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PURE AND BINARY ADSORPTION OF METHANE AND 

NITROGEN ON SILICALITE 

 

PRAHAR S. VAIDYA 

 

ABSTRACT 

 

Separation processes comprise a large portion of the activity in the chemical and 

petrochemical industries. For the chemical, petroleum refining, and materials processing 

industries as a group, separation processes are considered to be critical. Almost all the 

applications of chemical industries involves mixtures, so innovation in separation 

technology not only enhances productivity and global competitiveness of U.S. industries, 

but is also critical for achieving the industrial energy and waste reduction goals. 

Traditionally, air separation to produce nitrogen and oxygen and to separate nitrogen from 

methane was practiced by cryogenic distillation, which involved expensive high pressure 

units and large requirement of energy.  

The separation of nitrogen from methane is becoming increasingly important for 

upgrading LGF (Landfill gas), coal gas, and natural gas. Natural gases contain significant 

amounts of nitrogen. From the environmental perspective, Methane is the most important 

non-CO2 greenhouse gas responsible for global warming with more than 10 % of total 
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greenhouse gas emissions. Adsorption separation techniques are used widely among other 

separation processes as they tend to utilize fewer resources and are highly energy efficient. 

By considering the advantages of adsorption processes over other separation processes, it 

is of great interest to characterize the adsorption properties of microporous and nanoporous 

solid materials for their potential use as an alternative to the conventional catalytic 

separation process, and storage applications. Despite the advantages of using adsorption 

for methane upgrading, methane-nitrogen separation has been found particularly difficult 

because of the lack of satisfactory adsorbent. The equilibrium selectivity favors methane 

over nitrogen (or high methane/nitrogen selectivity) for all known adsorbents. Therefore, 

it is one of the objective of this study to check the potential application of silicalite 

adsorbent in natural gas upgrading.   

Plenty of data is available in the literature for pure component but not for the binary 

mixtures as it is very time consuming and involves tedious calculations for quantifying 

binary adsorption measurement. According to some statistics, there are more models to 

predict multicomponent adsorption than accurate data to test them. So the effort made here 

was to complete measurements of the binary adsorption isotherms, compare those with 

Ideal Adsorbed Solution Theory (IAST) predictions and the experimental data available in 

the literature. 

This study reviews one of the most commonly used technique (i.e. volumetric 

measurement) for pure and binary adsorption isotherm measurement for methane and 

nitrogen on silicalite adsorbent. This method involves measuring the pressure change in a 

known volume of gas subjected to adsorption. As the gas is adsorbed and allowed to reach 

equilibrium, the measured decrease in the system pressure yields the amount of gas 
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adsorbed under the given conditions. Pure adsorption equilibria for the gases listed above 

was measured at three different temperatures (283.15 K, 308.15 K and 338.15 K). The 

virial equation of state was used to correlate the experimental data, to calculate the Henry’s 

law constants and the heats of adsorption at zero loading. Ideal separation factor 

(selectivity) was obtained from the experimental pure adsorption isotherms by using the 

virial isotherm model. Binary adsorption behavior for methane and nitrogen mixture, 

covering the whole concentration range at 308.15 °K and at 504 kPa was determined 

experimentally. The corresponding x-y diagrams and selectivity were obtained from these 

data. The experimental results were compared with the results predicted from a mixture 

adsorption model, IAST. It was found that IAST successfully predicted the total amount 

adsorbed throughout the concentration range. There is a considerable deviation in 

selectivity as well as partial amount adsorbed for both the species at higher pressure. The 

reason is attributable to the fact that selectivity is much more sensitive to uncertainties in 

the measurement.  

 

 

Keywords: Methane • Nitrogen • Adsorption • Silicalite • Henry’s law constant • Heat of 

adsorption • Binary adsorption Isotherm • Ideal adsorbed solution theory (IAST) 
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CHAPTER I 

INTRODUCTION 

 

This chapter briefly explain, what is adsorption? Advantages of adsorption, History 

of adsorption, difference between Physical adsorption and chemisorption, history of 

zeolite. 

Separation processes comprise a large portion of the activity in the chemical and 

petrochemical industries. For the chemical, petroleum refining, and materials processing 

industries as a group, separation technologies are critical for improving energy efficiency. 

Almost all the applications of chemical industries involves mixtures and therefore 

Separation processes crosscut all manufacturing industries and account for approximately 

4,500 trillion Btu/yr. (TBtu/yr.), or about 22% of all in-plant energy use in the United 

States. Innovations in separation technologies not only enhance productivity and global 
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competitiveness of U.S. industries, but also critical for achieving the industrial energy and 

waste reduction goals [4].  

 

Figure 1.1. Relative energy use by various separation processes [67] 

As described by the Figure 1.1 industrially well-established separation techniques 

like distillation, evaporation and drying technologies requires high energy. They are 

thermally driven (based on the heats-of-vaporization of the components) and respectively 

account for 49%, 20%, and 11% of the industrial separations energy consumption. 

Extraction, absorption, adsorption on the other hand are physical property-based operations 

and tend to utilize fewer resources including energy, below 3% of industrial separation 

consumption and are highly efficient [4]. The unique advantage of adsorption is the 

selectivity that can be manipulated by adsorbent solid. Therefore it is of great interest to 

characterize the adsorption properties of microporous and nanoporous material.  
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From the environmental perspective, Methane is the most important non-CO2 

greenhouse gas responsible for global warming with more than 10 % of total greenhouse 

gas emissions. Which has a detrimental effect on the ozone layer in the atmosphere and 

therefore it has a major contribution to global warming of our planet. Despite the small 

amounts of methane released to the atmosphere, the greenhouse warming potential of this 

gas is much higher than that of carbon dioxide (approximately 20% more potent by weight 

than carbon dioxide), so any reduction in methane emissions is very important in 

atmosphere reconstruction [8, 9]. 

The separation of nitrogen from methane is becoming increasingly important for 

upgrading LGF (Landfill gas), coal gas, and natural gas. Natural gases contain significant 

amounts of nitrogen. To be able to use it as an alternative to the fossil fuel and in order to 

meet the pipeline quality for minimum heating value specifications (typically 950 BTU/ft3 

or < 4% inert for US pipeline specifications), it must be upgraded in terms of methane. 

This is the situation with majority of natural gas reserves in United States. Different sources 

have reported that around 14% (or about 19 trillion cubic feet) of known reserves in the 

US are sub-quality due to high nitrogen content and needs upgradation. Effectively 

capturing methane from landfill gas can reduce the factors affecting human being and can 

be used as a major fossil fuel alternative [8, 31, 45]. Methane being primary component of 

landfill gas and if uncontrolled, this gas can cause nuisance odors, stress on vegetation, 

smog, risk of fire/explosion, and health and safety concerns because of methane content. 

In 2013, the methane produced by United States landfill sites contains enough energy in 

the range of 16 billion kilowatt-hours (depending on the composition) which is capable of 

powering 1,180,000 homes & heating 746,000 homes a year. This effort can save CO2 
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emissions from 253 million barrels of oil or 12.2 billion gallons of gasoline consumed. In 

2013 United States have around 621 operating projects of landfill gas from which 22 are 

in Ohio [67]. 

In case of enhanced oil recovery where nitrogen is injected into the reservoir 

increases the level of nitrogen contamination in the natural gas (or petroleum gases) 

recovered from the reservoir above the naturally occurring concentration. Another 

application for this separation is the recovery of methane from coalmines where nitrogen 

concentration is also high. Typically, the low-quality natural gas obtained from coal has 

contamination of nitrogen around 20% needs to be upgraded to 5–10% nitrogen. The only 

technology that is being mostly used for nitrogen removal from methane till date is 

cryogenic distillation, which is highly energy-intensive and costly. The combined costs of 

liquefaction and subsequent re-compression of the low pressure product make this an 

expensive process. It is economical only for large, highly contaminated gas. Since a high 

feed pressure is already available, pressure swing adsorption (PSA) is considered as a 

potential technology. Separation by PSA can be accomplished in either equilibrium or 

kinetic method [31, 71] 

Despite the advantages of using adsorption for methane upgrading, this separation 

has been found particularly difficult because of the lack of satisfactory adsorbent. Potential 

adsorbent needs to have high nitrogen/methane selectivity. The equilibrium selectivity 

favors methane over nitrogen (or high methane/nitrogen selectivity) for all known 

adsorbents, such as activated carbon, silica gel, activated alumina, large-pore zeolites and 

molecular sieves. That is why the development of such adsorbents and its adsorption 

property is desirable. 
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1.1 Adsorption 

 

Adsorption is defined as a process in which a fluid, when exposed to a solid 

substance, tends to be attracted by its particles. So fluid density near the vicinity of solid 

interface increases as we move closer to the solid-fluid interface. In this process solid called 

adsorbent, and the adsorbed fluid on the solid surface is called adsorbate and bulk fluid 

phase that is in contact with solid is called adsorptive. 

 

1.1.1 History 

 

The phenomena of adsorption was first discovered by Scheele in 1773. The ability 

of charcoal to remove colors of tartaric acid solutions was first investigated by Lowitz in 

1785 [39, 40]. Systematic studies of adsorption and exothermic nature of adsorption was 

noted by De Saussure started in 1814 [15, 16]. He came to the conclusion that all types of 

gases are taken up by porous substances sea-foam, cork, charcoal, asbestos, and this 

process is accompanied by the evolution of heat. Thus, he discovered the exothermic 

character of adsorption processes, and he was the first to pay attention to the commonness 

of adsorption. The term ‘adsorption’ was proposed by du Bois-Reymond but introduced 

into literature by Kayser [29, 30]. During the next few years, the terms ‘isotherm’ and 

‘isothermal curve’ were used to describe the results of adsorption measurements at constant 

temperature. Kayser also developed some theoretical concepts which became basic for the 
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monomolecular adsorption theory. Some more investigation studies of slower uptake of 

hydrogen by carbon were reviewed by J. W. McBain [13, 14, 44]. 

Now Adsorption occurs due to two major underlying Mechanism and fundamental 

difference between these two is the existence of electron transfer which results in chemical 

bonds. 

I. Physisorption: Also known as physical adsorption, this phenomena occurs 

due to forces involved in physical adsorption are Van Der Waals forces (dispersion-

repulsion) and electrostatic forces between guest molecule (adsorbate fluid) and adsorbate 

solid surface. 

II. Chemisorption: The forces involved in chemisorption are similar to those 

in chemical species. It is characterized by formation of surface compounds in various 

stoichiometric ratios due to formation of chemical bonds. 

Contrary to Physisorption, chemisorption occurs only as a monolayer. In 

Physisorption the entire solid surface available, while Chemisorption occurs at active sites 

which can form a chemical bond with guest molecules. Physical adsorption can be 

compared to the condensation process of the adsorptive and it is a reversible process that 

occurs at all temperature. Chemisorption occurs usually at temperatures much higher than 

the critical temperature. Under favorable conditions, both processes can occur 

simultaneously or alternately. Physical adsorption is accompanied by a decrease in free 

energy and entropy of the adsorption system and, thereby, this process is exothermic.  

Physisorption is rather small at low partial pressure and large at high partial pressure. The 

total amount of material adsorbed in Physisorption is high. Whereas, Chemisorption is 

large at low partial pressure and increasing slightly with increasing partial pressure and 
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total amount adsorbed in Chemisorption per weight of material is low. Physisorption has 

low heat of adsorption in range of 1/3 to 1/2 times of total latent heat of evaporation. While 

in Chemisorption it is ranging between 2 to 3 times of latent heat of evaporation. This work 

concentrates on Physisorption only. 

 

1.2 Zeolite 

 

An Adsorption process to be developed on a commercial scale requires availability 

of suitable adsorbent with large surface area per mass and most importantly at a reasonable 

lower cost so out total cost of operation will remain in a profitable range.  This stimulated 

fundamental research in the field of adsorption which led to development of novel 

adsorbents. Only four types of generic sorbents have dominated the commercial use of 

adsorption: activated carbon, zeolites, silica gel, and activated alumina [27, 70]. 

A commercial adsorbent should have following qualities: availability in large scale, 

high selectivity, high capacity for the gases for which are going to get processed, ability to 

regenerate and reusable, chemically inert, low cost etc. Characteristics of the adsorbate-

adsorbent pairs and selection of the appropriate working pair are the most important task 

of the adsorption. Adsorbents are characterized first by surface properties such as available 

surface area and polarity. 

  



8 
 

1.2.1 History 

 

A Swedish scientist named by Baron Cronstedt about 200 years ago in 1756 came 

up with a name “ZEOLITE”. The name actually came from Greek, Zeo, to boil, and Lithos, 

a stone. Natural occurring zeolites usually contain impurities and an irregular chemical 

composition that limit their usefulness as industrial application. In 1905 in Germany, a 

synthetic zeolite with a larger capacity compared to natural zeolites was manufactured, 

which allowed for the first commercial use of zeolites as water softener. Two years later 

also in Germany, natural zeolites were used to create the first “self-acting” laundry 

detergent. By 1945, Richard Barrer classified zeolite minerals into three classes depending 

on the size of the molecules which can adsorb rapidly, slowly, or not appreciably at room 

temperature or above. However, zeolites did not find any significant commercial use until 

Mordenite, a synthetic zeolites was discovered and developed by him in 1948 by means of 

high temperature and pressure. From 1949 through the early 1950s, the commercially 

significant zeolites A, X, and Y, were synthesized from readily available raw materials at 

much lower temperature and pressure. Linde Air Products Division of Union Carbide 

Corporation in 1960’s perfected synthesis of X and Y zeolites which have larger pore size 

than most of the known natural zeolites, which allowed the use in processing larger 

molecules. In addition, they had larger pore volume which gives higher capacity [42, 70, 

71]. 
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1.2.2 Composition and Structures 

 

Zeolites are porous crystalline aluminosilicates of alkali and alkali earth metals 

such as sodium, potassium, and calcium. The zeolite framework consists of an assemblage 

of SiO4 and AlO4 tetrahedral joined together through the sharing of oxygen atoms. This 

will create an open crystal lattice containing pores of molecular diameter into which guest 

molecule can penetrate. Zeolites differ from other adsorbents because their uniform crystal 

lattice provides a well-defined pore size for molecules to travel through while also allowing 

them to act as effective molecular sieves. The stoichiometry of zeolite assembly can be 

represented as below, 

 
Mx

n⁄ [(AlO2)x((SiO2)y]zH2O 
(1.1) 

Where x and y  are integers with y/x ratio equal or greater than 1 but there is no 

upper limit, n is the valance of cation M, and z is the numbers of water molecules in each 

unit cell. Each aluminum atom introduced one negative charge on the framework which 

must be balanced by exchangeable cation. If the framework structure of zeolite remains 

constant, the cation exchange capacity is inversely related to Si/Al ratio. A lower Si/Al 

ratio gives a higher cation exchange capacity and increases the zeolites ability to adsorb 

polar molecules such as water. Examples of commonly used exchangeable cations include 

the ions Na+, K+, and Ca2+. The type and size of the exchangeable cation determines the 

pore size and properties of the zeolite. Fine-tuning of adsorptive and catalytic properties 

can be achieved by the adjustment of size and valence of the exchangeable cation. The 

adsorption property shows a systematic transition from the aluminum rich sieves, which 
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has very high affinity for water and other polar molecules, to the microporous silicalite 

which is an aluminum free for of zeolite which are essentially hydrophobic and suitable for 

removal of organic molecules from aqueous solution and from moist gases. 

The structure of zeolite are built up from the assemblages of secondary building 

units (SBU’s), which are polyhedral made up of several SiO4 and AlO4 tetrahedral. These 

secondary units are linked in 3-D space to create a porous crystalline structure. Secondary 

building units and some of the commonly occurring polyhedral, shown in the Figure 1.2, 

illustrate silicon and aluminum atoms at the apices with lines representing oxygen bridges 

between them that show the diameter of an oxygen atom. 

 

Figure 1.2. Secondary building unit [11] 

Sodalite unit shown in Figure 1.2 formed from S4R and S6R units joint with each 

other in 3-D space (Figure. 1.2. (a) and Figure.1.2. (b) respectively). Eight sodalite (β 

cages) units form the eight-membered oxygen ring of Type A zeolites and are connected 

by D4R units (Figure. 1.2. (d)) with the final crystal shown in Figure 1.4. (a). Ten sodalite 

units organized in a different fashion in 3-D space form the twelve-membered oxygen ring 
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of Type X and Y zeolites (Figure: 1.4. (b)) and are connected by D6R units (Figure 1.2.(e)). 

The Si/Al ratio is what differentiates Type X and Y zeolites as Type X zeolites have a ratio 

between 1 and 1.5, while Type Y zeolites have a ratio between 1.5 and 3. 

 

Figure 1.3. Sodalite unit with Si, Al atoms [61] 

 

Figure 1.4. (a) Zeolite A (b) Faujasite-type zeolite X and Y formed by sodalite cages [41] 

Till date more than 150 synthetic zeolite types are known. Types A and X are 

synthetic mordenite and their ion-exchanged varieties are most important commercially 

used zeolites. Of the 40 or so naturally occurring zeolites the most important commercially 

used are chabazite, faujasite and mordenite. Specifics about the adsorbent used in this study 

is discussed in Chapter III [19, 49, 56, 58, 71].
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CHAPTER II 

THEORY 

 

The literature pertaining to the sorption of gases by solids is now so vast 

that it is impossible for any, except those who are specialists in the 

experimental technique, rightly to appraise the work, which has been 

done, or to understand the main theoretical problems which require 

elucidation. 

