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The world's limitless energy demands and the need to reduce carbon emissions are both 

addressed by biogas, an easily accessible renewable energy source. Theoretically, compared to 

gasoline, the use of biogas or biomethane—which is more than 90% methane after carbon 

dioxide removal—for transportation purposes can reduce GHG emissions by 60% to 80%. With 

the goal of understanding their effectiveness and their potential to adsorb carbon dioxide from a 

gas mixture of 1:1 CO2 & N2 at STP conditions, this study undertook a thorough investigation of 

commonly used commercial adsorbents, including activated carbon, zeolites, and metal oxides, 

An in-depth method was used to determine the specific surface area of these microporous 

adsorbents after studying their textural characteristics. The research entails the development of 

an experimental setup tailored for the exploration of vacuum pressure swing adsorption (VPSA), 

temperature swing adsorption (TSA), and a combination of both methodologies to determine 

adsorption capacity pre & post-regeneration. The primary objectives of the study are twofold: 

firstly, to identify a set of adsorbents capable of effectively removing contamination, specifically 

CO2, from biogas. This involves a comprehensive comparison of their textural characteristics, 

breakthrough curves, and adsorption capacities. Secondly, the research aims to investigate the 
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regeneration of these adsorbents, seeking to comprehend the optimal processes for future 

application of certain materials. Through this endeavor, the study contributes valuable insights 

into the selection and regeneration of adsorbents for biogas upgradation 
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Chapter 1 

Motivation and Objective 

 

The primary factors influencing the energy policies of nations worldwide today are energy 

security, economic growth, and environmental protection. According to the projections made by 

the World Energy Forum, it is anticipated that the depletion of fossil fuel reserves, including oil, 

coal, and gas, will occur within the next ten decades. This depletion is primarily attributed to a 

substantial increase in global energy demand, which is expected to multiply by a factor of two or 

three throughout the course of this century.1 In light of increasing energy demand and 

greenhouse gas emissions, international treaties such as the Kyoto Protocol and Agenda 21 place 

a strong emphasis on the development and utilization of renewable energy sources.2 

Biogas is an easy-to-reach, renewable energy source that could help meet the world's endless 

energy needs and cut down on carbon emissions at the same time. It is thought that using 

upgraded biogas or biomethane (>90% methane) for transportation can cut greenhouse gas 

(GHG) emissions by 60% to 80% compared to petrol. This depends on the feedstock that is 

used.3,4 It consists mainly of methane (CH4) and carbon dioxide (CO2), which are generated 

through the anaerobic fermentation of organic substances within an anaerobic digester. Organic 

matter encompasses a range of materials, including municipal waste, manure, sewage waste, and 

other biodegradable feedstocks. When biogas undergoes adequate purification, it exhibits similar 

characteristics to natural gas. The combustion of natural gas yields a lower amount of carbon 

dioxide and a higher amount of water vapor per unit of energy compared to the combustion of 

coal, gasoline or diesel.5,6  
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Biogas typically has a calorific value of 21.5 MJ/m3, while natural gas has a calorific value of 

35.8 MJ/m3.7 The incombustible portion of biogas, primarily CO2, is primarily responsible for 

the difference in calorific values between the two. Because biogas contains large portion of CO2, 

it loses some of its heating value and costs more to compress and transport. This makes it less 

economically viable to use biogas to make electricity right where it is produced. Likewise, the 

presence of additional contaminants in biogas can have a negative impact on downstream 

equipment structure, leading to corrosion of boiler and engine tubes as well as steel chimneys. 

Carbon dioxide and methane are the primary components of biogas. Furthermore, it includes 

trace amounts of other gases, including hydrogen, nitrogen, and hydrogen sulfide. The 

differences in contamination between landfill gas, natural gas, and biogas are listed in Table 1. 

The table shows that the primary distinction between natural gas and biogas is the latter's lower 

concentration of hydrocarbons and higher concentration of CO2. Because of these variations, 

biogas has less energy per unit volume than natural gas.8,9 Once these impurities are taken out, 

the upgraded gas will contain high-quality methane and can be used for more things, like fueling 

vehicles or making heat and electricity.10 

Table 1: Contaminations in biogas, natural gas and landfill gas8 

Gas Biogas Landfill gas  Natural gas 

CH4 (% vol) 90-70 ~65 ~90 

CO2 (%vol) 30-40 15-50 1 

Hydrocarbons (%vol) 0 0 9 

H2 (%vol) 0 0-3 0 

N2 (%vol) ~0.2 5-40 ~0.3 

O2 (%vol) 0 0-5 0 
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H2S (ppm) 0-4000 0-100 3 

NH3 (ppm) 100 5 0 

Heating value, kWh/Nm3 ~6.5 ~4.4 ~11.0 

 

There are currently a number of technologies available for biogas upgradation, including, 

adsorption, absorption and membrane-based gas permeation. Additionally, developments are 

being made in the fields of novel technologies such as hybrid membrane-cryogenic technologies, 

in situ methane enrichment.11 But just as with solar and wind power, there are challenges in the 

production and use of biogas. These primarily include high operating costs, energy-intensive 

processes, and insufficient policy support. Given the possibility of increased market competition 

in the future, there is a need to develop new biogas upgrading technologies and optimize existing 

ones in order to reduce operating costs and use less energy in biogas production.11 

Processes that are based on adsorption and make use of microporous materials are an extremely 

promising and cost-efficient technology. When performing a Pressure Swing Adsorption (PSA)/ 

Vacuum Swing Adsorption (VSA) process, the adsorbent is regenerated by reducing the pressure 

or increasing the vacuum respectively. On the other hand, when performing a Temperature 

Swing Adsorption (TSA) operation, the regeneration is carried out by increasing the 

temperature.12 PSA/VSA is widely regarded as the most appealing and efficient biogas 

upgrading process due to its simple control, low operating and capital investment costs, and 

higher energy efficiency.13–17  

In this study, a comprehensive investigation is conducted on commonly employed commercial 

adsorbents, namely activated carbon, zeolites, and metal oxides, using CO2 and N2 with the aim 
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of comprehending their effectiveness and the potential for regeneration through the above-

mentioned adsorption processes. The analysis of the textural characteristics of adsorbents, in 

conjunction with the evaluation of breakthrough curves derived from experimental setup, offers 

valuable insights into the most suitable adsorption procedures to be employed for both 

commercially available adsorbents and newly synthesized ones; for removing CO2 to upgrade 

biogas. Within the scope of this research study, the methodology described below is chosen in 

order to achieve aforementioned objectives. 

1. Review of the existing literature: 

An extensive examination of existing literature to identify appropriate adsorbents for effectively 

eliminating significant levels of contamination, specifically carbon dioxide, from biogas. 

Choosing three commonly found adsorbents—activated carbon, magnesium oxide, and zeolite 

13X—after analyzing information from the literature review. 

2. Adsorbent characterization: 

Study of gas equilibrium models and examining the textural properties of the chosen adsorbents 

to better understand how they interact with the adsorbate. 

An extensive procedure for determining the specific surface area and pore size of microporous 

adsorbents through the utilization of BET analysis. 

3. Methodology: 

A laboratory apparatus to carry out vacuum pressure swing adsorption and temperature swing 

adsorption. 
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Investigating the dynamic interaction between a mixture of CO2 and N2 gases using the selected 

adsorbents. 

4. Breakthrough Curve Analysis: 

Analyzing breakthrough curves obtained from the experimental study, correlating them with the 

textural properties of the adsorbents. 

Assessing the adsorption capacity of each adsorbent, establishing guidelines for comparative 

analysis. 

5. Process Summary and Recommendations: 

Developing a comprehensive process summary for upgrading biogas, with the initial step 

involving the removal of CO2. 

Recommending adsorbents deemed suitable for the identified process based on the evaluation of 

their adsorption capacities and characteristic curves. 
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Chapter 2 

Introduction 

2.1 Adsorbents 

The most crucial feature of an adsorbent is its adsorption capacity, also referred to as "loading."  

