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ABSTRACT 

Adsorption Characteristics of Water and Silica Gel System for Desalination Cycle 

Oscar Rodrigo Fonseca Cevallos 

 

An adsorbent suitable for adsorption desalination cycles is essentially 

characterized by a hydrophilic and porous structure with high surface area where 

water molecules are adsorbed via hydrogen bonding mechanism. Silica gel type 

A++ possesses the highest surface area and exhibits the highest equilibrium 

uptake from all the silica gels available in the market, therefore being suitable for 

water desalination cycles; where adsorbent’s adsorption characteristics and 

water vapor uptake capacity are key parameters in the compactness of the 

system; translated as feasibility of water desalination through adsorption 

technologies. The adsorption characteristics of water vapor onto silica gel type 

A++ over a temperature range of 30 oC to 60 oC are investigated in this research. 

This is done using water vapor adsorption analyzer utilizing a constant volume 

and variable pressure method, namely the Hydrosorb-1000 instrument by 

Quantachrome. The experimental uptake data is studied using numerous 

isotherm models, i. e. the Langmuir, Tóth, generalized Dubinin-Astakhov (D-A), 

Dubinin-Astakhov based on pore size distribution (PSD) and Dubinin-Serpinski 

(D-Se) isotherm for the whole pressure range, and for a pressure range below 10 

kPa, proper for desalination cycles; isotherms type V of the International Union of 

Pure and Applied Chemistry (IUPAC) classification were exhibited. It is observed 

that the D-A based on PSD and the D-Se isotherm models describe the best 

fitting of the experimental uptake data for desalination cycles within a regression 
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error of 2% and 6% respectively. All isotherm models, except the D-A based on 

PSD, have failed to describe the obtained experimental uptake data; an empirical 

isotherm model is proposed by observing the behavior of Tóth and D-A isotherm 

models. The new empirical model describes the water adsorption onto silica gel 

type A++ within a regression error of 3%. This will aid to describe the advantages 

of silica gel type A++ for the design of adsorption desalination processes where 

reducing capital cost and footprint area are highly important parameters to take 

into account.  
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Chapter 1 Introduction 

 

1.1 Adsorption Desalination Cycle overview 

According to Aristov et al. (2002) and Saha et al. (2009), adsorption technologies 

have been applied as an alternative for air conditioning due to their 

environmental friendly advantage; in fact, water and silica gel systems have been 

commercialized in Japan since late 80’s (Yonezawa et al., 1989). 

Adsorption process as an option for water desalination gained interest majorly 

due to its ability to run with low temperature waste heat input (below 85 oC) from 

exhaust gases of any other processes or solar energy, as designed by K. C. Ng 

et al. (2011). Basically the process is a thermodynamic cycle having as major 

parts: an evaporator, adsorption beds and a condenser. Sea or brackish water is 

evaporated in the evaporator and subsequently taken onto silica gel 

(evaporation-adsorption phase), while a cooling water circuit is employed for the 

rejection of heat of adsorption whilst the evaporation temperature is maintained 

using external heat load. When the preset time of this phase ends, hot water 

recovered from solar energy is utilized for condensation-desorption phase, where 

afterwards, potable water is collected from the condenser and a cooling load is 

obtained from the evaporator (Ng et al., 2005).  

The efficiency of an adsorption desalination cycle depends on the characteristics 

of the adsorbate-adsorbent pair, where a low cost hydrophilic porous material is 

needed. Silica gel is an adsorbent that has high surface area and low 

regeneration temperatures (Critoph, 1986). However, it is important to study the 
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characteristics of water adsorption on silica gel over a wide range of relative 

pressures due to the change of concentration of salinity in water inside the 

evaporator, which directly affect its boiling point conditions. Other major 

advantages of the adsorption desalination cycle are (Thu et al., 2011): 

 Low operation cost; no major moving parts involved 

 Potable water production without bio-contamination 

 Considerable reduction in scaling and fouling 

 

1.2 Research objective 

This research aims to study the adsorption isotherm models that exist in the 

literature which describe adsorption characteristics. More particularly, to 

determine the model which show the best description of water vapor uptake onto 

silica gel type A++ for a wide a range of temperatures. This affects directly the 

the sizing and compactness of the adsorption desalination system design. 

 

1.3 Thesis organization 

This thesis is comprised of five chapters. Chapter 2 explains the basic concepts 

of adsorption theory, where a description of how adsorption is accomplished and 

studied is given.  

Chapter 3 explains the experiments (materials and procedures) conducted in this 

study to accomplish the research objective.  

Chapter 4 explains the results obtained in this research, which are the 

description of adsorption characteristics of water onto silica gel type A++ by 
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different isotherm models in the existing theory.  

Finally, chapter 5 summarizes the major findings of this research. 
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Chapter 2 Adsorption Theory 

 

2.1 Introduction 

A comprehensive literature review of adsorption theory is presented in this 

chapter. In addition, a brief discussion of water adsorption fundamentals and 

silica gel properties is provided for understanding of the concepts explained in 

the following chapters.  

 

2.2 Adsorption Fundamentals 

Adsorption is essentially a surface phenomenon. Absorption and Adsorption are 

quite different concepts. While absorption means uniform distribution of the 

substance throughout the bulk, adsorption means distribution of the substance at 

the surface of the bulk (see website: XAmplified, 2010). 

Adsorption principles state that the gas (adsorbate) molecules are captured in 

the pores of the adsorbent due to the strong attractive surface forces known as 

Van Der Waals forces and electrostatic force between adsorbate molecules and 

the atoms which compose the adsorbent surface. The molecular distances inside 

the pores of the adsorbent are much shorter than in the gaseous phase for 

similar pressure and temperature conditions and thus the adsorbate density in 

adsorbed phase becomes liquid-like (Suzuki, 1990). Fig. 2.1 provides a graphic 

illustration of this phenomenon, to have a better understanding of the denser 

adsorbate molecules in the adsorbent pores than in a gaseous phase. 
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Figure 2.1 A typical adsorption process providing relative comparison of the adsorbate 
density between the gaseous phase and the adsorbed phase 

 

A successful adsorption process depends on both equilibrium and kinetics. When 

adsorbate particles take a long time to reach the interior of the adsorbent particle 

even if its adsorption capacity is good, means long gas residence time in a 

column, hence a low throughput. On the other hand, when a large amount of 

adsorbent is needed for a determined amount of adsorbate particles throughput, 

means the adsorbent capacity is low. Therefore, a good adsorbent is the one that 

provides good adsorptive capacity as well as good kinetics (Do, 1998). To satisfy 

these two requirements, the following aspects must be satisfied:  

 The adsorbent must have reasonably large surface area or micropore 

volume. 

 The adsorbent must have relatively large pore network for the transport of 

molecules to the interior.  

The creation of a large surface area in a limited volume inevitably demands to a 

large numbers of micropores between adsorption surfaces. The accessibility of 
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adsorbate molecules to the adsorption surface is determined by the size of 

micropore; hence the pore size distribution (PSD) of micropores is another 

important property for characterizing adsorptivity of adsorbents (Suzuki, 1990). 

