsorption capacity 

than AC due to their thermodynamic/kinetic sieving properties. CMSs also exhibited greater 

selectivity for separating CO2/CH4 mixtures, with Xintao's sample performing better due to its 

faster kinetics and complete regenerability. The use of MATLAB for breakthrough curve 

modeling indicated that intraparticle diffusion was the limiting factor for CO2 adsorption. The 

research concluded that CMSs are more effective in enhancing biogas due to their adsorption 

capacity to remove CO2. 

(S., 2010)Formulated a set of mathematical models that can facilitate in anticipating the efficiency 

of biogas refinement methods that involve hydrogen infusion within the system, which is still a 

demanding task. In this particular study, an existing model on anaerobic digestion was revised 

and extended to include the impact of hydrogen injection into the liquid phase of a fermenter. The 

objective was to model and simulate these procedures proficiently. The model encompassed 

hydrogenotrophic methanogen kinetics for the consumption of H2 and an inhibitory effect on 

acetogenic stages. The transfer of H2 from gas to liquid was given significant consideration. The 

model was effectively authenticated through a sequence of Case Studies, with the biogas 

composition and H2 utilization being accurately anticipated. The overall variation from 

experimental measurements was less than 10%. Parameter sensitivity analysis demonstrated that 

the model is highly responsive to the H2 injection rate and mass transfer coefficient. Hence, this 

model is an efficient instrument for forecasting process efficiency in biogas refinement situations. 

(S., 2010)Conducted an optimization procedure for biogas refining to meet fuel quality standards 

using a plate PSA configuration. The procedure utilized unprocessed biomass adsorbent under 

non-isothermal and non-adiabatic conditions. A central composite design was used to examine 

the effects of system pressure, CO2 concentration, and adsorption/desorption duration on the 

purity of CO2 in the waste stream and bioCH4 in the product stream(S., 2010). The response 

surface methodology and desirability function were employed to establish the most favorable 

points of the factors to maximize the purity of bioCH4 and CO2. The quadratic model produced 

was characterized by an experimental error of less than 5% and demonstrated that the factors had 

a significant impact on both outcomes.  

On a desire scale of 0.95-1, the best parameters for bioCH4 purity were an adsorption period of 

less than 5.9 minutes, a CO2 concentration below 50%, and a system pressure between 170 and 

300 kPa. On the other hand, the ideal parameters for CO2 purity in the waste stream were CO2 
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concentration above 65%, system pressure above 250 kPa, and desorption time of 6 minutes. 

Utilizing these ranges of parameters, the biogas refining system produced 97% pure biomethane. 

The study considers various factors, including heat transfer conditions, biogas mixtures, axial 

mass dispersion coefficient, and cooling outside column wall. (Abd et al., 2021, Ahmed et al., 

2021)Utilized PSA technology to enhance biogas quality through one-dimensional binary mixture 

adsorption, heat and mass transfer modelling with Aspen Adsorption™ version 10. Experimental 

data on zeolite NaUSY is used to validate the model, with reasonable agreement shown in the 

CO2 breakthrough curve. The results indicate that reducing heat during adsorption can improve 

methane purity and recovery. 

Natural, earthy, fine-grained clay becomes malleable when combined with a small quantity of 

water. Clays are composed structurally of layers of tetrahedral and octahedral sheets. Hectorite, 

saponite, and montmorillonite (Hashemifard et al., 2011) are the three-layered silicates that are 

most frequently found. Negative charge delocalization is made possible by the clay layers. Due 

to their high hydrophilic nature, water molecules typically occupy the space between clay layers. 

They can absorb certain cations and hold them in an exchangeable state, allowing other cations 

in a water solution to exchange for intercalated cations(Xiao et al., 2014). Most of the inorganic 

fillers employed in montmorillonite are materials of the porous molecular-sieve type, such as 

carbon molecular sieves and zeolites. In comparison to a polymeric membrane, the addition of 

molecular-sieve type fillers to a polymer matrix typically results in increased permeability(S., 

2010), selectivity, or both. 

Grand Canonical Monte Carlo Simulation (GCMC) method was first proposed by Adams in 1975. 

This approach can exchange the number of particles as well as energy across systems. 

Consequently(S., 2010), its primary application is in systems whose particle count varies in 

response to variations in external factors. Simulation studies has been conducted using this 

method (Tao et al., 2022) carried out research on three different Metal-Organic Frameworks 

(MOFs) to capture CO2. The CO2 adsorption capacity of MOFs was shown to be improved by the 

presence of coordinated unsaturated metal sites, as evidenced by the adsorption and separation 

behaviour of pure CO2 and CO2/N2 from their surface area. 

 



 

 

 

28 

 

The aim of this study is to assess the feasibility of the newly developed montmorillonite clay used 

to separate undesirable sour components from biogas, specifically CO2 and H2S. This study also 

investigates the conditions of multicomponent molecular simulations of biogas blends with MMT 

as in a Pressure Swing Adsorption system by generating adsorption isotherm(S., 2010). The 

details of the procedure conducted is presented in chapter 3.  There are significant economies of 

scale for all the technologies investigated in the past which are most focusing on improving 

sustainable energy sources and environmental protection by reducing CO2 emissions. The use of 

natural adsorbent has been explored in the literature with different technologies with its 

limitations. 

2.9. Previous studies  

The ability of montmorillonite nano-clay to store nitrogen, carbon dioxide, and methane at high 

pressure was investigated. As montmorillonite is found in depleted shale reservoirs, adsorption 

data were gathered to investigate and evaluate its potential uses in gas storage. The 

thermodynamic characteristics of montmorillonite and its amine-impregnated structures were 

assessed using energy dispersive X-ray spectroscopies, Fourier transform infrared, 

thermogravimetric analysis, and thermogravimetric analysis(S., 2010). The next step was using a 

high-pressure magnetic suspension sorption device at 298 and 323 K isotherms up to 5 x103 kPa, 

low- and high-pressure gas sorption experimental investigations were carried out. Based on single 

gas adsorption experiments, the selectivity of each gas on each nano-clay material were computed 

and provided in the text. Furthermore, the kinetics and heat of adsorption are computed and 

reported. The behavior of CO2 at various montmorillonite clay specifications is shown in Figure 

2-7. 
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Figure 2-8: CO2, CH4, N2 adsorption at low pressure from 0 to 10 Bar and 298K(Azizian and 

Eris, 2021). 

Heller et al investigated the sorption of methane, carbon dioxide, and perhaps nitrogen on mineral 

samples and gas shale as well as the use of MMT. Since MMT has a limited capacity for CO2 

sorption on its own, a number of different modifications and procedures, including optimization, 

shale composition and surface modification, microstructure and morphology control, and control, 

have been proposed to increase MMT's CO2 capture capacity and selectivity. 

For CO2 capture (S., 2010) suggested circulating a gas containing CO2 through a bed of MMT 

adsorbent that has been treated with amine. However (Stevens et al 2013) also created diamine-

impregnated MMT via grafting and water-assisted exfoliation, and they were able to attain 2.4 

mmol g−1 CO2 adsorption capture performance at 100 °C. In their study (Heller et al 2014) 

employed MMT nanoclays that had not been treated or modified with amines. They observed that 

the performance of CO2 capture was significantly enhanced when the nanoclays were doped with 

amines. 
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Figure 2-9: Adsorption isotherms for the components between MMT1-MMT at 50 bar and, 298 

and 323 K (S., 2010) 

The CO2 adsorption by MMT at the two temperatures was nearly equal, despite the fact that the 

adsorption capacities of N2 and CH4 varied considerably. The findings indicate that N2 intake rises 

with temperature. It is noteworthy that MMT collects more N2 at higher temperatures than at 

lower ones, in contrast to other solid sorbents. It’s interesting to note that the amount of CO2 and 

CH4 absorbed at room temperature was comparable to the amount of N2 under comparable 

circumstances. The adsorption behavior of MMT is essentially incomparable to that of other solid 

materials at these specific pressure and temperature circumstances. CH4 and CO2 at 298 K behave 

the same, and N2 uptake increases as temperature rises because CO2 adsorption is almost the same 

at both temperatures. It was discovered that the maximum amount of CO2 adsorbed was somewhat 

lower at the higher temperature of 323 K because all of the materials underwent an exothermic 

reaction. 

The adsorption capacity reveals that MMT adsorbs almost an equivalent or even more quantity 

of CO2 in the pressure ranges of 8 and 20 bar at 298 and 323 K, respectively, than amine 

impregnated materials. This unique behaviour can be associated with larger pore volume and 

surface area of the nonmodified material. The findings demonstrate that as temperature rises, basal 

spacing and interlamellar space are squeezed, leading to structural instability and a considerable 

decrease in MMT's pore volume and surface area. MMT has an acidic disposition that is highly 

structural dependent and affects its catalytic capabilities. In octahedrally substituted MMT, 

calcination moves protons into the sheet vacancies and expels them. 
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The modified montmorillonite containing octadecyl-amine (ODA) was found to have a higher 

ability to collect CO2 than all other modified nanoclay samples and commercial adsorbents 

including zeolites and activated carbon. The binary selectivity of all the materials is based on the 

maximal uptake at various temperatures, and the selectivity of adsorbents is equally important as 

capture capacity. At room temperature, MMT exhibits extremely low selectivity for CO2: CH4:N2, 

which is decreased even further to nearly zero at high temperatures (323 K). This indicates that 

at greater pressures and temperatures, unmodified montmorillonite absorbed almost the same 

quantity of various gases.  Figure 2-9. Present how the temperature affects the adsorbent structure 

(MMT, MMT-1,MMT-2 and MMT-3) as the temperature profile changes within the process. 