The amount of adsorbate absorbed by the adsorbent per unit mass (or volume) of the adsorbent is 

its simple definition.  It is dependent upon temperature, fluid-phase concentration, and other 

factors (particularly the adsorbent's initial state).  Adsorption capacity data are typically collected 

as an isotherm (loading versus concentration at constant temperature) at different adsorbate 

concentrations (or partial pressures for vapors or gases).  Because it determines the amount of 

adsorbent needed and fixes the volume of the adsorber vessels—both of which are typically 

significant, if not dominant—adsorption capacity is crucial to the capital cost.).18 

Another crucial attribute to consider when choosing an adsorbent, particularly in the context of 

biogas, is the adsorbent's selectivity with regard to CO2 adsorption. In the context of CO2 

separation from a CH4/CO2 mixture, an optimal adsorbent must possess distinct adsorption 

characteristics for the two gases, i.e., it must adsorb carbon dioxide preferentially while leaving a 

large proportion of methane molecules in the gaseous state. The similar kinetic diameters of the 

two molecules (0.330 nm for CO2 and 0.382 nm for CH4) make the design of kinetic-based 

adsorbents extremely challenging. Nevertheless, a significant disparity in polarity exists between 

the two substances. CO2 possesses a quadrupolar moment, whereas CH4 is classified as a non-
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polar molecule. Adsorbate–adsorbent interactions are strengthened, which leads to an increased 

selectivity towards carbon dioxide in the presence of polar surface functionalities.19 

2.1.1 Zeolites 

Zeolites, crystalline aluminosilicate materials comprised of alkali or alkali earth elements such as 

sodium, potassium, and calcium, exhibit a well-defined structure with tetrahedra of silicon and 

aluminum forming the primary structural units. The stoichiometric formula, 

Mx/n[(AlO2)x(SiO2)y]zH2O, details the arrangement, where x and y are integers, n is the cation 

M valence, and z is the water molecules in each unit cell. Approximately 150 types of zeolites, 

designated by letters, have been synthesized, each possessing unique characteristics.20 

Table 1.2 Types of zeolites and their properties.21–24 

Zeolite Type Feed mixture Feed condition Adsorption capacity 

NaUSY 58% CH4 + 42% CO2 STP 11−15 mol 

methane/kg 

Zeolite 5A 60% CH4 + 40% CO2 6 bar 4.49 mol of CO2/kg 

Zeolite 13X 60% CH4 + 40% CO2 1 bar 4.6 mmol of CO2/g 

ZSM-5 50% CH4 + 50% CO2 1 bar 1.6 mmol/g CO2 

 
2.1.2 Activated carbon 

Activated carbons are the adsorbents with the most favorable characteristics for ANG storage, 

because they have a large microporous volume, are efficiently compacted into a packed bed, and 

can be cheaply manufactured in large quantities The enhanced storage results from gas 

adsorption into the micropores. The activation process to develop microporosity in the carbon 

matrix creates a very high surface area formed by an intricate network of small pores, where the 
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density of the adsorbed phase is liquid-like, thus providing for a higher storage density than is 

possible by compression alone. The storage density enhancement factors achieved by ANG 

range from 2 to 10, depending on the operating pressure.25 

2.1.3 Metal Oxide 

Magnesium oxide (MgO) is a white, crystalline powder with a high chemical stability and 

thermal resistance It has a high basicity and can effectively neutralize acidic gases, making it a 

potential adsorbent for CO2 removal in biogas production 26Solid commercial magnesium oxide 

is available in various particle sizes and morphologies, with surface area and pore size 

distribution affecting its adsorption performance. 

Mineral oxides like magnesium oxide (MgO) have gotten a lot of research attention because they 

can capture CO2 by making magnesium carbonate (MgCO3) at different temperatures. At low 

temperatures, MgO turns into unidentate MgCO3 and bidentate MgCO3 at high temperatures. 

The rate at which MgCO3 is formed depends on the temperature, the saturation state of the Mg2+ 

species, and the partial pressure of CO2. As low as 60°C, MgO can both physically and 

chemically absorb CO2. This can happen either with water vapor present or without.27 

These mesoporous MgO is excellent for adsorbing CO2, but the entire desorption of adsorbed 

CO2 can only be achieved by heating for a long time at 450 °C, which was found to take a long 

time. As a result, adsorbed CO2 can be recovered at different high temperatures, and at 800°C, a 

complete and sharp recovery of CO2 is there. The capacity to absorb CO2 increases as the 

temperature rises.28 
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2.2 Industrial adsorption processes 

2.2.1 Vacuum pressure swing adsorption 

The Vacuum Pressure Swing Adsorption (VPSA) process is a commonly employed industrial 

unit operation for the separation of gas mixtures. In this process, one or more gases are 

selectively adsorbed at high pressures and then desorbed at lower pressures.29 The PSA and 

VPSA methods exhibit similarities, with the key distinction being that the VPSA method 

incorporates a vacuum pump to facilitate the desorption process of the adsorbate under vacuum 

conditions. Furthermore, it's a dry process that doesn't require any contact with water or 

contamination, which makes it adaptable and simple to use. 

2.2.2 Temperature swing adsorption 

Temperature swing adsorption (TSA) processes depend on the cyclic variation of the temperature 

within a bed of adsorbent material. Adsorption takes place at low temperatures, while bed 

regeneration occurs at high temperatures. Various methods like using steam, electrical heat tapes 

and others can be employed to provide temperature swing adsorption. This particular method is 

favored over pressure swing adsorption (PSA) when dealing with highly adsorbed species that 

cannot be efficiently regenerated solely through pressure adjustments. The majority of TSA 

processes primarily involve the utilization of direct heating methods. In the scenario of utilizing 

steam for direct heating, it is necessary to dry the adsorbent subsequent to the process of 

regeneration. In addition, it is necessary to employ a secondary unit for the purpose of separating 

water if the adsorbate exhibits miscibility with water. The utilization of the hot gas technique 

results in a desorbed phase that is diluted, requiring achieving of low condensation temperatures 

in order to facilitate the reuse of the adsorbate.30 This is the rationale behind the development of 
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various alternative processes that aim to circumvent direct heating, which have emerged in recent 

times. 

  



11 

 

Chapter 3 

Gas adsorption equilibrium 

3.1 Introduction to adsorption equilibrium and isotherm 

Adsorption primarily involves a porous solid media on which target molecules in a gas or liquid 

are drawn and then adhere via physical or chemical bonding. Because of the porous solid 

medium's extremely minute pore size, adsorbate molecules must navigate the micropore volume. 

Adsorbents with small pore size, moderate porosity, high micropore volume, and a network of 

large pores that allow molecules to flow into the adsorbent's interior are conducive to successful 

adsorption. The solid porous medium has a large micropore volume, resulting in a high 

adsorption capacity.31–34 Given that the adsorbent is essential to the adsorption process, its 

adsorption capacity and kinetics must be favorable.32 Furthermore, the information on adsorption 

equilibria is important data to understand adsorption process. Understanding the adsorption 

equilibrium of purified components is critical in evaluating the solid adsorbent's capacity to 

accommodate these components, regardless of the quantity of components present in the 

system.34 

Adsorption isotherms characterize the equilibrium behavior of adsorptive materials at constant 

temperature. It is dependent on the species that are adsorbed, the adsorbent, and a number of 

physical characteristics of the solution, such as temperature, ionic strength, and pH.35 They are 

typically established when there is a contact between the adsorbent and the adsorbate for a 
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substantial amount of time. During this time, the adsorbate concentration in the bulk solution and 

the interface concentration should be in dynamic balance. They are primarily used to characterize 

the porous solids (adsorbent) and design the industrial adsorption process.36  

According to the IUPAC recommendation37, it is practical to categorize pores in the context of 

physisorption as follows: 

(i) macropores have widths greater than 50 nm;  

(ii) mesopores have widths between 2 nm and 50 nm; and  

(iii) micropores have widths less than 2 nm. 

Micropores that are very small (about 0.7 nm wide) are called ultra micropores. 

3.2 Types of adsorption isotherm 

The isotherm can be shown as a curve that plots the amount of adsorbate adsorbed onto the 

adsorbent against either the concentration (for liquids) or the pressure (for gases) at constant 

temperature. The entire volume that is accessible within micropores can be considered the 

adsorption space. After the first layer of molecules adhere to the surface, a process known as 

micropore filling takes place, which is different from surface coverage that happens on the walls 

of open macropores or mesopores. The interpretation of the adsorption isotherm solely in terms 

of surface coverage is erroneous when considering micropore filling. The process of micropore 

filling can be considered as a fundamental physisorption mechanism. 

Physisorption in mesopores takes place in three more or less distinct stages. In monolayer 

adsorption, all of the adsorbed molecules come into contact with the adsorbent's surface layer. In 
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multilayer adsorption, not every layer of molecules adsorbed is in direct contact with the 

adsorbent surface because the adsorption space can hold multiple layers of molecules. Pore 

condensation occurs subsequent to multilayer adsorption within mesopores. 

 The process by which a gas condenses to a liquid-like phase in a pore at a pressure p less than 

the saturation pressure p° of the bulk liquid is known as capillary (or pore) condensation; in other 

words, capillary condensation represents a vapor-liquid phase transition in a finite-volume 

system. Micropore filling is not a vapor-liquid phase transition and therefore should not be 

referred to as capillary (or pore) condensation.38 

Adsorption isotherms can be classified into six different groups in accordance with the IUPAC 

(International Union of Pure and Applied Chemistry) classification, which is determined by the 

isotherm shape of adsorbate-adsorbate pairs as shown in Table 2.36 

Table 2 Classification of adsorption isotherm by IUPAC 

Isotherm Type Description Example Sample Graph32 

Type I isotherms 

(Convex 

upward)32,38–40  

Rapid adsorption at 

relative low pressure 

followed by sharp 

turn of isotherm. 

Found in Microporous 

materials without any 

mesopores or 

macropores. 

Adsorption of water 

vapor on zeolite, 

adsorption of hydrogen 

on charcoal. 
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Type II 

isotherms36,39,41,42 

Positive curvature at 

relative low pressure. 

It indicated initial 

adsorption at 

energetically more 

favored site before 

being allocated to less 

energetically favored 

sites. 

Adsorption of nitrogen 

on silica gel or iron 

catalyst, adsorption of 

water vapor on polymer-

based adsorbent 

 

Type III 

isotherms 

(concave 

upward)32,36,38,40,43 

This type occurs 

where the adsorbate–

adsorbate interaction 

is big compared to 

adsorbate–sorbent 

interaction. 

