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ABSTRACT  
 
 

Recently, porous metal organic framework materials (MOFs) have attracted 

considerable attention due to the wide range of possible applications of the materials in 1) 

gas storage, purification and separation; 2) as catalysts and catalyst supports; and 3) for 

adsorption of environmentally unfriendly species. This study has involved the synthesis, 

characterisation and determination of the adsorption/desorption characteristics of 

functionalised porous metal organic framework materials. The overall objective was to 

increase understanding of the role of surface functional groups and framework flexibility in 

determining the adsorption characteristics of gases and vapours and assess the possible 

applications of these materials for gas storage and separation.  

In this study, two new metal organic frameworks NEW-1 (C12H8CuN2O4·C3H7NO) 

and NEW-2 (C6H10O6Zn) were synthesised by solvothermal and solvent diffusion 

methods, respectively. Single crystal X-ray crystallographic determination revealed that 

NEW-1 had a monoclinic space group P21/c and the 3-D framework is constructed via two 

square pyramidal copper atoms bonded with four isonicotinate ligands. The overall 

framework of NEW-1 gives rise to a uni-directional channel-like porous structure with 

window size of 6.092 x 6.092 Å (van der Waals surfaces) where guest dimethylformamide 

molecules reside. NEW-2 had a monoclinic space group C2/c and the framework is 

connected via hexagonal building block of ZnO6 and fumarate ligands to form a non-

porous structure.  

The dynamic responses of flexible metal organic framework NEW-1 to adsorption 

of a series of probe molecules were investigated and thermodynamic and kinetic 

parameters were determined. The series of probe molecules comprised of  

i) H2O and C1-C4 n-alcohols (methanol, to n-butanol) varying length and 

hydrophilic to hydrophobic character, 

ii)  C1-C9 alkanes (methane to n-nonane) vapours with similar cross-sectional area,  

iii) chloro- species (methyl chloride, dichloromethane and chloroform) where the 

cross-sectional area increases systematically 

iv)  planar molecules (benzene and toluene) and  

v) a range of permanent gases (N2, CO2, Ar).  
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The results showed that most of the adsorption isotherms were Type I in the 

IUPAC classification scheme, but some deviations occurred. In the case of adsorption of 

longer n-alkanes, at low pressure, convex isotherm curvatures were observed and at high 

relative pressure, steep uptakes corresponding to pore filling were observed. The 

adsorption isotherms of small hydrophilic alcohol molecules (methanol, ethanol and            

n-propanol) exhibited a stoichiometric ratio for amount adsorbed and formula unit of 

NEW-1. This indicates that hydrogen bonding between the hydroxyl group of alcohols 

with carboxylate non-coordinated oxygen in the pore wall of NEW-1. In contrast, a 

stoichiometric relationship was not observed for the adsorption isotherms of n-butanol. It is 

reasonable to conclude that the dominant interaction for n-butanol is the hydrophobic 

surface rather than OH-surface oxygen interaction. Thermodynamic and kinetics 

parameters for vapour adsorption were also investigated and compared in order to 

understand the role of functional groups on surface diffusion and framework flexibility. 

Nitrogen, carbon dioxide, argon and methane adsorption showed that the total pore volume 

was ~35% that obtained from the adsorption of vapours (alcohol, alkane etc).                      

The structural change produced by thermal activation to give the desolvated framework 

with lower pore volume can be expanded by adsorption of both hydrophilic and 

hydrophobic adsorptives. These differences were attributed to differences in isosteric 

enthalpies of adsorption, which influence framework flexibility and adsorption 

characteristics. Both specific H-bonding and non-specific interactions expand the collapsed 

desolvated pore structure to similar values to the crystallographic pore volume. This is 

likely to involve recovery of the long range order by the gas sorption. The adsorption 

kinetics for each isotherm pressure step were analysed by a stretched exponential model. 

The activation energies for diffusion of chloroform into the porous structure as a function 

of surface coverage and the isotherm show that the pore structure expansion occurs at low 

relative pressure rather than at high relative pressure as in the case of other adsorptives. 

Comparison of the isosteric enthalpies and activation energies for adsorption show that the 

site-to-site hopping mechanism mainly controls diffusion into the porous structure rather 

than diffusion through narrow constrictions in the porous structure.  
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Adsorption of hydrogen, nitrogen, oxygen and argon were studied in order to 

investigate the possible applications of metal organic framework NEW-1 in gas storage 

and air separation. In case of the air separation, adsorption characteristics of O2, N2, and Ar 

on metal organic framework NEW-1, mixed-zinc/copper organic framework (M’MOF-1) 

and a carbon based molecular sieve (CMS-40) were compared. The crucial factors such as 

molecular size and shape in relation to pore structure in determining the adsorption 

characteristics on materials were investigated. Selected kinetic models i.e. stretched 

exponential model (SE), double stretched exponential model (DSE) were used to determine 

the kinetic adsorption parameters. Also, the isosteric enthalpies of gases adsorption at zero 

surface coverage were determined. The results show that very narrow pores are required in 

metal organic frameworks to achieve kinetic selectivity similar to CMS-40. 
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CHAPTER 1 

Porous materials 

 

1.1 Terminology of porous materials and pore size 
    

 The International Union of Pure and Applied Chemistry (IUPAC)1, 2 has defined a 

porous material (or porous solid) as a solid with pores i.e. cavities, channels or interstices, 

which are deeper than they are wide. Porous materials can be formed by a variety of  

production processes e.g. carbonization process to produce porous carbon which may be 

activated further by physical and chemical processes, formation of a crystalline structure in 

the synthesis of metal organic frameworks from which the template/solvent can be 

removed to form a stable porous structure, and templating techniques used for some 

zeolites.  

 Pores can be classified by their availability to an external fluid as shown in                 

Figure 1.1. Open pores may be open only at one end and are described as dead-end or blind 

pores while the other pores may be open through pores. However, pores may also be 

classified by their shape, for example, the pore shape can be described as cylinders for 

activated alumina, prisms for some fibrous zeolites, cavities and windows for other zeolites 

and metal organic frameworks. Different types of pores may also be pictured as apertures, 

channels or cavities within a porous structure.2, 3  

 

Figure 1.1 Types of pores 

Closed pore 

Blind pores 

Interconnected pores 

Open pores 

Through pores 

Channel -liked pore 



CHAPTER 1                                                                                              Porous materials 

     
 

 
2 

 

 According to the International Union of Pure and Applied Chemistry (IUPAC), 

pores are generally classified into three categories, namely:  

 

(1) Micropores, which have diameters smaller than 2 nm (< 20 Å). These are 

sometimes called nanopores. 

(2) Mesopores, which have diameters between 2 and 50 nm (20-500 Å)  

(3) Macropores, which have diameters larger than 50 nm  (>500 Å) 

  

   To date, porous materials have attracted the attention of many researchers due to 

their potential application in gas/liquid separation, heterogeneous catalysis and gas storage. 

Applications of porous coordination polymers (or metal organic frameworks) and porous 

carbons are reviewed below. 

1.2 Coordination polymer 
 

  The use of inorganic and organic molecules building new porous materials has 

become an attractive application. These possible applications are trapping guest molecules, 

chemical sensing and gas separation and storage.4-9 Ferey10, 11 has classified these new 

porous inorganic and organic materials in to four different categories. The first category is 

a pure inorganic framework, which has the templated organic molecules inside each cavity, 

as shown in Figure 1.2a. For the next two categories, templated organic molecules form the 

pillar between inorganic 2-D layers (Figure 1.2b) or act as a linker between 1-D inorganic 

chain (Fig 1.2c). Both 1-D and 2-D inorganic layers linked by organic molecules are 

usually referred to as hybrid inorganic-organic materials. The final category is coordination 

polymer where organic ligands may be arranged around a discrete molecule, containing 

one or more metal ion, as shown in Figure 1.2d.  

  Coordination polymers are also known as metal organic frameworks (MOFs) or 

metal-organic coordination networks (MOCNs). For reasons of clarity, Ulrich et al.12 

suggested that the term coordination polymer should be used to describe any extended 

structure based on metals and organic bridging ligands, where metal organic framework is 

typically used for structures that exhibit porosity.  
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 Figure 1.2 Four different categories of porous inorganic and organic materials.11 

  

 These coordination polymers are often crystalline materials that consist of metal 

ions (known as the connecter) and organic molecules (known as the linkers) connected to 

produce an infinite 1, 2, or 3-dimensional framework via more or less covalent metal-

ligand bonding. In addition, the ligand must be a bridging organic group. However, these 

coordination polymers could have other auxiliary components such as counter ions and non 

binding guest in their structures.5, 6, 13, 14  

 

1.3 Synthesis concepts 
 
 
 Synthesis of coordination polymers is normally based on supramolecular approach. 

These polymers are self assembled from metal ions or cluster that are linked to each metal 

by organic linking molecules to generate infinite framework structure as shown in Figure 

1.3.14-17 Compared to microporous zeolites and mesoporous silicate/aluminosilicate e.g. 

MCM-type materials, the coordination polymers are connected through coordination bonds 

weaker in energy than the strong Si/Al-O bonds in zeolites and molecular sieves. However, 
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the relatively weak bond energies lead to diverse and flexible coordination spheres of 

metal ions/metal clusters, which produce coo

such as honeycomb (a), ladder (b), octahedral (c), hexagonal diamondoid (d), square grid 

(e), and zigzag chain (f) as shown in Figure 1.4.

  In principle a wide variety of framework topologies

ladders (1-D), sheets or brick wall or bilayers (

by the selection of reaction

coordination geometries and experimental variables, such as the met

ratio and synthesis temperature. Moreover, by choosing the appropriate organic linker, it is 

possibly to control pore sizes and functionality of the open frameworks.

metal ligands and organics bridging molecule are discussed in the following sections.

 

 

 

 

 Figure 1.3 Schematic representation of a 

(M) and the organic spacer (S) equipped with two donor units (bold).

 

 

  

 

 

 

Figure 1.4 Some network structures of metal organic frameworks.
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the relatively weak bond energies lead to diverse and flexible coordination spheres of 

metal ions/metal clusters, which produce coordination frameworks with different topology, 

such as honeycomb (a), ladder (b), octahedral (c), hexagonal diamondoid (d), square grid 

(e), and zigzag chain (f) as shown in Figure 1.4. 

In principle a wide variety of framework topologies ranging from simp

), sheets or brick wall or bilayers (2-D) and framework 

by the selection of reaction-influencing factors. This includes using different metal 

coordination geometries and experimental variables, such as the met

ratio and synthesis temperature. Moreover, by choosing the appropriate organic linker, it is 

possibly to control pore sizes and functionality of the open frameworks.

metal ligands and organics bridging molecule are discussed in the following sections.