 

Figure 2-10: Thermal gravimetric analysis of nano modified and amino modified clay(S., 2010). 

The unmodified nanoclay sample, according to analysis, was stable up to 300°C; nevertheless, 

there was a 5% weight loss in the materials, which was mostly caused by the water that had been 

stored in them. The second loss, which was linked to the extremely sluggish breakdown of 

nanoclays, began at about 300°C and resulted in an additional 4% loss in material weight. The 

thermal investigation indicates that the unmodified material has demonstrated excellent stability, 

as evidenced by its extremely low breakdown rate of 8% at temperatures as high as 700 °C. 

However, in all amine-modified materials, a three-step breakdown was seen, with the 
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temperatures being set at 270 °C (5%), 400 °C (15%), and 560 °C (35%).The initial 15% 

decomposition of changed materials can be attributed to the burning of the amine group, while 

the remaining 35% can be attributed to the loss of nanoclays, indicating material instability over 

400 °C.  

Almost identical results were reported for all nanoclay materials treated with different organic 

moieties, such as ethylene glycol.16 It is worth noting that all of the materials have demonstrated 

good thermal stability up to 270 °C. The materials were measured with a Micromeritics ASAP 

2420 surface and porosity analyzer for Brunauer-Emmett-Teller (BET) and degassed. The results 

of BET analysis using liquid nitrogen are displayed in Table 3.2. The pure nanoclay material's 

BET surface area and pore volume are determined to be 253 m2/g and 0.42 cm3/g, respectively. 

 Table 2-1 Physical properties and BET Analysis of Nano clays materials. 

Sample Density Pore volume BET surface area Pore size 

MMT 0.59 0.42 253.42 6.50 

MMT-1 0.44 0.09 12.29 29.50 

MMT-2 0.37 0.05 8.47 24.80 

MMT-3 0.34 0.11 11.82 37.00 

These values are noticeable greater than those of the changed materials. Physical properties reveal 

that after impregnation with APTS (aminopropyltriethoxysilane), DDA (dimethyl dialkyl amine), 

and ODA (octadecylamine), the surface area and pore volume are significantly reduced, 

indicating incorporation of various amines into the porous structures of the nanoclays. 

Importantly, amine modification also had an impact on density. Although, the surface area and 

pore volumes of the materials were reduced significantly, however, it was proven that affinity of 

CO2 enhanced due to the attachment of the function group on the surface and inner pores of the 

materials. Such effect of reduction in the physical properties but enhancement in the affinity of 

CO2 in the solid sorbents such as mesoporous silica, metal organic framework, activated carbon 

and nanomaterials. 

 

 

 



 

 

 

33 

 

2.10. Biogas upgrade technology limitations 

Sustainable renewable energy sources do not only assist infrastructure or communities but may 

also increase energy production in the Energy and Mineral Resources sector. Furthermore, they 

contribute to environmental conservation and the general improvement of energy sources. This 

also applies to the EU-27 countries, for which it is a chance to achieve the assumed objectives in 

the field of environmental protection, but also because it makes it possible to become independent 

from external energy supplies, which in turn leads to increased energy security (Pacesila et al, 

2016) found that domestic renewable energy production can reduce energy dependence in any 

country.  

The accumulation of waste due to farming has led to an increase in CH4 and CO2 production. If 

the greenhouse effect results in an increasing temperature rise on our planet, there is a risk that 

when organic materials are progressively decomposed in large areas will result in huge quantities 

of methane being released. The current technologies for biogas production are still not efficient. 

Although the biogas plants available today can be able to meet some energy needs, provided the 

energy sector’s willingness to invest in the new technology for improving renewable energy 

sources. The biogas production like other renewable energy sources (e.g. Wind and Solar) biogas 

generation are also affected by the weather(Dehghani, 2020), which will lead to unstable 

operation on day to day basis and increase operational cost. 

Although each technology has high removal efficiency for CO2 and H2S, providing high-purity 

biogas and the low operational cost, maintaining a stable operation becomes demanding as it is 

depended to the biogas production. This means large scale production to supply for a large biogas 

plants are still not possible at the current state. Therefore, the market for biogas upgrading will 

most likely be characterized by harder competition with the establishment of new upgrading 

technologies and further optimization of the mature technology to decrease operation costs.   
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 CHAPTER 3-MATERIALS AND METHODS 

3.1. Introduction 

This chapter presents the methodology implemented in this study, which focuses on the 

effectiveness of a novel adsorber in purifying biogas. The chapter offers insight into the research 

design, Monte Carlo simulation, data collection, experimental procedure, data analysis, and the 

validation of results. The research utilizes a simulation-based approach, providing a quantitative 

analysis of the effectiveness of the novel adsorber. The efficiency and the simplicity of Monte 

Carlo simulations makes the tool more valuable for modeling complex systems, incorporating 

randomness and uncertainty, validating models, performing sensitivity analysis, solving 

integration problems, optimizing parameters(Tao et al., 2022), and leveraging parallel computing 

resources. They are widely used across various fields to address a wide range of challenging 

problems. With the new improved technology, conducting simulations using the GCMC approach 

aids to explore other methods with less time processing compared to other methods used in the 

past. This method can also benefit industries with large-scale process for better performances and 

plant optimization. The selected research design supports detailed investigation into the 

relationship between input variables and resultant biogas purity.  

3.2. Montmorillonite 

Montmorillonite has a unique structure characterized by thin, flat layers that can easily slide over 

one another as shown in Figure 3.1. This property gives it high swelling capacity and makes it 

useful for its excellent adsorption capabilities(CLA), especially for heavy metals and organic 

pollutants. Montmorillonite has several distinct physical properties and a specific chemical 

formula: Ca0.33Al1.67Mg0.33 Si4O10(OH)2. The clay minerals are heterogeneous with varying 

compositions and particle sizes. These materials' potential as catalysts and/or catalyst 

supports(Hashemifard et al., 2011), as well as their well-defined layered structures and flexible 

adsorption qualities, are what led to their usage in the development of clay-modified electrodes 

(CME). 

Montmorillonite clay has principal intercalated cations being alkaline earth ions and alkali metal 

ions and a fixed number of other components like Al, Fe and SiO2(Dehghani, 2020). Due to the 

expandable layer lattice structure and the exchangeability of these cations, there is an increase in 

basal space as ions and big molecules can pass between the sheets(Du et al., 2020). It has been 
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documented that big organic molecules can pass through the silicate sheet and align themselves 

along its plane. They are frequently employed as adsorbents and catalyst supports because of their 

large surface area and persistent porosity. The physical constitution of montmorillonite particles 

is commonly observable in sheets and layers. Every layer is made up of two categories of 

structural sheets: octahedral and tetrahedral. The silicon-oxygen tetrahedral in the tetrahedral 

sheet is connected to neighboring tetrahedral by sharing three corners, forming a hexagonal 

structure(Saadi et al., 2015). Each tetrahedron's leftover fourth corner forms a section of the 

nearby octahedral sheet. Usually, magnesium or aluminum are combined with hydroxyl and 

oxygen from the tetrahedral sheet in a sixfold coordination to form the octahedral sheet. These 

two sheets come together to form a layer. In a clay crystallite, interlayer cations, hydrogen 

bonding, Van der Waals force, and electrostatic force (Dehghani, 2020) can all connect many 

layers. 

 

Figure 3-1 Structure of montmorillonite generated using Material Studio Software 

Physisorption refers to the process in which adsorbate molecules are drawn towards the adsorbent 

surface owing to Van de Waals forces under high pressure and can be released when pressure is 

reduced. Physical adsorption offers several benefits, such as low energy consumption, cost 

effectiveness, adaptable design, absence of water or other chemicals, safety and ease of operation, 

and scalability across a broad range of temperatures and pressures. Chemisorption: the gas 

molecules experience covalent chemical reactions and attach to specific locations on the 

adsorbent bed. The sharing and movement of valence electrons between the adsorbent and gas 
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molecules generate more robust covalent bonds, which means that it takes more energy to 

eliminate them. 

3.3. Grand Canonical Monte Carlo Simulation 

Grand Canonical Monte Carlo (GCMC) Simulations is a computational technique used in the 

study of adsorption, gas-liquid equilibrium, surface phenomena, and other systems where particle 

exchange is important. The Material Studio (2020) Software is built with a GCMC module for 

modelling and simulating systems, to study the parameters of atoms and molecular structure of 

the materials(Lasich, 2020). Various changes to the system are performed, at random (another 

name for random sampling approach is Monte Carlo approach), and for each change there is a 

probability to accept each change. The energy differential between the new and old configurations 

determines the likelihood of acceptance of these modifications. 