Adsorption of water on 

hydrophobic zeolites 

and activated carbon, 

adsorption of bromine 

and iodine on silica gel, 

carbon tetrachloride 

adsorption on 

mesoporous gel 

 

Type IV 

isotherms32,38,43 

At higher pressures 

the slope shows 

increased uptake of 

adsorbate as pores 

become filled, 

inflection point 

typically occurs near 

completion of the first 

monolayer. It has 2 

inflection points. 

Adsorption of humid air, 

water vapors on 

specific types of 

activated carbon, 

adsorption of benzene 

on iron oxide and 

on silica gel. 
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Type V 

isotherms32,38,40 

This type indicates the 

presence of 

mesopores in phase 

changes such as pore 

condensation. There is 

a single point of 

inflection. 

Adsorption of water on 

carbon molecular sieves 

and on activated carbon 

fiber. 

 

Type VI 

isotherms31,32,38 

Layers become more 

pronounced at low 

temperatures, and the 

isotherms present 

stepwise multilayer 

adsorbates. It has 

several points of 

inflection. 

Adsorption of noble 

gases on the surfaces of 

planar graphite, and 

adsorption of butanol on 

aluminum silicate, 

adsorption of CH4 on 

MgO 

 

 

Hysteresis loops have been observed in various IUPAC classified isotherms, as Table 1 

illustrates. This suggests the presence of mesoporous material where adsorption with capillary 

condensation occurred.44 The primary cause of the hysteresis is thought to be the relative vapor 

pressure during pore filling, which should be greater than that during pore evaporation, 

according to independent domain theory.45 The network theory states that the pore-blocking 

effect may contribute to hysteresis.46 

The micropore materials, which have fine pores, exhibit a Type I isotherm. In this case, 

adsorption occurs through either chemisorption or physisorption. Macroporous materials, 

denoted by Types II and III isotherms, exhibit a high and a low adsorption energy, respectively. 

The materials' mesoporosity is responsible for the hysteresis observed in types IV and V 
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isotherms, which have low and high adsorption energies, respectively.47,48 Lastly, the type VI 

isotherm, which is temperature and system dependent, characterizes the layer-by-layer 

adsorption on nonporous, uniform surfaces.48,49  
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3.3 Adsorption isotherm models 

3.3.1 The Langmuir Model (Two parameter model) 

This model is based on a kinetic point of view, that equals the rate of adsorption to the rate of 

desorption from the surface at equilibrium.44 

The Langmuir adsorption isotherm equation is defined as: 

𝑉 = 𝑉𝐿 (
𝑝

𝑝+𝑝𝐿
)  (1) 

where V is the adsorbed volume, p is the absolute pressure, VL is maximum sorption capacity and 

𝑝𝐿 is the Langmuir pressure. For quantifying the relationship between pressure and adsorbed gas 

in biogas, the model's simplicity facilitated its rapid adoption. But model is based on numerous 

assumptions thus limiting the power of predictability of the model. 

Assumptions of Langmuir Model  

I. Adsorbate is assumed to have homogeneous surface50, that is adsorption energy is 

constant at all sites. 

II. Linear relationship between pressure and volume of adsorbed gas at pressure 

lower than 5MPa.51 At high pressure, Langmuir model fails to fit experimental 

data. 

III. Monolayer adsorption phenomenon, that is there is just one adsorption site where 

a gas molecule is adsorbed, and no other molecules can sit on top of it. 
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IV. The lateral interactions between neighboring molecules are considered to be 

insignificant in the Langmuir model. This suggests that the adsorption heat is 

constant and that the total amount of gas adsorbed has no impact on it. This 

assumption makes sense in terms of micropores because adsorbed molecules are 

comparatively far apart from one another.52 

V. The maximum amount of gas adsorbed is assumed to be constant under 

isothermal conditions and is solely dependent on pressure in this model.53  

Assuming above, at equilibrium, the rate of adsorption 𝛫1(1 − 𝜃) = rate of desorption 𝛫2(𝜃). 

The rate at which adsorbate molecules adsorb at the surface is proportional to the fraction of 

uncovered area (1–θ), while the rate at which they desorb is proportional to the covered surface 

(θ).54 

𝛫1(1 − 𝜃) = 𝛫2(𝜃)   (2) 

or, 𝜃 =  
𝛫1𝛲

𝛫2+𝛫2𝛲
  (3) 

or, 𝜃 =  
𝛫𝐿𝛲

1+𝛫𝐿𝛲
   (4) 

where, Langmuir constant KL = K1/K2. Also, surface coverage can be written as the ratio of 

adsorbed amount q to the maximum amount qm that can be adsorbed by the adsorbent, that is 

𝜃 =  
𝑞

𝑞𝑚
. 

Thus, final form of Langmuir equation becomes, 𝑞 = 𝑞𝑚
𝛫𝐿𝛲

1+𝛫𝐿𝛲
,   (5) 

Below two cases can be drawn from above equation,  
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• When the pressure is very low → 1 >> KL P → the isotherm reduces to the Henry Law: that is, 

the amount adsorbed increases linearly with the pressure and can be written as: q=qmKHP, where 

KH is the Henry’s law constant.  

• When the pressure is relatively high → KL P >> 1 → the amount adsorbed reaches the 

saturation capacity, all sites are occupied (is called monolayer coverage). 

3.3.2 The BET (Brunauer, Emmett and Teller) Model 

The BET model is extended form of Langmuir model, for multi-layer adsorption. The model 

incorporates the same assumptions as the Langmuir model, while also introducing additional 

simplified assumptions, namely: Similar adsorption energies are observed in the second, third, 

and subsequent layers. This energy is equivalent to the fusion heat, which is unaffected by the 

adsorbent-adsorbate interactions. However, the initial layer exhibits distinct energy levels 

compared to the subsequent layers. As the concentration approaches the saturation concentration, 

the number of layers tends towards infinity.55 

It is widely used in multilayer adsorption system with relative pressure ranging from 0.05 to 

0.30, where monolayer coverage occurs around 0.5 to 0.15 relative pressure; to find adsorbent’s 

surface area by using nitrogen as adsorbate. 

Derivation of BET Equation 

Let A(g) be adsorbate and S represents adsorbent, while AS is adsorption layer of adsorbate on 

adsorbent. 

𝐴(𝑔) + 𝑆
𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
⇔       𝐴𝑆  (6) 
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[A] = P= Pressure of gas; [S] = θV= concentration of available site; 

[AS] = θ1= concentration of sites occupied by first layer 

Equilibrium constant for first layer K1 = 
[𝐴𝑆]

[𝐴][𝑆]
=

𝜃1

(𝜃𝑉)(𝑃)
  (7) 

For nth layer:  𝐴(𝑔) + 𝐴𝑛−1𝑆
                      
⇔      𝐴𝑛𝑆  (8) 

Equilibrium constant for nth layer Kn = 
𝜃𝑛

(𝜃𝑛−1)(𝑃)
  (9) 

Using above, the linear form of BET equation is 

1

𝑉𝑚[
𝑃

𝑃𝜊−1
]
=

1

𝑉𝑚𝐶
+
𝐶−1

𝑉𝑚𝐶
(
𝑃

𝑃𝜊
)  (10) 

Where P and 𝑃𝜊 are the adsorbate equilibrium and saturation pressures, respectively, C is a BET 

constant, V is quantity of the adsorbed gas, and Vm is the quantity of adsorbed gas by monolayer. 

By plotting 
1

𝑉𝑚[
𝑃

𝑃𝜊−1
]
 against (

𝑃

𝑃𝜊
), the values of slope s and intercept i can be calculated as 

Slope  𝑠 =
𝐶−1

𝑉𝑚𝐶
 and intercept 𝑖 =  

1

𝑉𝑚𝐶
 

According to the BET theory, the parameter C is exponentially related to the energy of 

monolayer adsorption. The general consensus today is that the value of C actually provides a 

helpful indication of the isotherm's shape within the BET range. 

If the value of C is equal to or greater than approximately 80, the knee of the isotherm exhibits a 

sharp characteristic. 
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When the value of C is low (less than approximately 50), there exists a significant overlap 

between monolayer and multilayer adsorption, leading to uncertainties in the accurate 

interpretation of 𝑉𝑚. 

When the value of C is less than 2, the isotherm can be classified as either Type III or Type V. In 

such cases, the BET method cannot be used. 

A high value of C (say,  > 150) is generally associated with either adsorption on high-energy 

surface sites or the filling of narrow micropores.38 

Application of BET Equation 

I. Specific monolayer capacity 𝑛𝑚 and value of C 

𝑛𝑚 = 
1

𝑠+𝑖
   (11) 

𝐶 = 
𝑠

𝑖
+ 1  (12) 

Furthermore, two conditions must be fulfilled for the satisfaction of this criterion of microporous 

surface area measurement: 

(i) 
1

𝑉𝑚[
𝑃

𝑃𝜊−1
]
 value should increase with increasing (

𝑃

𝑃𝜊
) , and (ii) y intercept in the linear region of 

the graph must be > 0 to have a meaningful value of C. 

II. Specific surface area 

𝑆𝐵𝐸𝑇 =
𝑛𝑚𝑁𝐴𝑥

𝑤
  (13) 
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Where N is Avogadro's number, 𝐴𝑥 is the cross-sectional area of the adsorbed gas molecule and 

w is mass of adsorbent. The accepted cross-sectional area of a nitrogen (N2) molecule used in the 

calculation of BET surface area is 0.162 nm2. This standardized value enables researchers from 

various laboratories to compare materials consistently. 