– J. E. Lennard‐Jones, 1932 [36] 

 

2.1 Adsorption Fundamentals 

 

As explained in previous chapter Adsorption is accumulation of fluid molecules at 

a surface. This accumulation is because of attraction between adsorbent and adsorbate 

molecules is a due to intermolecular interactions, which are caused by a combination of 

permanent dipoles, permanent quadrupoles, induced dipoles, and London dispersion 

forces. Permanent dipoles occur in polar molecules as a result of uneven distribution of 
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charge in the electron cloud. The best example for this phenomena is adsorption of 

ammonia & water on Zeolite NaX as they both possess large dipole moment [20]. Polar 

molecules can also induce an uneven charge distribution (i.e. polarity) in nonpolar 

molecules if they are close enough to interact for example, methane has no dipole moment 

but when subjected to electric field it gets polarized. Nonpolar molecules do not have 

permanent poles when their charge is averaged over time. However, at any moment they 

will have a dipole due to instantaneous location of electrons that has the potential of 

inducing a dipole on another nonpolar molecule, creating London Dispersion forces. 

Repulsion forces occur when molecules are too close to each other and their electron clouds 

start overlapping with each other. When adsorption occurs, there is equilibrium between 

these repulsion forces and the forces of attraction. As illustrated in Figure 2.1, potential 

energy diagram for adsorption that shows potential energy (sum of all the interactions that 

exist between the adsorbate fluid and adsorbent solid) as a function of the distance of the 

adsorbate molecule from the adsorbent surface. The high positive repulsive potential 

energy near the adsorbent surface is where the electron cloud overlap would occur. The 

depth of the potential well, U, is dependent on density and crystal structure of the adsorbent 

and the polarizability and molecular size of the adsorbate. In other words it will reflect how 

attractive the adsorbate is to the surface of adsorbent. The larger the potential energy 

difference, the greater the adsorbate would be attracted to the surface. At zero Kelvin where 

there is no kinetic energy, a molecule would settle at the bottom of the well. At all other 

finite temperatures, the molecule will oscillate around the minimum potential energy and 

occasionally escaping to the bulk phase from the surface where, by definition adsorption 

potential is zero [52, 56, 66, 71]. 
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Figure 2.1.The potential energy between two atoms separated by distance r [71] 

 

2.2 Adsorption Thermodynamics 

 

The amount of gas adsorbed, na, for given mass of solid, ms, is dependent on the 

equilibrium pressure, P, temperature, T, the nature of the Solid-Gas System. Thus we can 

write; 

 𝑛𝑎

𝑚𝑠⁄ = 𝑓(𝑃, 𝑇, 𝑔𝑎𝑠 − 𝑠𝑜𝑙𝑖𝑑 𝑠𝑦𝑠𝑡𝑒𝑚) 
(2.1) 

For a given adsorbate molecules on a particular solid at a constant temperature we 

can write the adsorption isotherm equation as; 
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 𝑛𝑎

𝑚𝑠⁄ = 𝑓(𝑃)𝑇,𝑔𝑎𝑠−𝑠𝑜𝑙𝑖𝑑 𝑠𝑦𝑠𝑡𝑒𝑚 
(2.2) 

If the gas is below its critical temperature, isotherm is usually shown as reduced 

pressure as; 

 𝑛𝑎

𝑚𝑠⁄ = 𝑓 (𝑃
𝑃0⁄ )

𝑇
 

(2.3) 

Where, the standard pressure P0 is the saturation vapor pressure of the adsorptive at T. 

Equations (2.2) and (2.3) represent the adsorption isotherm which is a relationship between 

the amount adsorbed by unit mass and the equilibrium pressure or relative pressure, at 

known constant temperature. The experimental adsorption isotherms are presented in a 

graphical form. Although experimental adsorption isotherms measured on wide variety of 

gas-solid systems, display a very wide range of forms, but the majority of the isotherms 

which results from physical adsorption may be grouped into six categories in IUPAC 

classification. The first five types (I to V) of classification were originally proposed by 

Brunauer et al. [7] and also referred as Brunauer classification (1945). The IUPAC 1985 

classification of physisorption isotherms are shown in Figure 2.2 below, 



16 
 

 

Figure 2.2. The six main types of gas Physisorption isotherm, according to IUPAC 

classification [55] 

Type I, most commonly observed isotherm shapes is concave to the relative 

pressure axis. It rises sharply at low relative pressure and reaches a plateau. The amount 

adsorbed for unit mass of solid approaches limiting value as P/P0 → 1 due to finite capacity 

of micropore solid. They are characteristic of microporous solid in which pores are no more 

than a few molecular diameters in width and they cannot accommodate more than a single 

layer on their walls and thus plateau corresponds to the completion of the monolayer. From 

Type I isotherm we can estimate the total micropore volume. The Type II isotherm is also 

concave to the pressure axis and then almost linear and finally convex to pressure axis 

which is a result of formation of a second adsorbed layer whose thickness increases 
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progressively with increase in relative pressure until P/P0 → 1. It indicates that the solid is 

non-porous. From Type II isotherm of a given gas-solid system, it is possible to calculate 

monolayer capacity of the solid, which in turn used to derive the value of specific surface 

area [23]. Type III isotherms is convex to the pressure axis over the complete range. The 

uptake at relatively low pressure is small due to the fact that the adsorbate-adsorbent forces 

are weak but once a molecule has become adsorbed, the adsorbate-adsorbate forces will 

promote the adsorption of the further molecules. Occurrence of this type of isotherm is 

somewhat uncommon. Type IV isotherm, whose initial region is very similar to Type II 

isotherm, tends to level off at higher relative pressure. It exhibits a hysteresis loop. The 

lower branch of loop represents measurement obtained by progressive addition of gas and 

upper region represents the withdrawal. This behavior is because of filling and emptying 

the mesopores of adsorbent solid by capillary condensation, which is a phenomena occur 

in the smaller pores where vapor will be able to condense to liquid due to lower equilibrium 

vapor pressure (P) than saturation vapor pressure (P°). Mesopore range of pore size is 

usually taken to be that range which gives rise to a type IV isotherm. Type V isotherm is 

initially convex to pressure axis and level off at higher relative pressure which is similar to 

the Type III isotherm in a way of weak interaction between adsorbate-adsorbent and similar 

to Type IV isotherm in a way of filling & emptying the mesopores because of capillary 

condensation. This is the rarest observed pattern. Type VI isotherm, sometimes called 

stepped isotherm is a result of layer by layer adsorption on highly uniform surface [55]. 

When a gas (adsorbate) in contact with solid (adsorbent), its density is not uniform 

near the vicinity of the solid. The density and composition profile of the adsorbed phase in 

microporous solid can’t be directly measured by any experimental method. It is not 
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possible to clearly identify the distance from the surface where the density is equal to the 

bulk gas phase. Gibbs developed a hypothetical two-dimensional mathematical surface 

which divides the adsorbate and the adsorptive [5, 25, 62]. 

 

2.3 Gibbs Dividing Surface 

 

The adsorb phase properties can only be measured as a difference between pure 

solid in the absence of any surrounding fluid. Amount adsorbed is absolutely zero when 

there is no fluid surrounding the solid by definition. But some other property like chemical 

potential of the solid is not zero. Because of this reason the change in total thermodynamic 

properties are always in the form of a difference with the pure solid as a reference state. 

Adsorbed phase is also not autonomous. It can only exists in an equilibrium with its bulk 

fluid phase [2].  The interfacial region is in dynamic equilibrium with the fluid phase and 

there is a constant exchange of molecules between the interfacial region and the bulk fluid 

phase. The density close to the solid surface is not uniform as illustrated in Figure 2.3. 

From the given Figure 2.3 some of the observations that we can make are as followed [5, 

25, 62]: 

1. The disturbances in density decay to mean fluid density at a distance 

sufficiently far away from the surface, 

2. The actual distance, denoted by “L” where the density decays to fluid 

density is not known and/or clearly defined, 
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3. This distance depends on thermodynamic properties of the system such as 

pressure, and temperature. The value of L increases as the bulk fluid density increases at 

constant temperature. It also decreases with increasing temperature. 

4. The density profile indicates layering of molecules, it means the density is 

not necessarily higher than bulk fluid at all locations. The density between layers can be 

actually lower than the bulk fluid density. 

5. The density is highest in the first layer if the fluid wets the surface, 

 

Figure 2.3. Density profiles next to a solid surface [24, 62]. 

Considering these observations, it is impossible to estimate the “absolute” amount 

adsorbed, which is defined in literature as the area under the density profile [62]. On a unit 

area basis the absolute amount adsorbed is defined as, 
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𝛤𝑎𝑏𝑠 = ∫ 𝜌(𝑧) 𝑑𝑧

𝐿

0

 
(2.4) 

Here, 𝜌(𝑧) is the density of the gas at any distance z from the interfacial surface. L is the 

distance from the surface when density of the gas is equal to the density of the bulk fluid 

density. In Equation (2.4) the upper limit for integration L is not clearly defined. 

Furthermore, L is a function of temperature and pressure, which complicates the use of 

absolute amount adsorbed definition. 

Understanding these difficulties, Gibbs (1928) [21] was first to formalize a 

thorough thermodynamic treatment of adsorption phenomena. His mathematical 

transformation relies upon the meaning of a "Dividing Surface" between the Solid and the 

Fluid phase. "Surface" is utilized as a part of a general sense and it doesn't suggest any 

shape. This surface divides two bulk regions, from which the solid occupies one side of 

this numerical surface and fluid occupies the other. In the Gibbs meaning of Dividing 

Surface, the fluid phase properties are thought to be steady and equivalent to their values 

far from the surface. The actual changes happening in the interfacial region are attributed 

to a 2D adsorbed phase. Mathematically, the adsorbed phase is a surface, thus it does not 

have a volume. All Thermodynamic properties are referred to as "Gibbs surface excess" 

properties. With Gibbs definition, the amount adsorbed is related to the shaded areas in 

Figure 2.3 by; 

 
𝛤𝑒𝑥 = ∫(𝜌(𝑧) − 𝜌𝑔) 𝑑𝑧

∞

0

 
(2.5) 
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Where, 𝜌𝑔 is the density of the bulk gas phase and 𝛤𝑒𝑥 is the excess amount adsorbed per 

unit area. Equation (2.5) circumvents the problematic upper limit from specific distance L 

to infinite. Here there is no net contribution towards the amount adsorbed and thus we can 

write the excess amount adsorbed as followed; 

 
𝑁𝑒𝑥 = 𝐴 ∫(𝜌(𝑧) − 𝜌𝑔 ) 𝑑𝑧

∞

0

 
(2.6) 

Where, A is the specific area of the adsorbent means area per unit mass and 𝑁𝑒𝑥 is excess 

amount adsorbed per unit mass of solid. 

 

Figure 2.4.Illustration of density profiles and the Gibbs dividing surface near a flat 

surface [55]. 

Gibbs does not suggest any experimental method to locate the dividing surface. It 

is a purely mathematical definition. But practical use of thermodynamic relations requires 

that (1) either area is measured, or (2) it is calculated from other measurable quantities. The 
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excess amount actually means extra amount of fluid available near the immediate vicinity 

of the surface. Again, Gibbs’ definition is purely a transformation of complex surfaces to 

thermodynamically equivalent simple system [25, 55]. 

 

2.4 Phase Rule 

 

Two phases, bulk gas phase and adsorbed phase must be arbitrarily fixed by their 

own sets of intensive properties to get into the state called Equilibrium. By definition 

equilibrium means equality of  

1. Thermal potential (or temperature) 

2. Mechanical potential (or pressure) and  

3. Mass potential (or Chemical potential)  

The equality of thermal potential is obvious in which both the phases must be at 

same temperature, otherwise, heat transfer will occur and the system will not be called in 

equilibrium. Equality of chemical potential means each species in both the phases must not 

transfer any net mass. 

The problem arises when we try to equate the mechanical potential. Mechanical 

gradient which is pressure as an intensive variable is meaningless in case of Adsorbed 

phase as it is two-dimensional. In two-dimensional adsorbed phase. Extensive variable like 

pressure and volume are not appropriate coordinates [68]. To define adsorbed phase 

properly and to fix its state, an intensive variable called Spreading Pressure is used [59]. 
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The spreading pressure is the negative of the familiar surface tension and has units of dynes 

per centimeter or Nm-1. In physical adsorption, it is positive (even for a multilayer 

adsorption). Therefore the system does work on the surrounding during the conceptual 

process of increasing the area of the adsorbent. There is no experimental technique for 

measuring the spreading pressure directly for a microporous solid, similar to the 

mechanical measurement of the surface tension of a liquid. It is therefore important to 

distinguish the thermodynamic variable spreading pressure from its interpretation by a 

particular physical model. Mechanical work term for adsorbed phase per mole of solid is 

thus given as 𝜋 ∗ a, analogous to the intensive variable for the work term 𝑃 ∗ 𝑉 in the bulk 

phase. This thermodynamic spreading energy can always be calculated from the 

experimental adsorption isotherm and is independent of any particular physical model of 

the adsorbed phase. 

Due to extra intensive variable caused by lack of mechanical equilibrium and 

specific area of adsorbent becomes an additional thermodynamic variable thus the phase 

rule for the adsorption is [62, 68] 

 
𝐹 = 𝐶 −  𝑃 +  3 

(2.7) 

Where, F = number of degree of freedom 

 C = number of chemical species 

 P = number of phases 
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In the Equation (2.7) adsorbent is not counted as a separate component as it is 

assumed to be thermodynamically inert. Thus for binary gas adsorption equilibria (C = 2) 

there are three degree of freedom. 

 

2.5 Fundamental Property Relations 

 

The thermodynamic of physical adsorption has been thoroughly studied by Hill 

[26]. There are mainly three underlying assumptions on top of which the thermodynamic 

equation of adsorbed phase are based, and those three assumption are as followed and 

which were restated by Myer and Prausnitz [47] and O. Talu [62, 63, 65]: 

1. The adsorbed phase is assumed to be thermodynamically inert; that means 

the thermodynamic property changes like change in internal energy, during the adsorption 

process is considered to be negligible as compared to that of the adsorbate. 

2. Temperature invariant area possessed by adsorbent is same for all the 

adsorbates. This assumption might be wrong for the molecular sieve adsorbent where, the 

area available for adsorption depends upon the size adsorbate molecule. 

3. By applying Gibbs Definition of Adsorption, we were able to circumvent 

the problem of defining the boundary between the adsorbed and gas phase in a system to 

which thermodynamic equations need to apply. The solution was the construction of a 

mathematical dividing surface between the two phases. One is gas phase persists 

unchanged up to solid surface and abnormality in the properties of interfacial region are 

attributed to the mathematical surface, which is then treated as a two dimensional phase 
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with its own properties. The basic fundamental property relation for adsorbed phase is 

defined as followed; 

 
𝑑 (𝑁 · 𝑢) = 𝑇 · 𝑑(𝑁 · 𝑠) −  𝜋 · 𝑑(𝑁 · 𝑎) +  ∑ 𝜇𝑖 · 𝑑𝑁𝑖 

(2.8) 

Or 

 
𝑑𝑢 = 𝑇 · 𝑑𝑠 −  𝜋 · 𝑑𝑎 +  ∑ 𝜇𝑖 · 𝑑𝑥𝑖 

(2.9) 

Where, N is the total number of moles adsorbed per unit mass of the solid adsorbent, u is 

molar internal energy, T is temperature, s is molar entropy, π is spreading pressure, a is 

area of adsorbent per unit mass per unit moles adsorbed (N), µi is the chemical potential of 

ith component and Ni is the number of moles of ith component adsorbed per unit mass of 

the solid adsorbent and 𝑥𝑖 is the mole fraction of the component i in the adsorbed phase. 

So we can write from the Equation (2.9) that variable π (spreading pressure) is 

defined by, 

 
𝜋 =  − (

𝜕𝑢

∂a
)

𝑆,𝑥𝑖

 
(2.10) 

The molar enthalpy ‘h’ for the adsorbed phase is then, 

 
ℎ = 𝑢 +  π · a 

(2.11) 

Resulting in the following equation; 

 
𝑑ℎ = 𝑑𝑢 + 𝑑(π · a) 

(2.12) 

 
𝑑ℎ = {𝑇 · 𝑑𝑠 −  𝜋 · 𝑑𝑎 +  ∑ 𝜇𝑖 · 𝑑𝑥𝑖} +  𝜋 · 𝑑𝑎 + 𝑎 · 𝑑𝜋 

(2.13) 
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𝑑ℎ = 𝑇 · 𝑑𝑠 + 𝑎 · 𝑑𝜋 +  ∑ 𝜇𝑖 · 𝑑𝑥𝑖 

(2.14) 

Using Legendre transformation the Gibbs free energy g of the adsorbed phase is; 

 
𝑑𝑔 = −𝑠 · 𝑑𝑇 + 𝑎 · 𝑑𝜋 +  𝛴 𝜇𝑖 · 𝑑𝑥𝑖 

(2.15)  

This definition of the total Gibbs free energy of the adsorbed phase has an advantage that 

total free energy of the system may be written as, 

 
𝐺 =  ∑ 𝜇𝑖 · 𝑑𝑁𝑖 

(2.16)  

 

2.6 Solution Thermodynamics and Phase Equilibrium Relations 

 

The following definitions are based upon the solution thermodynamics first derived 

by Myers and Prausnitz [47].The theory of solution thermodynamic was first extended to 

adsorption by them and detail derivation of these equation was given by Van ness [68]. 