The motion is rejected if the energy change is greater than a predefined tolerance. This makes it 

possible to calculate a statistical average for numerous states. The GCMC steps for adsorption 

isotherms contain thousand displacement moves and attempts of either insertion or deletion with 

equal probability. To ensure equilibration of the system, no less than 2×106 moves were used to 

equilibrate, followed by a further 2×107 moves to generate results. Averaging across three 

independent simulations was undertaken for each data point in the adsorption isotherms, with the 

standard deviation being used for the estimated uncertainty. Five thousand steps are typically 

required for the system to reach equilibrium, and additional 5000 steps are used to obtain 

ensemble averages. 

3.4. Simulation Details 

The increasing need to enhance the effectiveness and efficiency of biogas upgrading processes 

has led to the realization that computational approaches are useful instruments for examining 

various aspects of the process. The field of mathematical modeling and simulation of adsorption-

based processes for biogas upgrading has grown significantly in recent years due to advancements 

in this field. Comparing and evaluating various configurations with computational techniques has 

become more straightforward than through field testing and laboratory setups. Furthermore, there 

are still significant technical barriers to the investigation of process dynamics in experimental 
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approaches(Dehghani, 2020). For instance, it is difficult for the experiments to easily measure 

some aspects, including how cycle time affects stream pressure and concentration. 

Monte Carlo molecular simulations were performed in the grand canonical ensemble and the 

experimental data was validated using previous laboratory experiments. The purpose of the 

simulations was to forecast the adsorption of nitrogen, sulfur dioxide, carbon dioxide, methane, 

and ethane on a montmorillonite lattice. Adsorption isotherms were produced for both pure 

species and a gas mixture that contained hydrogen sulfide as the remaining component and 65 

mol% methane, 15 mol% nitrogen, 10 mol% ethane, and 5 mol% carbon dioxide. 

The selection of a forcefield, which reasonably accurately depicts the potential energy surface of 

all classes of molecules, is an essential component of any simulation. The choice of forcefield 

will depend on the kind of structure being studied, as forcefields are typically adjusted for certain 

groupings of systems. Simulation can either be conducted using: Forcite, Polymorph, 

Morphology, Sorption, Amorphous Cell, and Adsorption Locator can be used with the 

COMPASS, pcff, cvff, Dreiding, and Universal forcefields(Dehghani, 2020). COMPASS 

forcefield was selected for this study due to their wide variety of molecules and polymers, it is 

the first and only forcefield that permits precise and simultaneous prediction of gas-phase 

properties (structural, conformational, vibrational, and so on) and condensed-phase properties 

(equation of state, cohesive energies, and so on).  

The Ewald technique (Dehghani, 2020) is a method for the computation of non-bond energies in 

periodic systems. With the Ewald technique, you can choose the computation's accuracy level 

before the calculation is performed. Since it is challenging to estimate the cutoff and convergence 

constants(Dehghani, 2020), a feature that automatically determines these values to a 

predetermined degree of precision is offered instead. An atom-based calculation with a large 

cutoff (19 Å) over the measured range can perform comparably to an Ewald calculation with 

accuracy=10-4, depending on the system. For the dispersive van der Waals interactions, a cut-off 

radius of 1.85 nm with an analytical tail correction was utilized, and for the electrostatic 

interactions, the Ewald summation method was applied.  

Adsorption Isotherm can be obtained by gathering the average loading at equilibrium at each 

pressure or fugacity point. Millions of random moves are made in each simulation by the sample-

chosen ensemble. The standard Metropolis technique handles these arbitrary Monte Carlo 

motions, which are allowed or rejected depending on a weighting of the energy akin to 
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Boltzmann's(Dehghani, 2020). A set of sample configurations is produced by the stochastic 

Metropolis method from a given ensemble, and these configurations can be used to compute 

average hermos-physical properties. Adsorption of gas into random movements that imitate real-

world behavior is applied to the system; changes in the system's potential energy determine 

whether the motion is accepted or rejected. The details of the Metropolis schemes are the basis 

for Markov chains Monte Carlo methods from which a class of algorithms sampling from a 

probability distribution based on constructing of Markov chain that has the desired distribution as 

its equilibrium distribution. 

The gas particles underwent the following manipulations (probabilities of occurrence are shown 

in parenthesis: Exchange (39%), conformer (20%), rotation (20%), translation (20%), and 

regrowth (2%)(Dehghani, 2020). The remaining movements simulate the thermal motion of the 

adsorbed molecules within the montmorillonite lattice, while the first two movements mimic 

adsorption and desorption, respectively. This allows the parameters of the model to be 

determined, such as the maximum adsorption capacity of the adsorbent and the strength of the 

interaction between the impurity and the adsorbent. In the experimental procedure, a virtual model 

of Montmorillonite was created and incorporated into a biogas purification system.  

While regeneration is carried out at a significantly lower pressure, allowing the impurities to 

desorbed back to the gas phase and be removed from the bed, the pressure during the adsorption 

step is maintained at the highest level to increase the adsorbed number of impurities, leading to 

enrichment of product component in the gas phase. The proposed research is to determine optimal 

operating conditions of pressure swing adsorption column that uses montmorillonite lattice, which 

operates at ambient temperature. Each Monte Carlo simulation run represented a single iteration 

of biogas purification. For each run, the purity of the resulting biogas was recorded, alongside the 
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exact input parameters used. This process was repeated thousands of times, with different 

randomly selected input parameters for each run. 

• All species were simulated over the fugacity range of 1−1x103 kPa and constant 

temperature of T = 298 K.  

• Each production run was set at 10,000,000 Monte Carlo moves (as before), to ensure that 

adequately representative statistics would be obtained for the system being analyzed. 

• Three independent simulations for each species to generate as many data points as needed 

to describe the behavior at deferent pressure. 

• The production run was repeated for each species in order to generate enough data to 

reduce statical uncertainty. 

• The second equilibration step began when each phase reached equilibrium. To do this, 

the simulation had to be repeated until there were no more compositional changes for 

each phase and the compositions had stabilized at their corresponding average values. 

   

3.5. Adsorption Isotherms 

An adsorption isotherm mathematically defines the relationship between the concentration of the 

molecules of a given species in the gas phase with its concentration in the adsorbed phase, under 

equilibrium conditions and constant temperature. The adsorption isotherm can be obtained by 

collecting the average loading at equilibrium at each pressure or fugacity point(Saadi et al., 2015). 

To employ the fitted models in later process modeling calculations, the adsorption isotherm 

modeling was carried out, the results are presented in Appendix-A. Several suppositions underline 

this explanation of adsorption: Adsorption site equivalency, adsorbed molecules' immobility, 

single-site occupancy, surface homogeneity, and the absence of adsorbate molecule interactions. 

All pure species adsorption isotherms were assessed in terms of the most widely used two-

parameter adsorption isotherm models, namely those of Langmuir, Freundlich and Redlich-

Peterson(Dehghani, 2020). The Langmuir isotherm provides a quantitative framework for 

analyzing experimental data, which determine the important parameters such as the adsorption 

capacity and the affinity of the adsorbate for the adsorbent and compare the adsorption 

characteristics of different adsorbents or surfaces. Mathematically, the Langmuir model 

relationship given as: 
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                      𝑞 =  
𝑞0𝑏𝑃

1+𝑏𝑃
                     Equation 3.1 

where P is the gas reservoir pressure, b is the Langmuir equilibrium constant, q0 is the highest 

amount of gas absorbed by the adsorbent, and q is the amount of gas adsorbed. Either pressure or 

fugacity can be used to convey this statement.  

The Freundlich model accounts for reversible and non-ideal adsorption, while also factoring in 

non-uniform distribution of adsorption affinities and heats across heterogeneous surfaces. It is 

presented as:  

𝑞 =  𝐾𝑓𝑃
1

𝑛  
           Equation 3.2 

 

where Kf is the Freundlich constant describing adsorption capacity and 1/n represents the degree 

of heterogeneity of the surface.  

The Redlich-Peterson isotherm is a hybrid isotherm that incorporates features of both the 

Langmuir and Freundlich approaches; at low pressures it resembles the Langmuir model while 

and high pressures it approaches the Freundlich isotherm, as given by:  

𝑞 =  
𝐾𝑔𝑃

1+𝑎𝑅𝑃𝐵𝑠           Equation 3.3 

in which Kg/aR indicates the adsorption capacity while Bs is a constant indicating deviation from 

the simplistic Langmuir description (for which Bs = b=1).  