This satisfies the first requirement mentioned above. However, it is suggested 

that a good adsorbent must have a combination of two pore ranges: the 

micropore range and the macropore range (Do, 1998). Macropores function as 

diffusion paths of adsorbate molecules from outside the granule to the 

micropores in fine powders and crystals adsorbents (Suzuki, 1990). The 

classification of pore size as recommended by the International Union of Pure 

and Applied Chemistry (IUPAC) (Sing et al., 1985) is often used to delineate the 

range of pore size: 

Micropores d <2 nm 

Mesopores 2 < d < 50 nm 

Macropores d > 50 nm 

This classification is arbitrary and was developed based on the adsorption of 

nitrogen at its normal boiling point on a wide range of porous solids.  

There are some adsorbents that have certain affinity with water. These 

adsorbents are called "hydrophilic"; alumino silicates such as zeolites, porous 

alumina, silica gel or silica-alumina are examples of adsorbents of this type 

(Suzuki, 1990). 

Measurement techniques for pore size distributions are also briefly introduced in 

the later sections. Pore size distributions of silica gel adsorbents are shown in 

Figure 2.2. 
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Figure 2.2 Pore size distribution for silica gels type A and B (Suzuki, 1990) 

 

2.3 Adsorption Mechanisms 

The process is called physical adsorption or physisorption when the attraction 

force existing between adsorbate and adsorbent are weak Van Der Waals forces 

of attraction (XAmplified, 2010). The adsorbate (gas or liquid) molecules which 

attract onto the adsorbent (solid) surfaces are primarily held at the micropores in 

their majority and some extent to mesopores of the solid adsorbent. These 

phenomena are physical in nature and hence, this process can be reversed 

using heat or pressure, etc. (Ruthven, 1984). 

On the other hand, the process is called chemical adsorption or chemisorption 

when the attraction force is given by chemical reactions between adsorbate and 

adsorbent resulting in chemical bond formation not completely reversible as 

physical adsorption (Rouquerol et al., 1999). Since physical adsorption is due to 

attraction forces, heat is released due to the change in energy level of the 
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adsorbate molecules between gaseous and adsorbed phases; therefore, physical 

adsorption is an exothermic process (Suzuki, 1990). 

 

2.4 Adsorption Equilibrium 

Equilibrium state is achieved after a long period of time when adsorbate 

molecules are settled onto adsorbent surfaces. The amount of adsorbate 

accumulated onto the adsorbent surface at equilibrium condition is known as the 

equilibrium adsorbate uptake (C) and it is a function of equilibrium pressure (P) 

and equilibrium temperature (T), i.e. C (P, T). When the temperature is kept 

constant (isothermal process), the change in equilibrium adsorbate uptake (C) 

against the equilibrium pressure (P) is called the adsorption isotherm, i.e. C (P) 

at T. Fig. 2.3 gives a basic demonstration of adsorption isotherms at two different 

equilibrium temperatures.  

 

Figure 2.3 Adsorption isotherm, C = f (P) at T 

In the development of any system design that involves adsorption processes, it is 

very important to study the characteristics of adsorption isotherm of an 
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adsorbate/adsorbent pair. Thus, measurement of adsorption isotherms for silica 

gel-water system is essential to study the specific daily water production (SDWP) 

capacity of an AD desalination system. There are different techniques available 

in the literature to study the adsorption isotherms, which are mainly volumetric, 

gravimetric and gas flow techniques (Suzuki, 1990). The volumetric technique is 

used widely because of its simplicity and reasonable accuracy in experimental 

measurement. Therefore, the volumetric technique is employed in this research 

to measure the adsorption isotherms of water on silica gel.  

Adsorption isotherm model is the mathematical description of adsorption 

isotherms based on equilibrium state. There are several adsorption equilibrium 

models found in the literature to describe the adsorption isotherm data for 

different adsorbate/adsorbent pairs based on different approaches (Do, 1998). 

Namely those of Langmuir, Tóth and Dubinin-Astakhov, are used in this research 

to correlate the experimental adsorption uptake data of silica gel and water 

systems for different equilibrium temperatures at low pressure ranges.  

 

2.5 Adsorption Thermodynamics 

In the adsorption process, the adsorbate molecules are more stabilized on the 

adsorbent surface than in the gaseous phase and it is because of the reduction 

in energy level of the adsorbate molecules that accumulate in the pores of 

adsorbent with a phase transformation. The transformed phase of the adsorbate 

molecules is called as adsorbed phase and it is treated as a distinguishable 

phase in thermodynamic viewpoint, even though the precise location of the 
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phase boundary is uncertain (Ruthven, 1984). Therefore, it is considered that the 

thermodynamic states of the adsorbed phase are not only function of pressure 

and temperature like gaseous phase but also depend on adsorption uptake 

(Chua et al., 2003; Chakraborty et al., 2009). The evaluation of adsorbed phase 

thermodynamic quantities, such as heat of adsorption, specific heat capacity, 

internal energy, enthalpy and entropy, are essential for thermodynamic analysis 

of any adsorption system. However, the thermodynamic formulations of these 

adsorbed phase quantities are not studied in this research. 

 

2.6 Water vapor adsorption theory 

Water vapor adsorption depends on the affinity between the adsorbent surface 

and water molecules, temperature, water vapor concentration and adsorbent 

surface area. The pore size also represent an important factor in water vapor 

adsorption due to additional molecules may condense in pores depending on 

their size. These factors are explained as follows (Rouquerol et al., 1999). 

 Water vapor adsorption on adsorbents surface depends on specific forces 

associated with hydrogen bonding formation, where this depends on the 

presence of oxygen on the adsorbent surface; in silicas, the presence of 

hydroxyl groups is more important. 

 For physisorption achieved mainly by weak attraction forces, a 

temperature increase will affect the equilibrium amount of water vapor on 

the adsorbent surface, while a temperature decrease will benefit the 
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amount absorbed because the average kinetic energy of the system is 

lower.  

 The concentration of water molecules in the gas phase above the solid 

surface significantly influences the amount adsorbed as follows: 

 

 Water vapor adsorption on hydrophobic adsorbents may be low at 

low pressures, but eventually adsorption is achieved and the amount 

of water adsorbed attracts further molecules increasing adsorption 

considerably at pressures close to the saturation pressure value. 

This type of isotherm is classified as type III.  

 Strong interaction between water vapor and adsorbents surface 

brings to one thick layer (monolayer) of adsorbate at low and 

moderate pressures. As the pressure increases, so does the water 

vapor adsorbed in multilayers formation.  This type of isotherm is 

classified as type II. Sometimes, the interaction of some surfaces 

with water vapor is so strong at low pressures that the coverage of 

the monolayer drives the whole process and there is no formation of 

multilayers. This isotherm is classified as type I. 

 Capillary condensation happens when water vapor molecules can 

condensate inside the adsorbent surface when the pores are large enough 

to accommodate multilayers at pressures below the saturation pressure, 

characterized by hysteresis i. e., desorption data does not overlay the 

adsorption data, but appears at lower pressures. This isotherm is 
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classified as type IV; some hydrophobic adsorbents can experience this 

behavior, in this care the isotherm is classified as type V. 

IUPAC isotherms type classification is shown in Appendix B.  