Schematic representation of a coordination polymer, with the metal ion 

(M) and the organic spacer (S) equipped with two donor units (bold).

Some network structures of metal organic frameworks.
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the relatively weak bond energies lead to diverse and flexible coordination spheres of 

rdination frameworks with different topology, 

such as honeycomb (a), ladder (b), octahedral (c), hexagonal diamondoid (d), square grid 

ranging from simple chains to 

and framework (3-D) can be obtained 

influencing factors. This includes using different metal 

coordination geometries and experimental variables, such as the metal to organic ligand 

ratio and synthesis temperature. Moreover, by choosing the appropriate organic linker, it is 

possibly to control pore sizes and functionality of the open frameworks.5, 6, 17 Some of the 

metal ligands and organics bridging molecule are discussed in the following sections.  

 

coordination polymer, with the metal ion 

(M) and the organic spacer (S) equipped with two donor units (bold).16  

 

Some network structures of metal organic frameworks.17 



CHAPTER 1                                                                                        

 
 

 

1.3.1 Metal ions in coordination polymers
  

 Transition-metal or 

coordination polymers. Additionally, most of these metals are based on nitrates, 

phosphates, sulfates, sulfides, halides, and cyanides.

metals are also used in the form of meta

secondary building units are 

molecules, which lock their metal position into M

may contain two or more metal centres

(MOF-5) contains four Zn

together by carboxylate bridging linker molecules as shown in Figure 1.5. These SBU can 

help enhance structural sta

generated in situ under the correct chemical conditions.

number of metal, metal ions that have higher coordination number tend to generate 3

dimensional crystal structures, while the lower coordination number metal ions tend to 

generate 1- and 2-dimensionl crystal structures.

Figure 1.5 Representative geometries of secondary building blocks for the synthesis             

of porous Zn frameworks

       

  Recently, mixed-

properties. For example, mixed Ni

has potential to be a molecular magnetic alloy material.

mixed lanthanide (Eu, Tb) organic framework exhibited luminescence spectra and 

strong Eu3+ luminescence is enhanced by 
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1.3.1 Metal ions in coordination polymers 

metal or lanthanide ions are mostly used in the construction of 

coordination polymers. Additionally, most of these metals are based on nitrates, 

phosphates, sulfates, sulfides, halides, and cyanides.6, 11, 12 However, these transitional 

metals are also used in the form of metal clusters or secondary building unit (SBU). The 

secondary building units are metal ions that are chelated by organic 

which lock their metal position into M-O-C clusters. Furthermore, the SBU 

may contain two or more metal centres. For instance, metal organic framework                 

5) contains four Zn4O tetrahedral or secondary building units, which are joined 

together by carboxylate bridging linker molecules as shown in Figure 1.5. These SBU can 

help enhance structural stability and rigidity of the MOFs. However, specific SBUs can be 

generated in situ under the correct chemical conditions.6, 18-20 In term of coordination 

number of metal, metal ions that have higher coordination number tend to generate 3

dimensional crystal structures, while the lower coordination number metal ions tend to 

dimensionl crystal structures.21  

Representative geometries of secondary building blocks for the synthesis             

of porous Zn frameworks.22 

-metal organic frameworks have been synthesised with interesting 

properties. For example, mixed Ni-Co and 1,4-di-(1-imidaxolyo-methyl)

has potential to be a molecular magnetic alloy material.23 De Lill 

mixed lanthanide (Eu, Tb) organic framework exhibited luminescence spectra and 

luminescence is enhanced by the present of Tb incorporated into the same 
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lanthanide ions are mostly used in the construction of 

coordination polymers. Additionally, most of these metals are based on nitrates, 

However, these transitional 

l clusters or secondary building unit (SBU). The 

metal ions that are chelated by organic bridging ligand 

. Furthermore, the SBU 

. For instance, metal organic framework                 

O tetrahedral or secondary building units, which are joined 

together by carboxylate bridging linker molecules as shown in Figure 1.5. These SBU can 

bility and rigidity of the MOFs. However, specific SBUs can be 

In term of coordination 

number of metal, metal ions that have higher coordination number tend to generate 3-

dimensional crystal structures, while the lower coordination number metal ions tend to 

 

Representative geometries of secondary building blocks for the synthesis             

en synthesised with interesting 

methyl)-benzene which 

De Lill et al.24 reported that 

mixed lanthanide (Eu, Tb) organic framework exhibited luminescence spectra and the 

the present of Tb incorporated into the same 
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structure. The enhanced luminescence property of this mixed lanthanide organic 

framework demonstrates the potential application as light-emitting diode. 

  Some applications of mixed metal organic frameworks in adsorption have been 

studied by Chen et al.25 This report showed that the mixed zinc/copper metal                        

organic frame work material (M’MOF-1) was solvothermal synthesised and the                         

single X-ray crystallographic determination lead to the chemical formula of   

Zn3(BDC)3[Cu(Pyen)]·(DMF)5(H2O)5 where H2BDC = 1,4 benzenedicarboxylic acid and 

PyenH2 = 5-methyl-4-oxo-1,4-dihydro-pyridine-3-carbaldehyde.  The desolvation form of 

this M’MOF-1 contained two types of pores e.g. the pore of cross-section 5.6 x 12.0 Å in 

the direction of the c crystallographic axis (Figure 1.6a) and narrower irregular 

ultramicropores in the direction of the b crystallographic axis (Figure 1.6b).                               

The crystallographic pore volume of M’MOF-1 determined using PLATON26 is about 

0.286 cm3 g-1. The copper sites, in the structure, have four of six possible coordination sites 

bound by Schiff base N and O, so that there are two potential open sites either side of the 

CuN2O2 plane for binding of hydrogen molecules or other species. The authors also 

reported that the M’MOF-1 displayed a kinetic isotope quantum molecular sieving of H2 

and D2.  Quantum molecular sieving in microporous M’MOF 1 is due to the larger zero-

point energy for the lighter H2, resulting in higher amplitudes of vibration and slower 

adsorption kinetics compared with the heavier D2. 

 

                 

(a)   (b)   

Figure 1.6 X-ray crystal structure of M’MOF 1 (a) the pores of about 5.6 x 12.0 Å along c 

axis and (b) the irregular ultramicropores along b axis, respectively. Legend: Zn (Purple), 

Cu (orange), O (red) , N (blue), C (grey), H (white).  
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1.3.2 Organic bridging molecules in coordination polymers 
 

 Organic linker molecules used in the synthesis of coordination polymers have to 

bridge between metal ions. Therefore, multi dentate organic molecules with two or more 

donor atoms are normally required to construct these coordination polymers. Currently, 

multidentate nitrogen- and oxygen-donor organic ligands are preferred in the synthesis of 

coordination polymers due to their thermal stability and perhaps help prevent structural 

collapse after removal of guest molecules.5, 6, 11 The first two parts of the following topic 

are discussion about the construction concepts of coordination polymers with a single 

species of organic molecules, encompassing nitrogen and oxygen-donor molecules. The 

last topic discusses the use of hybrid species of organic molecules to generate coordination 

polymers.  

1.3.3 Nitrogen–donor organic molecules 
 

 There are a wide variety of heterocyclic nitrogen-organic bridging molecules as 

shown in Figure 1.7. In the self-assembly process, N-donor sites can bond to metal ions 

and generate T-shaped secondary building units (SBU). Generally, this T-shaped 

secondary building unit often produces only 1- or 2- dimensional structures. It should be 

noted that the long chain of nitrogen-organic bridging molecules e.g. 1,4-bis(3-pyridyl)-

2,3-diaza-1,3-butadiene, tends to produce interpenetration frameworks or polycatenation 

structures leading to the production of 3-dimensional frameworks. However, the structure 

of the interpenetration framework usually collapses after guest molecules in the cavities are 

removed.27-30 The shorter chain of nitrogen-organic bridging molecules, such as 4,4'-

bipyridine, tends to produce 3-dimensional frameworks without interpenetration, for 

example, the desolvated phase of porous framework material Ni2(4,4'-bipyridine)3(NO3)4 

exhibited porosity and also showed the reversible guest exchange property.31  Noro et  al.32 

reported the rigid framework CuSiF6(4,4'-bipyridine)2} n showed a high degree of porosity 

with a surface area of 1337 m2 g-1. The frameworks based on this 4,4′-bipyridine have been 

studied extensively using gas adsorption methods.32, 33 Some of the N-donor ligands which 

can produce 3-D frameworks are shown in Figure 1.8.  
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  Most of these 3-D structures are synthesised under low/room temperature, using 

layering or diffusion methods.  However, this is not universal since 2,5-bis(3-pyridyl)-3,4-

diaza-2,4-hexadiene (b3pdahd) which is a framework generated by refluxing. The metal 

organic ligand mole ratio for synthesizing these 3-D polymers ranges from 1.2-1.5. It has 

been shown that the frameworks produced from refluxing may exhibit high thermal 

stability.22, 27-30, 34  

1.3.4 Oxygen–donor organic molecules 
 

 A wide range of carboxylic acids have been used to construct coordination 

polymers, including carboxylate, oxalate, aliphatic and aromatic poly-carboxylate. Some 

oxygen – carboxylate donor organic molecules, which can produce 3-D frameworks are 

present in Figure 1.9 and some ligand are discussed herein. Compared with bi-dentate             

N-donor molecules, bi-dentate carboxylate molecules have the flexibility to chelate metal 

ions in different ways. This flexibility can be used to generate a wide variety of the 

polymer framework structures (Figure 1.10). Carboxylate molecules do not only coordinate 

with metal ions as mono dentate (a) chelating ligand but also coordinate with two to five 

metal ions (b).35 Strong metal-oxygen bonding of carboxylate ions gives 3-D coordination 

frameworks with high stability. 

  Generally, there are two conventional methods to completely deprotonate the 

carboxylate group. Firstly, adding some strong base (e.g. triethylamine) is normally 

sufficient for complete deprotonation. However, pure crystals may not be obtained, due to 

this base producing a mixture of both framework and byproduct.36, 37  The other methods 

are hydrothermal or solvothermal synthesis at high temperature. For entropic reasons, these 

high temperature synthesis methods can completely deprotonate carboxylate ligands and 

perhaps promote the formation of framework with high dimensionality. Furthermore, these 

methods are normally generate pure materials.38   

    Example of metal organic frameworks based on bi-dentate and tri-dentate are 

Zn4O(BDC)3 (BDC = 1,4-benzenedicarboxylate):MOF-5 and [Cu3(TMA)2(H2O)3]n (TMA 

= benzene-1,3,5-tricarboxylate):HKUST-1, respectively. Both MOF-5 and HKUST-1 

framework are widely produced and studied in various aspects, especially in 

adsorption/desorption of gases. MOF-5 consists of four Zn4O clusters in octahedral subunit 

that are connected to each other by terephthalate groups, while HKUST-1 consist of 
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Cu2(COO)4 with four copper connectors and bond with three benzene-1,3,5-tricarboxylate 

groups. In term of cavity size, HKUST-1 has cavity dimensions of 9 Å x 9 Å. whilst MOF-

5 has smaller cavities of 5 Å x 5 Å. This may be because the length of terephthalate ligands, 

which are contained in the MOF-5 frameworks are shorter than benzene-1,3,5-

tricarboxylate groups.18, 38 This indicates that length of organic molecules is a major 

influence on pores size and surface area of coordination polymers. 