Using the root-mean-square error (RMSE) as the objective function for minimization, the 

Langmuir equation was fitted to the molecular simulation findings. For the molecular simulations, 

the Peng−Robinson cubic equation of state was utilized to translate between pressure and 

chemical potential [76]. This is one of the best two-constant cubic equations of state and is 

commonly used in natural gas processing and related chemical engineering fields:  

𝑅𝑀𝑆𝐸 =  (∑
(𝑞𝑓𝑖𝑡−𝑞𝑠𝑖𝑚

2

𝑝
) 1

2
         Equation 3.4 

where p is the total number of data points per isotherm, qfit is the fitted uptake of gas, and qsim is 

the outcome of the molecular simulations. 
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3.6. Batch Equilibrium Modelling 

The computer program Octave (GNU) was undertaken to demonstrate the equilibrium approach, 

which described system performance of the unchanging amount of montmorillonite in a realistic 

setting approximating the conditions of a PSA unit for upgrading biogas. This approach requires 

adsorption isotherm data generated by the Monte Carlo molecular simulations and yields macro-

scale results of adsorption system performance in terms of outlet gas compositions, using feed 

gas composition, operating pressure values, and system temperature as specified inputs.  

To determine the yields of the final product gas, material balances for the adsorption and 

desorption stages yield the adsorbed quantities were carried out for each species in the solid and 

gas phases. Batch equilibrium experiments are essential for validating adsorption isotherm 

models. By comparing experimental data to various isotherm models (e.g., Langmuir, Freundlich 

or Redlich)(Lasich, 2020), it can help to determine which model best fits the adsorption behavior 

of the system. Batch experiments can be extended to study the kinetics of adsorption, helping to 

understand how fast the adsorption process reaches equilibrium(Dehghani, 2020). This is crucial 

for designing adsorption processes with the desired efficiency to optimize process parameters 

such as adsorbent dose, contact time, temperature, and initial concentration of the adsorbate to 

achieve the desired adsorption efficiency. Table 3.1 presents feed composition and simulation 

parameters used for generating Adsorption Isotherm for each component of Biogas stream. 

Table 3-1 Feed composition and simulation parameters 

Species Feed composition 

(% mol) 

Temperat

ure(K) 

Pressure(kPa) Mass(g) 

CH4 0.65 298K 0.01-1000  

N2 0.15 298K 0.01-1000  

C2H6 0.10 298K 0.01-1000  

CO2 0.05 298K 0.01-1000  

H2S 0.05 298K 0.01-1000  

Montmorillonite    4468g 
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 CHAPTER 4- RESULTS AND DISCUSSIONS 

4.1. Introduction 

The section discusses the outcomes of the synthesizing and characterization MMT as natural 

adsorbent for removal of CO2 in the biogas stream. Also evaluated using at what operating 

conditions of the PSA system does MMT remove the impurities from biogas.  Results obtained 

in terms of Adsorption Isotherm performances and adsorption capacity compared and discussed. 

Furthermore, highlights of the experimental data evaluation via Batch equilibrium modeling and 

the fitted models using RSM are also presented.   

4.2. Results 

The preferred gas is preferentially adsorbed at high pressure on a porous adsorbent, and the gas 

is then recovered at low pressure in the PSA process. The amount of impurity removed by 

adsorption can be described by an adsorption isotherm, which is a relationship between the 

concentration of the impurity in the gas phase and the amount of impurity adsorbed onto the 

surface of the adsorbent.  

The simulations were validated and compared with reference papers (Khajuria, 

2011)and(Dittmer, 2021). Adsorption isotherm calculations can be used to model the behavior of 

biogas purification systems that use adsorption as a method of removing impurities(Dehghani, 

2020).   

4.3. Discussion 

Adsorption isotherms generated for all the species of interest in this study. Simulation parameters 

are presented in Table 3.1. The results are the average of three independent simulations and 

calculated standard deviation for each fugacity value. Where f is the gas fugacity and q are the 

amount of gas adsorbed into the solid. The adsorption capacity was found to be low at low fugacity 

pressure, but as the pressure increases, all species are adsorbed into the montmorillonite adsorbent 

bed, Figure 4.1 also indicates how each species preferential adsorbed in the bed. At high pressures, 

most of the species turns to get saturated. Both axes have been made logarithmic for clarity. Note 

that the absolute adsorptions are shown in Table 4.1 to 4.5. Graphical results for Table 4.1 to 4.5 

are presented in Appendix A. 
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Table 4-1 Adsorption isotherm for CH4 at 298K and 1.0 x10-3 to 1.0 x103 kPa. 

Fugacity (kPa) Average Standard deviation 

   

1.0 x10-3 1.29 x10-8 3.02 x10-10 

1.47 x10-2 1.86 x10-7 2.72 x10-9 

2.15 x10-1 2.71 x10-6 1.64 x10-8 

3.16 3.95 x10-5 9.27 x10-8 

4.64 x101 5.57 x10-4 1.64 x10-6 

6.81 x102 4.51 x10-3 1.26 x10-5 

1.0 x103 1.04 x10-2 1.45 x10-5 

 

Table 4-2 Adsorption isotherm for C2H6 at 298K and 1.0 x10-3 to 1.0 x103 kPa. 

Fugacity (kPa) Average Standard deviation 

   

1.0 x10-3 1.73 x10-7 3.49 x10-9 

1.46 x10-2 2.53 x10-6 1,11 x10-8 

2.15 x10-1 3.74 x10-5 2.76 x10-7 

3.16 5.57 x10-4 2.14 x10-6 

4.64 x101 4.24 x10-3 4.32 x10-6 

6.81 x103 5.96 x10-3 3.73 x10-5 

1.0 x103 9.99 x10-3 1.91 x10-4 
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Table 4-3 Adsorption isotherm for N2 at 298K and 1.0 x10-3 to 1.0 x103 kPa. 

Fugacity (kPa) Average Standard deviation 

   

1.0 x10-3 1.09 x10-9 7.45 x10-11 

1.47 x10-2 1.87 x10-8 1.48 x10-9 

2.15 x10-1 2.86 x10-7 3.66 x10-9 

3.16 4.22 x10-6 2.55 x10-9 

4.64 x101 6.16 x10-5 158 x10-7 

6.81 x102 8.07 x10-4 1.42 x10-6 

1.0 x103 4.85 x10-3 9.92 x10-6 

 

Table 4-4 Adsorption isotherm for CO2 at 298K and 1.0 x10-3 to 1.0 x103 kPa. 

Fugacity (kPa) Average Standard deviation 

   

1.0 x10-3 4.67 x10-9 4.42 x10-10 

1.47 x10-2 7.20 x10-8 1.41 x10-9 

2.15 x10-1 1.06 x10-6 1.35 x10-8 

3.16 1.53 x10-5 7.84 x10-8 

4.64 x101 2.19 x10-4 1.42 x10-6 

6.81 x102 2.24 x10-3 7.22 x10-6 

1.0 x103 6.50 x10-3 1.82 x10-5 
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Table 4-5 Adsorption isotherm for H2S at 298K and 1.0 x10-3 to 1.0 x103 kPa. 

Fugacity (kPa) Average Standard deviation 

   

1.0 x10-3 1.49 x10-8 1.09 x10-9 

1.47 x 10-2 2.11 x10-7 5.25 x10-9 

2.15 x10-1 3.0 x10-6 1.85 x10-8 

3.16 4.53 x10-5 1.04 x10-7 

4.64 x101 6.35 x10-4 5.24 x10-7 

6.81 x102 4.71 x10-3 1.03 x10-5 

1.0 x103 1.03 x10-2 1.03 x10-5 

The tables present adsorption capacity for each species at different pressures. The results show 

how much gas adsorbed as pressure increases. Even though the trend is not linear, there may be 

steric effects related to the size and shape of gas molecules as well as the size and shape of 

channels within MMT lattice. 

Comparing the magnitudes of the diffusivities yields the following ranking in terms of rates of 

diffusion in the MMT: H2S>N2>CO2>C2H6>CH4. The ranking of affinities in terms of adsorption 

(considering pressures from 1.0 kPa upwards) is H2S>CO2>O2>N2>CH4>C2H6. Comparing these 

two rankings as well as the results in Figure 4.1 suggest that it may not be straightforward to 

predict the diffusion of biogas constituents in MMT based solely on the quantity of gas adsorbed 

or a simplistic measure such as a single molecular property. 
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Figure 4-1 Amount of gas adsorbed into the solid q and fugacity f of the gas. 

The following graph gives a more detailed description that shows at what pressure each species 

behaves at a given pressure. The graph indicates that CH4, CO2 and H2S are adsorbed into 

montmorillonite bed at a pressure above 10kPa, however C2H6 is preferentially adsorbed at a very 

low pressure and becomes saturated at high pressure above 1 x103kPa. Since CO2 and H2S are the 

main components that need to be removed, the results show that the adsorbent is effective enough 

for PSA system. Although it might be difficult to separate C2H6 and CH4 under the same condition 

since C2H6 is preferentially adsorbed due to combination of larger size, linear shape, and higher 

polarizability makes it more prone to adsorption at lower pressures compared to other species. In 

the context of adsorption isotherms, the standard deviation can be used to assess the goodness of 

fit of a particular adsorption model to the experimental data. If the standard deviation is high, it 

suggests that there is a lack of good model-data that fit the adsorption behavior. and may not be 

suitable for predicting adsorption behavior. On the other hand, if the standard deviation is low, it 

suggests that the model provides a good fit to the data and can be used to predict adsorption 

behavior with reasonable.  