 

2.7 Silica Gel 

Silica gel is a controlled dehydrated polymeric structure made from the 

coagulation of a colloidal solution of silicic acid with the formula SiO2nH2O. This 

amorphous material consists of spherical particles 2-20 nm in size, sticking 

together to form the adsorbent silica gel (Unger, 1979). This adsorbent is used in 

most industries for water removal due to its strong hydrophilicity of the silica gel 

surface towards water. Some of the applications of silica gel are (Do, 1998): 

 water removal from air  

 drying of non-reactive gases  

 drying of reactive gases  

 adsorption of hydrogen sulfide  

 oil vapor adsorption  

 adsorption of alcohols  

Table 2.1 shows the typical characteristics of silica gel (Do, 1998). 
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Table 2.1 Typical characteristics of silica gel (Do, 1998) 

Particle density 0.7 - 1.0 g/cm3 
Total porosity 0.5 - 0.65 

Pore volume 0.45 - 1.0 cm3/g 

Specific surface area 250 - 900 m2/g 

Range of pore radii 1 to 12 nm 

 

Silica gels of two types of PSD are frequently used for commercial purposes i. e. 

Type A and B which have different shapes of adsorption isotherms of water 

vapor. This difference originates from the fact that type A has only pores of the 

size of 2.0 to 13.0 nm while Type B has larger pores of about 7.0 nm (Suzuki 

1990). Fig. 2.4 shows isotherms examples for both silica gel Type A and B. 

Silica gel has regeneration capability at low heat source temperatures from 50 oC 

to 90 oC, making it suitable for use in adsorption chillers. Water is physically held 

onto the surface by dispersion forces and polar forces (Ng et al., 2001). 

However, it contains about 0.04 to 0.06 gH2O/g of combined water (water attached 

to minerals by chemical bonding), and after heating at 350 °C it loses this water 

and becomes no longer hydrophilic, losing adsorption capacity of water (Suzuki, 

1990). 
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Figure 2.4 Typical examples of adsorption isotherms of water vapor on silica gel type A 
and B and active alumina (Suzuki, 1990) 

 

2.8 Conclusion 

The study of adsorption characteristics of water is an essential step in designing 

an adsorption desalination cycle. But more importantly, to find the correct 

theoretical model that best describe this phenomenon. In the need of this, a 

series of experiments of water vapor adsorption onto silica gel at different 

temperatures have to be performed.  
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Chapter 3 Experiments 

3.1 Introduction 

This chapter shows a comprehensive description of the experiments conducted 

in order to study the adsorption characteristics of water vapor onto silica gel for a 

water desalination application. Experimental conditions vary from temperature of 

30 to 60 oC and pressures up to 20 kPa. The methods utilized have an accuracy 

of 95%. 

 

3.2 Materials 

3.2.1 Water Vapor 

Ultra-pure water is obtained by Millipore Milli-Q Integral Water Purification 

System and provided to the adsorption machine for evaporation. The ultra-pure 

water quality parameters are provided in Table 3.1 (EMD Millipore Corporation, 

1994-2012). 

 

Table 3.1 Ultra-pure water parameters (EMD Millipore Corporation, 1994-2011) 

Resistivity, MΩ•cm @ 25 °C 18.2  

TOC, ppb (μg/l) < 5 

Bacteria, cfu/ml < 0.1 *  

Particulates > 0.22 μm, Particulates/ml < 1 *  

Pyrogens (endotoxins), EU/ml < 0.001 **  

RNases, ng/ml < 0.01 **  

DNases, pg/μl < 4 **  

(*) With Millipak Express 0.22 µm or Biopak end filter 
(**) With Biopak end filter 
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3.2.2 Silica gel Type A++ 

Previous studies of commercial available gels suggested that silica gel Type A++ 

is the one of the best options for desalination purposes due to its higher surface 

area and pore volume which directly contributes to the sizing, compactness and 

cycle time arrangement of the adsorption desalination system (Thu et al., 2011). 

Silica gel Type A++ (Manufactured by Mayekawa, Japan) physical parameters 

obtained by studies conducted by K. Thu et al. (2011) are listed in Table 3.2. 

Table 3.2 Physical parameters of silica gel type A++ obtained by K. Thu et al. (2011) 

Silica Gel (Type A++) 

Surface Area (m2/kg) 863.6 

Total Pore Volume (cm3/g) 0.472 

Average Pore Diameter (Å) 30.6 

Skeletal Density (kg/m3) 2060 

 

3.3 Measurement of adsorption isotherms 

3.3.1 Apparatus 

Water vapor uptake properties of the silica gel (Type A++) at specific adsorbent 

temperatures (30 to 60 oC) were evaluated using HydroSorb-1000 analyzer 

which offers fully automated measurement of water vapor adsorption and 

desorption isotherms. Figure 3.1 shows the pictorial view of the analyzer. The 

accurate water vapor dosing is made by the HydroSorb-1000 analyzer utilizing a 

special, heated manifold design (100 oC) and the isothermal condition of the 

adsorbent is obtained utilizing a thermal jacket controlled by temperature bath.  

HydroSorb-1000 is a constant-volume variable-pressure (cvvp) apparatus and 

the volumes of charging and dosing were calibrated by charging nitrogen gas 
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(N2) with a purity of 99.9995%. The standard volume had been calibrated by 

liquid filling method using distilled water.   

 

Figure 3.1 Pictorial view of Quantachrome Hydrosorb-1000 

 

3.3.2 Procedures 

For starting up the system, the basic steps to follow are: 

1) Turn on Vacuum Pump 

2) Turn on the N2 supply 

3) Power on the HydroSorb-1000 

4) Fill up the Water vapor source & set the oven temperature to 100 oC 
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5) Allow the system to remain on for at least 120 minutes before you begin 

the analysis 

6) Turn on the circulating bath and set to the operating temperature 

7) Load deionized (DI) water onto the dewar 

Afterwards, the three general procedures to be done to run the experiments are: 

cell calibration, sample regeneration and analysis. The three of them are detailed 

below.  

 

3.3.2.1 Cell calibration 

The following steps are repeated for each temperature studied i. e. 30, 35, 40, 

45, 50, 55 and 60 oC.  

1) Select a suitable cell for the analysis. In this case it is a 9 mm sample cell 

2) Load the empty cell onto the analysis station in the HydroSorb-1000 

3) Check that the temperature of the DI water reaches the desire operating 

temperature 

4) Load the dewar onto the analysis station and lock it securely 

5) On the personal computer (PC), select HydroWin software by 

Quantachrome and open it 

6) Go to operation → Calibrate cell 

7) Enter the saturation pressure (P0) value 

8) Enter the bath temperature 

9) Select the cell identification number (ID) 

10)  Check the use default parameters setting 
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11)  Press Start 

12)  Allow the cell calibration to take place for about 60 minutes 

 

3.3.2.2 Sample Regeneration 

1) Weight the empty calibrated cell 

2) Load silica gel (Type A++) sample into the cell 

3) Load cell with sample into the analysis station in the HydroSorb-1000 

4) Insert the cell into the heating mantle 

5) On the instrument, Go to the main menu, select (3) Control Panel Menu 

6) On Control Panel Menu, select (3) Degas sample 

7) Load station, press (1) Yes 

8) Set the desired degas temperature (200 oC) on the mantle 

9) When the sample degassing is finished, turn off and remove the heating 

mantle 

10)  On the Control Panel Menu select (2) Stop degassing and remove cell 

form station. You can select (1) Stop degassing & keep cell in Station and 

weight the sample after analysis 

11)  Weight the degassed silica gel (Type A++) sample 

 