     Lin et al.39 reported that pore size and pore volume of metal organic framework 

materials can be controlled by varying the length of the carboxylic ligand. In this study, 

Cu(NO3)2.2.5H2O was solvothermally synthesized with three difference length of 

carboxylate ligands. Quaterphenyl-3,3′′′,5,5′′′-tetracarboxylic acid (H4L
3), the longest 

carboxylic ligand, gave the largest pore size and volume with values of 8.3 Å and 1.284 

cm3g-1, respectively. While, the shorter ligands, biphenyl-3,3′,5,5′-tetracarboxylic acid 

(H4L
1) and biphenyl-3,3′,5,5′-tetracarboxylic acid (H4L

2), gave the smaller pore size and 

volumes (H4L
1 ; 6.5 Å and 0.683 cm3g-1, H4L

2 7.3 Å and 0.886 cm3g-1). 
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Figure 1.7 N-donor ligands which are preferred in coordination polymer synthesis often   

                  generate 1-D or 2-D structure. 
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Figure 1.8 N-donor ligands that generate 3-D framework structures. 
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Figure 1.10 Modes of coordination of the carboxylate ions.35 

1.3.5 Hybrid organic molecules 
 

 It has been shown that both nitrogen-and oxygen-donor molecules are effective for 

construction of 3-D coordination polymers with large pores. Theoretically, the concept of 

the synthetic method is based on 2 reaction steps. The first step provides the two 

dimensioned sheet layer, which is composed of metal ions or cluster bonding with organic 

molecules. Then, another organic ligand is added to form a pillar layer and bond all 2- 

dimensional sheets together. This organic pillar layer can be constructed via H-bonding or 

coordination bonding. However, coordination polymer bonding via H-bond usually 

generates an unstable structure in the absence of guest molecules. In comparison, a 

coordination network provides a more stable framework structure. 40-43 

 Kondo et al.41, 42 synthesised channel-liked porous metal organic frameworks via 

the direct mixing method under room temperature conditions. These porous metal organic 

frameworks are composed of two dimensional sheets of Cu (pyrazine-2,3-dicarboxylate) 

and these sheets coordinate with pillar organic ligands as shown in Figure 1.11.  The pillar 

organic ligands are pyrazine (pyz), 4,4′- bipyridine (bpy), 1,2-dipyridylglycol (dpyg) and 

N-(pyridine-4-yl)isonicotimamide (pia) and these ligands form pillars between the 2- 

dimensional sheets of Cu (pyrazine-2,3-dicarboxylate).  

 Choi et al.44 hydrothermal and solvothermal synthesised of [Co3(ndc)3-

(bipyen)1.5]·H2O(1) and [Co2(ndc)2(bipyen)]·C6H6·H2O(2), respectively; where bipyen = 

trans-1,2-bis(4-pyridyl)ethylene and H2ndc = 2,6-naphthalenedicarboxylic acid). Both 
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structures are composed of 2

sheets interconnecting with the bipyen group, acting as a pillar, leading to 3

Structure (1) and (2) has the pore dimension 4.4 

As another example, Takamizawa 

bza(benzoate) formed 2-

porous metal organic framework.

  

 

 Figure 1.11 Schematic representation of the construction of a 3

                      pillar insertion strategy.

1.4 Classification of Metal organic frameworks 
  

 Kitagawa et al. 6

3rd generation. Basically, the framework structures in these three categories contain guest 

molecules inside their cavities or channels, hence the name

generation frameworks lose their crystallinity and collapse when guest molecules have 

been removed (Fig. 1.12). The 2

do not collapse even when guest molecules have be

generation frameworks exhibit true porosity, which can be used for gas/vapour storage. 

Finally, the 3rd generation frameworks have dynamic responses to external stimuli, light 

and host guest host exchange for instance. F

exhibit a new crystal phase when their guest has been removed. Furthermore, pore size of 

these frameworks can be expanded, collapsed or form a densely packed system after host 

guest exchange. 6, 46, 47 Horike 

called as soft porous crystals.

[Cu2(OH)(C8H3O7S)(H2

selectively adsorbed only NO above the gate

1                                                                                        

    

structures are composed of 2-D sheets of Co2(O2CR)4/2)(R= naphthalene group) with these 

onnecting with the bipyen group, acting as a pillar, leading to 3

Structure (1) and (2) has the pore dimension 4.4 Å x 3.5 Å and 6.6 Å

, Takamizawa et al.45 solvothermal synthesised of Cu(bza)(pyz) where 

-D layer and pyz (pyrazine) interlinked those 2

porous metal organic framework. 

Schematic representation of the construction of a 3-D framework by a  

pillar insertion strategy.41  

1.4 Classification of Metal organic frameworks  

6 were first classified MOFs in to the three categories, 1

generation. Basically, the framework structures in these three categories contain guest 

molecules inside their cavities or channels, hence the name host-guest complex.  The 1

generation frameworks lose their crystallinity and collapse when guest molecules have 

been removed (Fig. 1.12). The 2nd generation frameworks can retain their crystallinity and 

do not collapse even when guest molecules have been removed. Additionally, these 2

generation frameworks exhibit true porosity, which can be used for gas/vapour storage. 

generation frameworks have dynamic responses to external stimuli, light 

and host guest host exchange for instance. Furthermore, the 3rd generation frameworks may 

exhibit a new crystal phase when their guest has been removed. Furthermore, pore size of 

these frameworks can be expanded, collapsed or form a densely packed system after host 

Horike et al.47suggested that the 3rd generation frameworks may

called as soft porous crystals. Example of soft porous crystal is 

2O) 2H2O] where SIP is 5-sulfoisophthalic acid) which is 

selectively adsorbed only NO above the gate-opening pressure of 

1                                                                                              Porous materials 
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)(R= naphthalene group) with these 

onnecting with the bipyen group, acting as a pillar, leading to 3-D framework. 

Å x 6.2 Å, respectively. 

of Cu(bza)(pyz) where 

D layer and pyz (pyrazine) interlinked those 2-D layers to form a 

 

D framework by a          

were first classified MOFs in to the three categories, 1st, 2nd and 

generation. Basically, the framework structures in these three categories contain guest 

guest complex.  The 1st 

generation frameworks lose their crystallinity and collapse when guest molecules have 

generation frameworks can retain their crystallinity and 

en removed. Additionally, these 2nd 

generation frameworks exhibit true porosity, which can be used for gas/vapour storage. 

generation frameworks have dynamic responses to external stimuli, light 

generation frameworks may 

exhibit a new crystal phase when their guest has been removed. Furthermore, pore size of 

these frameworks can be expanded, collapsed or form a densely packed system after host 

generation frameworks may be 

Example of soft porous crystal is CU-SIP-3.3H2O 

sulfoisophthalic acid) which is 

opening pressure of ~275 mbar.48 Metal 
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organic framework Zn(TCNQ–TCNQ)bpy constructed from Zn(ii) centres and two 

ligands—4,4′-bipyridyl (bpy) and 7,7,8,8-tetracyano-p-quinodimethane(TCNQ). This 

flexible structure exhibited gate opening and closing mechanism in order to accommodated 

O2 and NO in to the pores.49 Bourrelly et al.50
 reported that porous chromium(III) 

terephthalate MIL-53(Cr) hydrogen-bonding network between methanol/ethanol along the 

tunnel of MIL-53 lead to structural transition.  

 

 
(a) 

 

                
(b)                                                                         (c) 

Figure 1.12 Schematic representation of dynamic and flexible MOFs a) the 1st generation 

frameworks; crystal to amorphous transition b) expanding or shrinking of MOFs c) densely 

packing during guest exchange.46 

1.5 Synthetic methods 
 

 Coordination polymers are crystalline materials and these materials need a crystal 

growth technique in order to produce a suitable crystal for X-ray diffraction analysis. 

Generally, the favoured methods for synthesis of crystalline coordination polymers are 

solvent diffusion and hydro(solvo)thermal synthesis. These two methods are discussed as 

the following sections. 

1.5.1 Diffusion methods  
 
 Basically, this method can be divided in two main techniques: solvent diffusion and 

vapour pressure diffusion techniques. These techniques depend on different properties of 

the solutions to grow the crystal.  
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 - Solvent Diffusion (Layering Technique). A small amount of solution (solution 

of metal compound) is place in a tube and solution of organic ligand is carefully layered on 

the top of the solution. The tube is sealed and left undisturbed. In the passage of time, some 

crystals grow by diffusion of the ligand into a metal ion solution. However, solvent 

diffusion can be adapted by using an H-tube instead of the straight tube type. It should be 

noted that the mixture of organic ligand solution should be less dense than the metal ion 

solution and a suitable volume ratio metal solution/organic solution is typically 1:4 or 1:5. 

Typically, water/ethanol, water/mixture of water and ethanol are commonly used for 

growing crystals.  

 - Vapor Diffusion. This technique basically has the same principle as the previous 

technique but the precipitant is allowed to diffuse into the solution from the vapour as 

shown in figure 1.13. An advantage of these two techniques is a small amount of material 

may be used and it is possible to set up many experiments by varying solvent and 

experimental conditions at one time. However, these techniques are time consuming 

experiments due to slow diffusion and crystal growth with the process taking a few days up 

to several months.51, 52 

          

(a) (b) 

 Figure 1.13 Schematic representations of a) layering technique and b) vapour  

                            diffusion technique.  

1.5.2 Hydrothermal or solvothermal synthesis 
  

 Hydro(solvo)thermal synthesis was firstly introduced for the synthesis of zeolites. 

Nowadays, this method is widely used for synthesis of several organic framework 

coordination polymers. Hydrothermal synthesis is typically employed in the temperature 

range 110-240 ºC in a Teflon-line autoclave under autogenous pressure. Under these 
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conditions, the solvent temperature can be increased above its atmospheric pressure boiling 

point while the solvent viscosity and dielectric constant of the solvent are reduced. 