Similar to the bulk gas phase fugacity for the adsorbate can be defined by replacing P 

with 𝑓. Partial molar Gibbs free energy for the adsorbate in the mixture at constant 

temperature can be written as; 

 
𝑑𝜇𝑖 =  𝑑𝑔̅𝑖 = 𝑅 ·  𝑇 ·  𝑑 𝑙𝑛𝑓𝑖̂ 

(2.17)  

 
lim
𝜋→0

𝑓𝑖

𝑓𝑖
0{𝜋}

= 1  
(2.18)  
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Here, in Equation (2.18)  𝑓0
𝑖
 is the fugacity in the gas phase of pure component i at the 

same temperature and spreading pressure as that of the mixture.  

With the similar definition of the fugacity of the pure component and a component 

in the mixture, the activity coefficient for a species i in the adsorbate mixture is defined by 

the following Equation (2.19); 

 
𝛾𝑖 =  

𝑓𝑖

𝑥𝑖 ·  𝑓𝑖
0{Ψ}

 
(2.19)  

By limiting the value of fugacity in Equation (2.19), the activity coefficient will be unity 

as π approaches zero.  

 
lim
𝜋→0

𝛾𝑖 =  lim
𝜋→0

𝑓𝑖

𝑥𝑖 ·  𝑓𝑖
0 =  lim

𝜋→0

𝑓𝑖
𝑥𝑖 · 𝜋⁄

 𝑓𝑖
0

𝜋⁄
= 1 

(2.20)  

Which leads us to 

 
𝑔̅𝑖 −  𝑔̅𝑖

𝑖𝑑 = 𝑅 · 𝑇 · 𝑙𝑛𝛾𝑖 
(2.21)  

Here in Equation (2.21) superscript “id” means Gibbs free energy for ideal solution in 

adsorbed phase. Integrating this equation at constant temperature and spreading pressure 

from pure component species i to a state of mixture containing xi mole fraction of ith 

component; 

 
𝑔̅𝑖 −  𝑔̅𝑖

0 = 𝑅 · 𝑇 · 𝑙𝑛
𝑓𝑖̂

𝑓𝑖
0 

(2.22)  

Suppose the solution is ideal then we can deduce from Equations (2.21) and (2.22); 
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𝑔̅𝑖

𝑖𝑑 = 𝑔𝑖
0 +  𝑅 · 𝑇 · 𝑙𝑛 𝑥𝑖 

(2.23)  

 
𝑔̅𝑖 = 𝑔𝑖

0 +  𝑅 · 𝑇 · ln (𝑥𝑖 · 𝛾𝑖) 
(2.24)  

It must be noted that in Equation (2.24) 𝑔̅𝑖 is the partial molar property with respect to g 

and therefor; 

 
𝑔𝑖

0 =  𝑥𝑖 · 𝑔̅𝑖 
(2.25) 

Multiplying both the sides of Equation (2.24) with 𝑥𝑖 and summarize it over all the species 

i will give us following Equation (2.26); 

 𝑔 − ∑ 𝑥𝑖

𝑖

.· 𝑔𝑖
0 = 𝑅 · 𝑇 · ∑ 𝑥𝑖

𝑖

·  ln (𝑥𝑖 · 𝛾𝑖) (2.26)  

In this Equation (2.26) the LHS is the molar Gibbs free energy of mixing at constant 

temperature, spreading pressure (𝜋) and mole fraction (𝑥𝑖) and thus we can write it as 

superscript m and The activity coefficient for mixed adsorbed phase are included in the 

formulation is to account for the phase non-ideality; 

 𝑔𝑚 {𝑇, 𝜋, 𝑥𝑖 , … . . } =  𝑅 · 𝑇 · ∑ 𝑥𝑖

𝑖

·  ln (𝑥𝑖 · 𝛾𝑖) (2.27) 

In general, for any molar property M, any extensive change on mixing is defined as 

followed; 

 𝑀𝑚{𝑇, 𝜋, 𝑥𝑖, … } = 𝑀{𝑇, 𝜋, 𝑥𝑖 , … } −  ∑ 𝑥𝑖 · 𝑀𝑖
0{𝑇, 𝜋}

𝑖

 (2.28) 
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In Equation (2.28) 𝑀𝑖
0 is the standard state defined as molar value of the proper for pure 

species i at same spreading pressure (𝜋) and temperature T as that of the mixture. M is the 

molar value of the property for the mixture. 

With the activity coefficient 𝛾𝑖 defined as in Equations (2.26) and (2.27), change in 

other thermodynamic function upon mixing are obtained as followed; 

 ℎ𝑚(𝑇, 𝜋, 𝑥𝑖 , . . . ) =  −𝑇2 {
𝜕 (

𝑔𝑚

𝑇⁄ )

𝜕𝑇
}

𝑥𝑖,𝜋

=  −𝑅 · 𝑇2 ∑ 𝑥𝑖 · (
𝜕 ln 𝛾𝑖

𝜕𝑇
)

𝜋,𝑥𝑖𝑖

 
(2.29) 

 𝑎𝑚(𝑇, 𝜋, 𝑥𝑖 , … ) = 𝑎{𝑇, 𝜋, 𝑥𝑖} − ∑ 𝑥𝑖 · 𝑎𝑖
0{𝑇, 𝜋}

𝑖

 = 𝑅 · 𝑇 ∑ 𝑥𝑖 · (
𝜕 ln 𝛾𝑖

𝜕𝜋
)

𝑇,𝑥𝑖𝑖

 (2.30) 

Combining Equations (2.29) and (2.30) and we will get 

 
𝜇𝑖(𝑇, 𝜋, 𝑥𝑖) =  𝑔𝑖

0(𝑇, 𝜇) + 𝑅 · 𝑇 · ln( 𝛾𝑖 · 𝑥𝑖) 
(2.31)  

In Equation (2.31) 𝑔0
𝑖
 is the standard state molar Gibbs free energy of component i. Since 

there are only two degree of freedom in the adsorption of a pure component, the pressure 

P in the gas phase is uniquely determined by specifying temperature T and spreading 

pressure π of the system. Considering the equilibrium of pure component i adsorbate at 

temperature T and spreading pressure π and thus the vapor phase, we can write equation 

for 𝑔𝑖
0 as followed, 

 
𝑔𝑖

0(𝑇, 𝜋) =  𝑔𝑖
0(𝑇) + 𝑅 · 𝑇 · ln 𝑃𝑖

0( 𝜋) 
(2.32)  

In Equation (2.32) 𝑔𝑖
0 is the standard state molar Gibbs free energy of the component i at 

the perfect gas state and at the temperature of the system. In Equation (2.32) it is assumed 
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that gas phase is ideal, which is an excellent approximation at relatively low pressure. We 

can combine Equations (2.31) and (2.32) to get the Equation (2.33) stated below, 

 
𝜇𝑖(𝑇, 𝜋, 𝑥𝑖) =  𝑔𝑖

0(𝑇) + 𝑅 · 𝑇 · ln (𝑃𝑖
0) + 𝑅 · 𝑇 · ln( 𝛾𝑖 · 𝑥𝑖) 

(2.33)  

In the similar manner chemical potential for the component i in the mixture in gas phase 

with the same reference state will be; 

 
𝜇𝑖,𝑔(𝑇, 𝑃, 𝑦𝑖) =  𝑔𝑖

0(𝑇) + 𝑅 · 𝑇 · ln(𝑃 · 𝑦𝑖)  
(2.34)  

When someone uses equilibrium criterion that chemical potential in adsorbed phase is 

equal to the chemical potential in the gas phase, the Equation (2.34) will yield to the 

equation of equilibrium for mixed gas adsorption; 

 
𝑃 · 𝑦𝑖 =  𝑃𝑖

0(𝑇, 𝜋) · 𝑥𝑖 · 𝛾𝑖(𝑇, 𝜋, 𝑥) 
(2.35)  

Equation (2.35) is analogous to the modified Raoult’s law for liquid-Vapor equilibrium. At 

higher pressure Equation (2.35) can be written with slight modification but in a similar way 

just by adding vapor phase fugacity coefficient Ф𝑖 at pure state and in the mixture at 

constant temperature, 

 
𝑃 · 𝑦𝑖 ·  Ф𝑖 =  𝑃𝑖

0(𝑇, 𝜋) · Ф𝑖
0 · 𝑥𝑖 · 𝛾𝑖(𝑇, 𝜋, 𝑥) 

(2.36)  

Where,  Ф𝑖
0
= Vapor phase fugacity coefficient of pure i at the standard state. 

  Ф𝑖= Vapor phase fugacity coefficient of component i in the mixture.  

Using the same proposition the molar area of mixed adsorbate can be written as [62, 63]; 
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 1

𝑁𝑡
=  ∑

𝑥𝑖

𝑁𝑖
0(𝑇, 𝜋) 

𝑖

+ ∑ 𝑥𝑖 · (
𝜕 ln 𝛾𝑖

𝜕 (
𝜋𝐴
𝑅𝑇)

)

𝑇,𝑥𝑖
𝑖

 (2.37) 

Here in Equation (2.37) 𝑁𝑡 is total number of moles adsorbed mixture, 𝑁0
𝑖 is numbers of 

moles of i adsorbed at pure standard state i.e. at the same temperature T and spreading 

pressure 𝜋 as that of the adsorbed mixture.  

 

2.7 Gibbs Adsorption Isotherm 

 

The Gibbs adsorption isotherm can be written from the total Gibbs free energy g of 

the adsorbed phase [63]. Chemical potential for the component i in the surface phase given 

in terms of the bulk gas phase properties is, 

 
−𝑎𝑖

0 · 𝑑𝜋𝑖
0 + 𝑑𝜇𝑖,𝑎

0 = 0 
(2.38)  

Here in Equation (2.38) 𝑎𝑖
0 (𝑚2 ∙ 𝑚𝑜𝑙−1) is the area per mole of the adsorbed gas, 𝜇𝑖

0 (𝑗 ∙

𝑚𝑜𝑙−1) is the chemical potential of the pure component i in the adsorbed phase and 𝜋𝑖
0 (𝑗 ∙

𝑚−2) is the spreading pressure at 𝑎𝑖
0. The specific area in the above Equation (2.38) can 

be written as; 

 
𝑎𝑖

0 = 𝐴/𝑁𝑖
0 

(2.39)  

Where 𝐴 is the specific surface are (𝑚2 ∙ 𝑘𝑔−1)of the adsorbent and 𝑁𝑖
0 (𝑚𝑜𝑙 ∙ 𝑘𝑔−1) is 

amount adsorbed for component i. At equilibrium the chemical potential of component i in 

the adsorbed phase is equal to the chemical potential in the gas phase and we can write 
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chemical potential of component i in the surface phase in terms of bulk gas phase 

properties. 

 
𝑑𝜇𝑖,𝑔

0 =   𝑑𝜇𝑖,𝑎
0 

(2.40)  

Supposedly if the gas phase is ideal, then chemical potential of the component i in the 

mixture of the gas phase can be written as; 

 
𝑑𝜇𝑖,𝑔

0 = 𝑅 · 𝑇 · 𝑑 ln(𝑃𝑖
0) 

(2.41)  

Summarizing all the Equations from (2.38) to (2.41) will give us; 

 
−𝑎𝑖

0 · 𝑑𝜋𝑖
0 + 𝑅 · 𝑇 · 𝑑 ln(𝑃𝑖

0) = 0 
(2.42) 

 
−𝐴 · 𝑑𝜋𝑖

0 + 𝑁𝑖
0𝑅 · 𝑇 · 𝑑 𝑙𝑛(𝑃𝑖

0) = 0 
(2.43) 

The integral form of above Equation (2.43) can be written as follows, 

 
𝜋𝑖

0 =
𝑅 · 𝑇

𝐴
∫ 𝑁𝑖

0 · 𝑑 𝑙𝑛(

𝑃𝑖
0

0

𝑃𝑖
0) 

(2.44)  

This is called Gibbs adsorption isotherm in adsorption literature [17, 59]. In Equation 

(2.44) 𝑃𝑖
0 is the equilibrium pressure of pure component i. It gives spreading pressure, 𝜋𝑖

0 

as a function of 𝑃𝑖
0 for a system where 𝑁𝑖

0 is a known function of 𝑃𝑖
0. 

At constant temperature, for the mixture having i components in it, Equation (2.42) 

can be written as; 
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 −𝑎 · 𝑑𝜋 + ∑ 𝑥𝑖 ·

𝑖

𝑅 · 𝑇 · 𝑑 ln(𝑃) = 0 (2.45)  

By substituting 𝑎 = 𝐴
𝑁𝑡

⁄  in Equation (2.45) will lead us to,  

 −𝐴 · 𝑑𝜋 + ∑ 𝑅 · 𝑇 · 𝑁𝑖 · 𝑑 ln(𝑦𝑖 · 𝑃) = 0

𝑖

   (2.46)  

 

2.8 Thermodynamic Consistency and Gibbs-Duhem Equation for 

Adsorbed Phase 

 

The fundamental relation of adsorption thermodynamics is the Gibbs adsorption 

isotherm (van ness 1969) [68] which was defined earlier as [47, 56, 65, 68, 71]; 

 
−𝑎 · 𝑑𝜋 + ∑ 𝑁𝑖 · 𝑑𝜇𝑖  = 0 

(2.47)  

At constant spreading pressure the above Equation (2.47) becomes; 

 
∑ 𝑥𝑖 · 𝑑𝜇𝑖 = 0 

(2.48)  

Substitute Equation (2.33) in Equation (2.48) will give us; 

 
∑ 𝑥𝑖 · 𝑑𝑙𝑛 𝛾𝑖  = 0; 

(2.49)  

Equation (2.49) is Gibbs-Duhem relation for the adsorbed phase at constant temperature 

and spreading pressure. As the spreading pressure can’t be controlled, a more general 

relation for adsorbate mixture under isothermal condition can be written as follows [63]; 
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∑ 𝑥𝑖 · 𝑑𝑙𝑛 𝛾𝑖 = 𝑑 (

𝜋 · 𝐴

𝑅 · 𝑇
) (

1

𝑁𝑡
−  ∑

𝑥𝑖

𝑁𝑖
0

𝑖

) 
(2.50)  

The last term in Equation (2.50) represents the molar area for mixing. The thermodynamic 

consistency check can be performed by evaluating the left hand side and the right hand side 

of Equation (2.50).  

 

2.9 Pure Component Adsorption Model 

 

Whether the adsorption isotherm has been determined experimentally or 

theoretically from molecular simulation, the data points must be fitted with analytical 

equations for interpolation, extrapolation, and for the calculation of thermodynamic 

properties by numerical integration or differentiation. Many theories and models have been 

developed to interpret these types of isotherms. A detail discussion of various models used 

to interpret each type of isotherm have been given by various authors like Gregg and Sing 

[23]. There are mainly three different approaches on which most of the isotherm models 

are based upon. (1) Mechanistic models postulating microstructures of adsorbed phase, (2) 

Equation of state models originating from 1 2D gas like behavior and (3) Pore filling 

models are based upon Polanyi [50, 51] theory treating the adsorbed phase as highly 

compressed gas. The first two approaches are used in this study. 
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2.9.1 The Langmuir model 

 

The Langmuir isotherm [33-35] is originally a kinetic model which is the most 

widely used and cited isotherm in the literature. It is a mechanistic model. This model was 

original developed to represent Chemisorption on a set of localized adsorption sites and 

that is why it is more appropriate to chemisorption. In a physisorbed layer molecules are 

highly mobile and resemble more closely a two dimensional gas [55, 56]. Nevertheless, 

Langmuir isotherm captures all essential characteristics of Type I isotherm. This model 

stipulates that there are fixed number of localized adsorption sites and each site can hold 

one adsorbate molecule. All sites are energetically equivalent and there is no interaction 

between the adsorbed molecules on neighbor sites. Langmuir isotherm is actually based 

upon the concept of dynamic equilibrium which means that rate of evaporation (desorption) 

is equal to the condensation (adsorption). The final isotherm equation is given as [6, 33-

35, 71], 

 
𝛩 =

𝑁

𝑁∞ 
=  

𝑏 · 𝑃

1 + 𝑏 · 𝑃
 

(2.51)  

In Equation (2.51), 𝛩 is fraction of surface covered, N is number of moles adsorbed per 

gram of adsorbent, P is the pressure and N∞ and b are Langmuir parameters and both have 

important physical significance. b is the slope of the isotherm when pressure is very small 

and it is an indication of affinity of the solid for gas molecules. It is related to positive value 

of the adsorption energy. N∞ is the saturation limit of the isotherm for large values of 

pressure which is indication of monolayer or micropore capacity. Langmuir parameters can 
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be obtained from experimental data by linear regression with the following Equation (2.52) 

[55], 

 𝑃

𝑁
=  

1

𝑏 · 𝑁∞
+ 

𝑃

𝑁∞
  

(2.52)  

Dual Site Langmuir (DSL) model is a modification of this actual model to account 

for heterogeneity. In this model the total amount adsorbed is a result of net contribution for 

adsorption on two patches with different adsorption energies and capacities. DSL is 

commonly used in process simulation due to its flexibility in representing wide range of 

isotherms [43]. 