3.3.2.3 Run analysis 

The following steps are repeated for the different isotherms studied i. e. 30, 35, 

40, 45, 50, 55 and 60 oC (Bath Temperature). The sample regeneration has to be 

done before running each isotherm analysis.  
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1) Load the silica gel (Type A++) sample cell onto the analysis station of 

HydroSorb-1000 

2) Load the dewar onto the analysis station 

3) On the PC, select HydroWin 

4) Go to Operation → Start Analysis 

5) Go to the Analysis Option 

6) Enter Cell ID 

7) Enter Adsorbate value 

8) Select P0 and Bath Temperature 

9) Enter Operator ID 

10) Go to the Sample Option 

11) Change the file name if required to a standard name 

12) Enter the sample ID, Description and Weight 

13) Enter the sample Volume or Density 

14) Enter Comment if any 

15) Go to Points option 

16) Enter the desired points for adsorption in relative pressure, meaning from 

0 to 1. In this research, 25 points were selected.  

17) Go to Equilibrium option 

18) Enter Pressure Tolerance, Equilibrium time and Equilibrium Timeout 

19) Go to Reporting Option 

20) Enter the required information if any 

21)  Press Start 
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22)  Shut Down: 

 Put the instrument switch found on the back of the instrument to off 

position 

 Put the power of the vacuum pump to off 

 Put the power of the chiller to off 

 

3.4 Experimental Data 

Experimental Data for each isotherm (30, 35, 40, 45, 50, 55, and 60 oC) is shown 

is Appendix A.  

 

3.5 Conclusion 

Experiments were conducted at different conditions. The results obtained show 

the hydrophilicity of silica gel type A++, proving that is a suitable choice for water 

desalination cycles; however, it is important to find the theoretical model that 

describes its mechanism of adsorption in order to develop a good desalination 

plant design.  
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Chapter 4 Adsorption Characteristics of Water onto Silica Gel 

 

4.1 Introduction 

This chapter comprises the regression of the obtained experimental data by four 

different isotherm models from the literature. A description of the advantages and 

disadvantages of all isotherm models proposed for the water and silica gel type 

A++ pair is explained.  

In addition, an empirical model is proposed to correlate the current experimental 

uptake data for a better description of water adsorption at different working 

conditions. 

 

4.2 Theoretical models 

4.2.1 Adsorption Isotherm models 

To do the correlation of the equilibrium uptake values, four different isotherm 

models have been used i. e. Langmuir, Tóth, Dubinin-Astakhov and Dubinin-

Serpinski.  

 

4.2.2 Langmuir model  

The Langmuir model is the simplest model which describes the monolayer type 

adsorption (Type I isotherm of the IUPAC classification) based on a kinetic point 

of view. That is assuming reversibility where the rate of adsorption is equal to the 

rate of desorption from the surface, multiplied by a coefficient, called the 

accommodation coefficient (Do, 1998).  The Langmuir model assumptions are: 
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 A homogeneous surface of the adsorbents where the adsorption energy is 

constant over all sites.  

 Adsorption on the adsorbent surface is localized. 

 Each site can accommodate only one molecule or atom. 

The Langmuir model is: 
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where C0 is the saturated amount adsorbed, P is the equilibrium pressure, k0 is 

the equilibrium constant, Hads is the isosteric heat of adsorption and R is the 

universal gas constant. 

The Langmuir model is good for very low pressure ranges close to vacuum, it 

has limitations to fit uptake data at pressures above 10 kPa, and for 

heterogeneous adsorbents.  

 

4.2.3 Tóth Model 

The Tóth model is commonly used to correct the wrong behavior at both the low 

and high pressure ends that the Langmuir model cannot describe accurately (Do, 

1998). The Tóth model can be represented by 
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where t is the adsorbent structural heterogeneity parameter. This model can 

describe the adsorptions isotherms of several heterogeneous adsorbents and is 

recommended as the first choice of isotherm equation for fitting data of many 

adsorbates such as hydrocarbons, carbon oxides, hydrogen sulfide, alcohols on 

activated carbon as well as zeolites; silica gel isotherms data fitting has been 

studied in this research as well. The Tóth model is identical to the Langmuir 

model when the heterogeneity parameter (t) becomes unity. 

 

4.2.4 Dubinin and Astakhov Model 

4.2.4.1 Generalized D-A Model 

Dubinin and Astakhov (D-A) proposed the following model for adsorption of 

vapors and gases onto non-homogeneous adsorbents with a wider pore size 

distribution. This D-A model is allowed for the surface heterogeneity and can be 

extended to the high pressure ranges (Do, 1998). D-A model is represented by: 
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where A is the adsorption potential and W is the amount of adsorbate uptake in 

cm3/g, W0 is the limiting uptake of adsorption space of the adsorbent in cm3/g, E 

is the characteristic energy of the adsorption system, and n is the structural 

heterogeneity parameter (Do, 1998). The adsorption potential (A) is the specific 

work done in the isothermal compression of a unit mass of vapor from P to the 

saturation vapor pressure, Psat and is given by 
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where P is the adsorption equilibrium pressure, Tc is the critical temperature, and 

Pc is the critical pressure of the adsorbate, water vapor. Experiments were 

conducted below Tc; thus, equation 3.4 can be expressed as (Dubinin, 1960): 
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In case the adsorbate is in the supercritical state experimental conditions, it is 

necessary to estimate the adsorbed phase volume and the saturated vapor 

pressure (Psat) to apply the D-A isotherm model. The adsorbed phase specific 

volume (va) is estimated using the following equation in sequence with that used 

for high pressure gases (Ozawa et al., 1976). 

          [        ]                                               

where vb is the specific volume of liquid at the boiling point, Tb, and α is the 

thermal expansion coefficient of the superheated liquid. The temperature 

dependence of α can be assumed as an average value of 0.0025 K-1 or 

expressed as follows from its definition of thermal expansion for liquids (Saha et 

al., 2007). 
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However, the conditions of the experiments conducted in this research are not 

supercritical. Hence, the behavior of the adsorbed phase can be assumed as 

liquid phase (Gurvitch, 1915). Here the total adsorbed amount in g/g can be 

calculated simply as follows: 
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where ρ is the water vapor density at the experimental conditions T, and P. The 

D-A model sometimes does not represent correctly adsorption isotherm at 

extremely low pressure range due to the zero slope at zero loading. In 

consequence, an inflexion point is found dependent of the characteristic energy 

E value. If it’s a low value, the reduced pressure value where the inflexion point 

occurs is high; hence, interesting studies of the description of water adsorption 

on activated carbon have been conducted because it has a type V isotherm 

according to the IUPAC classification, having an inflexion point (Do, 1998). This 

research aims to study the capability of the D-A model to describe water 

adsorption behavior on silica gel in a similar way as it does on activated carbons.   