Reduction of viscosity and dielectric constant also enhances the diffusion process and 

crystal growth.52, 53 Schematic of hydrothermal vessel is shown in Figure 1.12. 

 

 

           

      Figure 1.14   A schematic of a Teflon TM-lined, stainless autoclave typically   

                   use in the laboratory to perform solvothermal synthesis.  

1.6 Porous carbon materials 

1.6.1 Activated carbon   
 

 European Council of Chemical Manufacturers' Federation defined54 activated 

carbon as non-hazardous, processed, carbonaceous products which have a porous structure 

and large internal surface. In addition, the internal surface area and volume of pores of 

activated carbons is generally greater than ̴ 400 m2 g-1 and 0.2 mL g-1, respectively. 

Activated carbons are a generic name for a group of porous carbon materials produced by 

carbonization followed by physical or chemical activation of carbon-rich organic 

precursors. These activation processes produce a high porosity and surface area which is 

suitable for removal of impurities from gases and liquid, gas storage and separation 

processes.55, 56  

  Activated carbons adsorb species from both gaseous and liquid phases and the 

adsorption process is influenced by the pore size distribution of the activated carbon and   

size, structure and properties of adsorbate. The usage of carbon adsorbents depends on 

their surface area, pore size distribution and surface chemical characteristics. In adsorption 
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Stainless 
steel lid 

 

Bursting disc 
and spring 

 

Teflon cup 
 

Stainless-
steel shell 

 



CHAPTER 1                                                                                              Porous materials 

     
 

 
16 

from the liquid phase and gas phase, both macro porous and mesoporous carbons are used 

while microporous carbon is used in gas adsorption processes. Normally, both 

marcroporous and mesoporous activated carbons have been employed in waste-water 

treatment57-59, drinking water purification60-62, pharmaceutical and chemical industries,63 

etc. On the other hand, most of microporous carbons are used for odour treatment64, gases 

storage65, 66 and both agricultural and industrial exhaust gases control.64, 66 The properties 

of activated carbons are directly related to the nature of the starting material, the type of 

production method and the temperature of production. More details on production methods 

are described in section 1.6.6.1.  

  Stoeckli67 described the structure of activated carbon as consisting of aromatic 

sheets and strips often bent, resembling  a mixture of wood shavings or crumpled sheets of 

paper with a variety of pores size between them. The variety of different gaps between the 

sheets represents the makeup of the micropores.  A schematic structure of activated carbon 

is shown in Figure 1.15. 

In term of physical chemistry, activated carbons are an amorphous and non-

graphitic form of carbon. Carbon atoms within the structure of activated carbon are 

bonding with other carbon atoms forming hexagonal pattern similar to graphene sheet.55, 68 

However, X-ray diffraction studies revealed that these graphene sheets stack on the top of 

each other layer and each layer often has an irregular shape, randomly oriented, and lack 

any directional relationship. So, the structure of activated carbon is much more disordered 

than graphite. In addition, some heteroatoms and inorganic minerals such as metal oxides 

originating from the precursors and activation method are normally present in the structure 

of activated carbon. The heteroatom and impurities in activated carbon depend on the 

nature of the precursor and the activation process. 

 

Figure 1.15 A schematic structure of activated carbon 
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The heteroatoms, which are mainly oxygen, hydrogen, nitrogen and sulfur, are 

usually located at the edges of graphene sheets. The presences of surface functional groups 

determine either acidic or basic properties of the activated carbon. Additionally, carbons 

with acidic surface or basic functional groups may exhibit cation and anion exchange 

characteristics, respectively. The adsorption characteristic of activated carbon is not only 

determined by its pore structure but it is also determined by surface functional groups.69-71 

In addition, these surface functional groups play a significant role in chemisorption and 

may enhance adsorption of some species.70, 72-74 Several structures of acid and basic 

surface functional groups have been proposed as shown in Figure 1.16.  
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Figure 1.16 Possible acid and basic surface functional groups on activated carbon. 

1.6.1.1 Production of activated carbon 

   

  Production of activated carbon can be accomplished by the following processes; 

preparation of raw materials, carbonisation and activation.71  Originally, typical raw 

materials for producing activated carbon were coal, peat and lignite, wood, palm and 

coconut shell. Recently, production of activated carbon from agriculture by-products and 

waste water treatment residue has gained attention due to its abundance, by-products 

availability, and inexpensiveness. Agricultural by-products, for example, are saw dust, rich 
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husk, fruit stones, fruit seed, shell and kernels.75-77 There are four basic criteria for 

selecting raw materials that should be considered; a) availability and cost b) a possibility of 

yielding a good quality of activated carbon c) low content of volatile organic matter and 

ash d) high stability during storage. Raw materials, which have low volatile organic 

content, normally give high yields of activated carbon. In addition, raw material with high 

lignocelluloses (around 40% upward) are suitable for commercial production.56 Typical 

fixed carbon contents of raw materials commonly used in the production of activated 

carbon are shown in table 1.1.  

 

Table 1.1 Fixed carbon content of raw materials commonly used in the production 

of activated carbon56 

 

 

Raw materials Approximate carbon content, % 

Soft wood 

Hard wood 

Coconut shell 

Lignite 

Bituminous coal 

Anthracite 

40 

40 

40 

60 

75 

90 

 

 

  Raw materials are usually crushed, milled and sieved to particle size about 1-2 mm 

before passing it through the cabonisation and activation steps. A particle size of ~ 1-2 mm 

is appropriate for handling and yields good properties such as high surface area.78-80 

Sentorun-Shalaby and co-workers81 determined the effect of particle size of raw materials 

on the properties of the activated carbon. Three particle size ranges were examined which 

were 0.85-1.7, 1.7-3.35 and 3.35-4.00 mm. Results showed that the coarser particles gave 

the smaller surface area of activated carbons. However, the coarser particles gave slightly 

high percentage of the microporosity.  
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The next process involves carbonization of the materials. In this step, the materials 

is heated at temperatures normally below 800 oC with slow heating rate under inert gas (N2, 

Ar or very low O2 condition) to eliminate non carbon species and give materials with 

enriched carbon contents (chars) with some porosity.71, 82  

Activation increases porosity and helps to improve the accessibility of the pore 

structure by opening the closed porosity. Activation can be divided into two categories; 

physical activation and chemical activation. In physical activation, the char is gasified in 

steam, air or CO2. The activation temperature is normally in range 600-900˚C for steam 

and carbon dioxide. For oxygen activation, however, much lower temperature was 

employed (300-500 ˚C) to avoid combustion.83, 84 

Gasification of the char with steam and carbon dioxide are endothermic reactions as 

described by the following equations;56 

 

C  +  H2O  ⇌  CO + H2 (∆H = + 118.5  kJmol-1)  (1.1) 

 
 

C  +  CO2 ⇌  2CO  (∆H = + 159 kJmol-1)   (1.2) 
 
 

  Reaction of CO produced by equation (1.1) with steam by the following reaction: 

 

CO  +  H2O ⇌ CO2  + H2 (∆H = -42.3 kJmol-1)   (1.3) 

 

  During this physical activation, char gasification leads to the formation of meso- 

and micropores, which form the porous structure of activated carbon. Activation with CO2 

is often used on a laboratory scale whereas steam activation is preferred for larger scale 

production of most activated carbons with the industrial importance of lower cost. 

However, steam activation of activated carbon exhibits lager meso- and macropore 

volumes than a carbon dioxide activated carbon. Additionally, longer reaction times at 

constant temperature give larger total pore volumes and higher surface areas.85                            

A schematic representing the general steps for physical activation is shown as Figure 1.22. 
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 In chemical activation, an activation reagent is used prior to carbonisation.                        

The process involves impregnation of the materials with the chosen chemical agent. 

Commonly, H2SO4, ZnCl2, H3PO4, NaOH and KOH have been used as activation 

reagents.86 The activation reagents help to develop the porosity, by means of dehydration, 

degradation of volatile organic compounds and also help remove inherent minerals from 

the carbon. The interaction between the activation reagent and the carbonised carbon 

normally occurs during soaking and heating the precursor material prior to carbonization at 

high temperature.87, 88 Major advantages of chemical activation, compared to physical 

activation, are the higher yield, lower temperature of activation (less energy costs), less 

activation time, and higher surface area activated carbons can be obtained.89 However, 

some disadvantages do appear which include high cost of the activating agents, equipment 

corrosion, and need to perform an additional cleaning step to remove the residue activation 

reagent on products. 90 A schematic representing the general steps for chemical activation 

is shown as Figure 1.23. 
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 Figure 1.22 Schematic representing the general steps for physical activation 
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Figure 1.23 Schematic representing the general steps for chemical activation. 
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1.6.2 Carbon molecular sieves 
 

  In 1949, Franklin91 proposed the first report that fluids were excluded from heat-

treated coals in the order of their molecular size. Walker et al.92,93 reviewed the molecular 

sieving effect for carbons etc. In 1973, Juntgen et al.94 prepared a black coal-based 

adsorbent, which separated oxygen from nitrogen. Since then, the molecular sieving effect 

has been studied extensively in both basic fundamental and industrial applications. Carbon 

molecular sieves have been produced commercially and widely used in the production of 

nitrogen from air and gas purification processes.71 More details on applications of carbon 

molecular sieves on air and gases separation are discussed in Chapter 3. 

The term molecular sieve was originally introduced by J W McBain 95, 96 to 

describe the selective adsorption of molecules on a zeolite. Bekkum et. al.97 defined the 

term molecular sieve as porous solid materials with a pore size equivalent to molecular 

dimensions 0.3 - 2.0 nm in diameter.  Examples of crystalline molecular sieves are zeolites 

and amorphous forms are carbon molecular sieves. 