 

2.9.2 The Virial Model 

 

A 2D equation of state mode, the virial isotherm equation truncated at an 

appropriate point has been used successfully to represent pure gas isotherm data and gives 

excellent fit at low and moderate pressure range. The General Virial equation can be 

applied to find the virial constant from the data regression, which can further be used in 

mixture adsorption prediction [3]; 

 
𝑍 =  

𝜋 · 𝑎

𝑅 · 𝑇
= (1 +

𝐵′

𝑎
+

𝐶′

𝑎2
+

𝐷′

𝑎3
+ ⋯ ) 

(2.53)  

In the Equation (2.53), 𝜋 is spreading pressure, 𝑎 is area per mole, B’, C’, D’ are interaction 

parameters. After rearrangement, and taking the derivative at constant temperature, will 

lead us to the virial equation of state for the adsorbed phase; 
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(

𝜕𝜋

𝜕𝑎
)

𝑇
=  −𝑅 · 𝑇 (

1

𝑎2
+

2 · 𝐵′

𝑎3
+

3 · 𝐶′

𝑎4
+ ⋯ ) 

(2.54)  

 ln 𝑃 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑇) − ln 𝐴 +
2 · 𝐵′

𝑎
+

3 · 𝐶′

2 · 𝑎2
+

4 · 𝐷′

3 · 𝑎3
+ ⋯ (2.55)  

 𝑃 = 𝑁𝑖 (exp {𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑇) − ln 𝐴 +
2 · 𝐵′

𝐴
𝑁𝑖 +

3 · 𝐶′

2 · 𝐴2
𝑁𝑖

2 +
4 · 𝐷′

3 · 𝐴3
𝑁𝑖

3 + ⋯ }) (2.56)  

Which will reduce to the following Equation (2.57); 

 
𝑃 =  𝑁𝑖 ∙ 𝑒(𝐾(𝑇)+𝐵(𝑇)·𝑁𝑖+𝐶(𝑇)·𝑁𝑖

2+𝐷(𝑇)·𝑁𝑖
3+⋯ ) 

(2.57) 

In Equation (2.57), B, C, and D…are the virial coefficients representing the two 

body, three body and four body interactions in the adsorbed phase respectively. The 

Henry’s law constant (H) is related to the gas-solid interaction. Equation (2.57) provides 

basis and useful means of evaluating Henry’s law constant (H). 

Henry’s Law constant is related to the slope of the isotherms at the origin. It is a 

very important thermodynamic property, related to the interaction of the molecules with 

the surface. However, with strongly adsorbed components, it is difficult to determine the 

Henry’s Law constant directly from the limiting slope of the isotherm. A plot of 𝑙𝑛 (
𝑃

𝑁𝑖
) 

versus 𝑁𝑖 should be linear at concentrations below Henry’s Law limit. The extrapolation 

of this plot to zero-adsorbed phase concentration provides the simplest way of evaluating 

the Henry’s Law constant from isotherm data. From the Equation (2.57), 

 𝑙𝑛 (
𝑃

𝑁𝑖
) = 𝐾 + 𝐵 · 𝑁𝑖 + 𝐶 · 𝑁𝑖

2 + 𝐷 · 𝑁𝑖
3 (2.58)  
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 𝐻 = lim
𝑃→0

𝑁𝑖

𝑃
= 𝑒−𝐾 (2.59)  

From isothermal data, the parameters in the virial isotherm equation (Equation (2.57)) can 

be expressed as a function of temperature as follows; 

 
𝐾(𝑇) = 𝑘0 +

𝑘1

𝑇
; 

(2.60)  

 
𝐵(𝑇) = 𝑏0 +

𝑏1

𝑇
+

𝑏2

𝑇2
+ ⋯ 

(2.61)  

  
𝐶(𝑇) = 𝑐0 +

𝑐1

𝑇
+

𝑐2

𝑇3
+ ⋯ ; 

(2.62)  

 
𝐷(𝑇) = 𝑑0 +

𝑑1

𝑇
+

𝑑2

𝑇3
+ ⋯ 

(2.63)  

 

2.10 Isosteric Heat of Adsorption 

 

Isosteric heat of adsorption is one of the basic quantities in adsorption studies, 

which is defined as the ratio of the infinitesimal change in the adsorbate enthalpy (𝜕𝐻) to 

the infinitesimal change in the amount adsorbed (𝜕𝑛). It is a negative of a specific 

adsorption enthalpy. It provides useful information about the nature of the solid surface 

and the adsorbed phase. The information regarding the heat released is important in kinetic 

studies because, when heat is released due to adsorption, the released energy is partly 

absorbed by the solid adsorbent and partly released to the surroundings. The portion 

absorbed by the solid increases the particle temperature, which slows down the adsorption 

kinetics because the mass uptake is controlled by the rate of cooling of the particle [17].  
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The heat of adsorption profile reveals the type of heterogeneity in the solid 

adsorbent and the degree of gas-solid interactions, and it may vary with loading. An 

increase in heat of adsorption with gas loading is characteristic of non-heterogeneous 

adsorbents (e.g. graphitized carbon) with constant gas-solid energies of interaction. The 

increase is due to cooperative interactions between adsorbed molecules. A decrease in the 

heat of adsorption with gas loading is characteristic of highly heterogeneous adsorbents 

(e.g. activated carbon) with a wide distribution of gas-solid interaction energies. A constant 

heat of adsorption with gas loading indicates a balance between the strength of cooperative 

gas-gas interactions and the degree of heterogeneity of gas-solid interactions. 

The heats of adsorption is used in the calculation of energy balances in packed 

columns. As most columns operate adiabatically, the heat of adsorption determines the 

temperature profile inside the column. The heat of adsorption is another measure of how 

much energy is required to regenerate the column, which is the major operating cost for 

thermal swing- adsorption (TSA) columns. It can be calculated from the temperature 

variation of isotherms, without using a calorimetric instrument. The Clausius-Clayperon 

equation has long been used for the evaluation of the heat of adsorption from the adsorption 

isotherm data assuming ideal behavior of the adsorbate molecules in their gaseous phase. 

The equation can be written as follows [18, 46, 53], 

 
𝐻̅ = −𝑅 · 𝑇2 [

𝜕 ln 𝑃

𝜕𝑇
]

𝑛
 

(2.64)  

Or, 
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 𝑞𝑖𝑔 = −𝑅 · [
𝜕 ln 𝑃

𝜕(1
𝑇⁄ )

]

𝑛

 
(2.65)  

Equation (2.65) is derived with the assumption that the volume change of the adsorbed 

phase is negligible, which is not true at high pressure. Therefore Equation (2.65) is further 

modified as described by Chakrabarty et al. [10]; i.e. 

 𝑞 = −𝑅 · [
𝜕 ln 𝑃

𝜕(1
𝑇⁄ )

]

𝑛

+ 𝑇 · (𝜐𝑔 − 𝜐𝑎) · (
𝑑𝑃

𝑑𝑇
) 

(2.66)  

In Equation (2.66) the second term is the compression of the bulk gas phase due to volume 

change in the adsorbed phase. To calculate the Isosteric heat, the virial equation of state 

(Equation (2.57)) can be applied as follows; 

 𝑞 = −𝑅 · [
𝜕 ln 𝑃

𝜕(1
𝑇⁄ )

]

𝑛

= −𝑅 · (𝑘1 + 𝑏1 · 𝑁𝑖 + 𝑐1 · 𝑁𝑖
2 + 𝑑1 · 𝑁𝑖

3 + ⋯ ) 
(2.67)  

 

2.11 Spreading Pressure Calculation 

 

The spreading pressure is not a measurable property but can be calculated from 

macroscopically measured quantities by the integration of the Gibbs adsorption isotherm. 

The final integrated equation depends upon the path used in equilibrium measurements. 

Therefore the value of the spreading pressure is unique at every point in the phase diagram 

since it is an independent intensive property of the surface phase. 
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2.11.1 Pure Component 

 

As described earlier, the Gibbs adsorption isotherm for a pure component is, 

 𝐴 ·  𝑑𝜋𝑖
0

𝑅 · 𝑇
=  𝑁𝑖

0 · 𝑑𝑙𝑛(𝑃𝑖
0) 

(2.68)  

If Equation (2.68) is integrated from zero pressure to the equilibrium pressure of 

component i, 𝑃𝑖
0 the spreading pressure, 𝜋𝑖

0 at constant temperature for the adsorbed phase 

can be obtained as; 

 
𝜋𝑖

0 =
𝑅 · 𝑇

𝐴
 ∫ 𝑁𝑖

0 · 𝑑𝑙𝑛(𝑃𝑖
0)

𝑃𝑖
0

0

 
(2.69)  

Rearranging Equation (2.69) yields; 

 
𝜓 =

𝐴 · 𝜋𝑖
0

𝑅 · 𝑇
=  ∫ 𝑁𝑖

0 · 𝑑𝑙𝑛(𝑃𝑖
0) ≈ 𝑓( 

𝑃𝑖
0

0

𝑃𝑖
0) 

(2.70)  

Since 𝑁𝑖
0 is the number of moles of i adsorbed at 𝑃𝑖

0, in other words, the adsorption 

isotherm for pure component i, Equation (2.70) can be used to calculate 𝜋𝑖
0 from the 

experimental adsorption isotherm data for pure component i.  

With the Virial EOS (Equation (2.57)) used in this study, the spreading pressure 

expression is implicit in amount adsorbed and it can be written as [62], 

 
𝜓 =

𝜋𝑖
0 · 𝐴

𝑅 · 𝑇
=  𝑁𝑖

0 + 
𝐵 · (𝑁𝑖

0)2

2
+

2 · 𝐶 · (𝑁𝑖
0)3

3
+

3 · 𝐷 · (𝑁𝑖
0)4

4
 

(2.71)  
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2.11.2 Binary Mixture 

 

For the calculation of the experimental activity coefficient for a binary mixture, the 

spreading pressure of the mixture must be calculated. From Equations (2.45) and (2.46), 

an equation for the spreading pressure at constant temperature can be derived as follows; 

 𝑑𝜋 · 𝐴

𝑅 · 𝑇
=  𝑁1 · 𝑑𝑙𝑛(𝑃 · 𝑦1) +  𝑁2 · 𝑑𝑙𝑛(𝑃 · 𝑦2) 

(2.72)  

If the total pressure of the system is held constant Equation (2.72) becomes; 

 𝑑𝜋 · 𝐴

𝑅 · 𝑇
=  𝑁1 · 𝑑𝑙𝑛(𝑦1) +  𝑁2 · 𝑑𝑙𝑛(𝑦2) 

(2.73)  

Integrating Equation (2.73) from π1, spreading pressure of the component 1 at the same 

temperature and gas pressure which is least adsorbed, to π, the spreading pressure of the 

mixture of interest, and right hand side Equation (2.73) from y1 = 1 to y1 = y1 , Equation 

(2.73) can be rewritten as follows; 

 𝜋 · 𝐴

𝑅 · 𝑇
=  

𝐴 · 𝜋

𝑅 · 𝑇
|

𝑦1=1
+ ∫ 𝑁1 · 𝑑𝑙𝑛(𝑦1)

𝑦1=𝑦1

𝑦1=1

+ ∫ 𝑁2 · 𝑑𝑙𝑛(𝑦2)
𝑦1=𝑦1

𝑦1=1

 
(2.74)  

Equation (2.74) can be used when the system pressure is low in the range of an ideal gas. 

If the system pressure is high enough, the non-ideality of the gas can be included through 

the fugacity coefficient. The spreading pressure with the real gas equation is then; 

 𝜋 · 𝐴

𝑅 · 𝑇
=  

𝜋 · 𝐴

𝑅 · 𝑇
|

𝑦1=1
+ ∫ 𝑁1 · 𝑑𝑙𝑛(Ф1 · 𝑦1)

𝑦1=𝑦1

𝑦1=1

+ ∫ 𝑁2 · 𝑑𝑙𝑛(Ф2 · 𝑦2)
𝑦1=𝑦1

𝑦1=1

 
(2.75)  
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For the binary mixture, the spreading pressure for the gas mixture can be calculated from 

Equation (2.75). All that is needed is the binary experimental data at constant temperature 

and pressure for the entire range of gas composition. 

 

2.12 Binary Mixture Adsorption Model 

 

The experimental measurement of multicomponent adsorption is time consuming 

due to the large number of variables involved. The problem of predicting binary and 

multicomponent adsorption from single component adsorption data has, therefore, 

attracted significant attention. In addition, binary measurements are complicated because 

the amount of each component adsorbed in a porous solid cannot be directly measured. The 

partial amounts are calculated as differences from fluid phase material balances. A rigorous 

thermodynamic of multicomponent adsorption based on solution thermodynamic was 

presented by Myers and Prausnitz (1965) [47]. 

 

2.12.1 Ideal Adsorbed Solution Theory (IAST) 

 

Proposed in 1965 by Myers and Prausnitz [47], Ideal Adsorbed Solution Theory 

(IAST) provides a link between pure component and multicomponent adsorption. This 

theory is based upon the solution thermodynamics and most of its equations resemble those 

of Vapor-liquid equilibria. If we assume that the adsorption is thermodynamically ideal 
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then it is possible to derive the equilibrium relationships for the mixture adsorption, from 

pure component isotherms of the same gases which comprise the mixture, without 

postulating any specific model for the adsorbed phase activity coefficient. IAST requires 

two relationships: one for the intensive property (i.e. adsorbate composition) and another 

for the total amount adsorbed. For the first relationship, the equality of chemical potential 

is assumed, while for the second relation it can be assumed that, in the ideal adsorption 

case, the total partial molar adsorbed area is additive. Therefore, the equation of 

equilibrium for a mixed gas adsorption (Equation (2.35)), the system can be assumed to 

behave ideally, i.e. γi = 1. At equilibrium the chemical potential (Equation (2.35)) of the 

component i in each phase can be written at constant temperature as; 

 
𝑃 · 𝑦𝑖 =  𝑥𝑖 ·  𝑃𝑖

0(𝜋𝑖, 𝑇) 
(2.76)  

Here 𝑃𝑖
0(𝜋𝑖, 𝑇) is the equilibrium gas pressure of the pure component i adsorbed at the 

same temperature (T) and spreading pressure (π) as those of the mixture. 𝑃𝑖
0 is the fictitious 

pressure analogous to the vapor pressure of the pure component in vapor–liquid 

equilibrium. It is the pressure that species i adsorbed alone would exert, at the same P, T 

and the spreading pressure π as that of the mixture The mixture predictions by this model 

are obtained by carrying out the mixing process at a constant spreading pressure (𝜋) and 

temperature (T), i.e. 

 
𝜋1 =  𝜋2 =  𝜋  

(2.77)  

Therefore, in an ideal adsorbed solution, there will be no enthalpy change and no area 

change upon mixing so Equations (2.29) and (2.30) can be written as; 
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 ℎ𝑚 = 0  

𝑎𝑛𝑑  𝑎𝑚 = 0 

(2.78)  

Combining Equations (2.76) to (2.78) with the Molar property M (Equation (2.28)), 

provides a route for the calculation of the number of moles adsorbed in an ideal mixture, 

 1

𝑁𝑡
=  

𝑥1

𝑁1
0 +

𝑥2

𝑁2
0 

(2.79)  

Here 𝑁1
0 is the amount adsorbed for component 1 at spreading pressure (𝜋) and 

temperature (T) which is defined as the standard state. 

Under isothermal condition, Equations from (2.76) to (2.79) provide seven 

equations as with nine unknowns (𝑃, 𝑥1,, 𝑥2, 𝑦1, 𝑦2, 𝑃1
0, 𝑃2

0, 𝜋1, 𝜋2). Therefore, in this 

theory if two unknowns are specified, for instance are P and 𝑦1, all other mixture properties 

(including the total amount adsorbed) can be calculated by solving Equations (2.80)-(2.86) 

simultaneously. This relation is shown in a Figure 2.5 [47, 48]; 

𝑃 · 𝑦1 =  𝑥1 · 𝑃1
0(𝜋1, 𝑇) Eq. (2.76) for component 1 (2.80) 

𝑃 · 𝑦2 =  𝑥2 ·  𝑃2
0(𝜋2, 𝑇) Eq. (2.76) for component 2 (2.81) 

𝑁1
0 = 𝑓 (𝑃1

0, 𝑇) Pure component 1 isotherm (2.82) 

𝑁2
0 = 𝑓 (𝑃2

0, 𝑇) Pure component 2 isotherm (2.83) 

1

𝑁𝑡
=  

𝑥1

𝑁1
0 +

𝑥2

𝑁2
0 Eq. (2.79)  for ideal mixture 

(2.84) 

𝑥1 + 𝑥2 = 1; 𝑦1 + 𝑦2 = 1 
Binary condition for adsorbed 

phase & gas phase composition 

(2.85) 

𝜋1(𝑃1
0, 𝑇) =  𝜋2(𝑃2

0, 𝑇) Definition of standard state (2.86) 
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Figure 2.5. Calculation of mixture adsorption equilibria from pure component spreading 

pressures [47].
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CHAPTER III 

EXPERIMENTAL 

3.1. Apparatus 

The experimental system is a manual unit, designed for measurement of both pure 

component and multicomponent adsorption experiments using a pre-calculated amount of 

gases charged into the system. Table 3.1 lists the details of the pure and binary adsorption 

experiments performed on the system. 