 

4.2.4.2 Generalization of the D-A Model for Heterogeneous Pore System 

Proposed by Suzuki and Sakoda (1982), the density of pore size, f(D) is a 

characteristic of the adsorbent and is given as: 

         
                                                       (4.10) 

∫                                                                      

Where D is the pore size and   
  represents the total pore volume. Each pore 

behaves independently towards adsorption of a gas molecule; hence an integral 

of adsorption isotherms on the pores of different sizes represents the overall 

adsorption isotherm at given temperature and working pressure. Following this 

premise, n and E in the D-A model are considered to be functions of the pore 
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size D and the adsorbate molecule diameter d. Then an adsorption isotherm for a 

given adsorbate is given by: 

   ∫                                                                        

              [       ]                                                  

      ⁄                                                                       

      ⁄                                                                      

Forms of     ⁄   and     ⁄   are estimated later in this research from 

experimental adsorption data. The density of pore sizes, f(D) of silica gel is 

estimated as follows. 

The thermo-physical properties of three different types of silica gel and water 

pairs were studied by Thu et al. (2011). Surface characteristics such as total 

surface area pore volume and PSD of silica gels (1) Type-RD 2560, (2) Type-

A5BW and (3) Type-A++ were obtained using the AutoSorb-1 analyzer. Their 

results showed that silica gel Type-A++ has higher surface area and pore volume 

due to the presence of a bimodal pore distribution of micropores and mesopores.  

A method for combining two Weibull Distribution functions presented by Mahir 

and Salih (2009) giving a bimodal function as a result is used to estimate the 

density of pore size, f(D) of silica gel. It may be difficult to define exact 

parameters that describe f(D) accurately; two constants are added to make fitting 

calculations simpler. Hence, the density of pore size f(D) can be estimated as 

follows: 
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where, α1, α2, β1, β2 and   are the shape, scale and location parameters 

respectively, while ω is the mixing parameter, b is a correction factor and mD is 

the minimum pore size.  

An empirical way to describe in a simpler manner f(D) of silica gel is estimated 

using a rational function of 6th order of polynomials as follows: 

     
                                     

                                     
               

where a0 to a6 and b0 to b6 are simple coefficients and D is the adsorbent pore 

diameter. Results are shown later in this thesis. 

 

4.2.5 Dubinin and Serpinski Model 

After adsorption, water molecules act as secondary sites for adsorption through 

hydrogen bonding mechanism, and after more adsorption is achieved, the 

availability of these secondary sites is reduced (Do,1998). Following a kinetic 

approach, where the desorption rate is proportional to the amount of adsorbed 

concentration of water; the Dubinin-Serpinski (D-Se) model is represented by:  
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where Сµ is the adsorbed concentration of water in mmole/g, Сµ0 is the 

concentration of the primary sites, с is the ratio of the adsorption and desorption 

rate constants, and k represents the rate of loss of the secondary sites due to the 

finiteness of the adsorption volume. The parameters of this model change for 
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adsorption at different temperatures. However, the model reflects better the 

mechanism of adsorption than the previous models.  

 

4.3 Results and Discussion 

4.3.1 Regression of uptake data with the Langmuir and Tóth isotherm 

models 

Figures 4.1 and 4.2 show the regressed equilibrium uptake data for adsorption of 

water vapor on silica gel (Type A++) at temperatures ranging from 30 to 60 ºC 

and pressures up to 20 kPa with Langmuir and Tóth models. It is observed that 

the experimental uptake profiles are typical of Type V adsorption isotherm of the 

IUPAC classification characteristic for adsorbents with pore size larger than 

microporous with hysteresis during adsorption process. Hence, figure 4.1 shows 

that the Langmuir model has failed to fit the experimental data. Again, the 

adsorbent samples used in this study are found to be mesoporous and 

heterogeneous in surface structure from their PSD. 

As the Tóth isotherm model incorporates the surface heterogeneity of the 

adsorbent and solves the Langmuir model failures for wide pressure range, it 

appropriately fits the experimental data in figure 4.2. The numerical values of the 

model parameters (C0, k0, Hads and t) are listed in Table 4.1. The error of 

regression has also been calculated using the following equation to find out the 

best fitted isotherm model: 

 



45 
 

                          
 √

 

 
∑ (                  )

  
   

 

 
∑            

 
   

              

 

where N is the number of data points. 

It is observed that the Tóth isotherm model provides a good fit for experimental 

adsorption uptake data, especially at low and high adsorption uptake values for 

each isotherm. Hence this model can be utilized for the study and research on 

desalination by adsorption processes.  

 

Table 4.1 Adsorption parameters (C0, k0, Hads and t) for the Langmuir and the Tóth isotherm 
models 

Parameters 
Silica Gel (Type A++) 

Langmuir Tóth 

C0 (kg/kg) 0.4999 0.442 

Hads (kJ/kg) 2288.896 2450.5 

k0 (1/kPa) 5.43×10-08 8E×10-09 

t - 28.61 
Error of Regression (%) 24.74 5.32 
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Figure 4.1 Adsorption isotherms of water vapor onto silica gel (Type A++) with 5 % error 
bars; Solid curves are from the Langmuir isotherm model 

 

 

Figure 4.2 Adsorption isotherms of water vapor onto silica gel (Type A++) with 5 % error 
bars; Solid curves are from the Tóth isotherm model 
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4.3.2 Regression of uptake data with the D-A isotherm model 

4.3.2.1 Generalized D-A isotherm model 

The Dubinin-Astakhov model is employed to fit the adsorption uptake data 

considering the volume of the adsorbed phase as liquid phase state. Figure 4.3 

represent the adsorption uptake data of water vapor onto silica gel (Type A++) 

regressed with the D-A isotherm model. In Figure 4.3, the symbols represent the 

experimental data points (uptake values) at respective pressures (up to 20 kPa) 

and temperatures from 30 to 60 oC, the solid lines are predictions from the D-A 

isotherm model.  

The average error of analysis is within 7 %, which indicates the D-A isotherm 

model is not appropriate for adsorption of water vapor on silica gel at low 

pressure ranges, in addition, the D-A model does not possess the Henry’s law 

regime. The adsorption parameters (W0, E and n) are listed in Table 4.2. It is 

found that the D-A model does not fit at the beginning and end of the adsorption 

process for each isotherm, however it fits better than the Tóth model for the 

major part of the in between adsorption process.  

 

Table 4.2 Adsorption parameters for the D-A isotherm (W0, E and n) model 

Parameters 
Silica Gel (Type A++) 

Dubinin-Astakhov 

W0 (cm3/kg) 0.4707 

E (J/mol) 3176.69 

n (1/kPa) 1.4986 

Error of Regression (%) 6.70 
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Figure 4.3 Adsorption isotherms of water vapor onto silica gel (Type A++) with 5 % error 
bars; Solid curves are from the generalized D-A isotherm model 

 

4.3.2.2 D-A isotherm model based on pore size distribution 

A nonlinear regression for the pore size distribution function f(D) is presented to 

fit the experimental data obtained by Thu et al. (2011) for silica gel Type A++. 

Figure 4.4 shows the results of the regression made using equations (4.16) and 

(4.17). Below is shown the obtained coefficients to fit both functions to the 

experimental data of PSD. Pore size experimental data can be found in Appendix 

C, used by permission of Dr. Kyaw Thu in this research. 
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Figure 4.4 Pore size distribution of silica gel Type A++; Solid curves are from the Bimodal 
and Rational functions fitting 

 

It is observed that the best fitting is achieved by the rational function. Therefore it 

is used in the fitting of the D-A model based on PSD to the adsorption 

experimental data. 