 In general, carbon molecular sieves (CMS) are a subgroup of activated carbon with 

almost homogenous micropores of a few angstroms in diameter, and are able to selectively 

separate molecules on the basis of their size and shape.98, 99 Nguyen and Do100 gave a 

qualitative description of the structure of carbon molecular sieves as a bimodal structure 

adsorbent with only a small contribution of meso- and macropores to the total equivalent 

surface area. Additionally, the surface of CMS is hydrophobic. In comparison, the 

micropore size distribution of CMS is much narrower than in conventional activated 

carbon. CMS have slit-shaped pores with pore sizes in the range 0.3 to 1.2 nm, and pore 

volumes from 0.2 to 0.5 cm3g-1. The surface area may range from 300 to 1,500 m2g-1.68, 101 

Compared to zeolite molecular sieves, CMS have some superior properties, such as high 

hydrophobicity, high thermal stability, resistance in both alkaline/acid media and less 

expensive than zeolites.102 Furthermore, CMS generally have a larger pore volume and 

their pore size can be adjusted to the right pore width by means of relatively simple 

methods by controlling of carbon deposition.68 
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   A variety of raw materials have been used to prepare CMS such as coal, nut shell, 

coconut shell, palm shell, etc. However, bituminous coal and coconut shells have proved to 

be suitable raw materials for industrial production.103, 104 Figure 1.24 shows the production 

process of CMS. In general, this quite similar to activated carbon but the CMS needs to 

treated by more specific approaches.71  
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 Figure 1.24 Procedure for the manufacture of molecular sieve carbon. 
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  Conventionally, there are two major approaches to produce CMS; the first approach 

is the synthesis of CMS from carbonaceous precursors under specified carbonization 

conditions that give pores of the appropriate dimensions. The other approach for preparing 

CMS is the modification of pore size of an existing porous carbon by chemical vapour 

deposition (CVD). The first approach may be divided in to four sub preparation methods;  

 

i) Pyrolysis method; a selected carbonaceous precursor is pyrolysed under 

suitable carbonization temperature and inert environment.105, 106   

ii)  Contraction method; the carbonized material is treated at a temperature 

greater than 1000°C to shrink the pores of the source material.99, 107 

iii)  Co-carbonisation method; a mixture of the carbonized material and 

organic additive such as pitch, phenol–formaldehyde resin or other 

chemicals are pyrolysed under rigidly controlled conditions. The pore 

size of the CMS may be controllable by changing amount of organic 

additives.108, 109 

iv) Covering method; a carbonized porous material is mixed with a 

chemical species and the mixture is further pyrolyzed to reduce the pore 

size by decreasing the size of the pores with pyrolytic carbon. 

 

   The second approach is chemical vapour deposition (CVD), which is the major 

methods to control pore structure in selectivity in carbon molecular sieves.110 In this 

method, a microporous substrate with narrow pore size distribution is usually used as the 

starting material. CVD involves a decomposition (cracking) of a volatile hydrocarbon 

above the surface of activated carbon, which causes deposition as a thin film on the 

surface.111-113 A variety of hydrocarbon sources have been used as the deposition agents, 

such as pyridine, pyrrole, benzene, acetylene, methane and cyclohexane. Benzene has often 

been in used in CVD as  it does not produce the intermediate by-product during the 

decomposition process and this increases the control of the deposition process.114 Previous 

research also showed that controlling pore size can be achieved under temperature and 

pressure ranging from 300- 900 ˚C and 1 torr to atmosphere, respectively.100, 115, 116  
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 There are three possibilities for volatile hydrocarbon deposition into/on a pore of 

activated carbon have been proposed as shown in Figure 1.25.117, 118,119 Long exposure 

times for hydrocarbon deposition may cause blocked pores (b). According to case (c), 

volatile hydrocarbon may be deposited uniformly over the entire surface of the pore when 

the molecular size of hydrocarbon is small enough to diffuse into the pore. In this case, 

deposition of hydrocarbon along the pore can decrease the pore volume of activated carbon 

and it will also slow the gas diffusion rate, which is not desirable for gas separation 

processes. The problem in case (c) may be avoided by i) controlling the suitable exposure 

time for deposition and ii) using a hydrocarbon with a molecular size larger than pore of 

activated carbon.117 In the last case (d), hydrocarbon is deposited on the pore mouth of 

activated carbon. This (d) case produces a desirable CMS as the pore size can be reduced 

without reducing the pore volume.  

  Nguyen and Do100 proposed the block and reopening method to yield a CMS with a 

small narrow pore size distribution. This method involves three steps: carbonization, 

reduction of pore size by carbon deposition, and finally reopening of the pores by 

controlled gasification.  

  

 

                      (a)                               (b)                         (c)                      (d) 

 

Figure 1.25 Schematic representation of carbon deposition under different regimes:                  

(a) clean pore, (b) blocked pore, (c) deposition entirely on pore surface, and (d) deposit  

around pore mouth.  
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1.7 Applications of porous materials 

1.7.1 Separation of unfriendly environmentally species. 
 

  In recent years, there has been significant public and scientific concern over the 

potential risks of industrial, flue gas emissions and also impurities in wastewater streams. 

These emissions may contribute to poor environmental quality and also, pose a threat 

human health. Thus, as the regulatory limits on environmental emissions become more 

stringent, industries have developed separation technologies that could remove 

contaminants and pollutants from process waste streams. Adsorption processes and 

membrane separations are two dominant technologies that have been applied in industrial 

waste treatment. Commercial available meso- and macro-porous activated carbons have 

been applied to waste water treatment system in order to remove contaminants e.g. heavy 

metal ions, dye, and organic molecules.120-122 While, micro-porous (nano-porous) activated 

carbon is typically used as an adsorbent for removal of gaseous species. The surface 

functionality of micro-and nanoporous activated carbon can be modified for removal 

various flue gases such as SO2, NOx, and volatile organic carbons (VOCs).123-125 

Furthermore, both micro-and nanoporous activated carbon also have possible applications 

in removal of polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), and 

various forms of mercury species.126-129  Metal organic frameworks also show their 

potential application in flue gas treatment such as CO2.
130-132 Britt and co-workers133 

conducted research on harmful gas adsorption, e.g. dichloromethane and sulfur dioxide, on 

six metal organic frameworks and activated carbon. They reported that MOF-199, with 

open (unsaturated) metal centres, showed superior harmful gases adsorption compare to 

activated carbon.  

 1.7.2 Clean energy storage. 
 
  Energy is an important part of our daily life. Cars and other internal combustion 

engines need the energy from fossil fuel combustion to function. However, fossil fuel 

combustion leads to some environmental problems, for instance acid rain, stratospheric 

ozone depletion, development of the greenhouse effect and air pollution. These 

environmental problems also have a negative effect on public health. Furthermore, the 

supply of oil is limited and supplies are likely to become scarce in the foreseeable future. 

As a result, a number of solutions have been proposed. One potential solution is using 
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hydrogen as an alternative energy carrier. In the future, hydrogen may be the dominant fuel, 

for use in vehicles generating only water as a product.134, 135 However, at present there are 

no systems for hydrogen storage that meet all the requirements of safety, capacity, and 

refuelling distance. Therefore considerable research is being undertaken to develop new 

porous materials for hydrogen storage application.  

1.7.3 Catalysis  
 

  In 1995, the global catalyst market was estimated to about 8,600 million US$, with 

a significant growth in 2001, to a value of 10.7 million US$. Catalyst marketing has 

growing dramatically because of the remarkable property of catalyst to increase 

accelerating the rate of a chemical reaction without being part of the final products. Over 

80% of the industrial chemical processes in use nowadays rely on one or more catalytic 

reactions and these industrial chemical processes include, oil refining, petrochemical 

processing, and the manufacturing of commercial chemicals (olefins, ethylene glycol, 

methanol, etc.).136, 137 Porous materials are used as either heterogeneous catalysts or a 

heterogeneous catalyst support. Zeolites and activated carbons is also used as an inert 

porous carrier material for distributing metal catalysts on the large internal surface, thus 

making metal catalyst much more accessible to reactants. Furthermore, precious metal 

catalyst, e.g. gold, can be easily recovered by burning off the activated carbon support 

catalyst.138 The applications of activated carbon supported catalyst in fuel cell, 

environmental issues and industrial processes are well established.123, 139-141 Attempts to 

use MOFs as the catalyst are in an initial stage. In principle, MOFs can be synthesis in a 

systematic route to funtionalise their structures. In addition, each functional groups may be 

act as an active site and may be a catalytic centre.6  An example of a functionalized metal 

organic framework which exhibits selective sorption and catalysis properties is [Cd(4-

btapa)2(NO3)2]. 6H2O.2DMF where 4-btapa = 1,3,5-benzene tricarboxylic acid tris [N-(4-

pyridyl)amide]).142 Amine surface functional groups of this 3-D structure only binding 

selectively with short-chain alcohols e.g. methanol, ethanol, n-propanol and n-butanol. 

This Cd(4-btapa)2(NO3)2 was also used as the catalyst in the reaction of benzaldehyde with 

methelene compounds and gave the malononitrile product 98%. Metal organic frameworks 

with unsaturated metal centres may be a highly active and selective Lewis acid catalyst in 

some chemical reactions.143-145 Llabrés and co-workers146 showed that combinations of the 
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two catalysts containing 10 wt%  Cu(2-pymo)2; (2-pymo = 2-hydroxypyrimidinolate) and 

90 wt % Co(PhIM)2;(PhIM = phenylimidazolate) yields the best performance in terms of 

activity, selectivity for the  oxidation of tetralin. In the tetralin oxidation process, Cu(2-

pymo)2 was used for the activation of tetralin in order to produce tetralinhydroperoxide 

(TOOH). Once the TOOH was formed, Co(PhIM)2 rapidly oxidised  TOOH into tetralone. 

1.7.4 Sensors 
 

  Many gas detectors developed for portable applications are based on the change in 

electric resistivity with varying gas concentration and the sensitivity is normally dependent 

on surface area. Therefore, nanoparticle metal oxides and porous materials with large 

specific surface areas, and high sensitivity to slight changes in environments (temperature, 

atmosphere, humidity, and light) are being developed and applied as detectors of 

combustible gases, humidity, ethanol, and hydrocarbons. The most widely preferred for 

this application are nanoparticle metal oxides such as SnO2, TiO2, ZrO2, and ZnO 

oxides.147 However, recent studies revealed that metal organic frameworks have the 

potential for sensor application. Wong et al.148 and Chen et al.149 reported that microporous 

Tb2(Municate)3 and Eu(benzene-1,3,5-tricarboxylate) showed the reversible sensing of 

anions and this sensing is controlled by a molecular sieve property. Small molecules are 

allowed to pass while large molecules are excluded from both microporous MOFs. 