Table.3.1 – Experiments performed using the volumetric system 

Gas Type Temperature (K) 

Methane (CH4) Pure 283.15, 308.15, 338.15 

Nitrogen (N2) Pure 283.15, 308.15, 338.15 

Methane (CH4)+Nitrogen (N2) Binary 308.15 

 



48 
 

Major tubing used in the system is 1/4” stainless steel except the gas sampling lines 

and pressure transducers lines, which are 1/8” inside diameter. The gas is mixed and 

circulated by a pump through a loop consisting of an adsorption column, a large tank, a 

small tank, a flow controller, a GC sampling valve (Auto sampling valve which is mounted 

in GC itself), and a circulation pump for binary measurements. Pure component 

measurements do not require circulation. The system is mainly composed of three sections: 

3.1.1 Feed/storage section. 

3.1.2 Adsorption/Desorption & exit section. 

3.1.3 Bypass and analysis section. 

 

3.1.1 Feed/Storage Section 

 

A detailed schematic diagram of feed section is shown in Figure 3.1. The feed 

section consists of two different gas manifolds which are connected to nitrogen (grade: 5.0, 

>99.999% pure), helium (grade: 4.7, >99.997% pure) and methane (grade: 4.7, >99.997% 

pure). Nitrogen/helium and methane were filled into the system through a three way valve 

F1, which switches between Gas manifolds. 
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Figure 3.1.Feed/storage Section 

 

All three way valves used to switch between gases while charging into the system 

are Swagelok SS-41XSP. The flow rate of gases while charging the system was controlled 

by lab size Omega (Model: FMA-2-DPV) mass flow controller. The range for the flow 

controller (model: FMA 123) was 0-100 SCCM. The mass flow controller was calibrated 

before the actual measurements were taken using a bubble flow meter (not shown in Figure 

3.1). 



50 
 

This section also contains two tanks, one is a small tank having volume of 95.60 cc 

(±1.46 cc) and a large tank having volume of 162.21 cc (±2.51 cc). All the unknown 

internal volumes measurements were performed using a helium expansion technique at 

room temperature and are within 1% accuracy and 2% Coefficient of Variation. Both tanks 

are maintained in a constant temperature water bath which is measured using J-type 

thermocouple on a lab size temperature readout Omega (model: DP82). All the main valves 

used in this section were “B-type” bellow valve, NUPRO SS-4BK, which have precision-

formed metal bellows for positive isolation from the surroundings. 

 

3.1.2 Adsorption/Desorption & Exit Section: 

 

A detailed schematic of the adsorption-desorption & exit sections is shown in 

Figure 3.2. This section consists of a changeable 1/2” 316 stainless steel adsorption column 

in between valve A6 and A7. A total 5.1619 grams of silicalite adsorbent, purchased from 

UOP LLC, Illinois (Lot# 917797020012) in 1/16” pellets form, were placed in the column. 

In order to carry out experiments at isothermal conditions, the column is kept in a 

thermostatic water-bath during the experiments. 
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Figure 3.2.Adsorption/ Desorption & Exit section 
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The water bath is connected to a Fisher Scientific Refrigerating/Heating water 

circulator (model: 9005) (not shown in Figure 3.2), which can stabilize the temperature of 

the column within ±0.1 °C. There is a J-type thermocouple inserted into the column and 

connected to the temperature read-out to measure the column temperature. 

This section also contains two pressure transducers to measure pressure of different 

sections at various times. This pressure transducers are surrounded with four pressure 

gauge valves (P1, P2, P3, P4), which are “H-TYPE” compact rugged bellow valves, 

NUPRO SS-2H. Other than these four vales, all other valves used are same as those used 

in other sections, “B-TYPE” bellow valves, NUPRO SS-4BK. High pressure levels are 

measured with a sensotec pressure transducer (model: TJE/713-10) ranging from 0-100 psi 

(±0.1 psi), while low pressure levels are measured with a sensotec pressure transducer 

(model: TJE/713-26) ranging from 0-15 psi (±0.01 psi). Both the pressure read-outs used 

in the system are sensotec (model: 60-3147-01). At the farmost end, after the exit valve, 

A11, there is a laboratory size vacuum pump Welch duo-seal (model: 1400) connected to 

a dispose exhaust stream to enable bleeding out the system down to 0.01 psi. 

 

3.1.3 Bypass and Analysis Section 

 

This section is mainly used when dealing with binary gas adsorption. This section 

consists of mainly of a high pressure rotary vane pump, ASF Thomas Memmingen (model: 

M42), for better mixing and circulation through the system. As it was discussed above, this 

section contains a mass flow controller Omega (model: FMA-2-DPV) to maintain and 
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control the gas flow rate through the system during helium activation/ regeneration and gas 

circulation. This section includes a sampling valve for a gas chromatograph system 

equipped with a thermal conductivity detector. The Hewlett Packard gas chromatograph 

(model: 7890A) with a 3 feet long Supelco molecular sieve 5A column is used to analyze 

the gas sample. The sampling valve is automatic and placed inside the gas chromatograph 

to sample a given amount of gas mixture (0.5 CC) into the gas chromatograph carrier gas. 

The carrier gas used for the analysis was helium (grade: 4.7, >99.997% pure) brought in to 

the chromatograph from the second gas manifold through moisture trap. 

Figure 3.3. Bypass/ Analysis section 
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3.2. Operating Procedure 

 

The apparatus described in the previous section was used to determine both pure 

component and multicomponent adsorption isotherms. In this section, the experimental 

protocols and techniques are described. 

 

3.2.1 Pre-Experimental Measurements 

 

Before staring the experiments (i.e. pure component and binary mixture adsorption 

isotherms) the internal volume of the various sections are needed to perform mass balances, 

which, in-turn is used to calculate amount adsorbed. GC calibration is needed to calculate 

the gas phase mole fraction after the equilibrium in binary adsorption measurements. 

 

3.2.1.1 Void Volume Determination 

 

In this system, only the volume of the exit section was previously determined by 

mercury displacement and helium burette techniques. The inside volumes of other sections 

were measured by helium expansion at the room temperature. Inside volumes are necessary 

to calculate the number of moles of gas adsorbed via a material balance. Helium expansion 

is a method to measure the internal volume of a system, by charging helium into the known 

reference section and expanding it to the target section. The volume of the target section 

can be calculated from material balances. 
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First, an unknown volume section of apparatus is completely evacuated then helium 

is charged into a known volume Vknown at a pressure of Pcharge. It is then expanded into one 

of the unknown volume Vunknown in the system. The final equilibrium pressure Pfinal is 

measured. At the sub atmospheric pressure, usually ranging from 0-15 psi and around 

atmospheric temperature, there is no significant non-ideality for helium and hence ideal 

gas law can be applied to calculate the unknown volume from known volume 

measurements. The number of moles charged at the beginning into the system will remain 

the same after the expansion, so material balance can be written as follows, 

 𝑁𝑐ℎ𝑎𝑟𝑔𝑒 =  
𝑃𝑐ℎ𝑎𝑟𝑔𝑒 · 𝑉𝑘𝑛𝑜𝑤𝑛

𝑅 · 𝑇𝑐ℎ𝑎𝑟𝑔𝑒
=  

𝑃𝑓𝑖𝑛𝑎𝑙 · (𝑉𝑘𝑛𝑜𝑤𝑛 + 𝑉𝑢𝑛𝑘𝑛𝑜𝑤𝑛)

𝑅 · 𝑇𝑓𝑖𝑛𝑎𝑙
 (3.1) 

While measuring the column void volume, adsorption of helium around sub 

atmospheric pressure and ambient temperature can be neglected [62]. The calculation of 

volume of a column with helium expansion technique is similar to that of the isotherm 

measurement, but the only difference is that the gas adsorbed is assumed to be zero. The 

results of the volume calculations are summarized in Table 3.2 below, 
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Table 3.2.Inside volume of different sections 

  Section Enclosed by 

valves 

Volume(cc) Standard 

Deviation 

CV% 

Vol-1 Inlet A1+A2+A4+A9+

A12 

20.05 0.24 1.2 

Vol-2 Bypass A6+A8+A9+A10 9.96 0.15 1.5 

Vol-3 Exit A3+A5+A10+A7+

A11+P1+P2 

14.48 0.28 2.0 

Vol-4 Pump A12+A18 27.83 0.017 0.1 

Vol-5 B-

tank/saturator 

A2+A3 +A13 162.22 2.51 1.5 

Vol-6 S-tank A4+A5+A13 95.60 1.46 1.5 

Vol-7 Low-P P1+P3 6.57 0.13 2.0 

Vol-8 High-P P2+P4 6.44 0.10 1.5 

Vol-9 Bed (full) A6+A7 24.08 0.52 2.2 

Vol-10 Bed (empty) A6+A7 25.75 0.45 1.7 
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3.2.1.2 Gas Chromatograph Calibration 

 

In binary gas adsorption isotherm measurements, it is necessary to determine the 

gas phase composition at the end of the experiment (when the system is at equilibrium), to 

perform a material balance and calculate the partial adsorption isotherms. Before starting 

multicomponent experiments, it is necessary to calibrate the GC responses for the gases of 

interest. 

The manual volumetric system with the known volumes was used to make gas 

mixtures of known composition. To prepare a mixture, gas species 1 is charged to pressure 

P1 in either of the tanks with volume V1 and gas species 2 to a pressure of P2 into another 

tank with volume V2. The moles of each species can be calculated using a virial EOS with 

the second virial coefficient. The second virial coefficient Bi for a gas species i can be 

calculated from the Equation (3.2) listed below (reference DIPPR® physical properties 

database), 

 𝐵𝑖 =
𝑎𝑖

1
+

𝑏𝑖

𝑇
+

𝑐𝑖

𝑇3
+

𝑑𝑖

𝑇8
+

𝑒𝑖

𝑇9
 (3.2) 

The molar volume 𝜗𝑖 of a gas species i at pressure Pi and temperature T can be 

calculated from the Equation (3.3) given by Van Ness et al. (1987); [68] 

 𝜗𝑖 =
𝑅 · 𝑇

2 · 𝑃𝑖
· (1 + √1 +

4 · 𝐵𝑖 · 𝑃𝑖

𝑅 · 𝑇
) (3.3) 
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The number of moles, 𝑛𝑖, of gas species i charged into the system can be calculated 

from Equation (3.4), 

 𝑛𝑖 =
𝑉𝑖

𝜗𝑖
 (3.4) 

The charge is then thoroughly mixed using the gas circulation pump. The mole 

fraction of species i in the gas mixture is then, 

 𝑦𝑖 =
𝑛𝑖

𝑛1 + 𝑛2
 (3.5) 

A small quantity of the known mixture was then injected into GC for analysis. The 

GC itself was optimized for the appropriate flow rate of carrier gas, column operation 

temperature, run time, etc. Under all optimized conditions two clear and separate peaks are 

obtained, one for each of the species in the binary gas mixture. The area under these peaks 

are calculated using the chromatograph integrator. These peak areas (𝐴𝑖 ) are proportional 

to the amount of the corresponding species (𝑛𝑖) injected. For instance total amount injected 

is nt and yi is the mole fraction of corresponding species, 

 %𝐴𝑖 𝛼 𝑛𝑖  ⟹ %𝐴1 𝛼 𝑛𝑡 . 𝑦1 ≈  %𝐴2 𝛼 𝑛𝑡 . 𝑦2 ; (3.6) 

Let Ki be the proportionality constant between area fraction (%Ai) and mole fraction 

(yi). From the experiments performed, it is clear that K-factor (Ki) depends upon both the 

area fraction (%Ai) and the mole fraction (yi) of the gases in the mixture. While doing these 

calibration and actual binary experiments, the injection pressure of the sample was 

maintained constant at 15 psi to ensure that the amount of sample going into the GC column 

is constant. 
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 %𝐴𝑖 =  
𝑦𝑖

𝑦𝑖 + 𝐾𝑖 · 𝑦𝑗
 (3.7) 

Rewriting Equation (3.7) in terms of proportionality coefficient Ki; 

 𝐾𝑖 =  
𝑦𝑖 − %𝐴𝑖 · 𝑦𝑖

𝑦𝑗 · %𝐴𝑖
 (3.8) 

After doing calibration at several different mixture composition and plotting K-

factor in terms of Methane (𝐾1) against its area fraction (%𝐴1), third degree polynomial 

relationship for K-factor and area fraction has been derived and can be shown by following 

Equation (3.9),  

 𝐾1  =  0.3861 ∗ %𝐴1
3  −  0.9352 ∗ %𝐴1

2  +  0.8102 ∗ %𝐴1 +  1.1453 (3.9) 

 

Figure 3.4. K-factor for methane changes with its area fraction 
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3.2.2 Experimental Procedures 

 

3.2.2.1 Column Activation 

 

The zeolite in the column is first activated under vacuum with a small helium flow 

at elevated temperature. Column is heated with a Glas-Col heating jacket (model: 100B 

TM518) which was controlled by lab size temperature controller Omega (model: CN2011 

TC-D3). 

 

Figure 3.5. Ramp and soak implemented by temperature controller 

 

Initially the heating rate was 1°C/ min up to 120 °C and after that it goes up to 

350°C in 4 hours and 20 minutes. The ramp and soak method as shown in the Figure 3.5 is 

implemented by the temperature controller. During activation helium flow was set to 20 

sccm/min and pressure (with full vacuum application) is 0.02 psi. The conditions are 
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maintained overnight to make sure column adsorbent is completely regenerated. After 

leaving the system overnight, the column was isolated after evacuation and then cooled 

down to the atmospheric temperature by removing the heating jacket. 

 

3.2.2.2 Experimental Protocol for Pure Component Adsorption 

Isotherm 

 

For pure component adsorption isotherm, one or both the storage tanks were filled 

with the desired gas. The pressure and temperature was recorded after sufficient time is 

allowed for constant pressure reading (e.g. 10 minutes). This measurement is necessary to 

calculate initial number of moles of gas in the system. The gas is then allowed to expand 

into the adsorbent column by opening valve A7. A transient pressure drop will occur due 

to adsorption and column temperature will also rise momentarily as adsorption is an 

exothermic phenomenon. After the pressure and temperature of the system is stabilized 

indicating equilibrium is achieved, pressure reading for gas phase was recorded along with 

the temperature reading at different location of the system. In most of the pure component 

experiments, equilibrium is assured by negligible pressure fluctuation within 30 minutes. 

After finishing first set of expansion, the adsorption column was isolated by closing valve 

A7 and the system was recharged with the same gas multiple times, depending upon the 

pressure range and readings necessary to represent isotherm. Maximum 6-7 points are 

measured before the column is regenerated. This is necessary to necessary to minimize 

error in measurements since the calculation procedure is stepwise causing accumulation of 

uncertainty.  
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3.2.2.3 Calculating Pure Component Adsorption 

 

It is a similar concept as measuring unknown void volume. The only modification 

made in the material balance was inclusion of amount adsorbed to calculate pure 

component adsorption isotherm. At the beginning of the experiment a known volume of 

system, Vcharge was filled with the gas of interest to a pressure of Pcharge. Since the gas was 

adsorbed in the column, the mole balance can be written as; 

𝑛𝑎𝑑𝑠|𝑒𝑞−1  · 𝑚 +  𝑛𝑏𝑒𝑑|𝑒𝑞−1 + 𝑛𝑖𝑛𝑖𝑡𝑖𝑎𝑙|
𝑐ℎ𝑎𝑟𝑔𝑒

= 𝑛𝑓𝑖𝑛𝑎𝑙|
𝑒𝑞

+ 𝑛𝑎𝑑𝑠|𝑒𝑞  · 𝑚   𝑜𝑟 (3.10) 

𝑛𝑎𝑑𝑠|𝑒𝑞−1  · 𝑚 +
𝑉𝑏𝑒𝑑

𝜗𝑏𝑒𝑑
|

𝑒𝑞−1

+
𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝜗𝑖𝑛𝑖𝑡𝑖𝑎𝑙
|

𝑐ℎ𝑎𝑟𝑔𝑒

=  
𝑉𝑓𝑖𝑛𝑎𝑙

𝜗𝑓𝑖𝑛𝑎𝑙
|

𝑒𝑞

+ 𝑛𝑎𝑑𝑠|𝑒𝑞 · 𝑚 (3.11) 

In Equations (3.10) and (3.11), 𝑉𝑓𝑖𝑛𝑎𝑙 is the total gas phase volume accessible to 

gas at the equilibrium and m is the mass of solid adsorbent, 𝑛𝑎𝑑𝑠|𝑒𝑞−1 is the moles of gas 

adsorbed during the previous equilibrium step and 𝑛𝑏𝑒𝑑|𝑒𝑞−1 is the moles of gas in the void 

volume of the bed but remains unabsorbed during the previous equilibrium step. This 

Equation (3.11) directly yields amount of gas adsorbed at equilibrium for the most recent 

charge, 𝑛𝑎𝑑𝑠|𝑒𝑞, when molar volume of charge, 𝜗𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and molar volume at equilibrium, 

𝜗𝑓𝑖𝑛𝑎𝑙 can be calculated from the Equation (3.3). 
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3.2.2.4 Experimental Protocols for Binary Gas Adsorption Isotherm 

 

For binary measurement each storage tank is filled with a different gases of interest. 