3.3.3 The extended BET (Brunauer, Emmett and Teller) Model  

The conventional BET method cannot be used to determine the specific surface area within the 

relative pressure range of 0.05 to 0.3 for microporous adsorbents with pore diameters below 2nm 

(20 Å).56 

The prevalence of microporous adsorbents is primarily observed in the context of Type I 

isotherms. In this scenario, the micropores within the adsorbent material become completely 

occupied at extremely low pressures, reaching saturation prior to a relative pressure of 0.05. 

Consequently, this leads to a negative value for the BET constant C, rendering the application of 

standard BET calculations unfeasible. 

In order to determine the specific surface area, it is necessary to employ additional consistency 

theory to identify the appropriate relative pressure range where the equation can be effectively 

applied and yield a positive value for BET constant C. 

The Quantachrome Nova 2000e, a BET surface area and pore size analyzer, was employed to 

ascertain the adsorption isotherm. A total of 100 adsorption and desorption events can be 

graphed in a nitrogen bath at a temperature of 77 K.  The pressure measurement accuracy is 

0.1%. It is capable of measuring specific surface area greater than 0.01 m2/g. 
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Method of using the first consistency theory to determine the microporous adsorbent's specific 

surface area. 

I. Collect an additional ten or more data points within the relative pressure range of 

0.05 to 0.5 using the standard BET experiment. The higher the number of points 

acquired, the more favorable the outcome. 

II. A graph is to be plotted with 𝑉𝑚(𝛲
𝜊 − 𝑃) on y-axis and 𝑃 𝑃𝜊⁄  on x axis. The 

locations of the plot's maxima should be noted. 

III. The specific surface area can be calculated within the relative pressure range that 

extends from the lowest relative pressure to the point of maxima. 

IV. Plot a straight line using a minimum of three data points from the aforementioned 

range (or more is preferable) and determine the maximum value of correlation 

coefficient R2 derived from the combination of the data points. 

V. Determine the value of the BET constant C, which must be positive, using the 

equation of the best-fitting straight line. Once a positive value of C is obtained, the 

calculated specific surface area within the specified range can be deemed 

acceptable. 

This procedure is based on the following main criteria: (a) the quantity C should be positive (i.e., 

a negative intercept on the ordinate of the BET plot is the first indication that one is outside the 

appropriate range); (b) application of the BET equation should be restricted to the range where 

the term nm(1 – p/po) continuously increases with p/po; (c) the p/po value corresponding to nm 

should be within the selected BET range.38 
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3.3.4 The Freundlich Model (Two parameter model) 

The reversible and non-ideal adsorption process is described by the Freundlich adsorption 

isotherm model. It can be applied to multilayer adsorption, unlike the Langmuir isotherm model, 

which is limited to monolayer formation. Adsorption heat and affinities do not have to be evenly 

distributed across the heterogeneous surface in this isotherm model.57 

The equation of Freundlich isotherm model is an empirical equation. It was originally obtained 

by assuming heterogeneity of the surface in which the energy of adsorption is distributed, and 

topography of the surface is patch wise. 

𝑞𝑖
∗ =

𝑞𝑖,𝑚𝑎𝑥(𝛫𝑖𝑃)
1
𝑛𝑖
⁄

1+ (𝛫𝑖𝑃)
1
𝑛𝑖
⁄

  (14) 

Where 𝑞𝑖
∗ is the amount of the adsorbed phase of component i, 𝑞𝑖,𝑚𝑎𝑥 is the maximum adsorbed 

amount of component i and 𝑛𝑖 represents the adsorbent heterogeneity. 

It is relevant for systems characterized by heterogeneous surfaces in the gas phase. The isotherm 

exhibits inadequate adherence to Henry's law at low pressure, resulting in a limited pressure 

range. When the pressure reaches a certain threshold, it does not possess a finite boundary. 

Therefore, it can be concluded that this adsorption isotherm model is not applicable to a wide 

range of adsorption data.34,58 

3.3.5 The Toth Model (Three parameter model) 

Designed to minimize the discrepancy between the experimental and predicted values, this 

isotherm model is an empirically modified version of the Langmuir equation. It is mostly used to 

describe heterogeneous adsorption systems that can handle both low and high concentrations of 
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adsorbate. The underlying assumption of this isotherm model is that there exists an asymmetrical 

quasi-Gaussian distribution of energy, wherein the majority of sites exhibit lower energy of 

adsorption compared to the mean value or the peak.59 

At low concentrations, the Toth equation reduces to Henry's law; at high concentrations, the 

Langmuir isotherm model approaches a finite capacity more quickly. 

Typically, the adsorption of vapors of organic compounds and other gases are described using 

this isotherm model.36 
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3.4 Adsorption equilibrium model for CO2 capture by 

adsorbents 

The Langmuir model postulates that adsorption takes place on a surface that is uniform in nature, 

having a limited quantity of identical sites. In contrast, the Freundlich model posits that 

adsorption happens on a surface that is diverse in nature, characterized by a range of site 

energies. The Toth model is a theoretical framework that integrates the Langmuir and Freundlich 

models, incorporating considerations for surface heterogeneity and the limited availability of 

adsorption sites. 

3.4.1 Activated carbon 

In the context of CO2 adsorption from biogas, a study60 compared the performance of Langmuir, 

Freundlich, and Toth models for describing the adsorption of CO2 onto activated carbon derived 

from coconut shells. The study found that the Toth model provided the best fit to the 

experimental data, followed by the Langmuir and Freundlich models. The authors attributed this 

to the fact that the Toth model takes into account both the heterogeneity of the surface and the 

finite number of sites, which are important factors in the adsorption of CO2 from biogas. 

3.4.2 Zeolite 

In the context of CO2 adsorption from biogas, a study61 compared the performance of Langmuir, 

Freundlich, and Toth models for describing the adsorption of CO2 onto zeolites. The study found 

that the Langmuir model provided the best fit to the experimental data, followed by the Toth and 

Freundlich models. The authors attributed this to the fact that the Langmuir model assumes a 
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homogeneous surface, which is more appropriate for zeolites than the Freundlich model, which 

assumes a heterogeneous surface. The authors also noted that the Toth model provided a good fit 

to the experimental data, but was less accurate than the Langmuir model. 

3.4.3 Magnesium oxide MgO 

Magnesium oxide (MgO) has been widely studied as a potential adsorbent for CO2 adsorption 

from biogas. Among the three adsorption models mentioned, Langmuir model is the most 

suitable for MgO-based adsorbents. The Langmuir model assumes the adsorption of one 

molecule does not affect the adsorption of another molecule.62 

3.4.4 Metal organic frameworks (MOFs) 

Metal oxide frameworks (MOFs) have been identified as highly efficient adsorbents for CO2 

storage. The Langmuir model is the most suitable for MOF-based adsorbents. However, 

Langmuir model is not the only model that can be used to describe adsorption. Other models 

such as Freundlich and Toth models can also be used depending on the specific adsorption 

system and the adsorbent material. 63 

Thus, these isotherms provide a quantitative representation of the adsorption process, and the 

selection of the appropriate isotherm depends on the particular characteristics of the solid 

adsorbent as well as the nature of the CO2 adsorption process. 
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Chapter 4 

Textural characteristics of adsorbents 

4.1 Introduction to physical characteristics of adsorbents 

The textural properties of the adsorbent, such as surface area, pore volume, and pore size, are 

crucial factors in gas adsorptive separation processes using microporous adsorbents. When the 

pore size of a material falls within the range of kinetic diameters of two gas molecules, namely 

carbon dioxide (CO2) with a diameter of 3.3Å and methane (CH4) with a diameter of 3.8Å, it 

becomes possible to separate these gases through a phenomenon known as molecular sieving 

effect or steric effect. When the pores possess appropriate dimensions, only the smaller molecule 

(CO2) is capable of diffusing into the pores, while the larger molecule (CH4) is completely 

precluded. If the pore size is slightly larger than the kinetic diameter of the larger molecule 

(CH4), one can separate the two gases by a kinetic separation, which is achieved by the 

difference in the diffusion rates. It is observed that the larger molecule, namely CH4, exhibits a 

slower rate of diffusion in comparison to the smaller molecule, CO2. In cases where the pore size 

is sufficiently large to allow for the easy diffusion of both molecules into the pores, the 

separation of the two molecules can be achieved through differences in their equilibrium 

adsorption. This principle is commonly employed in a significant majority of adsorptive 

separation techniques. The pore size and thus surface area may influence how much is adsorbed, 

even in separation procedures that rely on variations in equilibrium adsorption.64,65 
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4.2 Evaluation of surface area & pore volume of adsorbents  