Additionally, Chen et al. gave further suggestion that the open metal centre in Eu(BTC) 

structure may lead to highly sensitive sensors for small molecules and ions. Yeom et al.150 

reported that the electrical signal from the toxic gas sensor can be enhanced by coating the 

gas preconcentrator with IRMOF-1.  
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CHAPTER 2 
 

The adsorption of vapours and gases into                       
porous materials 

 

2.1 General  
 

 The term adsorption was introduced to the literature by Kayser in 18811, 2 to refer to 

the condensation of gases on bare surfaces. Kayser also introduced the terms isotherm and 

isotherm curve to explain the results of adsorption experiments. In 1909, McBain3 

proposed the term sorption for adsorption and absorption in the case of phenomena which 

cannot be distinguished precisely. In this particular case, the terms sorption, sorbent, 

sorbate and sorbent should be used.4-6 

The term adsorption is used to denote the enrichment or accumulation of one or 

more components, whether molecules, atoms or ions, in an interfacial layer between two 

bulk phases. In dealing with adsorption at gas-vapour/porous solid interfaces, it is 

customary to call the components in the adsorbed state the adsorbate, and to refer to the 

same species in the bulk gas phase as the adsorptive. Additionally, the adsorbing solid is 

called adsorbent. Adsorption is distinguished from absorption, which involves bulk 

penetration of the gas/vapour into a mass of the adsorbing solid or liquid.6, 7 

         As mentioned previously, when a gas is introduced into a solid, an adsorbed phase 

bonded to adsorbent surfaces, may form. When the conditions are changed, gas molecules 

may desorb. Adsorption of a gas/vapour on a porous solid is a spontaneous process, which 

means that it involves a decrease in free energy (∆G) due to the passing of the free gas to 

the adsorbed film. There is a decrease in entropy (∆S), because the gas adsorbed on the 

surface of the adsorbent is more ordered than in the gas phase. The thermodynamic 

relationship of the adsorption process is shown as the following equation.8, 9 

 

 

STG ∆−∆Η=∆                                          (1) 

 

 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 43 

It is evident that ∆H of the adsorption of gases and vapours on porous solids is 

always an exothermic process for physisorption. Thus the amount of gas adsorption 

increases with decreasing temperature. Heat of adsorption can be measured by direct 

calorimetric methods or determined from isotherm studies. 

2.2 Physical and chemical adsorption 
  

 There are two broad types of adsorption processes: physical adsorption and 

chemical adsorption. These are both characterized by the strength and nature of the bond 

between the adsorbate and substrate.7 The distinction between physical and chemical 

adsorption is very important as the process and the behaviour of the adsorbed layers are 

quite different. 

Physical adsorption, or physisorption, involves intermolecular bonds between 

atoms or molecules being adsorbed and the substrate is due to dipole induced dipole 

interactions (London dispersive force), and other relatively weak interactions. In chemical 

adsorption, or chemisorption, a chemical bond is formed between the adsorbate and the 

substrate. Such bonds, which involve the exchange or sharing of electrons between the 

adsorbate and the substrate, are much stronger. Typical physisorption binding energies are 

about 20-70 kJmol-1
 and those of chemisorption are typically higher than physisorption. 

In discussing the characteristics of physisorption and chemisorption it best to use 

the analogy of condensation and chemical reaction. Some significant differences between 

physisorption and chemisorption are summarized in Table 2.1.5, 10, 11 

• Reversibility:. Physisorption is reversible, i.e., the adsorbate will desorb 

(become unbound from the substrate) when the porous material temperature is raised, and 

return to its original condition in the gas phase. Chemisorption is usually not reversible; 

i.e., raising the porous material temperature may not result in the adsorbate returning to its 

original form in the gas phase. Additionally, the physisorption rate at (273 K) is normally 

faster than the chemisorption rate. This is because chemisorption normally has to 

overcome the activation energy for breaking chemical bonds while there is at most a small 

activation energy involved in the physisorption of gases/vapours.  

• Enthalpy of adsorption: Enthalpy of chemisorption, in general, is much 

larger than enthalpy of physical adsorption and generally higher than 80 kJmol-1. 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 44 

Meanwhile, enthalpy of physical adsorption is typically in the range of 20-70 kJmol-1 and 

is larger than the enthalpy of condensation. 

• Specificity: Physisorption is non-specific and does not result in the 

dissociation of adsorbed molecules. Chemisorption is very specific due to the involvement 

of chemical reactions between gas molecules and surface groups of the porous material. 

Chemisorption, furthermore, often results in the dissociation of molecules during the 

adsorption/chemical reaction process.  

• Chemisorption: This is typically characterized by the formation of a single 

layer of adsorbate on the surface of porous materials, but in physisorption, multiple layers 

of the adsorbate can form on the porous materials.  

• Conditions of adsorption: Chemisorption typically occurs over a wide range 

of temperatures, often exceeding temperatures at which the adsorbate will condense from 

the gas phase to the liquid phase. Physisorption occurs when the temperature is close to 

temperature at which the adsorbate will condense from the gas phase to the liquid phase. In 

physisorption, the uptake is generally favoured at low temperature while the uptake caused 

by chemisorption is favoured at high temperature. 

 
  Table 2.1 Comparison of physical and chemical adsorption12, 13 

 

 Physical Adsorption Chemical Adsorption 
Rate of adsorption 

 
Fast Slow 

Enthalpy of Adsorption  
 

 Usually 20 - 40 kJ mol-1 Usually > 80 kJ mol-1 

Origin of interactions 
force and specificity 

van der Waals forces, non- 

specific adsorption, easy 

for desorption 

Chemical bond forces, 

highly specific adsorption, 

difficult for desorption due 

to the need to break  bonds 

 
Monolayer coverage Monolayer and multilayer 

formation depending on 
environment 
 

Limited to mono layer 
coverage 

Dependence of the 
temperature 

 Decrease with increasing  
temperature 
 

Increase with increasing 
temperature 
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2.3 Forces of Physical adsorption 
 

There are two major combinations of forces involved in physical adsorption. The 

first force is the long-rang attractive dispersive (or van der Waals) interactions and the 

other is the short range repulsive interaction between the adsorbent and the adsorbate 

molecule.14, 15 

  The force of attraction between adsorbate and solid adsorbent is due to 

instantaneously fluctuating electric dipole moments in either atoms or molecules of the 

adsorbate and the surface of the adsorbent. Even in an atom or molecule with no permanent 

electric dipole moment, fluctuations in the electron charge distribution will give it an 

instantaneous (short lived, but averaging to zero over a longer time interval) dipole 

moment which will induce a further dipole moment in a nearby atom or molecule. The 

interaction between the original and induced dipole moments results in an attractive force 

between these two moments. These dipole-dipole forces are known as van der Waals 

forces. The repulsive force arises from the penetration or overlap of the electron cloud 

between adjacent molecules and surfaces. At short distances, the repulsion force is 

significant and increases rapidly. 

 Both attractive dispersive and repulsive forces of the two isolated atoms can be 

expressed as potential energy in the following equations.4, 10 

                   

         10
3

8
2

6
1)( −−− −−−= rCrCrCrDε                  (2) 

 

where εD(r) is the potential equation for dispersive force and r is a distance between 

two isolated atoms. The coefficients C1, C2, C3 are the dispersion constants associated with 

instantaneous dipole-dipole, dipole-quadrupole and quadrupole- quadrupole, etc. 

interactions respectively. The terms in r -8 and r-10 are relatively small and usually omitted. 

So the equation thus simplifies to (3). The repulsive force can be expressed as the equation 

(4). B is an empirical constant and the exponent m is usually found to be in the range 9 to 

14 in order to fit the data, but m = 12 is commonly used. The dispersion and repulsive 

interactions are frequently combined to give the total potential energy or Lennard-Jones (6-

12) potential as shown in equation (5) 
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       6
1)( −−= rCrDε                    (3) 

                                           m
R Brr −=)(ε                                                 (4) 

                               126
1)( −− +−= BrrCrε                     (5)  

To apply the Lennard-Jones (6-12) potential equation to the adsorption of gases or 

vapours, which involves adsorbate atoms or ions, thus the equation becomes 

 

                              ∑∑ −− −=
j

ijij
j

ijiji rCrBz 612)(φ  (6)                   

where ϕi(z) is the potential energy for the molecule i, expressed as a function of its 

distance z from the plane of the centre of atoms or ions in the surface layer. From the 

surface plane; r ij is the distance between i and an atom j, in the solid and Bij and Cij are 

characteristic repulsion and attraction constants for the gas-solid system. 

Figure 2.1 shows that the potential energy of a physisorbed atom or ion varies as a 

function of the distance z from the surface of the adsorbent. With a larger z, the potential 

energy reduces as the attractive force decreases. With a smaller z, the potential energy increases 

rapidly due to the adsorbate-adsorbent force becoming repulsive. Once the atom or ion moves 

closer to the surface of the adsorbent, the balance between the attractive and repulsive 

forces may be established at distance ze. At this distance ze the potential energy of the atom 

or ion is at a minimum. 

 

 

 Figure 2.1 Potential energy φι of a molecule i versus its distance z from the 
adsorbing surface. 

φι(z) 
  

Intermolecular distance 
  

 Repulsive forces 

 Attractive forces

Total energy 

z ze
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2.4 Adsorption Isotherms 
 

 The quantity of gas taken up by a sample of solid is proportional to the mass m of 

the sample, the temperature T, the pressure p of the gas and the nature of both the solid and 

the gas. This can be expressed as n, the quantity of gas adsorbed in moles per gram of 

solid: 

 

    n = f (p,T,gas,solid)    (7) 

 

For a given gas adsorbed on a particular solid kept at a fixed temperature, equation (7) 

simplifies to 

 

        n = f (p)T, gas, solid    (8) 

 

If the temperature is below the critical temperature of the gas, the alternative form (9) is 

more useful, p0 being the saturation vapour pressure of the adsorptive at the temperature of 

the measurement. 

 

                                       n = f(p/p0)T, gas, solid    (9) 

 

The parameter (p/p0) is described as the relative pressure. A graph reflecting the amount of 

adsorbed against pressure or relative pressure at constant temperature is called the 

adsorption isotherm. This is usually expressed as the amount of adsorbate per gram (or 

volume) of adsorbent to each equilibrium pressure of the gas at a constant temperature. 

When a porous material is exposed in a closed space with some definite pressure of gas, it 

begins to adsorb the gas. The process is accompanied by an increase in the weight of the 

solid and a decrease in the pressure of the gas. After a time, the pressure becomes constant 

at the value P, and correspondingly, the weight ceases to increase any further. The amount 

of gas adsorbed can thus be calculated.  
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 In summary, by studying the adsorption isotherms, one can: 1) estimate the surface 

area/pore volumes, 2) estimate the pore size distribution, 3) assess the surface chemistry of 

the adsorbents, and 4) determine the fundamentals of the adsorption process. 

   The majority of physisorption isotherms may be grouped into the six types shown 

in Figure 2.2. The five types of physisorption isotherm were originally proposed by 

Brunauer, Deming, Deming and Teller (B.D.D.T). These can also be referred to as the 

B.D.D.T classification.16, 17 The type six isotherm was proposed later by Sing et al.4, 7 Each 

isotherm is discussed in more detail below.   

 

Type I isotherm 

 

Type I isotherm shows a rapid increase in the amount of gas adsorbed over the low 

relative pressure range and then reaches a plateau in the high pressure range. Type I 

isotherms are sometimes referred to as Langmuir isotherms and are often obtained when 

adsorption is restricted to a monolayer. Therefore, chemisorption isotherms are 

approximate to this shape. 