Both the pressure and temperature readings for various sections were noted to calculate 

initial moles of each gases present in the system. After the charge step both the gases were 

circulated at high flow rate (about 100 sccm/min) for about 30 minutes through the column 

bypass with the help of the pump to ensure thorough mixing before introducing to column 

adsorbent. It is necessary to flush pressure transducer lines (1/8” I.D. tubing) because it 

might happen that gases inside those lines are not mixed properly in normal mixing 

procedures. Pressure transducer lines were flushed several times by pressurizing gas 

mixture by closing valve A3. After proper mixing was assured, gas mixture was then 

circulated through the column by opening both the valve A6 and A7 with column bypass 

valve A10 closed. As the pure component adsorption, a sudden pressure drop will occur 

due to adsorption along with the slight temperature rise. Initially in the first stage the gas 

mixture was set to higher flow rate for about 1 hour; then to a medium flow rate about the 

same time and in the last stage gas mixture was set to the lowest flow rate for 30 minutes. 

After the pressure and temperature of the system is stabilized, means equilibrium is 

achieved, circulation of the gas mixture was stopped to get the pressure reading for gas 

phase along with the temperature reading at different location of the system. In most of the 

binary adsorption experiments, equilibrium is assured by negligible pressure fluctuation 

within 2 hours after starting the gas flow across the column. 
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After equilibrium pressure is measured, the column is isolated by closing valves 

A6 and A7. Again flow of the gas mixture is set across the column bypass by opening 

column bypass valve A10. The composition of the gas phase mixture was analyzed using 

a gas chromatograph. 

Only one experiment per day is possible in case of binary experiment because of a 

large error that would be introduced in material balance calculations. That is why the solid 

adsorbent is regenerated before the experimental protocol is repeated for another 

experiment next day. 

 

3.2.2.5 Calculating Binary Absorption Isotherm 

 

For instance gas species 1 be charged to a pressure P1 into known volume V1 in the 

system and species 2 be charged to a pressure P2 into volume V2 of the system. The moles 

of each individual species charged n1 and n2 can be calculated from Equation (3.4). 

The mixture is then equilibrate with the adsorbent. Let Veq be the volume accessible 

to gas at the equilibrium condition and pressure at equilibrium be Peq. The gas phase 

composition was analyzed by gas chromatograph. The area under the peak for each species 

A1 and A2 are obtain using integrator. Using the K-factor definition (Equation (3.8)), the 

equilibrium gas phase mole fraction 𝑦1,𝑒𝑞 and 𝑦2,𝑒𝑞are then calculated. 

 𝑦1,𝑒𝑞 =  
%𝐴1 · 𝐾1

1 − %𝐴1 + %𝐴1 · 𝐾1
 (3.12) 
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 𝑦2,𝑒𝑞 = 1 − 𝑦1,𝑒𝑞 (3.13) 

After getting gas phase mole fraction at equilibrium, it is required to calculate total number 

of moles of gas mixture at equilibrium. Which can be calculated by Equation (3.4). 

 
𝑛𝑒𝑞 =  

𝑉𝑒𝑞

𝜗𝑒𝑞
 

(3.14) 

The molar volume, 𝜗𝑒𝑞 for the gas mixture at equilibrium can be calculated from Equation 

(3.3) using temperature and pressure at equilibrium. However the only difference will be 

requirement of the second virial coefficient for the mixture, 𝐵𝑚𝑖𝑥𝑡. Second virial coefficient 

is pair interaction between two molecules and in binary mixture containing species 1 and 

2, there are three types of two molecule interaction are possible. For each of these 

interaction, 1-1, 2-2, 1-2, there is a corresponding second virial coefficient 𝐵1−1, 𝐵2−2 

and 𝐵1−2. The second virial coefficient for the mixture is a quadratic function of the mole 

fraction 𝑦1,𝑒𝑞 and 𝑦2,𝑒𝑞  

 𝐵𝑚𝑖𝑥𝑡 =  𝑦1,𝑒𝑞
2 · 𝐵1−1 + 2 · 𝑦1,𝑒𝑞 · 𝑦2,𝑒𝑞 · 𝐵1−2 + 𝑦2,𝑒𝑞

2 · 𝐵2−2 (3.15) 

In this work, the cross virial coefficient is approximated by hard-sphere model with 

 𝐵1−2 = (
(𝐵1−1)

1
3 + (𝐵2−2)

1
3

2
)

3

 (3.16) 

Once the total moles at equilibrium, 𝑛𝑒𝑞 , were known, a mass balance was performed on 

individual species to calculate partial amount adsorbed , 𝑛1
𝑎𝑑𝑠 and 𝑛2

𝑎𝑑𝑠. 

 𝑛1 = 𝑛1
𝑎𝑑𝑠 · 𝑚 + 𝑛𝑒𝑞 · 𝑦1,𝑒𝑞;  𝑛2 = 𝑛2

𝑎𝑑𝑠 · 𝑚 + 𝑛𝑒𝑞 · 𝑦2,𝑒𝑞 (3.17) 
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3.3 Details of Adsorbent 

 

Silicalite as a 1/16” pellets (around 20% binder) form is used in this study. Silicalite 

is a member of pentasil zeolites which comprise a family of silica-rich zeolite with structure 

base on the double five-ring unit shown in Figure 3.6. Silicalite is the aluminum free end 

member of the ZSM-5 family of zeolite. It is one of the most important synthetic zeolites 

widely used as a selective adsorbent. Dealumination of certain silica rich zeolites can be 

achieved by acid treatment. ZSM-5 structure is formed from linkage of secondary building 

unit (SBU) as shown in Figure 3.6. It should be also evident from Figure 3.6 that this SBU 

can be readily viewed as a pair of five 1-unit that can be interconnected to form a layer as 

outlined in Figure 3.6. Silicalite structure us exactly same as ZSM-5 except that aluminum 

(Al+3) are replaced by silicon atoms (Si+4). The framework outlines a three dimension 

system of intersecting channel by defined by 10-rings of oxygen atoms in all three 

dimension array [69]. 

Figure 3.6. Framework topology of ZSM-5. The 5-ring polyhedron is connected into 

chains which form the ZSM-5 structure with the 10-membered openings of the linear 

channels [58, 49]. 
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Figure 3.7. Idealize channel system in silicalite [58] 

The unit cell of silicalite consists of 96 tetrahedral. They form a 4 connected 

framework with a system of intersecting channels as shown in the Figure 3.7 above. It 

depicts from the Figure 3.7 above that it is composed of near circular of zig-zag channels 

along a axis (free cross-section 5.4+0.2 Å) cross-linked by elliptical, straight channel along 

b-axis (free cross-section 5.7-5.8 x 5.1-5.2 Å). Both channels are defined by 10 rings. The 

channels have a free diameter of ~6 Å and, thus, close to the free diameter of the adsorbate 

molecules used in this study (i.e. methane and nitrogen). Silicalite has high thermal stability 

and it can be heated up to 1300 °C. Its distinctive features also include hydrothermal 

stability, hydrophobic and organophilic [9, 19, 28, 32]. 
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3.4 Details of Adsorbates 

 

In this work, various gases were used as either adsorbate (i.e. methane and nitrogen) 

or probe (i.e. helium for this work) to measure unknown internal volume as mentioned in 

earlier discussion. In Table 3.3, molecular weight and temperature dependent virial 

coefficient of all the gases used along with the temperature range it can be used for are 

given. These values are obtained from DIPPRTM physical properties database. Some of the 

other physical properties of methane and nitrogen gases are summarized in Table 3.4 

below. 

Table 3.3. Temperature dependency of second virial coefficient for various gases 

Gas Unit Helium Methane Nitrogen 

Temperature 

range (K) 
K 3-519 95-953 6-1400 

 

kmol/m3 0.014 0.054 0.046 

 

kmol.K/m3 -0.354 -27.14 -14.95 

 

kmol.K3/m3 -0.595 -213500 -61130 

 

kmol.K8/m3 361 9.2 x 1014 8.05 x 1013 

 

kmol.K9/m3 -794 -7.85 x 1016 -4.6 x 1015 
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Table 3.4. Physical properties of gases 

Property Methane Nitrogen 

Molecular weight 16.04 28.01 

Kinetic diameter, (cm) 3.82 x 10-8 3.64 x 10-8 

Critical Diameter (cm)  + 3.24 x 10-8 3.15 x 10-8 

Quadrupole moment (C.m2)  * 0 -5 x 10-40 

Permanent dipole moment (C.m) 0 0 

Polarizability, (cm3)  *~ 2.593 x 10-24 1.7403 x 10-24 

Boiling Point, K 161.48 77.3 

Specific gravity (air = 1) (1 atm and 288 K) 0.554 0.967 

Critical temperature, K 190.6 126.2 

Critical pressure, atm 46.8 34.67 

Liquid molar volume at normal boiling point 

(cm3/mol)~~ 

37.7 31.6 

Molar heat capacity (298.15 K, 1 atm), 

J/mol/K 

35.9 29.1 

Thermal conductivity (1 atm and 273.15 K) 

W/(mK) 

0.033 0.024 

*: Molecular thermodynamics of fluid-phase equilibria, J. M. Prausnitz, Prentice-Hall, Inc., Englewood 

Cliffs, New Jersey (1969) 

~ : Table of experimental and calculated static dipole polarizabilities for the electronic ground states of 

the neutral elements (in atomic units) by Peter Schwerdtfeger, Last Update: February 11, 2014 

+: Sydney Ross and James P. Olivier., On Physical Adsorption, (Interscience/Wiley, New York, 1964 

~~ T.C. Golden, S. Sircar, Gas adsorption on silicalite. J. Colloid Interf. Sci. 162, 182–188 (1994)



70 
 

CHAPTER IV 

RESULTS AND DISCUSSIONS 

Adsorption equilibrium information is an essential requirement for the analysis and 

design of adsorption separation processes. Adsorption equilibrium data provides 

information on the capacity and selectivity of an adsorbent for simulation and design of an 

adsorption process. The closed volumetric system discussed in Chapter III has been used 

to measure pure component adsorption equilibria of methane (CH4) and nitrogen (N2), as 

well as binary mixtures on silicalite. The following section provides the pure component 

isotherms and their modelling, binary adsorption equilibrium experimental results and 

model predictions. 
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4.1 Pure Component Adsorption Isotherms 

 

The pure component adsorption isotherms for methane and nitrogen were measured 

using the closed volumetric system at three different temperatures 283.15 K, 308.15 K, and 

338.15 K. These results are shown in the regular domain (N vs. P) in Figures 4.1 & 4.2.The 

data is given in Tables 4.1 and 4.2. 

 

Figure 4.1. Methane adsorption isotherms on silicalite 
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Figure 4.2. Nitrogen adsorption isotherms on silicalite 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 100 200 300 400 500 600 700

A
m

o
u
n
t 
A

d
so

rb
ed

, 
N

 (
m

o
l/

k
g
)

P (kPa)

■ 283 K data

▲ 308 K data

● 338 K data



73 
 

Table 4.1. Experimental adsorption isotherm data for methane on silicalite 

T (K) = 283.15  T (K) = 308.15  T (K) = 338.15 

P (kPa) N (mol/kg) P (kPa) N (mol/kg) P (kPa) N (mol/kg) 

0 0 0 0 0 0 

6.21 0.077 41.03 0.220 9.03 0.027 

12.24 0.141 41.27 0.216 10.03 0.030 

28.55 0.287 56.75 0.282 18.41 0.054 

50.68 0.449 65.5 0.322 19.41 0.056 

61.02 0.511 65.71 0.318 42.27 0.117 

66.12 0.537 82.19 0.379 43.23 0.120 

153.1 0.903 91.36 0.411 75.95 0.198 

205.8 1.041 98.95 0.438 81.71 0.211 

275.8 1.177 125.2 0.520 197.2 0.431 

396.5 1.335 133.8 0.551 206.2 0.447 

399.6 1.338 146.9 0.581 364.1 0.658 

518.5 1.441 156.5 0.608 389.2 0.688 

607.5 1.493 215.5 0.744 608.2 0.895 

632.3 1.511 246.5 0.798 615.1 0.896 

    258.2 0.827     

    295.8 0.893     

    331.7 0.955     

    359.2 0.974     

    367.5 1.005     

    402.0 1.051     

    437.2 1.092     

    472.3 1.129     

    507.5 1.164     

    542.7 1.202     

    576.1 1.233     

    610.9 1.265     

    645.4 1.298     
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Table 4.2. Experimental adsorption isotherm data for nitrogen on silicalite 

T (K) = 283.15   T (K) = 308.15   T (K) = 338.15 

P (kPa) N (mol/kg)   P (kPa) N (mol/kg)   P (kPa) N (mol/kg) 

0 0   0 0   0 0 

9.45 0.030 12 0.021 12.62 0.010 

10.55 0.034 37.2 0.060 18.2 0.017 

19.79 0.060 66.4 0.102 23.37 0.020 

20.24 0.060 72.71 0.109 27.48 0.024 

39.92 0.110 86.19 0.130 45.16 0.041 

42.75 0.117 93.71 0.138 51.23 0.045 

74.95 0.187 165.5 0.221 64.06 0.057 

84.74 0.206 200.0 0.260 65.85 0.057 

197.9 0.389 251.0 0.308 88.74 0.076 

204.1 0.398 260.6 0.321 94.95 0.082 

382.7 0.606 317.5 0.372 234.4 0.180 

411.6 0.626 359.9 0.411 251.3 0.193 

604.0 0.786 436.5 0.469 256.5 0.194 

624.4 0.788 449.2 0.471 406.5 0.290 

    456.5 0.486 440.3 0.312 

    553.0 0.558 480.9 0.328 

    555.1 0.560 547.5 0.367 

    600.2 0.577 629.5 0.415 

    649.5 0.626 632.6 0.406 

    649.5 0.627 657.8 0.427 
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The uncertainty in the isotherm was calculated using propagation of error analysis 

(Appendix A). It must be noted that apart from the volume of the various sections the only 

other measured variables for pure component isotherms are temperature and pressure 

before and after equilibrium. All the experiments in pure component isotherm were 

performed by successive charges. Six to seven data points were obtained to complete one 

isotherm after each activation. Because of that reason, the maximum uncertainty is for the 

last few points on isotherm after activation, due to accumulation of error. For the majority 

of the remaining points the uncertainty is lower. This uncertainty can be reduced, and more 

accurate measurements would be possible, if the sample were activated after each 

measurement. 

Table 4.3. Uncertainty in pure component adsorption isotherms obtained from volumetric 

system  

Gas Minimum Error Maximum Error Average Error 

  Absolute 

(mol/kg) 

% Absolute 

(mol/kg) 

% Absolute 

(mol/kg) 

% 

Methane 0.002 0.6 0.079 6.9 0.027 2.8 

Nitrogen 0.000 0.1 0.015 2.6 0.001 1.1 
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4.2 Modeling of Pure Component Adsorption Isotherms 

 

It is always convenient to be able to represent pure component adsorption isotherms 

by an equation to facilitate binary adsorption predictions. Two models can be used to 

determine the adsorption isotherm equation parameters: the Langmuir model and the Virial 

model. 

 

4.2.1 Langmuir Adsorption Isotherm Regression Results 

 

Langmuir parameters can be obtained from experimental data by linear regression 

with the adsorption isotherm expression seen in Equation (2.52). The model fits are shown 

in Figures 4.3 and 4.4 below as dotted lines. The parameter values obtained by linear 

regression are given in Table 4.4 below. Once Langmuir parameters are estimated, the 

assessment of goodness-of-fit is discussed t-statistics and also standard error of the 

parameters. This would normally be an excellent representation of data with the model in 

the regression domain as (P/N) VS. P. 
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Table 4.4. Langmuir parameters for methane, nitrogen on silicalite 

Parameters Units 

Methane Nitrogen 

Value 
Std. Error 

(%) 
t-stat Value 

Std. Error 

(%) 
t-stat 

T = 283.15 K 

𝑁∞ mol/kg 1.8796 1.3 65.48 1.3163 6.9 48.41 

b 1/kPa 0.0062 0.0 134.53 0.0022 0.0 31.89 

T = 308.15 K 

𝑁∞ mol/kg 1.9516 1.5 116.74 1.4273 8.4 73.31 

b 1/kPa 0.0029 0.0 113.89 0.0011 0.022 31.79 

T = 338.15 K 

𝑁∞ mol/kg 1.7433 1.8 188.31 1.5408 15.9 71.20 

b 1/kPa 0.0016 0.0 90.94 0.0005 0.0465 13.95 

 

The Langmuir model is not appropriate for process simulations, since it does not 

explicitly express how the parameters change with temperature. Temperature variations are 

inevitable in any realistic application due to the exothermic nature of adsorption. Since one 

of the purposes of the work is to enable process simulation, the Langmuir model will not 

be further considered. The Langmuir model results can be used for very dilute system 

where the change in amount adsorbed is small.  
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Figure 4.3. Model Predictions and Experimental Data for Pure methane 

 

Figure 4.4. Model Predictions and Experimental Data for Pure nitrogen 
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4.2.2 Virial Adsorption Isotherm Regression Results 

 

Multi-parametric linear regressions analysis were performed on the entire pure 

component data set for each component to determine the Virial model coefficients and their 

variation with temperature. A statistic software, Sigmastat, was used. Isotherm data at all 

temperatures were used in a single multiple linear regression with model equations 

(Equation (2.58)). The best fitting model was chosen by the F-statistics of the overall 

regression by forward stepwise technique with a significance level of 0.05. The estimated 

Virial coefficients obtained from the data analysis for the adsorption of methane and 

nitrogen in silicalite are presented in Table 4.5 along with standard error of parameters.  