4.2.1 Zeolite 13X isotherm  

Fig. 1 shows adsorption-desorption isotherm for zeolite 13X measured at 77 K. It exhibits 

characteristics consistent with the IUPAC Type I isotherm, wherein a pronounced rise in 

adsorbed gas volume occurs at very low pressures, followed by a subsequent rise to a stable 

plateau as pressure increases. Furthermore, the presence of hysteresis gives confirmation of the 

lack of mesoporosity. Therefore, zeolite 13X can be classified as a microporous adsorbent with a 

pore radius of less than 20Å. The BET model, an extended version of the Langmuir isotherm, is 

a suitable fit for the Type I isotherm. However, as can be seen from the graph, using the 

traditional BET equation—which yields a positive BET constant C in the range of 0.05 to 0.30 

relative pressure—to compute a specific surface area is challenging. The graph reaches a 

horizontal plateau in the previously mentioned relative pressure range, signifying that micropores 

have already filled within that range, which explains why. Therefore, it is necessary to 

implement an additional step that expands the application of the BET by incorporating first 

consistency theory.  
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Figure 1. Adsorption-desorption isotherm of Zeolite13X at 77K in nitrogen gas 

The first consistency theory in the range of 0.001 to 0.05, as shown in figure 1.1, satisfies both of 

its requirements by providing a positive value for C and a straight line with a positive slope as 

relative pressure is increased. For zeolite 13X, the specific surface area calculated using the 

aforementioned method is 492 m2/g. The specific surface area falls within the range of 472 m2/g 

to 591 m2/g.66–74 
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Figure 1.1 BET isotherm of Zeolite13X at 77K in nitrogen gas 

The marginal variation in specific surface area may be ascribed to the hydrothermal treatment to 

synthesize zeolite from silica and alumina. To decrease the expense of synthetic zeolites, an 

assortment of silica and alumina sources are utilized, including waste porcelain, kaolinite66, 

bentonite67, lithium slag68, high silicon fly ash69, paper sludge70,71, oil shale ash72, and coal fly 

ash.73 For instance, 13X derived from natural kaolin exhibits a high surface area of 591 m2/g, 

whereas that produced from feldspath demonstrates a low surface area of 472 m2/g.74 

The widely utilized method for characterizing the pore size distribution in the mesoporous and a 

portion of the macroporous range is the classical pore size BJH model. This model incorporates 
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corrections for multilayer adsorption and is based on the Kelvin equation.75,76 The primary 

utilization of the HK model, originally formulated to describe the presence of slit-shaped pores 

frequently found in carbon materials & zeolites, is to determine the pore sizes of materials that are 

predominantly characterized by microporosity.77 The DFT model is a comprehensive quantum 

mechanical framework employed for the analysis of the textural properties of porous materials that 

encompass pores of different dimensions, with respect to the equilibrium density profile of a fluid 

in contact with a surface.78 

The HK model is considered to be more favorable for analyzing the distribution of pore volumes, 

as it exclusively generates differential pore volumes within the microporous range. The 

aforementioned advantage may stem from the underlying assumption that the zeolite possesses a 

morphology characterized by a slit shape. However, it can be inferred that this particular model is 

not suitable for the comprehensive analysis of materials exhibiting a wide spectrum of porosity. It 

is apparent that the BJH and DFT models exhibit a significantly wider spectrum of pore sizes 

compared to the HK model, thereby providing a more comprehensive analysis of mesoporous 

materials.76 

The differential surface area distributions, as determined by the BJH and DFT models, have been 

found to be unsatisfactory in their outcomes for microporous materials as reported by previous 

researchers. 

In the present case, the pore size distribution for zeolite 13X, as determined by the HK model, was 

found to be 0.270 cc/g. It is consistent with the pore size discovered by other comparable 

techniques, such as the t-plot method(0.240 cc/g)74, DR method (0.298 cc/g)79, and HK method 

(0.250 cc/g)65 for zeolite 13X. 
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Fig. 1.2s shows adsorption-desorption BET isotherm for natural zeolite clinoptilolite. The present 

study employs the BET) first consistency theory to determine the specific surface area of natural 

zeolite. As observed, the relative pressure in this particular instance is comparatively lower than 

that of Zeolite 13x, ranging from 0.05 to 0.12. These values satisfy the conditions outlined in the 

first consistency theory, and also yielding an r-square value of 0.9792.  

 

Figure 1.2 BET isotherm of natural zeolite (clinoptilolite) at 77K in nitrogen gas 

The specific surface area achieved is 42 m2/g, which is nearly one-tenth of the value observed for 

zeolite 13X. The specific surface area measured in this study falls within the reported range of 25 

m2/g to 49 m2/g observed by other researchers.80,81 The source from which natural zeolite is 
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produced can be used to explain this slight variation in surface area. As an illustration, it can be 

observed that a zeolite originating from Texas, USA exhibits a relatively lower specific surface 

area of approximately 25 m2/g, whereas another zeolite sourced from Idaho, USA demonstrates a 

comparatively higher specific surface area of approximately 42 m2/g.80 

The micropore volume of the natural zeolite was determined to be 0.0137 cc/g and 0.01044 cc/g 

using the HK and SF methods, respectively. The micropore volume reported by other authors, 

ranging from 0.025 cc/g to 0.043 cc/g, is higher than the value mentioned.80–82 The observed 

discrepancy can be ascribed to variations in the methodology employed for calculating micropore 

volume, as well as the presence of small values, which amplifies the potential for error. However, 

according to researchers' reports, it is nearly within the range. 

 

4.2.2 Activated carbon isotherm 

Activated carbon is a type of porous adsorbent that contains pores of various sizes. These pores 

can be classified as micropores (less than 2.0nm in width), mesopores (2-50 nm in width), and 

macropores (greater than 50 nm in width). For the majority of activated carbons, the adsorption 

isotherms closely resemble type I, as the majority of the adsorbed volume is found within 

micropores. The presence of diverse porosity complicates the analysis of adsorption isotherms.83 

The type 1 isotherm is shown in Figure 2 when the relative pressure is low, while the type 5 

isotherm is shown when the relative pressure is higher. The presence of mesopores in phase 

changes, such as pore condensation, is indicated by this type of pore. At this point, there is only 

one point of inflection. 
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Figure 2. Activated carbon isotherm 

The specific surface area of activated carbon in line with first consistency theory was found to be 

8.9e+01 m²/g as shown from figure 2.1. While micropore volume using t method, DR method and 

SF method is calculated as 3.5e-01 cc/g. 
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Figure 2.1 BET isotherm for activated isotherm 

 

4.2.3 Magnesium oxide isotherm 

The isotherm of magnesium oxide exhibits similarities to that of zeolite 13x, although it adsorbs a 

significantly smaller volume of gas at equivalent relative pressures as shown in figure 3. The 

microporous surface area is determined within the relative pressure range of 0.005 to 0.04, as per 

the "first consistency theory" mentioned earlier. The hysteresis loop confirms the lack of 

mesopores. 
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Figure 3: Magnesium oxide isotherm at 77K 

According to the data presented in Figure 3.1, the specific surface area of microporous magnesium 

oxide is determined to be 5.9e+01 m²/g, which is relatively lower than the surface area of the 

adsorbents mentioned earlier. The micropore volume, determined using the DR and HK methods, 

is measured to be 1.113e-01 cc/g. 
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Figure 3.1 BET isotherm for magnesium oxide at 77K 
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Chapter 5 

Experimental setup 

5.1 Experimental methodology for adsorption using 

Thermogravimetric analysis TGA 

The adsorption capacity, defined as the quantity of gas adsorbed under the specified feed 

conditions, serves as a common metric employed by material researchers to showcase the 

potential of novel materials and to facilitate comparisons with existing commercial adsorbents.84 

One of the methods for determining the adsorption capacity of an adsorbent can be achieved 

through the analysis of breakthrough curves. Breakthrough curves represent the variation over 

time of the concentration of the adsorbate in the biogas. The breakthrough point refers to the 

specific moment when the concentration of the adsorbate in the biogas begins to exhibit an 

increase that is discussed later in detail. The quantity of adsorbate that has been adsorbed by the 

adsorbent until the point of breakthrough can be determined through calculation or area under the 

breakthrough curve. The determination of the adsorption capacity of the adsorbent can be 

achieved by calculating the ratio of the mass of the adsorbate adsorbed to the mass of the 

adsorbent employed. The quantification of the adsorbent's adsorption capacity is typically 

denoted in terms of the mass of adsorbate per unit mass of adsorbent, commonly expressed as 

mg/g or g/kg.85,86 The practice of determining adsorption capacity from a breakthrough curve is 

commonly employed; however, it is preferred for adsorbents that are obtainable in grams and 

kilograms quantities. When conducting a comparison of novel adsorbents synthesized in 



40 

 

milligrams, an alternative approach to determine their adsorption capacity is through the 

Thermogravimetric Analysis (TGA), which involves the use of milligrams quantities of the 

adsorbents. The experiment employed instruments Q5500 Thermal Gravimetric Analyzers 

(TGA) with a weighing accuracy of -0.1%, weighing precision of 0.01%, sensitivity less than 0.1 

µg, and furnace heating through infrared technology, capable of covering a temperature range 

from ambient to 1200 degrees Celsius. 

By using TGA to measure weight increases and decreases during the adsorption processes, the 

adsorbent's CO2 adsorption capacity was evaluated. To remove moisture from the specimen, the 

temperature was first raised from 25 °C to 120 °C at a rate of 10 °C/min for 60 minutes while the 

specimen was submerged in pure N2 (99.995%). The temperature was then lowered to 25 °C and 

maintained for 60 minutes to allow for CO2 adsorption, but this time under pure CO2 (99.9%). In 

order to facilitate desorption, the temperature was finally raised to 120 °C and the gas flow was 

switched from CO2 to N2. Calculating CO2 adsorption capacity (mg-CO2/g-sorbent) involved 

applying TGA to measure the sample's weight change during the adsorption and desorption 

processes.87 
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5.2 Design of experiment for fixed bed column adsorption 

The experimental design is depicted in Figure 4. Stainless steel is used for all pipe connections. 