 Type I isotherms have been found for physical adsorption on solids containing 

very narrow or slit pore structures, e.g. activated carbons, molecular sieve zeolites, a metal 

organic framework and a certain porous oxide. A rapid increase in the amount of gas 

adsorbed over the low pressure is often attributed to micropore filling in porous solids and 

then a subsequent horizontal or near horizontal plateau indicates that the micropores are 

filled and no further adsorption will take place. So, the limiting uptake is governed by the 

accessible micropore volume rather than by internal surface area. Examples of type I 

isotherms are usually obtained from nitrogen and carbon dioxide adsorption on activated 

carbon at 77 K and 195 K, respectively.5, 18 
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   Figure 2.2 The six basic types of adsorption isotherms  

 

Type II isotherm   

 

  The Type II isotherms are typically produced by solids which are non-porous or 

macroporous and the isotherms represent unrestricted monolayer-multilayer adsorption on 

a heterogeneous adsorbent. These are often referred to as the sigmoid isotherm. The 

practice is to take point b as the point of completion of a monolayer and multilayer 

adsorption. Consequently, multilayer adsorption increases progressively with rising 

pressure. Brunauer–Emmett-Teller (BET) originally developed a multi layer adsorption 

theory and mathematical model to describe the Type II isotherms as described in Section 

2.5.3. Examples of type II adsorption isotherm are nitrogen adsorption on non-porous silica 

at 77 K and n-butane adsorption on graphitized carbon black P90  at 298 K.19,20 
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Type III isotherms 

 

Type III isotherms are distinguished from Type II isotherms by a convexity towards 

the relative pressure axis entire range of the isotherm and do not exhibit a point b.  At low 

relative pressure region, Type III isotherms demonstrate very low uptake of adsorbate due 

to the forces of adsorption in the first monolayer being relatively small. Adsorbate-

adsorbent interactions are also found to be weak. In other words, the adsorbate-adsorbate 

interactions are stronger than adsorbate-adsorbent interactions. However, the uptake at 

high relative pressure is much higher due to the adsorbate-adsorbate interactions being 

much stronger and this increases the driving force of the adsorption process. Type III 

isotherms most commonly occur in both non-porous and microporous adsorbents. 

Examples include the adsorption of water molecules on carbon and single wall 

nanotubes.21-23  

                                                                      

Type IV Isotherm 

 

The Type IV isotherms are found in many mesoporous solids. A characteristic 

feature is that the adsorption branch of the isotherm is not the same as the desorption 

branch of the isotherm and hysteresis is observed. Generally, the hysteresis loop occurs 

due to the capillary condensation taking place in mesopores and the limiting uptake at high 

relative pressure. The hysteresis process is demonstrated in Figure 2.3 Type IV. At this 

initial state, adsorption of molecules on to the walls of porous material occurs at a very low 

relative pressure until a monolayer (a to b) is formed. Then, the multilayer adsorption 

occurs as pressure increases (b to c) and follows by capillary condensation at high relative 

pressure below p/p0
 (c to d). In the capillary condensation process, gas/vapour molecules 

tend to form a liquid-like layer with a curved meniscus at pore entrances (d). As pressure 

decreases, the angle of the curve of the meniscus also changes. The liquid meniscus blocks 

the liquid condensed in pores from evaporating. This blocking by the liquid meniscus 

results in a high mass of adsorbate remaining in the porous material which then creates the 

hysteretic loop (e). Examples of Type IV adsorption isotherm are: water adsorption on 

silica24, activated carbon25 at 298 K and nitrogen adsorption on mesoporous MCM-41 at 77 

K.26 
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Type V isotherms 

 

Type V isotherms, unlike Type III, occurs during the hysteresis loop and exhibits a 

point of inflection at a higher relative pressure. Subsequently, the Type V isotherms reach 

a plateau in the multilayer region of the isotherm where the capillary condensation occurs. 

Type V isotherms occur most often with mesoporous adsorbents. Examples include the 

water vapours adsorption on carbon in which the adsorbate-adsorbent interactions are very 

weak and water adsorption on mesoporous alumina at 298 K.24, 27 

 

Type VI isotherm 

 

The Type VI isotherm represents the step-like nature of the adsorption process. The 

steps result from sequential multilayer adsorption on a uniform non-porous surface. Each 

step-height represents the monolayer capacity for each adsorbed layer. The best examples 

were obtained with argon or krypton on graphitised carbon blacks at 77 K. 

  During the desorption process, the amount of adsorbed molecule on the porous 

surface should be the same as the amount of adsorbed molecule in the adsorption process. 

In other words, the adsorption process should be reversible. However, some deviations can 

occur. The phenomena wherein the amount of adsorbed material in the desorption process 

is higher than in the adsorption process is called hysteresis.7 To put it more simply, the 

curve of the desorption isotherm deviates from the adsorption isotherm. Originally, the 

classification of hysteresis loops was first proposed by de Boer28 and it has been modified 

by the IUPAC7 which recommended four types of hysteresis isotherm as illustrated in 

Figure 2.3. Type H1 consists of a steep parallel adsorption and desorption hysteresis curve 

and these hysteresis loops appear at high relative pressure close to unity. The type H1 is 

normally given by porous media with narrow mesopores distribution. However, porous 

materials with pores with an ink-bottle shape and narrow channel open at both ends and 

pore with a modulating surface can cause type H1 hysteresis. Type H2 is often associated 

with a solid composed of irregular size and shape (e.g. many silica gel or cracking 

catalysis).The H2 hysteresis loop borders the H1 type which indicates that the adsorbed 

molecules are easily trapped in the porous material.  
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  Type H3 and H4 do not plateau at high relative pressures. Therefore, it is more 

difficult to distinguish where the limiting desorption boundary curve is.  These loops do 

not close until the equilibrium pressure is reached at the saturation pressure or very close to 

the saturation vapour pressure. Type H3 is often observed in the adsorbent as slit shaped 

pores and also found in the metal oxide aggregate of sheet like shapes. Type H4 is 

associated with a Type I isotherm which is characteristic for microporous adsorbents.   

  Capillary condensation refers to the change of the gas/vapour state into a liquid 

layer with the curved meniscus at a lower pressure than the saturated pressure. The term is 

also widely used to describe the hysteresis isotherms in mesoporous materials. But recently 

much evidence indicates that capillary condensation is not the only reason for causing the 

hysteresis loop. Some reports reveal that both micro and meso-porous media with pore 

networking, ink-bottle shape pores or even modulation of pore structure can also trap 

adsorbates.29, 30 Zhao et al.31 and Fletcher et al.,32 showed that the structural flexibility of a 

microporous metal organic framework can provide a kinetics-based trapping mechanism 

which leads to a hysteretic loop. 

 

 

 

Figure 2.3 The IUPAC classifications of hysteresis loops7 
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2.5 Adsorption Equations 
      

The shape of an adsorption isotherm reflects interactions between the adsorbed 

molecules and the surface of the porous media. Therefore, for the purpose of inspecting the 

shape of the isotherm, it is useful to identify the adsorption mechanism and then decide 

which mathematical model should be used to evaluate the characteristics of the porous 

material. Thus numerous attempts have been made at developing mathematical expressions 

to describe adsorption/desorption phenomena observed for various experimental isotherm 

curves. There are many isotherm equations, for example, Henry’s law, virial, Langmuir, 

Freundlich, Brunauer–Emmett-Teller (BET) and Dubinin–Radushkevich (DR) equations. 

Firstly, the plot of Langmuir equation generates curves that fit the Type I isotherm shape 

and the monolayer capacity can also be obtained from the equation. Secondary, the 

isotherm plot of the BET equation corresponds to Type II isotherms. The Dubinin–

Radushkevich model allows an estimation of the micropore volume from the low to 

medium-relative pressure parts of the Type I isotherm. Further details are discussed in the 

following sections. 

 

2.5.1 Henry’s law and virial equations 

 

               Henry’s law is based on the assumption that there is no interaction among the 

adsorbed molecules at very low surface coverage. Henry’s law is defined by the following 

equation.5 

 

      pkn H=     (10) 

 

 where n is the specific surface excess amount and kH is the Henry’s law constant. It 

is possible to obtain the differential enthalpy of adsorption at zero coverage (∆adsh0) by 

plotting the variation of Henry’s law constant against 1/temperature. Then, the ∆adsh0 may 

be calculated from; 

 

     nHads TkRTh )/)(ln(2
0 ∂∂=∆    (11) 
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The Henry’s law equation implies that the specific surface excess amount (n) 

should vary linearly with the equilibrium gas pressure at sufficiently low pressure and 

sufficiently high temperature (generally known as Henry’s law region). Kiselev and his co- 

worker33 applied the virial treatment using the equation below: 

 

                                           .........exp( 3
4

2
321 ++++= nCnCnCCnp )      (12) 

 

where n is the amount of adsorption at pressure p and Ci are virial parameters which 

depends on temperature. Cole et al. 34 proposed that the virial equation may be expressed 

in the following form: 

  

    ....)/ln( 2
210 +++= nAnAApn      (13) 

where the A0 and A1 parameters of the equations (13) are related to adsorbate-adsorbent 

interaction at zero surface coverage and adsorbate-adsorbate interaction, respectively. 

Under condition of low surface coverage, the higher order of the virial parameters (A2….) 

can be ignored.33, 35, 36  The values of A0 can be obtained from the graphs of ln(n/p) versus 

n at different temperatures T. Also, the isosteric enthalpy of adsorption at zero surface 

coverage can be estimated from the slope of the plot of ln A0 against 1/T. Additionally, 

Henry’s law constant may be calculated by using the equation (14)    

   

     )exp( 0AK H =      (14) 

 

  Typically, the virial equation is used to compare isotherms when the adsorptives 

are above their critical temperature.35, 37, 38  

 

2.5.2 Langmuir Equation 

  

One of the initial models for the adsorption of a species onto bare surfaces was 

proposed by Irving Langmuir.39, 40  The assumptions of the Langmuir equation are as 

follows and a schematic diagram of the processes is shown in Figure 2.4: 

• The molecules are adsorbed at definite equivalent sites without dissociation. 
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•  Each site can only accommodate one adsorbate molecule. In other words, 

only monolayer adsorption can take place. 

• The heat of adsorption is constant and independent of the amount of surface 

coverage. 