Table 4.5. Virial parameters for methane and nitrogen on silicalite 

Gas Methane Nitrogen 

Parameter Value Std. error % t-stat Value Std. error % t-stat 

k0 13.41 0.08 158.32 13.71 0.09 151.11 

k1 -2584.7 28 -94.07 -2265.4 29 -78.18 

b0 0.21 0.14 0.98 -2.15 0.37 -5.88 

b1 236.7 43 6.70 1057.56 127 8.35 

c0 -0.46 0.1 -6.42 - - - 

c1 - - - -223.73 146 -1.54 

d0 0.32 0.04 8.98 - - - 

d1 - - - 107.13 127 126.63 
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Figure 4.5. Virial Regressions and experimental data for pure methane 
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Figure 4.6. Virial Regressions and experimental data for pure nitrogen 
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4.2.3 Comparison between both the Models 

 

Virial adsorption isotherm model (Equation (2.58)) and Langmuir adsorption 

isotherm model (Equation (2.52)) both have different structures and contains different 

parameters. Generally, model accuracy to reproduce data increases with increase in number 

of parameters. Therefore, comparison of a different models having different number of 

parameters is not a straightforward task to do. One method commonly used in literature to 

compare function is Error sum of squares (SSE). SSE is defined as, 

 𝑆𝑆𝐸 =  ∑ (𝑦𝑖 − 𝑦𝑖̂)
2

∞

𝑖
 (4.1) 

The SSE is a function of residues, the difference between each calculated 

observation and sample mean. In our case calculated observation is amount of moles 

adsorbed (𝑁𝑖
𝑚𝑜𝑑𝑒𝑙) at the same pressure as that of the experimental pressure. As there is 

no group in data set, mean can be replaced with the same experimental measured amount 

adsorbed (𝑁𝑖
𝑒𝑥𝑝).  

 𝑆𝑆𝐸 =  ∑ (𝑁𝑖
𝑚𝑜𝑑𝑒𝑙 − 𝑁𝑖

𝑒𝑥𝑝)2
∞

𝑖
 (4.2) 
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Table 4.6. Comparison of Residual Sum of Squares Error for two different regression 

models 

RESIDUAL SUM OF SQUARES x 105 

Temperature (K) Methane Nitrogen 

  Langmuir Virial Langmuir Virial 

283.15 K 132.65 7.48 200.90 14.22 

308.15 K 265.68 822.15 131.93 35.84 

338.15 K 28.65 2.24 15.76 16.74 

 

As it can be seen from the Table 4.6, Virial EOS (Equation (2.85)) is usually 

superior in representing pure isotherm data because of its extreme flexibility and 

parameters used in model are essentially covering behavior of the real gas without making 

any assumptions. More importantly the fitted model provides a direct way of calculating 

isosteric heat which is discussed in next section.  
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4.3 Isosteric Heat of Adsorption 

 

Isosteric heat of adsorption represents the energetics of any adsorption system. At 

zero pressure (or coverage), the value of isosteric heat of adsorption directly indicates the 

affinity of the solid for gas molecules. These vertical interactions are also a proxy for the 

potential energy between a single molecule and the entire surface. (Properly weighted by 

the energy itself through Boltzmann distribution). Therefore for a known solid-fluid 

potential function, one can calculate the isosteric heat of adsorption at zero coverage rather 

easily with molecular simulation. 

In addition the form in which isosteric heat varies with pressure (or coverage) also 

carries important information about either (1) molecule to molecule interaction in a 

confined pore system also referred to as the “lateral” interaction, or (2) a combined effect 

caused by the heterogeneous behavior of gas-solid pair. Two aspects affect how isosteric 

heat changes with pressure (or coverage) is in opposite direction. Molecule to molecule 

interactions (regardless of even if being on a surface) should always increase isosteric heat. 

Heterogeneity always cause a decrease in isosteric heat. 

The isosteric heat of adsorption is calculated using virial constants as discussed 

earlier in Section 2.10 for both the gases. In Figure 4.7 the isosteric heat variation is showed 

against the loading for methane and nitrogen gases.  
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Figure 4.7. Isosteric heat of adsorption for CH4 and N2 on silicalite 
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as indicated by the negative slope of isosteric heat. It is no surprise that methane isosteric 

heat changes only about 10% (up to 1.5 mol/kg) while the change in nitrogen isosteric heat 

is much larger due to its large quadrupole moment.  

 

4.4 Spreading Pressure 

 

The Spreading pressure is calculated as outlined in the Section 2.11 earlier. The 
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gas phase pressure for pure methane and nitrogen adsorption in silicalite at 308.15 K is 

shown in the Figure 4.8,  

 

Figure 4.8. Spreading pressure of methane & nitrogen on silicalite at 308.15 K 

As one can see from the Figure 4.8, the spreading pressure for methane increases 

very rapidly with pressure. Since methane is a heavier component the nitrogen spreading 

pressure increases slowly with pressure. As illustrated in the Figure 4.8, the standard state 

pressure for the lighter component (i.e. nitrogen) is usually much higher. Thus, based on 

preliminary estimation of the spreading pressure from the Virial EOS, the adsorbent is 3.81 

times more selective for methane over nitrogen at 308.15 K temperature. The point to 

emphasis here is that lighter component isotherm data in this diagram is extrapolated up to 

standard state pressure of 2000 kPa while Virial parameters are only obtained upto 600 

kPa. 
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4.5 Binary Adsorption Isotherm Results 

 

In this section the binary adsorption isotherms of CH4 + N2 mixture on silicalite at 

308.15 K temperature are presented. The analysis of data along with the thermodynamic 

consistency check. The experimental data is also compared with the predictions from Ideal 

solution adsorbed theory (IAST) using virial model which represents pure component 

equilibrium. 

 

4.5.1 Measurement of Binary Adsorption Equilibria 

 

Although it is not possible to control the final equilibrium properties of gases 

precisely but they can be measure accurately using volumetric system described in Chapter 

III. Before starting the experiments, the charge condition were estimated through IAST 

calculations and charge amount is thus calculated accordingly. Then the gases were 

equilibrated with the solid adsorbent in a closed system. In this work all the data points 

measured in binary experimental work were obtained at an approximately constant 

equilibrium pressure (~504 kPa) and an approximately constant equilibrium gas phase 

composition (60% methane and 40% nitrogen).  

The binary equilibrium data was measured using the experimental protocol outlined 

in Section 3.2.2.4. Apart from the internal volumes of the experimental apparatus (required 

for material balances), temperature and pressure in various sections of the apparatus at 
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equilibrium provide the information required for the calculation of total amount adsorbed 

directly. To determine the surface composition, the equilibrium gas phase composition 

must be determined. The composition of the gas at equilibrium was measured using a GC 

(gas chromatographic unit). GC calibration results for the gas mixtures under consideration 

are given in Appendix B. 

 

4.5.2 Binary Equilibrium Data 

 

The adsorbed phase properties, such as the partial amounts adsorbed, are calculated 

from the experimental measurements at a given temperature T, gas phase pressure, and 

composition yi as described in experimental section. The results are given in Tables 4.7, 
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Table 4.7. Binary equilibrium data for CH4 + N2 mixture on silicalite at 308.15 K 

CH4 + N2 mixture (Constant pressure region) 

P (kPa) y1 Nt, mol/kg N1, mol/kg N2, mol/kg S1,2 

504.7 0.087 0.632 0.284 0.348 8.563 

504.7 0.089 0.631 0.249 0.382 6.648 

504.7 0.205 0.705 0.351 0.353 3.865 

503.3 0.309 0.809 0.455 0.354 2.871 

505 0.399 0.88 0.501 0.379 1.992 

504.3 0.517 0.94 0.646 0.294 2.054 

504.7* 0.605 0.996 0.683 0.312 1.43 

502.6 0.705 1.043 0.795 0.248 1.34 

504.7 0.803 1.07 0.918 0.151 1.486 

504 0.916 1.148 1.036 0.111 0.847 

504.7 0.916 1.137 1.126 0.011 9.157 

CH4 + N2 mixture (Constant composition region) 

140.6 0.619 0.441 0.372 0.069 3.286 

241.3 0.619 0.641 0.542 0.099 3.348 

360.2 0.618 0.851 0.616 0.235 1.617 

504.7* 0.605 0.996 0.683 0.312 1.43 

 

* Common point on both planes. 
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4.5.3 Analysis of Binary Equilibrium Data 
 

In the following section various thermodynamic diagrams for the experimental data 

are presented, along with some examples and relevant discussion. In each Figure the IAST 

predictions are also shown (as solid lines) for reference purpose. 

 

4.5.3.1 X-Y Plot  

` 

The x-y plot gives a quick overview of the adsorption behavior of a binary mixture. 

Unlike the vapor liquid equilibrium, due to the extra degree of freedom for adsorption 

equilibria, the xy- plot is a function of both temperature and pressure. Figure 4.9 shows x-

y plots for the methane-nitrogen systems at constant temperature (308.15 K) and pressure 

(504 kPa). The solid is selective to methane over nitrogen as indicated by both data and 

IAST.  
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Figure 4.9. X-Y plot of CH4 + N2 mixture at 308.15 K and 504 kPa. 

 

4.5.3.2 Variation in Amount Adsorbed With Gas Phase Composition 
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isotherm represents pure component data so closely, it can be stated that the limits indicated 

by IAST predictions correspond to the pure components behavior. Similarly point B 

corresponds to the pure methane amount adsorbed. 

 

Figure 4.10. Total amount adsorbed with gas phase mole fraction of methane at 308.15 K 
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Figures 4.11 and 4.12 below show the partial amount adsorbed for each individual 

species from the mixture. Once again, the intercept at y1 = 1.0 (point B) in Figure 4.11 and 

at y1 = 0.0 (point A) in Figure 4.12, are related to the pure components. At the limits, data 

seem to approach IAST predictions with a large deviation for the lighter component (i.e. 

nitrogen). What is more important to note is that the shape of the data and IAST predictions, 

are within the accuracy of experimental data. For the methane-nitrogen system on silicalite 

show an azeotrope at high methane concentrations. It was expected that IAST cannot 

predict an azeotrope since the adsorbed phase is assumed to be mixed ideally. As one can 

see from the Figure 4.11, the partial amount adsorbed for methane will increase as methane 

mole fraction increase conversely the partial amount adsorbed for nitrogen will decrease 

with the increase in methane mole fraction. Similarly, the partial amount adsorbed for any 

species must approach zero as its composition goes to zero (Points C and D). 
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Figure 4.11. Amount adsorbed in terms of methane with change in gas phase mole 

fraction of methane at 308.15 K 

 

Figure 4.12. Amount adsorbed in terms of nitrogen with change in gas phase mole 

fraction of methane at 308.15 K 
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4.5.3.3 Variation in Amount Adsorbed With Equilibrium Gas Phase 

Pressure 

 

The results shown in the previous section showed the effect of composition on the 

amount adsorbed at constant pressure and temperature. In this section we will examine the 

effect of pressure on the amount adsorbed at constant temperature and composition (𝑦1 =

0.6). Figure 4.13 shows the change in the total amount adsorbed (Nt) with pressure and 

Figure 4.14 and 4.15 present the partial amount adsorbed of methane and nitrogen 

respectively (in this case N1& N2) when composition and temperature is kept constant.  

 

Figure 4.13: Variation in total amount adsorbed with change in gas phase pressure at 

constant composition and temperature. 
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Figure 4.14: Partial amount adsorbed of Methane with change in partial pressure at 

constant composition and temperature 

 

Figure 4.15: Partial amount adsorbed of nitrogen with change in partial pressure at 

constant composition and temperature 
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Figures 4.14 and 4.15 show the partial amount of methane and nitrogen adsorbed 

with the change in partial pressure. For comparison purpose, the pure component 

adsorption isotherms for methane and nitrogen (at 308.15 K) are also shown. As expected, 

the partial amount adsorbed in the mixture adsorption isotherm is lower than that of the 

individual pure component at the same gas pressure. In other words, partial amount 

adsorbed of a component from a binary mixture must be lower than that of the pure 

component at the same chemical potential (partial pressure) [62]. All the amounts adsorbed 

for pure component, partial and total amount adsorbed in terms of mixture adsorption must 

starts from zero at zero gas phase pressure.  

 

4.5.3.4 Variation in Selectivity with Equilibrium Gas Phase Pressure  

 

 

Figure 4.16. Selectivity in terms of methane with the change in pressure 
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Figure 4.16 shows the surface selectivity of methane over nitrogen as function of 

pressure. Thermodynamics detects that all systems must approach ideal behavior as 

pressure (or coverage) approaches zero. This is one of the hardest test to perform especially 

when the data is so scarce, but data seems to approach the ratio of pure component Henry’s 

constants (i.e. 3.81 for our system) as expected [62, 65].  

 

4.5.3.5 Surface Response Plot for Total Amount Adsorbed 

 

Combining isothermal pressure at equilibrium and constant composition data, the 

corresponding amount adsorbed can be shown on a 3D graph. Figure 4.17 is a plot of the 

total amount adsorbed for CH4 + N2 mixture with the change in pressure and gas phase 

composition, at a constant temperature (308.15 K). 

In Figure 4.17, the IAST predictions are shown as mesh lines, data points measured 

in constant composition set (𝑦𝐶ℎ4 
= 0.60) (along with line J-K-L-M) and data points 

measured in constant pressure set (P = 504 kPa) (along with line D-H) are shown as solid 

circles. The path ABCD and EFGH are pure component isotherms for methane and 

nitrogen, respectively. 
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Figure 4.17. Change in total amount adsorbed with gas phase pressure and composition 

for CH4+N2 mixture on silicalite at 308.15 K 

It is clear from the 3D graph that experimental data for the total amount adsorbed 

are being predicted by IAST quite accurately.
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4.5.3.6 3D Plot for Selectivity 

 

Selectivity data can also be represented in a 3D diagram for easier visualization. 

 

Figure 4.18. Change in selectivity with gas phase composition and pressure for CH4+N2 

mixture on silicalite at 308.15 K 
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4.5.3.7 Variation in Selectivity with Equilibrium Gas Phase 

Composition 

For better clarity, the variation in selectivity of methane over nitrogen with the 

change in gas phase composition is shown in Figure 4.19 for a CH4+N2 mixture at constant 

pressure (504 kPa) and constant temperature (308.15 K). At a constant pressure according 

to IAST prediction, the selectivity remains almost constant with the change in composition. 

In Figure 4.19 the dashed line reflects the selectivity for methane over nitrogen for the 

system as predicted by IAST while symbols represent the actual experimental data.  

 

Figure 4.19. Selectivity in terms of methane with the change in gas phase composition 
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heavy component. Since the difference between charge and final amount in a volumetric 

system for the lighter component is always smaller in the material balance than that of the 

heavier component, by definition of light. The accuracy of light component properties also 

has a large impact on the selectivity. The IAST predictions support this observation. As 

shown in Figure 4.14, IAST predicts the partial amount of methane adsorbed fairly 

accurately while underestimating the amount of nitrogen adsorbed (Figure 4.15). As a 

result, IAST predicts the total amount adsorbed fairly accurately in Figure 4.13 and Figure 

4.17 which is predominantly controlled by the adsorption of heavy component. While 

overestimating the selectivity in Figures 4.16 and 4.19 which is predominantly controlled 

by the adsorption of light component [62, 65]. 

 

4.5.3.8 Thermodynamic Consistency 

 

The spreading pressure plays a pivotal role in adsorption thermodynamics. It is a 

state property indicating the change in the chemical potential of the solid due to adsorption 

of a guest molecule.  

The spreading pressure is related to a measurable quantity at isothermal condition by, 

 𝑑𝜓 =  ∑ 𝑁𝑖 𝑑𝑙𝑛𝑃𝑖 (Constant T) (4.3) 

Thermodynamic consistency check of binary data involves the integration of Equation 

(4.3) for spreading pressure over a closed path. This must be zero since spreading pressure 
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is a state property. In this work, two paths were used: The first is over a constant gas 

composition path spreading pressure is given by, 

 𝜓 =  ∫
𝑁𝑡

𝑃
 𝑑𝑝

𝑃

0

 (Constant y and T) (4.4) 

Figure 4.20 shows the integrand for the data and IAST predictions under this conditions. 