The Sum of Squares Error (SSE) states the deviation between the experimental results and the 

values predicted by the isotherm models. It was calculated for each gas component as follows: 

the measured and model predicted values of the amount adsorbed, respectively, and n represents 
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the number of experimental data points fitted for each experiment. The fitted parameters for 

Langmuir, Freundlich and Redlich-Peterson (i.e., Qo and K), SSE values, and correlation 

coefficients are presented in Table 4.6 to 4.8. 

Table 4-6 Fitted Langmuir Adsorption Mode Parameters Qo along with the Sum-Square Error 

(SSE) and the Correlation Coefficient (R2) 

Species SSE R2 Qo B 

     

CH4 1.80 x10-7 0.99 7.79 x10-4 7.79 x10-4 

CO2 6.70 x10-8 0.99 7.89 x10-3 4.99 x10-4 

C2H6 6.13 x10-6 0.96 8.61 x10-3 1.52 x10-2 

H2S 1.81 x10-7 0.99 1.17 x10-2 8.72 x10-4 

N2 2.84 x10-8 0.99 9.42 x10-3 1.07 x10-4 

 

Table 4-7 Fitted Freundlich Adsorption Mode Parameters and K along with the Sum-Square Error 

(SSE) and the Correlation Coefficient (R2) 

Species SSE N R2 Kf 

     

CH4 4.91 x10-5 11.42 0.89 2.50 x10-3 

C2H6 3.59 x10-5 12.39 0.96 3.14 x10-3 

CO2 1.05 x10-5 6.42 0.93 1.00 x10-3 

H2S 4.78 x10-5 11.48 0.89 2.52 x10-3 

N2 7.64 x10-6 5.27 0.90 7.85 x10-4 
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Table 4-8 Fitted Redlich -Peterson Adsorption Mode Parameters aR, Bs, Kg and the Correlation 

Coefficient (R2) 

Species Bs aR R2 Kg 

     

CH4 9.19 x10-1 2.43 x10-3 1.00 1.31 x10-5 

CO2 8.61 x10-1 2.91 x10-3 0.99 5.92 x10-6 

C2H6 8.49 x10-1 1.93 x10-1 0.99 4.75 x10-4 

H2S 8.61 x10-1 2.91 x10-3 0.99 9.72 x10-6 

N2 8.61 x10-1 2.91x10-3 0.98 4.17 x10-6 

The adsorption model equation data presented from the Tables was successful in all cases, with 

correlation coefficients (R2) being no less than 0.99 for all species for the Langmuir Adsorption 

model. The results obtained from experimental isotherm and calculated standard deviation across 

all three models which show inconsistent on the correlation co-efficient from Freundlich and 

Relich-Peterson as shown in Table 4.9.  

Table 4-9 Comparison between different fitted models of Biogas species. 

Species Langmuir Redlich-Peterson Freundlich 

 

R2 Absolute 

Deviation 

(%) 

R2 Absolute 

Deviation 

(%) 

R2 Absolute 

Deviation (%) 

 

CH4 0.99 20.17 1.00 1.79 0.89 1.65 x106 
 

CO2 0.99 15.08 0.99 14.99 0.92 1.16 x106 
 

C2H6 0.98 23.39 0.99 87.12 0.96 1.62 x105 
 

N2 0.99 17.44 0.98 174.86 0.90 3.07 x106 
 

H2S 0.99 22.23 0.89 22.33 0.99 1.45 x106 
 

This concluded that Langmuir provided a good fit for adsorption isotherm model of the PSA 

system.  Hence, the optimal model to select in terms of both agreeing with the results and 

minimizing overfitting is Langmuir model. In terms of fitting adsorption isotherm model, it may 

be preferable to select either Langmuir or Redlich-Peterson, purely on the basis of R2 as a value 

for comparison. 
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4.4. Batch Equilibrium Modelling 

The equilibrium modeling was conducted using GNU Octave tool. The adsorption system was 

modeled using a batch equilibrium technique(Dittmer, 2021), which represented the system as a 

cycle with a constant amount of solid adsorbent. Material balances for the adsorption and 

desorption stages produce the adsorbed amounts of each species in the solid and gas phases, and 

solving these balances yields the final product composition. Modelling of PSA was conducted at 

ambient temperature (298K) and atmospheric pressure (101.325kPa), biogas composition of 65% 

CH4, 15% C2H6, 10% N2, 5% CO2 and 5% H2S. The adsorbed amounts of each species in the solid 

and gas phases are determined by equilibrium stages of adsorption and desorption, and the 

ultimate product composition is obtained by solving these balances. Due to selective adsorption 

of CO2 by MMT, the gas discharged of the pressure swing adsorption unit described by Equations 

4.1 to 4.3 which would contain rich CH4. 

𝑛𝑖
𝑖𝑛 =  𝑛𝑖

𝑜𝑢𝑡 + 𝑞𝑖
𝑎𝑑          Equation 4.1 

𝑞𝑖 =  
𝑎𝑖𝑃𝑖𝑊

1+∑𝑏𝑖𝑃𝑖
          Equation 4.2 

𝑛𝑖
𝑖𝑛 =  𝑛𝑖

𝑜𝑢𝑡 +  
𝑊𝑏𝑃𝑞𝑖

1+𝑏𝑃
            Equation 4.3 

where q,is the amounts of component i in the bulk-gas adsorbed at equilibrium, nin and nout   are 

the number of moles for component i fed and out respectively.  P, is the partial pressure at 

adsorption equilibrium, W is the mass of adsorption bed and b is the Langmuir constants. Table 

4.9 Present the amount of gas accumulated in adsorption bed at equilibrium. Material balance was 

conducted for the feed stream and outlet stream using equation 4.1 to 4.3, sample of calculation 

is presented in Appendix C. 
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Table 4-10 Overall bed mass (W) of the PSA system at 298K and 101.325kPa 

Ch4(g/mol) C2H6(g/mol) H2S (g/mol) N2 (g/mol) CO2 (g/mol) 

5.24 x10-7 6.41 x10-5 7.54 x10-7 6.81 x10-8 2.17 x10-6 

7.69 x10-6 9.41 x10-4 1.11 x10-5 9.99 x10-7 3.19 x10-5 

1.13 x10-4 1.38 x10-2 1.62 x10-4 147 x10-5 4.69 x10-4 

1.66 x10-3 2.03 x10-1 2.39 x10-3 2.15 x10-4 6.88 x10-3 

2.45 x10-2 2.99 3.52 x10-2 3.18 x10-3 1.01 x10-1 

3.92 x10-1 1.69 x101 5.50 x10-1 5.03 x10-2 1.57 

8.10 1.41 x101 9.99 8.87 x10-1 7.86 

 

 

Figure 4-2: Heat map of the overall biogas component in the outlet stream of PSA system as a 

function of adsorbent quantity and operating pressure ratio. 

The colors indicate the high and low values of the bed at different pressures, ideally the optimal 

operating at this point would be at a lower pressure which would also minimize the cost of running 

the system at high pressure. To replicate process conditions in the literature as closely as possible 

for the purposes of obtaining PSA conditions, a bed mass of about 30-39 g/mol of feed gas with 

an operating pressure of approximately 70-82 kPa would be suitable for cleaning a gas mixture 
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consisting of 65 mol-% methane with carbon dioxide. These conditions can yield a methane-rich 

stream comprising 96 mol-% methane and all the methane that was in the feed, demonstrating 

that MMT in a PSA system can be used for upgrading biogas. It was noted that the secondary 

outlet stream produced two gas streams, one consisting solely of carbon dioxide, and another 

comprising about 93-96 mol-% CH4. Therefore, the proposed PSA employing MMT as the 

adsorbent may satisfy the requirements of this biogas upgrading.  

It was be noted that test calculations were performed for operation approaching 1000 kPa, 

however the magnitude of methane uptake into MMT meant that achieving both outlet 

composition specifications i.e. one gas stream with 100 mol-% CO2 and another with a stream 

more than 96 mol-% CH4 would be challenging in practice when employing a single stage 

pressure swing adsorption system. With reference to CO2 removal, it is also then clear that very 

small bed sizes may be sufficient to produce purified biogas. Figure 4.3 presents the operating 

range yields performance such that the targeted methane content of 93-96 mol-% is achievable.  

 

Figure 4-3 Heat map of the overall biogas component in the outlet stream of PSA system as a 

function of adsorbent quantity and operating pressure ratio. 
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The required bed size in this case is about 5-6 g/mole of feedstock. Therefore, when considering 

this correction factor to account for consistent deviations between available experimental data 

and the predictions of the COMPASS forcefield, it is apparent that MMT can serve as a suitable 

adsorbent for the biogas upgrading process.  

In addition, for the PSA system performance can be evaluated if the separation was reached. The 

batch equilibrium model makes it simple to develop this relationship, which may then be utilized 

as a true separation factor for the PSA system(Dittmer, 2021). Equation can be used to indicate a 

new separation factor for the PSA system if it is defined as the mole fractions of two components 

in the product divided by the ratio in the feed.4.5 shows. The graphical results are presented in 

Appendix C. 