CO2 and N2 are passed through respective mass flow controllers as shown. The maximum flow 

rates of the mass flow controllers, which are purchased from Alicat, are 50 sccm and 100 sccm. 

Mass flow controllers were calibrated using a gas bubble flow meter. Before being injected from 

below into the adsorption column, N2 and CO2 are mixed 50:50 in a gas mixer. The purpose of 

this biogas simulation is to better understand how an adsorbent captures CO2 gas molecules. 

After the gas mixer leaves the column, the simulated biogas is diluted using a Testo gas analyzer, 

which is used to measure the CO2 concentration. The experiment used a Testo 350 gas analyzer, 

which measured CO2 using infrared radiation (IR) with a 0.2 volume% accuracy and a 0.01 

volume% resolution. The analyzer's pump requires a minimum of one liter of input per minute, 

so the gas mixture is diluted by ambient air by a factor of one. Every value for the experiment is 

recorded by the analyzer at a rate of one dataset per second. Made of stainless steel, the 

adsorption column has a 90 cm3 capacity. A pressure transducer and a k type thermocouple are 

connected at the top of the column to measure the pressure and temperature, respectively, in the 

adsorbent-filled column. Depending on the procedure used, the outlet gas can be moved to a 

vacuum or a gas analyzer using a needle valve. In addition, heat tape with a maximum 

temperature of 200 °C is wrapped around the column in order to conduct temperature swing 

adsorption. Data values from the data acquisition system DAQ are used to measure the mass 

flow rate from MFCs, the temperature from a K thermocouple, and the pressure inside a column 

from pressure transducers. MicroDAQ is the source of the DAQ model number USB-2416-4AO, 

which has a sampling rate of 1 kS/s. All inputs are gathered at one dataset per second, up to three 

decimal places, using compatible software. 
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Figure 4 Experimental setup layout for PVSA and TSA. 

Figure 4.1 shows the actual experimental setup, with the testo gas analyzer at right and the data 

acquisition system connected to the computer at left. Figure 4.2 shows the adsorption column 

wrapped up in heat tape. As can be seen, two MFCs are positioned on a aluminum bench and are 

supplied with gas via fume hood ducts. 
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Figure 4.1 Actual experimental setup 

 

Figure 4.2: Actual adsorption column  
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5.2.1 Vacuum pressure swing adsorption 

In the experimental setup, the needle valve is initially maintained in an open position in order to 

establish a pressure within the column that is equivalent to atmospheric pressure. The adsorbent-

filled column is supplied with 50 sccm of nitrogen and carbon dioxide each, using mass flow 

controllers. In this stage of the feeding process, the mixture continues to flow until the detection 

of a CO2 at 50 sccm at the outlet, commonly referred to as the exhaustion point. At that moment, 

the adsorbent is regarded as being completely saturated. The gas flow from the inlet is stopped 

and a vacuum is applied at the outlet by connecting it to the needle valve for the blowdown 

process. A vacuum pressure of -11 PSIG is employed from the upper part of the column in order 

to remove adsorbed CO2 from the adsorbent material. After the majority of the captured CO2 has 

been eliminated, the final stage involves a process known as purging. During the process, a flow 

rate of 100 sccm of N2 gas is employed to flush the column. This serves two purposes: restoring 

the pressure within the column to atmospheric levels and eliminating any residual trapped CO2 in 

the adsorbents, if present. The aforementioned sequence of feed, subsequently blowdown, and 

finally purging is iterated on the same column under the same conditions in order to evaluate the 

regeneration of the adsorbent through the utilization of the (VPSA) process. 

5.2.2 Temperature swing adsorption  

During the experimental procedure, the heat tape is heated to a temperature of 120 °C. 

Additionally, the adsorbent material was heated prior to the feed step. The process being referred 

to is commonly known as the activation of the adsorbent. During the feeding step, a mixture 

consisting of N2 at 50 sccm and CO2 at 50 sccm with the same composition as PSA is supplied at 

atmospheric pressure and room temperature. After reaching the breakthrough point, the column 

is subjected to heating once more, raising the temperature to 120 °C. Simultaneously, a supply of 
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N2 gas is introduced at a flow rate of 100 sccm. In the TSA process, the use of vacuum is not 

employed during the blowdown step. The process is continued until a significant portion of CO2 

that has been captured by the adsorbent is removed by flushing it out using nitrogen gas at a 

temperature of 120 °C. This process is subsequently replicated to determine the regeneration of 

the adsorbent under the same circumstances. 

As part of an investigation into the combination of vacuum pressure and temperature swing 

adsorption, 120 °C is used to activate the adsorbent. Under the same conditions—room 

temperature and atmospheric pressure—the adsorption takes place in the column. A blowdown 

procedure is carried out at a temperature of 120 °C and a vacuum of -11 PSIG until CO2 is 

desorbed. At room temperature, 100 sccm of nitrogen is employed to purge the column. To 

compare the regeneration of the adsorbent, the cycle is repeated. 
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Chapter 6 

Breakthrough curve for CO2 and N2 

adsorption/desorption process 

6.1 Introduction to breakthrough curve 

The main methods by which the contact between the adsorbate and the adsorbent occurs in the 

adsorption system are batch, continuous moving bed, continuous fixed bed (up flow or 

downflow), continuous fluidize bed, and pulsed bed. In the batch sorption process, adsorbate and 

adsorbent are mixed in a diluted solution at a constant volume. Adsorbent is fixed in the fixed 

bed sorption process while adsorbate is continuously flowed through it. Continuous bed sorption 

occurs when both the adsorbate and the adsorbent are in constant motion. Adsorbate is in contact 

with a fluidized bed of adsorbent with sufficient or insufficient flow in continuous fluidized bed 

sorption. Finally, in pulsed bed sorption, the adsorbate is contacted with the same adsorbent in 

the bed until the desired results are not obtained.88–91 Because fixed bed sorption is simpler and 

more inexpensive to use, and is widely used in industrial processes to remove contamination, this 

study focuses solely on the fixed bed adsorption process. 
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6.2 Terminologies and graphical interpretation of 

breakthrough curve 

The relationship between the nature of breakthrough curves and fixed-bed adsorption could be 

expressed as effectively using mass transfer zone (MTZ) or primary sorption zone (PSZ).88 As 

shown in Figure 5, when the feed gas mixture is introduced through the column's inlet, the lower 

layers of the fresh adsorbent adsorb the adsorbate most quickly and efficiently in the early stages 

of the process. This is because there is no adsorbate (in this case, CO2) run off from the 

adsorbent at the first stage, and there is a greater amount of adsorbent and less adsorbate 

available at these lower layers, allowing adsorbate to be easily escaped in the upper strata of the 

bed. Thus, the MTZ, or primary adsorption zone, is reached close to the bottom or start of the 

column. The ratio of the starting concentration (C/Co) is now zero since the concentration of the 

adsorbate (C) is zero. After that, as adsorbate is fed into the column, the lower layer of the 

adsorbent gradually becomes saturated and loses some of its effectiveness. As a result, the main 

sorption zone ascends to the section of the adsorbent in the column that is fresher or has not yet 

been adsorbed. Additionally, as this zone moves, there is a tendency for an increasing amount of 

adsorbate to exit the effluent at points. In contrast to the feed gas's linear velocity, the movement 

of this zone primarily increases with increasing initial concentration. Adsorption stops when the 

column is fully saturated or exhausted, which happens after a certain amount of time (Cs). The 

ratio of C/Co then becomes near to one. 
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Figure 5. Schematic representation of adsorption column and breakthrough curve characteristics 

 

An ideal breakthrough curve, as shown in figure 6, has an exhaustion point Cx at the very near 

CO2 concentration of the adsorbate and a breakthrough point Cb when CO2 is first detected, or 

when the ratio of C/Co is around 0.01. The volumes of CO2 in this case are Vb and Vx, which 

stand for the concentrations of the break point Cb and exhaustion point Cx, respectively. The area 

of the adsorbate concentration between the exhaustion points Cx and breakthrough point 

concentration Cb is known as the primary sorption zone (PSZ). Certain critical parameters, such 

as the total time required for the primary sorption zone to establish itself (tx), the time it takes the 

exchange zone to move the length of its own height up or down the column (tδ), the rate at which 

the exchange zone moves up or down through the bed (Uz), the fraction of adsorbate present in 

the adsorption zone (F), and the percentage of the total column saturated at breakthrough, are 
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calculated using basic equations if PSZ is assumed to have a constant length or depth (δ). These 

factors are essential for designing columns.88,92,93 

 

Figure 6: Ideal breakthrough curve88 

 

It is possible to assess the effects of different process parameters, including breakthrough and 

exhaust points, pH of the adsorbate, particle size of the adsorbent, bed height of the column, 

initial adsorbate concentration, and flow rate of the adsorbate in the column. When assessing an 

adsorbent's capacity in an ongoing process, whether on a pilot or industrial scale, all of these 

parameters are crucial. The most practical of these parameters are the initial adsorbate 

concentration, bed height, and flow rate because these have been the focus of most recent 

research and are used to remove a variety of pollutants using both natural and synthetic 

adsorbents. With an increase in the initial adsorbate concentration, breakthrough and exhaustion 
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points happen sooner. After that, as the inlet concentration increased, the breakpoint time 

decreased. Adsorption initially proceeded quickly due to the abundance of available empty sites. 