The second is over a constant pressure path, where spreading pressure can be written as,  

 𝜓 =  𝜓(𝑇, 𝑃, 𝑦1 = 1) + ∫ (
𝑁1

𝑦1
−  

𝑁2

𝑦2
)

𝑦1

𝑦1=1

𝑑𝑦1 (Constant P and T) (4.5) 

Where 𝜓(𝑇, 𝑃, 𝑦1 = 1) is the spreading pressure of component 1 (methane in this case) at 

the same pressure and temperature as the mixture. Figure 4.21 shows the integrand for the 

data and IAST predictions under this condition. 

 

Figure 4.20. The integrand in spreading pressure calculations for binary adsorption at 

constant composition and temperature. 

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

0.0045

0.005

0 100 200 300 400 500 600 700

N
t/
P

 (
m

o
l/

k
g
/k

P
a)

Pressure, P (kPa)

IAST

DATA



104 
 

 

Figure 4.21: The integrand in spreading pressure calculations for binary adsorption at 

constant pressure and temperature. 

These two equations (Equations (4.4) and (4.5)), combined with the corresponding 

pure component versions cover all possible paths. Such as pure component integration over 

ABCD, binary constant pressure integration over DM, binary constant composition 
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definition zero. 
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On the other hand, the quick method of necessary thermodynamic consistency exist 

as described by Talu and Myers [65]. The method states that all thermodynamic consistent 

data and/or model should have the same integral value (i.e. area under the curve) for the 

function shown in Figure 4.21. Therefore mathematically, the curve displayed for model 

(i.e. IAST) and data (points) must intersect at least once. Therefore, it can be stated with 

confidence that the data collected satisfies thermodynamic consistency within its accuracy. 

 

4.6 Literature Review and Comparison 

 

In this section pure component adsorption isotherms on silicalite pellets collected 

in this study for methane and nitrogen are compared with existing literature data 

Experimental data are represented by the virial isotherm curves while points represent data 

from the literature. For the comparison the physical form of adsorbent must be consolidated 

first. Some literature report data on silicalite crystals while others, like this study, report 

data with formed particles. Assuming that the particle forming (pelletizing) with clay 

binders do not change micropore adsorption equilibrium characteristics, the difference 

should only be a scale difference due to added weight of binder material. Therefore all the 

literature data are corrected by a binder correction factor assuming that the adsorbent 

material has 20% binder in it (which does not take part in adsorption). These corrections 

affected the literature results by 20% as most of the literature data are obtained with 

silicalite crystals, without binder, except the one by Tezel et al. [37, 38, 45] and Abdul-

Rehman et al. [1] where the silicalite with 20% binder was the material used. Although it 
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is not possible to find isotherm comparisons at exactly the same temperature as the ones 

presented here, qualitative comparisons can still be made as adsorption capacity increases 

as temperature decreases. 

 

Figure 4.22. Pure methane adsorption isotherms on silicalite and comparison with 

literature data. 
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As it is shown in Figure 4.22, the experimental data collected in this study for 

methane are represented by virial isotherm curves at three different temperatures (i.e. 10°C, 

35°C, and 65°C) and points represents data from the literature. Talu et al. [60] have 

measured methane isotherm at three different temperature (i.e. 3.8 °C, 34.8 °C, and 79.6 

°C) on silicalite crystals. After binder correction the results at 34.8 °C by Talu et al. [60] 

are in well agreement with the data collected in this study at 35 °C. As is apparent in Figure 

4.22, results collected by Choudhary et al. [12] at 30.85 °C, adsorption isotherm is well 

above the result collected in this study at 35 °C, which might be because of the different 

silicalite supplier. Results collected by Golden and Sircar [22], and Dunne et al. [18] on 

silicalite crystals after binder correction are in good quantitatively agreement considering 

different temperatures. All the datasets are following the trend that uptake will decrease as 

temperature increases. Results collected by Abdul-Rehman et al. [1] and Rees et al. [54] 

are not shown in the comparison because the isotherm measurements were too far from the 

measurements made in this study. 
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Figure 4.23. Pure nitrogen adsorption isotherms on silicalite and comparison with 

literature data. 
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Figure 4.23 shows the experimental data collected in this study for nitrogen as 

represented by virial isotherm curves at three different temperatures (i.e. 10°C, 35°C, and 

65°C) while points represents data from the literature. Tezel et al. [38] measured nitrogen 

adsorption at three different temperatures (i.e. 40 °C, 70 °C, and 100 °C) on silicalite pellets 

using a volumetric technique. Their uptake for all the isotherms are very high compared to 

the uptake measured in this study. Golden et al. [22] reported this measurement at two 

different temperatures, 31.9 °C and 68.7 °C on silicalite crystals. When their results are 

compared after binder correction with the results collected from this study, it can be seen 

that adsorption capacities are in good qualitative agreement for nitrogen, considering 

different temperatures. Dunne et al. [18] measured isotherm up-to relatively low pressure 

(i.e. up to 100 kPa) at two different temperatures, 61.46 °C and 71.57 °C on silicalite 

crystals; and their results are also in good qualitative agreement with the those measured 

in this study at 65 °C. 

As it can be seen from Figures 4.22 and 4.23, the experimental data match very 

well with data from the literature for methane, while data reported by Tezel et al. [38] 

shows a much higher adsorption capacity than any other literature data for nitrogen. The 

difference can be speculated to be attributable to the adsorbent being purchased from 

different supplier.
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Figure 4.24. Amount adsorbed with change in gas phase composition data and their 

comparison with Tezel et al.  [37]
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Figure 4.25. X-Y diagram and comparison with Tezel et al. [37] 

  

Figure 4.26. Selectivity Vs Gas phase mole fraction and comparison with Tezel et al. [37]
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As it can be seen in Figure 4.24, it was expected that total amount adsorbed, Nt, 

partial amount adsorsorbed for both methane and nitrogen are higher in this study 

compared to reported by Tezel et al. [37], as their experiment was conducted at a fairly 

lower Pressure (i.e. 100 kPa Vs. 504 kPa). As pressure increases, the total and partial 

amounts adsorbed increase. The temperature was nearly similar in both the studies. The 

total and partial amount adsorbed for the heavy component (i.e. methane) curves are 

convex to horizontal axis when plotted against gas phase mole fraction for heavy 

component which is highly usual. While experimental total amount adsorbed from this 

study is concave to horizontal axis and following IAST predictions very well. From Figure 

4.25, it reflects that the data points that Tezel et al. [37] collected for the adsorbed phase 

and gas phase composition are very close to those predicted by IAST. Data points are 

slightly scattered in this study compared to IAST predictions which is due to experimental 

shortcoming in mixing the gases properly before introducing them to the solid adsorbent. 

From Figure 4.26, it reflects that the experimental selectivity in Tezel et al. [37] shows 

maximum in the range of y1 between 0.5 and 0.6; which is unusual. The predicted 

selectivity in this study on the other hand remains constant all over the composition range. 

The point to emphasize here is that the adsorption behavior of a methane and nitrogen 

mixture on silicalite adsorbent was studied by concentration pulse chromatography in Tezel 

et al. [37], while in this study a volumetric technique was used for binary measurements.
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

 

5.1 Pure Component Adsorption Equilibrium Measurements Using 

Volumetric System 

 

A standard volumetric technique was used to measure pure component adsorption 

isotherms of methane and nitrogen on silicalite adsorbent at three different temperatures 

(283.15 K, 308.15 K, and 338.15 K). Since methane has no dipole or quadrupole moment, 

its stronger adsorption is due to a high degree of polarizability than that of nitrogen. The 

adsorption capacity on silicalite adsorbents increases with decreasing temperature for both 

of the adsorbates, since physical adsorption is always an exothermic process. Pure 

component adsorption isotherms were modeled using virial model for both gases. Henry’s 

constants are of utmost thermodynamic importance in modeling all adsorption equilibria. 
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In general, a better estimate of the Henry constant can be obtained from the Virial model. 

Isotherms for both gases were successfully modeled using a Virial isotherm model with 

four parameters. Henry’s constant for methane was found to be 3.81 times stronger than 

that of nitrogen at 308.15 K temperature. 

Isosteric heat of adsorption is also an important property as it affects the energy of 

the adsorbed phase. The limiting isosteric heats of adsorption at zero coverage for methane 

and nitrogen indicate a stronger adsorption of methane compared to that of nitrogen. The 

silicalite is showing heterogeneity for both methane and nitrogen as indicated by the 

negative slope of isosteric heat (Figure 4.7). 

 

5.2 Binary Adsorption Equilibrium Measurements Using Volumetric 

System 

 

Because of the extra degree of thermodynamic freedom in adsorption, even the 

simplest multi-component adsorption equilibrium measurement is difficult and time 

consuming. Binary equilibria of methane and nitrogen mixtures covering the whole 

concentration range was measured at 308.15 K and 504 kPa. The equilibrium data was 

subjected to thermodynamic consistency tests. IAST predictions closely matched 

experimentally measured total amount adsorbed results for the complete range of 

concentration. The reason is total amount adsorbed is predominantly controlled by the 

adsorption of heavy component (i.e. methane). The change in the partial amount adsorbed 
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with pressure for both the species is following IAST in the beginning but they deviate from 

predictions at high pressure.  

Adsorption selectivity is a thermodynamic variable of interest analogous to relative 

volatility of vapor-liquid equilibria. The measurement of selectivity in adsorption 

equilibria is a challenging task since errors in the measurements are greatly magnified as 

selectivity is predominantly controlled by the adsorption of lighter component. The main 

reason for the difficulty is the fact that surface phase properties are only measurable as 

changes in gas phase, whereas in the VLE the equilibrium properties are directly 

measurable in both phases. The uncertainty in selectivity measurements are higher 

compared to those of the total amount adsorbed. Particularly because large error is 

introduced in measurement of the partial amount adsorbed for the lighter species. The 

binary experiments indicated constant equilibrium separation factors for methane-nitrogen 

separation throughout the composition range. According to the pure gas and binary mixture 

isotherm data on silicalite, methane is adsorbed more compare to nitrogen and therefore, it 

cannot be considered as a good candidate for natural gas upgrading. 
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APPENDIX A 

Error Analysis and Uncertainties in Primary Data Measurement 

The purpose of this analysis is to estimate the impact of uncertainties in 

experimental measurements on the uncertainty of thermodynamic properties. The pure 

component isotherm for methane and nitrogen in silicalite was collected on closed 

volumetric system. The measurements involved in the pure component adsorption isotherm 

that appeared in Equations 3.3 & 3.4; 3.10 & 3.11 are: 

I. Pressure measured by a transducer at different steps of the procedure, 

II. Volumes in different parts of the apparatus which are measured by a 

combination of mercury displacement and helium expansion techniques, 

III. Temperature which is controlled by an external bath and measured by a 

thermocouple in the column, 

There are numerous ways to estimate the impact of uncertainty in primary 

measurements on the final calculated results. Propagation of error is one such technique 

which calculates the most-probable error bounds on the final results. If a property X is 

calculated by a mathematical expression; 

 𝑋 = 𝑓(𝑌, 𝑍, … ) (A.1) 

Where the measurements Y, Z, and so on are subject to uncertainty of DY, DZ, then the 

uncertainty DX can be calculated as [62]; 

 ∆𝑋 =  √{(
𝑑𝑓

𝑑𝑌
)|

𝑍
∗ ∆𝑌}

2

+ {(
𝑑𝑓

𝑑𝑍
)|

𝑌
∗ ∆𝑍}

2

… (A.2) 
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APPENDIX B 

Calibration Data for Gas Chromatograph 

The composition of the bulk gas phase at equilibrium in binary adsorption 

experiments using a volumetric system is analyzed using a gas chromatograph. The 

following section summarizes the results of a typical GC calibration. Other binary mixtures 

while doing actual experiments would yielded similar results. 

The K-factor for any GC output is given by Equation (3.6) and is related to the 

composition of the mixture being analyzed through Equation (3.8). The following Table 

B.1 lists the results of a typical GC calibration for a binary mixture of CH4+N2 at constant 

injection pressure of 15 psi and by varying gas phase compositions. The column yCH4 

indicates the actual (as measured from material balances) mole-fraction of the methane in 

the calibration gas mixture. The third column indicate the percentage area fraction under 

the peaks for the gas mixture that is calculated for. 

Table B.1. Results of GC Calibration for CH4+N2 Mixture on Silicalite 

YCH4 K-factor (mean) %ACH4 Std. Dev Std. Dev+ Std. Dev- 

7.0% 1.195 5.9% 0.009 1.205 1.186 

10.0% 1.200 8.5% 0.015 1.215 1.185 

30.0% 1.299 24.8% 0.002 1.301 1.297 

50.0% 1.347 42.6% 0.001 1.348 1.346 

70.0% 1.370 63.0% 0.011 1.382 1.358 

90.0% 1.396 86.6% 0.010 1.406 1.386 
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APPENDIX C 

Matlab Code for Binary Prediction from IAST 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 

 

% prahar.m 
clc % clear screen 
% transfer parameters 

  
global y1 P k b c d s12 s21 
fprintf ('\n *** Ideal Adsorbed Solution Theory *** \n'); 

  

  
k1=5.022; % CH4--35 °C, 
b1=0.98; 
c1=-0.457; 
d1=0.32; 

  
k2=6.361324; % N2--35 °C 
b2=1.278962; 
c2=-0.72605; 
d2=0.347659; 

  
% set parameters 
k = [k1; k2]; 
b = [b1; b2]; 
c = [c1; c2]; 
d = [d1; d2]; 

  
% set known conditions 
y1 = 0.01; % an initial value 
P = 1; % just an initial value 

  
% set problem 
fun = 'prahar_f'; 
n1o = 0.01; 
n2o = 0.01; 
x1 = 0.01; 
x2 = 1 - x1; 
P1o = 10; 
P2o = 1; 

  
% set initial guess 
x0 = [x1; n1o; n2o; P1o; P2o]; 

  
% % uncomment to check ! 
% F0 = feval(fun, x0) 
% Fnorm = norm(F0) 
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options =optimset('Display','off'); 

  
% solve for a given y1 value 
y1_initial = y1; 
y1_final = 1.0; 
y1_values = linspace (y1_initial, y1_final, 20)'; 

  
% solve for a given P value 
P_initial = P; 
P_final = 600; 
P_values = linspace (P_initial, P_final, 20)'; 

  
% initialize 
Results = []; 
for e = 1:1:length(y1_values) 
y1=y1_values(e); 
for counter = 1:1:length(P_values) 
P = P_values(counter); 
x = fsolve (fun, x0, options); 
F = feval(fun, x); 
Fnorm = norm(F); 

  
% recover variables 
x1 = x(1); 
x2 = 1-x1; 
n1o = x(2); 
n2o = x(3); 
P1o = x(4); 
P2o = x(5); 

  
% total amount adsorbed 
nt= n1o*n2o/(x1*n2o+x2*n1o); 

  
% % selectivity 
 s12= x1*(1-y1)/(x2*y1); % s1,2 
 s21= (x2*y1)/x1*(1-y1); % s2,1 

  
Results = [Results; P, y1, nt, x1, n1o, P1o, x2, n2o, P2o, s12, s21, 

Fnorm]; 

  
% reset initial condition 
x0 = x; 
end 
x0=[0.01;0.1;0.1;10;1]; % the initial assumption 
end 

  

  
figure(1)% 3D Total amount adsorbed plot, Nt 
display (Results); 
x=Results(:,1);y=Results(:,2);z=Results(:,3); 

  
scatter3(x,y,z) % 3-D scatter plot 
xlabel('Pressure (kPa)') 
ylabel('Gas fraction of CH4 y1') 
zlabel('Total amount adsorbed nt (mol/kg)') 
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figure(2) %3D selectivity plot, S1/2 
display (Results); 
x=Results(:,1);y=Results(:,2);z=Results(:,10); 

  
scatter3(x,y,z) % 3-D scatter plot 
xlabel('Pressure (kPa)') 
ylabel('Gas fraction of CH4 y1') 
zlabel('Selectivity of methane over nitrogen, S1/2') 
 

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 

 

% PRAHAR_f 
% function for IAST 
% PRAHAR S VAIDYA 
function F = prahar_f(x) 
global y1 P k b c d 
% recover parameters 
k1 = k(1); 
k2 = k(2); 
b1 = b(1); 
b2 = b(2); 
c1 = c(1); 
c2 = c(2); 
d1 = d(1); 
d2 = d(2); 
% initialize 
F = zeros(size(x)); 
% recover variables 
x1 = x(1); 
x2 = 1 - x1; 
n1o = x(2); 
n2o = x(3); 
P1o = x(4); 
P2o = x(5); 
F(1) = y1 - x1*P1o/P; 
F(2) =(1-y1)-(1-x1)*P2o/P; 
e1 = k1 + b1*n1o + c1*n1o^2+d1*n1o^3; 
F(3) = P1o - n1o * exp(e1); 
e2 = k2 + b2*n2o + c2*n2o^2+ d2*n2o^3; 
F(4) = P2o - n2o * exp(e2); 
ee1 = n1o + b1/2 * n1o^2 +2*c1/3 * n1o^3 +3*d1/4 * n1o^4; 
ee2 = n2o + b2/2 * n2o^2 +2*c2/3 * n2o^3 +3*d2/4 * n2o^4; 
F(5) = ee1 - ee2; 
return 
end 

 

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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