𝛼 =  

𝐶𝑐ℎ4𝑖𝑛
𝐶𝑐ℎ4𝑜𝑢𝑡

𝐶𝑐𝑜2
𝐶𝑐ℎ4𝑜𝑢𝑡

             Equation 4.4 

The calculated separation factor was found to be greater than one: α = 13, which indicates 

separation process was effective as removal CO2 and enrichment of CH4 was achieved. 

The batch equilibrium model is simple and effective for analyzing PSA systems, with accurate 

results. Although it cannot anticipate the performance of kinetically controlled systems, it can 

serve as a screening tool for adsorbent selection and process comparisons during the early design 

stage of PSA systems. 

 

 



 

 

 

53 

 

 CHAPTER 5-CONCLUSIONS AND RECOMMENDATIONS 

The study focused on investigating the suitability of montmorillonite as a novel adsorbent for 

biogas purification. This will be accomplished by using Monte Carlo simulations in the grand 

canonical ensemble simulation to develop adsorption isotherms, along with macro-scale batch 

equilibrium modeling. This chapter summarizes the key results and makes recommendations for 

future research and decision-making.  

The specific objectives were: 

1. To determine the effectiveness of montmorillonite as a biogas purifier.  

2. To Establish the optimal operating condition of a Pressure Swing Adsorption (PSA) 

system using montmorillonite. 

5.1. Conclusion 

The outlined methodology, focused on the simulation-based assessment of the novel adsorber's 

effectiveness, provides a rigorous and reliable framework to investigate our research question. 

The results of this research, which are detailed in subsequent chapters, offer valuable insights into 

the potential of the novel adsorber in biogas purification. Monte Carlo molecular simulations were 

performed in the grand canonical ensemble to predict adsorption of carbon dioxide, methane, 

hydrogen sulfide, ethane, and nitrogen on montmorillonite lattice. 

Adsorption isotherms were produced for both pure species and a gas mixture that mimicked actual 

natural gas fields by including 65% methane, 15% nitrogen, 10% ethane, 5% carbon dioxide, and 

the remaining hydrogen sulfide. The gas mixture's settings of interest, which included 293 K and 

0.01–1000 kPa of pressure, were representative of real-world circumstances. This study showed 

that montmorillonite might be a practical adsorbent for pressure-swing adsorption, which is a 

sorption procedure used to specifically remove CO2 and H2S. 

There is a high correlation between the simulated results and the reported values in papers as 

shown in figure 3.2 and 4.1 With respect to the other species under consideration (i.e., nitrogen, 

oxygen, methane, hydrogen, and carbon dioxide), commonly used adsorption isotherm models 

adequately described the observed sorption behaviour.  
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Simulations of mixture adsorption were also undertaken, for which it was observed that optimal 

removal of non-calorific components (CO2, H2S) occurred at high pressure (specifically at 10 kPa, 

the lowest pressure considered in this study). The strong selectivity of the montmorillonite 

adsorbent in favour of carbon dioxide at low pressures suggests that future experimental work 

may yield a practicable PSA system to produce cleaner-burning biogas free from impurities and 

with a reduced non-calorific content. Montmorillonite was successfully functionalized with its 

cations exchange methods and gas adsorption capabilities under varied temperature and pressure.  

In addition, the batch equilibrium modelling was undertaken with a view to assessing the 

feasibility of montmorillonite as an adsorbent for PSA separation of biogas and at what conditions 

does the PSA operate at optimal. The operating condition obtained was at a pressure of 70-82 kPa 

and 30-39g/mol of bed mass. This was undertaken within the context of biogas upgrading process, 

where the effects of operating pressure and bed size for a PSA system were achievable. It was 

demonstrated that this unit may be incorporated into biogas reforming process, as it can meet the 

requirements of the biogas feed preparation step in terms of separation power.  

PSA is a complex process, since process control, yield and purity of the product that are difficult 

to maintain as compared to other upgrading technologies. The selection of optimal design and 

operating parameters is a difficult task due to highly complex and tough design procedure of 

transference singularities of adsorbate in adsorption column and extreme computational 

requirements to reach the steady cyclic state between the sequences. Due to the design of PSA 

system and the arrangement of adsorption columns and cycle sequences, the adsorption capacity   

performance can be affected and that might lead to low recovery of CH4. This has been a major 

drawback of PSA especially in comparison to other biogas upgrading technologies like amine 

scrubbing since a substantial amount of CH4 gets discharged with the off gas. 

 

 

 

  



 

 

 

55 

 

5.2. Recommendations 

Pressure swing operation does of course entail its own challenges, such as higher capital costs for 

implementation and a techno-economic assessment that balances capital and operating costs to 

determine the optimal pressure would be necessary. Adsorption typically entails low energy costs 

compared to many separation schemes, and it can therefore be helpful to consider montmorillonite 

in the pressure swing adsorption system for the purpose of biogas upgrading.  

It could be advantageous to investigate additional adsorbents that can be used to upgrade or 

improve renewable producer gases, particularly those that can be generated in peri-urban and rural 

settings. To have the most possible influence on boosting energy availability in emerging and 

underdeveloped nations and regions, special attention should be paid to adsorbents that are easily 

accessible in these locations. Exploring the blending of unmodified adsorbents with high-

performance materials like MMT, MOFs and CMSs in a layered system to reduce adsorbent 

preparation costs and improve interconnection between the adsorbate and adsorbent surface to 

enhance adsorption capacity of the adsorbent.  

MMT may be incorporated into biogas reforming processes for the removal of carbon dioxide 

from feedstock as part of biogas upgrading; for the purposes of development due to its recent 

active refence study. Emerging frontiers in this field encompass advancements in computational 

modelling and simulation for predictive PSA performance optimization, the exploration of hybrid 

separation methodologies combining PSA with other techniques like membranes or cryogenic 

distillation, and the integration of renewable energy sources to power the purification processes, 

fostering a more sustainable and efficient biogas upgrading landscape. Improve and modify of 

existing PSA system designs like exploration of composite materials and diverse bed 

configurations. Explore hybrid upgrading processes to achieve high purity of CH4 and CO2 

recovery from the biogas stream while controlling CH4 and PSA step.  Address the gap concerning 

the environmental life cycle of PSA systems, emphasizing the need for comprehensive analyses 

in future studies. 
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 APPENDIX A: SIMULATION DETAILS AND 

CALCULATIONS 

T= 298K 

P= 0.01 – 1000 kPa 

Mass of Adsorbent = 4468g 

Average = ∑isotherm/Madsorbent   

=  
∑(4.5 𝑥10−6+5.10 𝑥10−6 +5.05 𝑥10−6

4468
=  1.09 𝑥10−3𝑚𝑜𝑙/𝑔  

Standard deviation = Stdv(∑isotherm)/ Madsorbent   

=  
𝑆𝑇𝐷𝑉(∑4.50−6 + 5.10 𝑥10−6 + 5.05 𝑥10−6

4468
=  7.45 𝑥10−11 𝑚𝑜𝑙/𝑔 

Table A-1 Present calculations pf standard deviation 

f(KPa)(N2) P(kPa) 1st 

Simulation 

2nd 

Simulation 

3rd 

Simulation 

Average Standard 

deviation 
       

1.0 x10-3 1.0 x10-3 4.50 x10-6 5.10 x10-6 5.05 x10-6 1.09 x10-9 7.45 x10-11 

1.47 x10-2 1.47 x10-2 8.61 x10-5 7.59 x10-5 8.83 x10-5 1.87 x10-8 1.48 x10-9 

2.15 x10-1 2.15 x10-1 1.28 x10-3 1.29 x10-3 1.26 x10-3 2.86 x10-7 3.66 x10-9 

3.16 3.16 1.88 x10-2 1.88 x10-2 1.89 x10-2 4.22 x10-6 2.55 x10-9 

4.64 x101 4.63 x101 2.76 x10-1 2.75 x10-1 2. 75 x10-1 6.16 x10-5 1.58 x10-7 

6.81 x102 6.84 x102 3.61 3.60 3.60 8.07 x10-4 1.42 x10-6 

1 x103 1.03 x104 2.16 x101 2.17 x101 2.17 x101 4.85 x10-3 9.92 x10-6 

              

 

 

Table A-2 Present calculations pf standard deviation 
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f(KPa)(CH4) P(kPa) 1st 

Simulation 

2nd 

Simulation 

3rd 

Simulation 

Average Standard 

deviation 
       

1.0 x10-3 1.0 x10-3 5.91 x10-5 5.82 x10-5 5.64 x10-5 1.29 x10-8 3.02 x10-10 

1.47 x10-2 1.47 x10-2 8.39 x10-4 8.38 x10-4 8.18 x10-4 1.86 x10-7 2.72 x10-9 

2.15 x10-1 2.15 x10-1 1.21 x10-2 1.20 x10-2 122 x10-2 2.71 x10-6 1.64 x10-8 

3.16 3.16 1.79 x10-1 1.77 x10-1 1.76 x10-1 3.95 x10-5 9.27 x10-8 

8.52 x101 8.65 x101 2.49 2.49 2.48 5.57 x10-4 1.64 x10-6 

6.81 x102 6.94 x102 2.01 x101 2.02 x101 2,02 x101 4.51 x10-3 1.26 x10-5 

1 x103 1.28 x104 4.66 x101 4.67 x101 4.66 x101 1.04 x10-2 1.45 x10-5 

 