The parameters of the generalized D-A model based on PSD can be determined 

by equations (4.10), (4.12) and (4.13). Then the amount adsorbed is: 

                                                              

Both n and E are estimated using equations (4.14) and (4.15). Suzuki and 

Sakoda (1982) suggested a linear dependence of both parameters to the pore 

size, however, in this research a linear dependence failed to fit the experimental 

data. Therefore, other type of regressions were studied and found that the best 

fitting is achieved by a 3rd polynomial dependence shown in figures 4.5 and 4.6. 

The diameter of water vapor molecule d is taken to be 2.75 Å. 
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Figure 4.5 Variation of n with change of D/d for silica gel Type A++ 

 

 

Figure 4.6 Variation of E with change of D/d for silica gel Type A++ 
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Figure 4.7 represent the adsorption uptake data of water vapor onto silica gel 

(Type A++) regressed with the D-A isotherm model based on PSD. In Figure 4.7, 

the symbols represent the experimental data points (uptake values) at respective 

pressures (up to 20 kPa) and temperatures (30 to 60 oC), the solid lines are 

predicted from the D-A model based on PSD.  

The average error of analysis is within 2 %, which indicates that the D-A isotherm 

model can describe the adsorption of water vapor onto silica gel when its pore 

size distribution is taken into account, while the generalized D-A model cannot 

achieve a good fit. This means that the heterogeneity of pores size plays an 

important role in silica gel adsorption processes.  

 

Figure 4.7 Adsorption isotherms of water vapor onto silica gel (Type A++) with 5 % error 
bars; Solid curves are from the D-A based on PSD isotherm model 

 

Figure 4.8 shows the comparison between D-A models, showing the 

improvement from 7% to 2% regression error when the pore size distribution is 

taken into account. 
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Figure 4.8 Comparison between generalized D-A and D-A based on PSD models for water 

vapor onto silica gel (Type A++) with 5 % error bars; Blue solid curves are from the 
generalized D-A model and Black solid curves are from the D-A based on PSD model 

 

4.3.3 Regression of uptake data with the D-Se isotherm model 

The Dubinin-Serpinski model is employed to fit the adsorption uptake data 

without considering the temperature at which the adsorption is achieved, but it 

represents in a better manner the adsorption mechanism. Hence, a different set 

of D-Se parameters were calculated for each isotherm. Figure 4.9 represent the 

adsorption uptake data of water vapor onto silica gel (Type A++) regressed with 

the D-Se isotherm model. In Figure 4.9, the symbols represent the experimental 

data points (uptake values) at respective pressures (up to 20 kPa) and 

temperatures (30 to 60 oC), the solid lines are predicted from the D-Se isotherm.  

The average error of analysis is within 6 % which indicates the D-Se isotherm 

model fits the data reasonably for adsorption of water vapor on silica gel at low 

pressure ranges, when the adsorption mechanism (hydrogen bounding) is taken 

in to account more accurately. The adsorption parameters (Cµ0, k and c) are 
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listed in Table 4.3. It is found that the D-Se model provides a better fit than the 

generalized D-A model because it is possible to find a set of parameters for each 

adsorption isotherm, as the parameters (W0, E and n) of the generalized D-A 

model are invariant for different temperatures (Stoeckli et al., 1994). This is to be 

expected as there more fitting parameters available.  

 

Table 4.3 Adsorption parameters for the D-Se isotherm (Cµ0, k and c) model 

Parameters 
Silica Gel (Type A++) 

Dubinin-Serpinski 

Cµ0 (mmole/g) 7.7856 ± 0.2049 

k (-) 0.0249 ± 0.0012 

c (g/mmole) 2.3833 ± 0.1036 

Error of Regression (%) 6.07 

 

 

Figure 4.9 Adsorption isotherms of water vapor onto silica gel (Type A++) with 5 % error 
bars; Solid curves are from the D-Se isotherm model 
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4.3.4 Regression of the uptake data for desalination cycle parameters 

The operational pressure condition of an adsorption desalination process is 

below than 10 kPa (Chua et al., 2004, Ng et al., 2011). Hence, a regression of 

Tóth, both generalized and based on PSD D-A and D-Se isotherm models has 

been done for the uptake experimental data below 10 kPa. Langmuir model has 

been discarded due to its failure to accurately describe the uptake experimental 

data. Figures 4.10 to 4.13 represent the adsorption uptake data of water vapor 

onto silica gel (Type A++) regressed with the Tóth, both D-A and D-Se isotherm 

model respectively. In Figures 4.10 to 4.13, the symbols represent the 

experimental data points (uptake values) at respective pressures (up to 20 kPa) 

and temperatures (30 to 60 oC), the solid lines are predicted from the D-Se 

isotherm. The adsorption parameters of Tóth (C0, k0, Hads and t) and generalized 

D-A (W0, E and n) models are listed in Tables 4.4 and 4.5 respectively.  A set of 

parameters (Cµ0, k and c) for each isotherm is found for the D-Se isotherm, 

shown in Tables 4.6 and 4.7. It is found that the best fitting for adsorption of 

water vapor onto silica gel (Type A++) in a pressure range below 10 kPa are the 

D-A based on PSD and the D-Se model. 

Table 4.4 Adsorption parameters for the Tóth (C0, k0, Hads and t) isotherm model below 10 
kPa 

Parameters 
Silica Gel (Type A++) 

Tóth 

C0 (kg/kg) 0.4348 

Hads (kJ/kg) 2527.33 

k0 (1/kPa) 4.77×10-09 

t 35.29 
Error of Regression (%) 5.62 
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Figure 4.10 Adsorption isotherms below 10 kPa of water vapor onto silica gel (Type A++) 
with 5 % error bars; Solid curves are from the Tóth isotherm model 

 

 

Table 4.5 Adsorption parameters for the generalized D-A isotherm (W0, E and n) model 
below 10 kPa 

Parameters 
Silica Gel (Type A++) 

Dubinin-Astakhov 

W0 (cm3/kg) 0.4717 

E (J/mol) 3167.92 

n (1/kPa) 1.4488 

Error of Regression (%) 7.39 
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Figure 4.11 Adsorption isotherms below 10 kPa of water vapor onto silica gel (Type A++) 
with 5 % error bars; Solid curves are from the generalized D-A isotherm model 

 

 

Figure 4.12 Adsorption isotherms below 10 kPa of water vapor onto silica gel (Type A++) 
with 5 % error bars; Solid curves are from the D-A based on PSD isotherm model 
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Table 4.6 Adsorption parameters for the D-Se isotherm (Cµ0, k and c) model below 10 kPa 

and temperatures of 30, 35 and 40 
o
C 

Parameters 

Silica Gel (Type A++) 

Dubinin-Serpinski 

30 oC 35 oC 40 oC 

Cµ0 (mmole/g) 7.9215 8.0922 7.8413 

k (-) 0.0260 0.2585 0.0257 

c (g/mmole) 2.4770 2.4533 2.4612 

Error of 
Regression (%) 

5.86 

 

Table 4.7 Adsorption parameters for the D-Se isotherm (Cµ0, k and c) model below 10 kPa 
and temperatures of 45, 50, 55 and 60 

o
C 

Parameters 

Silica Gel (Type A++) 