Subsequently, elevating the initial concentration of adsorbate leads to an increased driving force 

for overcoming mass-transfer resistance. These speeds up the exhaustion of the sites, 

consequently decreasing the volume of effluent treated.94,95 The amount of adsorbate adsorbed 

onto unit bed height (the mass-transfer zone) increases with increasing flow rate, resulting in a 

faster saturation rate and an increase in the mass transfer rate.96 Adsorbate has more time to 

come into contact with the adsorbent at a lower flow rate, which leads to a higher removal of 

adsorbate in the column.97,98 As bed depth increases, breakthrough and exhaustion times 

decrease. Furthermore, it was found that as bed depth increased, so is the volume of adsorbate 

treated. This was explained by a rise in the surface area and quantity of binding sites that were 

open to adsorption. As the amount of adsorbent increased, so did the time it took for the 

adsorbate and adsorbent to interact.99,100 
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6.3 Breakthrough curve adsorption models 

6.3.1 Brief overview of adsorption models 

Several mathematical models have been developed to assess the efficiency and suitability of 

column models for large-scale operations. The Thomas, Adams and Bohart model, as well as the 

Yoon-Nelson model, are commonly used for the analysis of column behavior in adsorbent-

adsorbate systems. There are several reasons why they can be used everywhere. For one reason, 

the fact that linearized forms of all three models are available makes it easy to fit data using 

linear regression. Another reason is that the Bohart-Adams and Thomas models are easy to use 

because they don't need a lot of information to work. For example, you don't need to know about 

the bed void fraction or the adsorbent density. At the very end of the scale, the Yoon-Nelson 

model doesn't even need flow rate or bed length. It doesn't need any of the usual system and 

operational variables.101–103 Table 3 displays the information regarding the adsorption models 

and their corresponding parameters. The column adsorption model exhibits variability with 

respect to the increasing operation parameters. 

Table 3: Fixed bed column breakthrough model and parameter variation as operating conditions 

increase88,101,104,105 

Breakthrough 

adsorption 

model 

Linear equation Plot Model 

para-

meter 

Operating Conditions 

Initial 

conc. 

Feed rate Bed 

height 

Adam and 

Bohart model 
ln(

𝐶

𝐶𝑜
)] = 𝐾𝐴𝐵𝐶𝑜𝑡 −

𝐾𝐴𝐵𝑁𝑜(
𝑍

𝐹
)  

ln[(
𝐶

𝐶𝑜
)] 

vs time 

𝐾𝐴𝐵  Increase Increase Decrease 

𝑁𝑜  Decrease Decrease Increase 

Thomas 

model 
ln[(

𝐶𝑜

𝐶
) − 1] =

𝐾𝑇𝐻𝑞𝑜𝑚

𝑄
−
𝐾𝑇𝐻𝐶𝑜𝑉𝑒𝑓𝑓

𝑄
  

ln[(
𝐶𝑜

𝐶
) −

1] vs 

time 

𝐾𝑇𝐻  Decrease Increase Decrease 

𝑞𝑜  Increase Decrease Increase 
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Yoon Nelson 

model 
ln (

𝐶

𝐶0−𝐶
) = 𝐾𝑌𝑁𝑡 −

𝜏𝐾𝑌𝑁  

𝑙𝑛 (
𝐶

𝐶0−𝐶
) 

vs time  

𝐾𝑌𝑁  Increase Increase Decrease 

𝜏  Decrease Decrease Increase 

 

Following the acquisition of breakthrough curves, the correlation coefficient value r2 for the 

aforementioned models is computed from the straight-line graphs. The coefficient of 

determination is useful because it indicates the proportion of one variable's variance (fluctuation) 

that is predictable from the other variables. This number is significant for all adsorption 

isotherms. A coefficient value that approaches unity denotes the most suitable isotherm model 

for the adsorbate-adsorbent system.106 

6.3.2 Bohart Adam model 

The Adam–Bohart model is the equation for the relationship between C/Co and time in a 

continuous system that scientists, specifically Bohart and Adams, studied. Fundamentally, gas–

charcoal adsorption systems were used in novel research by Adam and Bohart, and their equation 

can subsequently be applied to other continuous adsorption systems. According to this model, 

the sorbing species' concentration and the adsorptive residual capacity determine the adsorption 

rate. Its function is to depict the preliminary segment of the breakthrough curve, which 

establishes a relationship between C/Co and time. The model operates under the assumption that 

the adsorption process takes place in a well-mixed adsorber under consistent chemical and 

physical conditions. Additionally, it is assumed that the adsorption process is spontaneous and 

irreversible. The Langmuir isotherm, which describes adsorption onto a homogeneous surface, is 

an example of a linear isotherm that works well with it. More complicated isotherms, like the 

Freundlich isotherm, which characterizes heterogeneous adsorption surfaces, might be more 

difficult to predict with this method.101,107 
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6.3.3 Thomas model 

This model was originally developed to describe liquid phase ion-exchange in fixed bed 

columns.108 It is based on the assumption that equilibrium does not occur immediately in bed, 

and thus the rate of sorption is directly proportional to the fraction of sorption capacity that 

remains on the media. The relationship between bed depth and service time in terms of process 

concentrations and adsorption parameters provides the basis for this model. The surface reaction 

between adsorbate and the unused capacity of the adsorbent maintains the adsorption rate, 

according to this model. Instead of the bed height, the sorbent quantity is therefore preferred.109 

It works best for non-linear isotherms like the Freundlich isotherm, which describes 

heterogeneous adsorption surfaces. The model may not be suitable for linear isotherms like the 

Langmuir isotherm, which describes homogeneous surface adsorption. If Langmuir isotherm is 

followed and second-order reversible reaction kinetics are used, Thomas model fits well. 

6.3.4 Yoon Nelson model 

This model was developed to explain the innovative features of adsorption cartridges for 

respiratory protection.110 It is based on the assumption that the rate at which the probability of 

sorption for each sorbate molecule goes down is related to the chance of sorbate sorption and 

sorbate breakthrough on the sorbent. During the adsorption process, the model takes into account 

both the external mass transfer resistance and the intraparticle diffusion resistance. The Yoon-

Nelson model considers that the adsorption process follows the dual-porosity model, which says 

that the solid phase is split into two parts: an outer layer that moves and an inner layer that stays 

still. The model also considers that the adsorption kinetics are either first-order or pseudo-

second-order. It works well with non-linear isotherms and can make more accurate predictions 
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for fixed-bed adsorption systems than models that look at mass transfer resistance from the 

outside.29,101,110 
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Chapter 7 

Results and observations 

7.1 Zeolite 13X 

7.1.1 Adsorption capacity by TGA 

The TGA method can be used to determine the adsorption capacity, as shown in figure 7. 

Adsorbent weight changes are proportional to the amount of carbon dioxide that is absorbed by 

the adsorbent. Prior to introducing CO2, the adsorbent was subjected to a temperature of 120 

degrees Celsius for a duration of 60 minutes in the presence of nitrogen gas. This process aimed 

to eliminate any moisture that may have been trapped. The same procedure was carried out for 

other adsorbents. The adsorption capacity is 2.44 mmol of CO2 per gm adsorbent.  
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Figure 7: Breakthrough curve of zeolite 13X by TGA 

7.1.2 Breakthrough curves by VPSA, TSA and combination 

0 5 10 15 20 25 30 35 40

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

20

30

40

50

60

70

80

90

100

110

120

T
em

p
er

at
u

re
 (

o
C

)

A
d

so
rb

en
t 

w
ei

g
h

t 
ch

an
g

e 
(%

)

Time (minutes)

 CO2 adsorption on Zeolite13X in TGA

 Temperature



57 

 

 
Figure 8. Zeolite 13X CO2 breakthrough curve at STP conditions before regeneration. 

 

A 90cc stainless steel column containing 60.66 grams of Zeolite 13X was used in the 

experiment, which was carried out at a temperature of 25°C. It was discovered that the observed 

adsorption capacity was 4.1 mmol CO2 per gm of adsorbent as shown in figure 8. The column 

was subjected to a purging procedure utilizing 100 sccm of nitrogen gas for 4.6 hours after a 15-

minute blowdown period at -11.32 PSIG. This went on until the trapped CO2 concentration at 

the outlet fell to a level that was stable at less than 0.2 sccm. 
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Figure 9. Zeolite 13X CO2 breakthrough curve at STP conditions after regeneration 

 

After the previously mentioned purging procedure, the column was filled under the same 

previously mentioned conditions with 50 sccm of N2 and 50 sccm of CO2.The adsorption 

capacity of the adsorbent is determined to be 3.2 mmol CO2 per gm of adsorbent by above 

mentioned regeneration method of VPSA shown in Figure 8. Furthermore, regeneration by 

VPSA only, the breakthrough experiment clearly shows the presence of residual CO2, indicated 

by small peaks. Therefore, under typical temperature and pressure conditions and single cycle 

frequency, prolonged purging with nitrogen gas is ineffective in removing CO2 from zeolite 

13X. 
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Upon analyzing the two subsequent cycles of the breakthrough experiment, as illustrated in 

Figures 8 and 9, it is noted that Zeolite 13X's adsorption capacity decreases by 21.4% when 

regenerating with VPSA only. An additional step is required to regenerate the adsorbent and save 

energy during the prolonged purging process due to the observed decrease in adsorption capacity 

and the requirement for extended nitrogen purging. 