Table A-3 Present calculations pf standard deviation 

f(KPa) 

C2H6 

P (kPa) 1st 

Simulation 

2nd 

Simulation 

3rd 

Simulation 

Average Standard 

deviation 
       

1.0 x10-3 1.0 x10-3 7.53 x10-4 7.8 x10-4 7.80 x10-4 1.73 x10-7 3.49 x10-9 

1.47 x10-2 1.47 x10-2 1.13 x10-2 1.14 x10-2 1.13 x10-2 2.53 x10-6 1.11 x10-8 

2.15 x10-1 2.15 x10-1 1.68 x10-1 1.67 x10-1 1.66 x10-1 3.74 x10-5 2.76 x10-7 

3.16 3.16 2.49 2.48 2.49 5.57 x10-4 2.14 x10-6 

8.52 x101 4.66 x101 1.89 x101 1.89 x101 1.89 x101 4.24 x10-3 4.32 x10-6 

6.81 x102 7.32 x101 22.65 x101 2.66 x101 2.68 x101 5.96 x10-3 3.73 x10-5 

1 x103 4.73 x104 4.37 x101 4.54 x101 4.49 x101 9.99 x10-3 1.91 x10-4 
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Table A-4 Present calculations pf standard deviation 

f(KPa) CO2 P(kPa) 1st 

Simulation 

2nd 

Simulation 

3rd 

Simulation 

Average Standard 

deviation 
       

1.0 x10-3 1.0 x10-3 2.13 x10-5 2.27 x10-5 1.88 x10-5 4.67 x10-9 4.42 x10-10 

1.47 x10-2 1.47 x10-2 3.22 x10-4 3.28 x10-4 3.15 x10-4 7.20 x10-8 1.41 x10-9 

2.15 x10-1 2.15 x10-1 4.80 x10-3 4.73 x10-3 4.68 x10-3 1.06 x10-6 1.35 x10-8 

3.16 3.16 6.83 x10-2 6.84 x10-2 6.89 x10-2 1.53 x10-5 7.84 x10-8 

4.64 x101 4.66 x101 9.80 x10-1 9.72 x10-1 9.85 x10-1 2.19 x10-4 1.42 x10-6 

6.81 x102 7.13 x102 1.0 x101 1.01 x101 9.99 2.24 x10-3 7.22 x10-6 

1 x103 4.87 x104 2.91 x101 2.89 x101 2.91 x101 6.50 x10-3 1.82 x10-5 

 

Table A-5 Present calculations pf standard deviation 

f(KPa) H2S P(kPa) 1st 

Simulation 

2nd 

Simulation 

3rd 

Simulation 

Average Standard 

deviation 
       

1.0 x10-3 1.0 x10-3 6.99 x10-5 6.88 x10-5 6.10 x10-5 1.49 x10-8 1.09 x10-9 

1.47 x10-2 1.47 x10-2 9.29 x10-4 9.70 x10-4 9.28 x10-4 2.11 x10-7 5.25 x10-9 

2.15 x10-1 2.15 x10-1 1.39 x10-2 1.37 x10-2 1.37 x10-2 3.0 x10-6 1.85 x10-8 

3.16 3.16 2.02 x10-1 2.03 x10-1 2.02 x10-1 4.53 x10-5 1.04 x10-7 

4.64 x101 4.66 x101 2.84 2.84 2.84 6.35 x10-4 5.24 x10-7 

6.81 x102 7.29 x102 2.11 x101 2.09 x101 2.11 x101 4.71 x10-3 1.03 x10-5 

1 x103 1.32 x104 4.68 x101 4.62 x101 4.62 x101 1.03 x10-2 1.03 x10-5 
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 APPENDIX B: CALCULATIONS FOR BEST FIT MODEL 

B1: Comparison between Langmuir, Freundlich and Redlich -Peterson using the following 

equations respectively: 

𝑞 =  
𝑞𝑜𝑏𝑃

1+𝑏𝑃
           Equation B.1 

𝑞 =  𝐾𝑓

1

𝑛          Equation B.2 

𝑞 =  
𝐾𝑔𝑃

1+𝑎𝑅𝑃𝐵𝑠          Equation B.3 

Langmuir: using equation (B1.1) 

=
1.19𝐸−2 ×7.79𝐸−4×0.01

1+7.79𝐸−4×0.01
= 9.3 𝑥10-11 

Freundlich: equation (B1.2) 

=  2.5 𝑥10 × 0.011/11.41744 = 1.37 𝑥10-3 

Redlich-Peterson: equation (B1.3) 

=  
1.30 𝑥10−5𝑥 1.0𝑥10−2

1 + 2.44 𝑥10−3𝑥1.0 𝑥10−2(9.19 𝑥10−1)
= 1.31 𝑥10−8 

Root Mean Square Error: (q – average)2  

= (9.30 𝑥10−11 −  1.29 𝑥10−8)2 = 1.33 𝑥10−17 

Sum Squared Error: ∑RMSE = 1.95 x10-7 

 Absolute deviation: 𝐴𝐵𝑆
𝑞−𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑎𝑣𝑒𝑟𝑎𝑔𝑒×100
  

𝐴𝐵𝑆 =  
9.30 𝑥10−7 − 1.29 𝑥10−8

1.29 𝑥10−8𝑥100
= 28.18 

R2 = Correlation (∑average; ∑q) = 0.99 
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The calculations and comparison were conducted for all species and the results are presented in 

Table B1.1 to B1.5. 
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Table B-1 CH4 Fitted Mode parameters of Langmuir, Freundlich and Redlich-Peterson along with RMSE and R2 

- Squared error SSE Absolute dev R2 Langmuir Qo b 

1.31 x10-8 1.22 x10-20 1.73 x10-7 0.85 0.99  1.90 x10-2 7.79 x10-4 

1.92 x10-7 3.14 x10-17  3.01     
2.81 x10-6 1.18 x10-14  4.02  Freundlich Kf n 

4.10 x10-5 2.45 x10-12  3.97   2.50 x10-3 11.42 

9.73 x10-4 1.73 x10-7  74.56     
4.50 x10-3 6.94 x10-11  0.18     
1.04 x10-2 4.65 x10-12  0.02  Redlich Kg aR 

      1.31 x10-5 2.44 x10-3 

  AAD 12.37  Bs 9.19 x101  

 

Langmuir 

Squared 

error SSE 

Absolute 

dev R2 Freundlich 

Squared 

error SSE Absolute dev R2 

          

9.30 x10-9 1.33 x10-17 1.95 x10-7 28.18 0.99 1.37 x10-3 1.86 x10-6 5.02 x10-5 1.05 x107 0.88 

1.37 x10-7 2.46 x10-15  26.64  1.73 x10-3 2.98 x10-6  9.28 x105  

2.00 x10-6 4.90 x10-13  25.89  2.19 x10-3 4.77 x10-6  8.08 x104  

2.93 x10-5 1.02 x10-10  25.63  2.77 x10-3 7.44 x10-6  6.91 x103  

7.43 x10-4 3.47 x10-8  33.43  3.69 x10-3 9.82 x10-6  5.63 x102  

4.14 x10-3 1.37 x10-7  8.22  4.43 x10-3 6.87 x10-9  1.84  

1.06 x10-2 2.27 x10-8  1.44  5.60 x10-3 2.34 x10-5  4.63 x101  

          

  AAD 21.35     1.65 x106  
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Table B-2 C2H6 Fitted Mode parameters of Langmuir, Freundlich and Redlich-Peterson along with RMSE and R2 

Redlich-Peterson Squared error SSE Absolute dev R2 Langmuir Qo b 

        

4.75 x10-7 9.13 x10-14 7.86 x10-7 175.19 0.99  8.61 x10-3 1.52 x10-2 

6.93 x10-6 1.94 x10-11  173.66     

9.72 x10-5 3.58 x10-9  159.89  Freundlich Kf n 

9.93 x10-4 1.90 x10-7  78.28   3.14 x10-3 12.38 

3.66 x10-3 3.34 x10-7  13.63     

6.45 x10-3 2.37 x10-7  8.16     

9.85 x10-3 2.20 x10-8  1.48  Redlich Kg aR 

      4.75 x10-4 0.19 

  AAD 87.18  Bs 0.85  

        

Langmuir 

Squared 

error SSE Absolute dev R2 Freundlich 

Squared 

error SSE Absolute dev R2 

          

1.31 x10-7 1.71 x10-15 6.13 x10-6 23.99 0.97 1.79 x10-3 3.23 x10-6 3.60 x10-5 1.04 x106 0.97 