Dubinin-Serpinski 

45 oC 50 oC 55 oC 60 oC 

Cµ0 (mmole/g) 7.6969 12.6950 48.4272 53.9454 

k (-) 0.0255 0.1938 2.1716×10-05 2.6888×10-07 

c (g/mmole) 1.6868 1.6868 0.5063 0.4502 

Error of 
Regression (%) 

5.86 
 

 

 

Figure 4.13 Adsorption isotherms below 10 kPa of water vapor onto silica gel (Type A++) 
with 5 % error bars; Solid curves are from the D-Se isotherm model 
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4.3.5 Tóth isotherm model comparison with earlier studies 

The equilibrium uptakes of water vapor on the current adsorbent sample have 

been compared with the data from the literature (Chua et al., 2002) and these are 

shown in Table 4.8. It can be seen that the Tóth parameters are very similar; 

however, the slight difference might be due to the porous properties of the silica 

gel (Type A) sample used by Chua et al. (2002) which are comparable but 

slightly lower than the sample used in the present study (Type A++). It is 

important to add that both studies were conducted for a pressure range below 10 

kPa. 

Table 4.8 Comparison of obtained Tóth isotherm model parameters (W0, E and n)  with 
previous studies 

Parameters 

Silica Gel (Type A++) 

Chua et al. (2002) 
Present 
study 

C0 (kg/kg) 0.4   0.4348 

Hads (kJ/kg) 2710 ± 100 2527.33 

k0 (1/kPa) (4.65 ± 0.9)×10-08 4.77×10-09 

t 10 35.29 
Error of 
Regression (%) 

5 5.62 

 

4.3.6 Empirical Isotherm model for Silica Gel and Water Vapor systems 

Based on the observation of the Tóth and D-A models behavior with the uptake 

experimental data obtained in this research, it is shown that Tóth model offers 

the best fit for low pressure and close to saturation pressure value ranges, while 

D-A model offers the best fit for moderate pressure range, in between low 

pressures and close to saturation pressure values.  
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An empirical isotherm model can be derived based on this observation for silica 

gel and water systems following:  

                                                                         

Where θ1 is the D-A model θ2 is the Tóth model. Both model predictions are 

always different to each other from their behavior explained before. Hence,  
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After regression, Figure 4.14 shows the fitting of the uptake experimental data 

with the empirical model above. It is observed that the Tóth model becomes a 

constant value and a regression error of 6% is found, which indicates that a 

modification to the empirical model has to be made to improve the data fitting.   

 

Figure 4.14 Adsorption isotherms of water vapor onto silica gel (Type A++) with 5 % error 
bars; Solid curves are from the empirical isotherm model 
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Following a similar approach executed by Ozawa et al. (1976), the improved 

empirical adsorption model for silica gel and water vapor systems was expected 

to have the following form: 
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Where kn are coefficients and Ct is a constant value proper for silica gel (Type 

A++) and water vapor systems, the uptake W is given in cm3/g. 

The applicability of this equation is shown in Figure 4.15. As can be seen, the 

uptake experimental data obtained in this research were able to be expressed by 

the parameters obtained in Table 4.9 with a regression error of 3%. Also, it is 

observed that values of the limiting uptake of adsorption space of the adsorbent 

(W0) and characteristic energy of adsorption (E) are similar to those obtained in 

the generalized D-A isotherm model.  

 
Table 4.9 Adsorption parameters for the modified empirical isotherm (W0, E, k1, k2, k3 and 

Ct) model 

Parameters 
Silica Gel (Type A++) 

Empirical model 

W0 (cm3/kg) 0.4740 

E (J/mol) 1986.92 
k1 1.1730 
k2 -0.8179 
k3 0.6989 
Ct  1.9421 
Error of Regression (%) 2.91 

 

 



61 
 

 

Figure 4.15 Adsorption isotherms of water vapor onto silica gel (Type A++) with 5 % error 
bars; Solid curves are from the modified empirical isotherm model 

 

4.4 Conclusion 

A regression of Langmuir, Tóth, D-A and D-Se isotherm models have been done 

for the experimental uptake data, showing that there is no perfect isotherm model 

in the literature that describes water adsorption onto silica gel type A++ at water 

desalination cycles conditions. Only the D-A model based on PSD can represent 

the experimental data within 2% error. However, when the adsorbent is changed, 

a new study on its PSD must be done in order to fit the adsorption experimental 

data. This method only works if there is a function that can represent the PSD, 

which might not work for all existing adsorbents. Hence, the development of an 

empirical model that describes in a better way the behavior of this phenomenon 

needed to be proposed. However, there is more research needed to be done to 

justify theoretically this model. Table 4.10 shows the comparison between Tóth, 

D-A isotherm models and the proposed empirical model; it is found that the D-A 
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model based on the PSD and the empirical model proposed in this research fit 

the obtained experimental uptake data.  

 

Table 4.10 Comparison between Tóth, D-A isotherm models and proposed empirical 
isotherm model. 

Adsorption 
Isotherm 
Models 

Silica Gel (Type A++) 

Maximum 
Uptake 
(kg/kg) 

Minimum 
Characteristic 
Energy of 
Adsorption (kJ/kg) 

Error of 
Regression 
(%) 

Empirical  0.4763 110.26 2.91 

Tóth  0.4442 2450.50 5.31 
Generalized 
D-A 

0.4729 
176.28 6.70 

D-A based 
on PSD 

0.4729 
91.9605 2.13 
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Chapter 5 Conclusion 

 

5.1 Major Findings in this Research 

Water vapor adsorption characteristics onto silica gel type A++ has been 

investigated for its suitability for desalination cycles due to its higher surface area 

and small amount of micropores (Thu et al., 2011). The results suggest that 

water adsorption onto silica gel (Type A++) exhibits a typical Type V adsorption 

isotherm of the IUPAC classification characteristic for adsorbents with pore size 

larger than microporous with hysteresis, meaning that Langmuir isotherm model 

fails to fit the data sufficiently well. However it is shown that the Tóth isotherm 

model fits the experimental data, only at low and high adsorption uptake values 

for each isotherm. Where it fails, the D-A and D-Se models provide a better 

fitting.  

In general, for all temperature and pressure ranges, the D-A based on PSD and 

the D-Se isotherm model are the ones that provide the best fitting for 

experimental uptake data for desalination cycles (below 10 kPa pressure range) 

with a regression error within 2% and 6% respectively. The D-Se model fitting 

capability is most probably because of its ability to describe the mainly water 

adsorption mechanism (hydrogen bounding). The disadvantage of this model is 

that a different set of parameters (Cµ0, k and c) for each isotherm is needed to be 

found for higher accuracy. The disadvantage of the D-A model based on PSD is 

as mentioned before, that this method can be only achieved successfully when 



64 
 
there is a function that can describe the PSD of the adsorbent.  However, this 

research proves that this model can be used for silica gel Type A++. 

The study of the water adsorption characteristics onto the current adsorbent 

(silica gel type A++) is highly important because it determines the size and cycle 

time of the desalination process, which is translated to cost. Hence, the need of 

an additional isotherm model that best describes the experimental uptake data 

without taking into account the deep study on adsorbent’s pore size distribution. 