Figure 9 illustrates how TSA alone or in combination with VPSA can restore the adsorption 

capacity of zeolite 13X. Before beginning a new breakthrough curve cycle, 120 degrees Celsius 

of heat are supplied for 90 minutes during the TSA regeneration process. 

7.1.3 Breakthrough curve model fitting 

 

Figure 10: Thomas model fitting on zeolite 13x breakthrough curve at STP conditions 
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Figure 11: Adam Bohart model fitting on zeolite 13x breakthrough curve at STP conditions 
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Figure 12: Yoon Nelson model fitting on zeolite 13x breakthrough curve at STP conditions. 

According to graphs presented in figures 10, 11, and 12, three different models were employed to 

fit the breakthrough curve. Among these models, the Yoon-Nelson model and the Thomas model 

were found to be the most suitable for the given range, exhibiting a high coefficient of 

determination (R2) value of 0.99. The Adam Bohort model exhibits a lower degree of fit in 

comparison to the aforementioned models. This finding aligns with the research conducted by 

Mahanta et al.111 on the interaction between CO2 and N2 with Zeolite 13X. The observed 

variability in outcomes can be ascribed to the utilization of distinct types of zeolite and variations 

in operational parameters. 
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7.2 Activated Carbon 

7.2.1 Adsorption capacity by TGA 

The adsorption capacity for activated carbon for CO2 adsorption by TGA is found to be 1.41 

mmol of CO2 / gm adsorbent. Figure 13 depicts the breakthrough curve obtained by TGA 

experiment. 

 

Figure 13: Breakthrough curve of activated carbon by TGA. 
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7.2.2 Breakthrough curves by VPSA, TSA and combination 

 
Figure 14: Activated carbon CO2 breakthrough curve at STP conditions before regeneration. 
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Figure 15: Activated carbon CO2 breakthrough curve at STP conditions after & before regeneration 

As was the case with the zeolite 13x that was discussed earlier, the three processes of VPSA, 

TSA, and combination experimentation were also carried out on activated carbon. This is 
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7.2.3 Breakthrough curve model fitting 

 

 

Figure 16: Thomas model fitting on activated carbon breakthrough curve at STP conditions 
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Figure 17: Adam Bohart model fitting on activated carbon breakthrough curve at STP conditions. 
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Figure 18: Yoon Nelson model fitting on activated carbon breakthrough curve at STP conditions. 
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7.3 Magnesium Oxide MgO 

7.3.1 Adsorption capacity by TGA 

The adsorption capacity for magnesium for CO2 adsorption by TGA is found to be 0.49699 

mmol of CO2 / gm adsorbent. Figure 19 depicts the breakthrough curve obtained by TGA 

experiment. 

 

Figure 19: Breakthrough curve of magnesium oxide by TGA 
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7.3.2 Breakthrough curves by VPSA, TSA and combination 

 

Figure 20: CO2 breakthrough curve with MgO before regeneration at STP conditions. 
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Figure 21: CO2 breakthrough curve with MgO before and after regeneration at STP conditions 
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Figure 22: Thomas model fitting on magnesium oxide breakthrough curve at STP conditions. 
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Figure 23: Adam Bohart model fitting on magnesium oxide breakthrough curve at STP condition. 
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Figure 24: Yoon nelson model fitting on magnesium oxide breakthrough curve at STP conditions. 

As can be seen from the graphs in figures 16, 17, and 18, the breakthrough curve was fitted using 
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Chapter 8 

Summary and future work 

8.1 Conclusions 

1. The most widely available adsorbents—zeolite, activated carbon, and magnesium oxide—

were chosen for experimentation through research study. They were selected due to the extensive 

range of adsorption capacities that their research paper had documented. 

2. Commercial zeolite 13X was chosen from among zeolite varieties; it has a pore size radius of 

9–10 angstroms and is said to have a higher adsorption capacity in microporous adsorbents than 

zeolite 3A, zeolite 5A, NaUSY, and other commercially available zeolites. 

3. The chosen microporous adsorbents displayed a Type 1 IUPAC isotherm. A combination of 

Type 1 and Type 5 adsorption isotherms was observed in activated carbon. 

4. The BET isotherm, an extended version of the Langmuir isotherm, fits well with selected 

microporous adsorbents but requires additional steps to calculate specific surface area and pore 

size volume from the lower relative pressure range of 0.005 to 0.05. 

5.As shown in the table 4 below, the first consistency theory was successfully applied to BET 

isotherms in order to determine specific surface area. The range of specific surface area reported 

by researchers corresponds to the specific surface area calculated. 

Table 4: Textural characteristics of adsorbents 

Adsorbent Specific surface area 

(m2/g) 

Pore size volume 

(cc/g) 

Specific surface area from 

research 

Zeolite 13x 492 m2/g 0.270 cc/g 472 m2/g to 591 m2/g.66–74 

Activated carbon 89.44 m²/g  0.3509 cc/g 24 m2/g to 200 m2/g112,113 
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Magnesium oxide 59.66 m²/g 0.1113 cc/g 3.4 m2/g to 203.8 m2/g114 

 

6. The specific surface area of zeolite is the greatest of the three, while magnesium oxide has the 

smallest surface area to adsorb gas molecules. Activated carbon has a higher pore volume than 

zeolite 13X but a smaller surface area; this could be due to the presence of mesopores in 

activated carbon. 

7. Two methods were used to obtain breakthrough curves. Where milligrams of adsorbent are 

required, one can use a thermogravimetric analysis instrument. Another setup was a 90-cc fixed 

bed adsorption column to obtain a real-time breakthrough curve for CO2 adsorption. 

8. Figure 25 compares breakthrough time for CO2 adsorption by adsorbents under same STP 

conditions and before regeneration. As evident from figure 25, zeolite 13X has longer 

breakthrough time than other two adsorbents. 
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Figure 25: Comparative breakthrough curve for zeolite 13x, activated carbon and magnesium oxide. 
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Zeolite 13x 2.44 mmol of CO2 

per gm 

4.1 mmol CO2 per 

gm 

1.6 mmol/g to 4.6 mmol 

of CO2 per gm115–118 

Activated carbon 1.41 mmol of CO2 / 

gm adsorbent 

1.169413 mmol of 

CO2/g 

1.27 mmol/g to 2.61 

mmol of CO2 per gm119–

122 

Magnesium oxide 0.49699 mmol of 

CO2 / gm adsorbent 

0.562781 mmol of 

CO2/g 

0.9 mmol/g to 1 mmol of 

CO2 per gm.123,124 

 

 

10. The marginal discrepancy in the adsorption capacity of zeolite 13x between the fixed bed 

column and TGA can be ascribed to the fluctuating temperature during TGA. A portion of the 

activated carbon's adsorption capacity by fixed bed columns is caused by moisture that was 

trapped in the adsorbent and evaporated in the TGA at a high temperature. Due to its unmodified 

state and the possibility of magnesium carbonate forming on magnesium oxide at high 

temperatures, the magnesium oxide adsorption capacity is lower than that reported in the 

literature. The adsorption capacity of MgO from both processes is comparable, as can be 

observed, because both fixed bed and TGA processes maintain a stable temperature. 

11. To regenerate all three adsorbents, VPSA, TSA, or a mix of the two were used. For Zeolite 

13x, TSA or a mix of TSA and VPSA is advised for a single cycle of regeneration. On the other 

hand, all steps remain the same during an activated carbon regeneration cycle, and the material 

can be fully regenerated. However, it is challenging to fully regenerate MgO using just one cycle 

of the aforementioned procedure. 

12. The breakthrough curves of all three adsorbents were fitted with the Thomas, Adam Bohart, 

and Yoon Nelson models; the Thomas and Nelson model fits microporous adsorbents better than 

the Adam Bohart model. 
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8.2 Future work recommendations 

1. In future studies, mesoporous and ultra microporous adsorbents can be investigated and fitted 

with models of the adsorption equilibrium isotherm. 

Incorporating natural adsorbents is also possible.  

2. To simulate biogas, it is advised to perform the fixed bed column breakthrough curve 

experiment using a mixture of methane and nitrogen first, followed by a mixture of methane and 

carbon dioxide. 

3. Major contaminants such as H2S should be added to gas mixtures going forward, and 

adsorbents for their removal should be investigated. 

Since moisture is frequently present in biogas, detailed experiments to release trapped water can 

be carried out. 

4.Magnesium oxide has a lower specific surface area and adsorption capacity, so it may be 

possible to increase these by exploring new methods of synthesizing MgO. 

5.To determine the regeneration potential and capability of adsorbents, a detailed analysis of the 

regeneration of adsorbents using VPSA, TSA, and their combination can be conducted at a 

higher regeneration frequency. 

6.sTo improve biogas by eliminating contaminants, strategies for optimizing process parameters 

such as feed flow, temperature, and vacuum pressure should be developed in order to reduce 

costs and energy penalty. 
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