1.92 x10-6 3.72 x10-13  24.07  2.23 X10-3 4.97 x10-6  8.79 x104  

2.82 x10-5 8.57 x10-11  24.74  2.77 x10-3 7.48 x10-6  7.3 x102  

3.96 x10-4 2.60 x10-8  28.97  3.44 x10-3 8.33 x10-6  5.18 x102  

3.6 x10-3 4.54 x10-7  15.89  4.28 x10-3 1.46 x10-9  9.00 x10-1  

7.85 x10-3 3.56 x10-6  31.64  5.31 x10-3 4.25 x10-7  1.09 x101  

8.55 x10-3 2.09 x10-6  14.44  6.60 x10-3 1.15 x10E-5  3.39 x101  

          

  AAD 23.39     1.62 x105  
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Table B-3 CO2 Fitted Mode parameters of Langmuir, Freundlich and Redlich-Peterson along with RMSE and R2 

Langmuir 

Squared 

error SSE 

Absolute 

dev R2 Freundlich 

Squared 

error SSE 

Absolute 

dev R2 

          
3.93 x10-9 5.50 x10-19 6.70 x10-8 15.86 0.99 3.43 x10-4 1.17 x10-7 1.05 x10-5 7.33 x106 0.93 

5.77 x10-8 2.04 x10-16  19.84  5.21 x10-4 2.71 x10-7  7.23 x105  
8.47 x10-7 4.56 x10-14  20.13  7.91 x10-4 6.24 x10-7  7.45 x104  
1.24 x10-5 8.58 x10-12  19.09  1.20 x10-3 1.41 x10-6  7.73 x103  
1.78 x10-4 1.66 x10-9  18.59  1.82 x10-3 2.58 x10-6  7.33 x102  
2.00 x10-3 5.96 x10-8  10.87  2.77 x10-3 2.8 x10-7  2.36 x101  
6.57 x10-3 5.69 x10-9  1.16  4.21 x10-3 5.21 x10-6  3.51 x101  

          

  AAD 15.08     1.16 x106  

Redlich-Peterson 

Squared 

error SSE Absolute dev R2 Langmuir Qo b 

        

5.92 x10-9 1.55 x10-18 1.4 x10-9 26.63 0.99  7.89 x10-3 4.50 x10-4 

8.69 x10-8 2.21 x10-16  20.63     

1.27 x10-6 4.56 x10-14  20.12  Freundlich Kf n 

1.86 x10-5 1.04 x10-11  21.02   1.0 x10-3 6.42 

2.70 x10-4 1.25 x10-9  16.13     

2.24 x10-3 3.47 x10-11  0.26     

6.51 x10-3 1.06 x10-10  0.16  Redlich Kg aR 

      5.92 x10-6 2.91 x10-3 

  AAD 14.99  Bs 8.61 x10-1  

        

 



 

 

 

73 

 

Table B-4 H2S Fitted Mode parameters of Langmuir, Freundlich and Redlich-Peterson along with RMSE and R2 

Langmuir 

Squared 

error SSE 

Absolute 

dev R2 Freundlich 

Squared 

error SSE 

Absolute 

dev R2 

          
1.02 x10-8 2.21 x10-17 1.81 x10-7 31.57 0.99 1.38 x10-3 1.91 x10-6 4.78 x10-5 9.28 x106 0.89 

1.50 x10-7 3.77 x10-15  29.09  1.75 x10-3 3.05 x10-6  8.27 x105  
2.19 x10-6 7.90 x10-13  28.83  2.21 x10-3 4.85 x10-6  7.14 x104  
3.21 x10-5 1.73 x10-10  29.04  2.79 x10-3 7.52 x10-6  6.05 x103  
4.55 x10-4 3.26 x10-8  28.43  3.52 x10-3 8.33 x10-6  4.54 x102  
4.35 x10-3 1.24 x10-7  7.49  4.45 x10-3 6.61 x10-8  5.46  
1.05 x10-2 2.38 x10-8  1.49  5.62x10-3 2.21 x10-5  4.55 x101  

          

  AAD 22.28     1.45 x106  
Redlich-

Peterson Squared error SSE Absolute dev R2 Langmuir Qo b 

        

9.72 x10-9 2.67 x10-17 1.24 x10-6 34.69 0.99  1.17 x10-2 8.72 x10-4 

1.43 x10-7 4.65 x10-15  32.34     

2.09 x10-6 9.81 x10-13  32.12  Freundlich Kf n 

3.05 x10-5 2.18 x10-10  32.62   2.52 x10-3 11.48 

4.18 x10-4 4.71 x10-8  34.15     

3.68 x10-3 1.06 x10-6  21.87     

1.07 x10-2 1.32 x10-7  3.51  Redlich Kg aR 

      9.72 x10-6 2.91 x10-3 

  AAD 27.33  Bs 0.86  
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Table B-5 N2 Fitted Mode parameters of Langmuir, Freundlich and Redlich-Peterson along with RMSE and R2 

Langmuir 

Squared 

error SSE 

Absolute 

dev R2 Freundlich 

Squared 

error SSE Absolute dev R2 

          
1.01 x10-9 7.05 x10-21 2.84 x10-8 7.68 0.99 2.11 x10-4 4.47 x10-8 7.46 x10-6 1.94 x107 0.90 

1.48 x10-8 1.49 x10-17  20.66  3.52 x10-4 1.24 x10-7  1.89 x106  
2.17 x10-7 4.68 x10-15  23.94  5.86 x10-4 3.43 x10-7  2.05 x105  
3.19 x10-6 1.06 x10-12  24.43  9.77 x10-4 9.45 x10-7  2.30 x104  
4.66 x10-5 2.25 10-10  24.34  1.63 x10-3 2.45 x10-6  2.54 x103  
6.41 x10-4 2.77 x10-8  20.62  2.71 x10-3 3.62 x10-6  2.36 x102  
487 x10-3 4.86 x10-10  0.45  4.51 x10-3 1.13 x10-7  6.95  

          

  AAD 17.45     3.07 x106  

Redlich-Peterson Squared error SSE 

Absolute 

dev R2  Langmuir   Qo  b 

                

4.17 x10-9 9.45 x10-18 6.77 x10-7 2.81 x102 0.98    1.07 x10-4 9.42 x10-3 

6.11 x10-8 1.80 x10-15   2.28 x102         

8.97 x10-7 3.73 x10-13   2.14 x102    Freundlich   Kf  n 

1.31 x10-5 7.84 x10-11   2.09 x102     7.85 x10-4 5.27 

1.79 x10-4 1.38 x10-8   1.91 x102         

1.58 x10-3 5.91 x10-7   9.52 x101         

4.58 x10-3 7.24 x10-8   5.55    Redlich Kg  aR 

             4.17 x10-6  2.91 x10-3 

    AAD 1.75 x102    Bs  8.61 x10-1   
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 APPENDIX C: OPERATING CONDITIONS FOR PSA SYSTEM 

C.1. Best Operating Condition for PSA System 

 

Figure C-1 Generated results obtained for PSA system using Octave tool. 
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Calculations for the inlet stream 

Table C-1 Number of moles for the inlet stream 

Assume ideal gas CH4 C2H6 CO2 H2S N2 

PV= nRT 0.65 0.1 0.05 0.05 0.15 

nfeed 9.83 x10-3 3.63 x10-2 3.74 x10-2 1.01 x10-2 7.89 x10-3 

 

 

Table C-2 Number of moles for the inlet stream 

Octave results CH4 C2H6 H2S N2 CO2 

Composition 0.96 1.70 x10-2 1.30 x10-2 1.00 x10-2 1 

n=cv 1.82 x10-3 3.23 x10-5 2.47 x10-4 1.91 x10-5 1.90 x10-3 

b 7.79 x10-4 1.52 x10-2 8.72 x10-4 1.07 x10-4 4.99 x10-4 

Qo 1.19 x10-3 8.61 x10-3 1.17 x10-2 9.42 x10-3 7.89 x10-3 

 

Bed mass calculations for CH4: The calculations were performed at different points of the operating pressure from the PSA system.  

𝑊 = (𝑛𝑓 −  𝑛𝑜𝑢𝑡)
1+𝑏𝑝

𝑞𝑏𝑝
              Equation C.1 
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Table C-3 Bed size for CH4 outlet stream 

P(kPa) CH4  W(g/mol) 

1 x10-3 5.24 x10-7 

1.45 x10-2 7.69 x10-6 

2.15 x10-1 1.14 x10-4 

3.16 1.66 x10-3 

4.65 x101 2.45 x10-2 

6.94 x103 3.92 x10-1 

1.28 x104 8.10 

 

Best operating conditions for PSA system 

Pressure:   70-80kPa 

Temperature:  298K 

Bed mass:  30.39g/mol. 

CH4 purity:  96%  

 

Separation factor : 

𝐶𝑐ℎ4𝑖𝑛
𝐶𝑐ℎ4𝑜𝑢𝑡

𝐶𝑐𝑜2
𝐶𝑐ℎ4𝑜𝑢𝑡

=  
0.65/0.96

0.05/0.96
= 13 

 