The present research proposes the modified empirical model:  
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providing an improved description showing 3% regression error, with similar 

limiting uptake of adsorption space of the adsorbent (W0) and characteristic 

energy of adsorption (E) are similar to those obtained in the generalized D-A 

isotherm model. Hence, further research is needed to justify the theoretical basis 

of this type of equation, especially because it describes initially a Henry 

characteristic behavior (straight line) at the low pressure range, as  Ng et al. 

(2001) studied, followed by a Type V of the IUPAC isotherm classification at 

larger pressures. 
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APPENDIX A: Uptake Experimental Data 

T (
o
C) 

P 
(kPa) 

Uptake 
(kg/kg) 

T 
(
o
C) 

P 
(kPa) 

Uptake 
(kg/kg) 

T (
o
C) 

P 
(kPa) 

Uptake 
(kg/kg) 

30 

0.2040 0.0389 

35 

0.2960 0.0426 

40 

0.4213 0.0442 

0.4133 0.0632 0.5867 0.0671 0.6947 0.0615 

0.6307 0.0865 0.8187 0.0853 1.1067 0.0861 

0.8453 0.1098 1.1147 0.1093 1.4760 0.1086 

1.0467 0.1333 1.3893 0.1333 1.8160 0.1313 

1.2320 0.1571 1.6413 0.1575 2.2067 0.1601 

1.4453 0.1866 1.9280 0.1884 2.5493 0.1886 

1.6547 0.2216 2.2147 0.2250 2.9173 0.2248 

1.8720 0.2621 2.4760 0.2616 3.2480 0.2606 

2.0760 0.3024 2.7653 0.3043 3.6227 0.3034 

2.2867 0.3427 3.0453 0.3452 3.9973 0.3457 

2.4787 0.3747 3.3000 0.3775 4.3480 0.3797 

2.7013 0.4014 3.6000 0.4035 4.7240 0.4045 

2.9080 0.4144 3.8347 0.4146 5.1533 0.4184 

3.1760 0.4228 4.1533 0.4224 5.4453 0.4235 

3.3093 0.4261 4.3893 0.4268 5.8213 0.4288 

3.5640 0.4319 4.6773 0.4318 6.1720 0.4336 

3.7747 0.4368 5.0333 0.4380 6.5640 0.4388 

3.9853 0.4417 5.2507 0.4419 6.9253 0.4440 

 

T (
o
C) 

P 
(kPa) 

Uptake 
(kg/kg) 

T (
o
C) P (kPa) 

Uptake 
(kg/kg) 

T (
o
C) P (kPa) 

Uptake 
(kg/kg) 

45 

0.5747 0.0444 

50 

0.7040 0.0421 

55 

0.8520 0.0389 

1.0120 0.0650 1.2067 0.0607 1.6187 0.0613 

1.4747 0.0859 1.7680 0.0800 2.4360 0.0831 

1.9267 0.1070 2.5480 0.1075 3.1947 0.1039 

2.3480 0.1282 2.9893 0.1249 3.8947 0.1249 

2.8640 0.1571 3.6453 0.1524 4.5840 0.1473 

3.3120 0.1859 4.2253 0.1795 5.4320 0.1782 

3.8000 0.2222 4.8733 0.2151 6.1480 0.2089 

4.2373 0.2586 5.3960 0.2485 6.9680 0.2488 

4.7320 0.3023 6.0773 0.2947 7.6973 0.2878 
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T (
o
C) 

P 
(kPa) 

Uptake 
(kg/kg) 

T (
o
C) P (kPa) 

Uptake 
(kg/kg) 

T (
o
C) P (kPa) 

Uptake 
(kg/kg) 

45 

5.1867 0.3418 

50 

6.6427 0.3352 

55 

8.5693 0.3359 

5.6000 0.3744 7.2773 0.3756 9.2827 0.3734 

6.1853 0.4054 7.8560 0.4062 10.1560 0.4086 

6.5853 0.4162 8.5760 0.4276 10.7947 0.4249 

7.0627 0.4232 9.0907 0.4354 11.5827 0.4355 

7.6147 0.4293 9.8627 0.4427 12.3187 0.4412 

7.9667 0.4330 10.3587 0.4469 13.0707 0.4464 

8.5600 0.4392 10.8453 0.4511 13.8627 0.4516 

8.8867 0.4428 11.6733 0.4578 14.8787 0.4585 

 

T (
o
C) P (kPa) 

Uptake 
(kg/kg) 

60 

1.3200 0.0417 

2.0067 0.0567 

3.1627 0.0809 

3.8987 0.0965 

4.9867 0.1211 

5.9360 0.1453 

6.7947 0.1696 

7.8627 0.2054 

8.8000 0.2406 

9.8413 0.2844 

10.8533 0.3290 

11.7107 0.3664 

12.8547 0.4066 

13.6667 0.4246 

14.6213 0.4363 

16.0040 0.4450 

16.7907 0.4494 

17.7000 0.4546 

18.5760 0.4599 
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APPENDIX B: IUPAC Isotherm Classification 

 

Union of Pure and Applied Chemistry propose six different types of isotherms. 

Type I characterize microporous adsorbents. Types II and III characterize 

adsorption on microporous adsorbents with strong and weak interactions 

between the adsorbent and the adsorbate. Types IV and V are isotherms with 

hysteresis. And Type VI represents a stepped isotherm.   
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APPENDIX C: Pore Size Experimental Data from Thu et al. (2011) 

 

Half pore width (Å) dV (r) (cc/Å/g) 

4.3150 

4.5100 

4.7100 

4.9100 

5.1100 

5.3050 

5.5700 

5.8350 

6.1000 

6.3650 

6.6300 

6.8950 

7.1600 

7.4900 

7.8200 

8.1550 

8.4850 

8.9000 

9.3400 

9.7400 

10.1350 

10.5350 

10.9300 

11.3300 

11.7250 

12.1250 

12.5200 

12.9150 

13.5150 

14.1100 

14.7050 

15.3000 

15.8950 

16.4900 

0.0018 

0.0189 

0.0285 

0.0308 

0.0268 

0.0287 

0.0286 

0.0267 

0.0239 

0.0196 

0.0151 

0.0143 

0.0138 

0.0135 

0.0120 

0.0113 

0.0112 

0.0116 

0.0129 

0.0136 

0.0146 

0.0163 

0.0194 

0.0233 

0.0258 

0.0274 

0.0288 

0.0307 

0.0327 

0.0333 

0.0330 

0.0326 

0.0314 

0.0308 
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17.0900 

17.6850 

18.2800 

18.8750 

19.6700 

20.4650 

21.2600 

22.0550 

22.8500 

23.6400 

24.4350 

25.4300 

26.4250 

27.4150 

28.4100 

29.4000 

30.3950 

31.5850 

32.7800 

33.9700 

35.1600 

36.5500 
 

0.0294 

0.0281 

0.0265 

0.0237 

0.0209 

0.0188 

0.0159 

0.0129 

0.0098 

0.0078 

0.0064 

0.0049 

0.0043 

0.0044 

0.0042 

0.0041 

0.0042 

0.0043 

0.0043 

0.0037 

0.0033 

0.0026 
 

  

  

  

  

  

  

  

  

  

  

 