 

 

 

 

Figure 2.4 Schematic demonstration of Langmuir adsorption on a flat surface 

 

The processes of adsorption and desorption are dynamic and the Langmuir model 

can be derived from the kinetics of an equilibrium state of the adsorption/desorption. The 

rate of adsorption depends on the pressure of adsorbate, p, and the fraction of available 

surface area for adsorption, θ0 where θ0 =1- θ1 and θ1 is the area covered by a monolayer of 

adsorbate molecules. Then the adsorption rate is,    

 

                 rate of adsorption = kapθ0 =  kap(1-θ1)  (15)  

 

The rate of desorption, on other hand, depends on the amount of adsorbed 

gas/vapours and is proportional to the fraction of the occupied surface area (θ1) and the 

activation energy (E1). 

 

                 rate of desorption = kdθ1exp(-E1/RT) (16)  

  

where ka and kd are the rate constants for adsorption and desorption steps. In the 

equilibrium state, the rate of adsorption and desorption is equal. Therefore the combination 

of equation (15) and (16) is 

  

 

 

Reflection 
Desorption 

Adsorption 
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                              kap(1-θ1) =  kdθ1exp(-E1/RT)                      (17) 

 

                         
)/exp()1( 11

1

RTEk

pk

d

a

−
=

−θ
θ

    (18) 

 

Where K is defined by 

 

                       
)/(exp 1 RTEk

k
K

d

a

−
=      (19) 

 

 

If n (in moles) is the amount adsorbed on 1 g of adsorbent, then θ1= n/nm, where nm 

is the monolayer capacity. Insertion into (18) leads to the Langmuir equation 

 

                                             
Kp

Kp

n

n

m +
=

1
     (20)  

  

           p  = equilibrium pressure (mbar) 

           n  = amount adsorbed (mmol g-1) 

          nm = amount in monolayer (mmol g-1) 

          K = adsorption coefficient,  

For convenience in testing experiment data, the Langmuir equation may be 

rewritten in the linear form: 

 

          
mm n

p

Knn

p += 1
     (21) 

 

The plot of 
p

n
 against p should therefore yield a straight line with slope

1

nm

. 

Pressure (p) can also be plotted in form of the relative pressure (p/p0) which is the ratio of  
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the actual gas pressure to the saturation pressure. Furthermore, the specific surface area of 

the solid can be calculated by the standard relation as shown in (22).4 

 

      A= nm. L. am     (22) 

 

where    A = specific surface area (m2 g-1) 

           am =  a molecular cross sectional area (nm2) 

            L = Avogadro constant (6.02214×1023 molecules mol-1) 

 
         Cross sectional area of some adsorbed molecules are given by British Standard BSI 

4359-141, McClellan et al.42 , Gray et al.43 and Carrott et al.44 is shown in Table 2.2.  

 

 

                         Table 2.2 Cross-sectional areas of some adsorbents. 
 
 

Adsorbed molecules molecular cross sectional area  
(nm2) 

Nitrogen 0.162 

Argon 0.138 

Carbon Dioxide 0.210 

Oxygen 0.141 

Methanol 0.219 

Ethanol 0.283 

n-Propanol 0.328 

n-Butanol 0.354 

Chloroform 0.275 

Dichloromethane 0.398 

n-Heptane 0.573 

n-Pentene 0.450 

n-Hexane 0.510 

Benzene 0.400 

Toluene 0.460 
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2.5.3 Brunauer Emmett Teller (BET) Theory 

  

The Langmuir equation has been extended by Brunauer, Emmett and Teller to 

include a multilayer adsorption mechanism giving the equation now known as the BET 

equation. The kinetic derivation of the BET equation is an extension of the Langmuir 

isotherm equation. The adsorption can be multilayer and the Langmuir equation can be 

applied to each layer. Additionally, at equilibrium, the distribution of adsorbate between 

the different layers is constant and there is no interaction among adsorbed molecules.    

Let the surface areas θ0, θ 1, θ 2, θ 3,…, θ i be uncovered surface and the surface 

covered monolayer, two layers, three layers and the i layers of adsorbate molecules, 

respectively (Figure 2.5). 

 

 

 

Figure 2.5 Multiple layering on surface in BET theory. 

For the first layer, the rate of adsorption onto the bare surface and the desorption 

form the first layer are equal to each other, therefore 

 

                   rate of adsorption on θ0  =   rate of desorption from θ1 
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





−=
RT

E
bpa 1

1101 expθθ    (23) 

 

                
            

       

θ2 θ3 θ1 θ0 

θ 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 59 

where a1 and b1 are adsorption and desorption constants for the first layer and E1 is 

the enthalpy of desorption in the first layer which is expected to be higher than the heat of 

vaporization. 

 Similarly, the rate of adsorption onto the first layer must be the same as the rate of 

desorption from the second, third and … i layer, that is  

 

               






−=
RT

E
bpa 2

2212 expθθ    (24) 

     



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−=
RT

E
bpa 3

3323 expθθ    (25) 

     






−=− RT

E
bpa i

iiii exp1 θθ    (26) 

 

  The total surface area of the adsorbent is the sum of all individual areas which is 

given by  

       ∑
∞

=

=
0i

iθθ     (27) 

 

  Therefore, the amount of gas adsorbed on the surface covering one to i layer is  
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θ
    (28) 

 

 Hence, the total amount of gas adsorbed at a given pressure is the sum of all 

amounts. Therefore, the combination of equation (27) and (28) become;  
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nn

θ

θ
                                      (29) 

    In order to obtain the amount of gas adsorbed as a function of the pressure, two 

simplified assumptions are included. Firstly, the heat of adsorption of the second and 

subsequent layers is the same and equal to the heat of liquefaction (EL). Therefore; 
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      E2 = E3 = E4 …….= Ei = EL    (30)  

 

 The second assumption is that the ratio of the rate constant of the second layer and 

the higher layer is equal to each other, then it gives 

 

     
b

a

b

a

b

a
gi

i

2

2

3

3

= = =...     (31) 

 

where g is assumed constant due to all the layers (except the first) possessing the 

same properties. It should be noted that no assumptions have been made for the values of 

E1 and b1/a1 for the first layer. This is because the first layer has direct interaction between 

the surface of adsorbent and adsorbate. From both assumptions, the surface area of layer 

one to i layer (θ1, θ 2, θ 3,…, θ i) can now be expressed as the following equations: 

 

    θ1 = yθ0 where y
a

b
p

E

RT
= 


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1exp    (32) 

    θ2 = xθ1 wherex
p

g

E

RT
L=







exp    (33) 

    θ3= xθ2= x2
θ1      (34) 

 

and so on for other layer while for the general case ( i th layer); 

 

    θi = xi-1
θ1= yxi-1

θ0     (35) 

 

 Assume that C is a constant parameter, therefore: 
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Substituting (35) into equation (29) gives: 
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By using the Abramowitz and Stegun’s formulas: 
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So, equation (37) can be simplified to the following form 

 

    ( )( )Cxxx
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n

n
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    (39) 

 

It should be noted that at the saturation vapour pressure and finite number of layers 

can adsorbed the total amount. So, when p = p0 then n = ∞ and x= p/p0, therefore; 
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Substituting p / p0 into (39), we obtain the BET isotherm equation 
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The BET equation can be rearranged as follows; 

 

    
00

)1(1
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   (44) 

 
 
where p0 = saturation vapour pressure (mbar) 

           n = the amount adsorbed at pressure p (mmol g-1) 

          nm = the monolayer capacity (mmol g-1) 
 
The parameter C is given by  
 
 

     RTqq LeC /)( 1−=     (45) 
 
 

 
where q1            =  the heat of adsorption in the first layer 

          qL             = the heat of condensation 

          q1 - qL    = the net heat of adsorption 

 

   A plot of 
p

n p p( )0 −
 against 

p

p0  should therefore be a straight line if the 

experimental data follows the BET isotherm. The gradient 
Cn

C

m

1−
 and intercept

Cnm

1
 can 

be determined from the linear graph. Once nm is obtained from the slope and intercept, the 

surface area can also be calculated from equation (20). The plots of n/nm against p/p0 are 

shown in Figure (2.6) together with their differences. Lower C values correspond to weak 

interaction between adsorbent and adsorbate and it also gives a Type III isotherm. When C 

is larger there is strong interaction between adsorbent and adsorbate and the BET equation 

gives Isotherm Type II. Very high C values are not always indicative of micropore filling. 

Testing the Type II isotherm data against the linear form of BET equation normally 

yields a good linear plot in the relative pressure range 0.05-0.3. At a higher relative 

pressure, the plot usually deviates from linearity. So, the linear BET plot will be valid if 

the intercept is not negative and the C value is in the range 100-200. 
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The BET equation is widely used to interpret isotherms obtained using nitrogen 

adsorption at 77 K and is usually applied for surface area analysis of macro-and 

mesoporous materials. The equation is not applicable in the case of micro-porous materials 

and very high C values. This is because micropore filling at low relative pressure regions 

can lead to an overestimation of the surface area. 

 

 

 

 

  Figure 2.6 Schematic diagram of isotherms for a range of C values obtained from 

the BET equation. 

 

2.5.4 Dubinin – Radushkevich (D-R) Model 

 

Dubinin and Radushkevich
13,14

 proposed an equation for the estimation of the 

micropore volume from the low- and medium-relative pressure parts of Type I adsorption 

isotherms. Their equation was adapted from the potential theory of Polanyi
15

, and an 

essential parameter of this theory is the quantity A, which is defined by 
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                                                        A RT
p

p
= ln( )

0

    (46) 

 

where A is an adsorption affinity which is also known as Polanyi’s adsorption 

potential. Dubinin assumed that the adsorption process in microporous materials involves 

the volume filling of the micropores rather than layer-by-layer adsorption on the pore 

walls. So the degree of pore filling of the micropores (θ) may be defined by: 

 

      
0V

V=θ     (47) 

 

where V0 is the total volume of the micropore system and V the volume that has been filled 

when the relative pressure is p/p0. The fundamental postulate in the development of this 

theory is that θ  is a function of the differential molar work of adsorption A such that; 

      )(
β

θ A
f=     (48) 

 

  where β is termed the similarity constant which brings the ‘characteristic curves’ of 

θ against A for different adsorptives into coincidence with the curve for an arbitrary 

standard (benzene was chosen where β = 1). Another assumption is that the pore size 

distribution is Gaussian, so the mathematical model may be expressed as  
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 By combining equations (47), (48) and (49), we obtain  
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  where ( )B R k= 2 303 2.  and k is another characteristic parameter. Equation (51) can 

be rewritten as equation (52) for linear graph plotting: 

 

    ( )ppDVV 02
1001010 log)(log)(log −=     (52) 

 

Equation (52) can also be written in the form: 

 
    )/(ln)ln()ln( 02

0 ppDnn −=    (53) 

 

where  
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T
=








β

2

      (54) 

where n0 is the amount of adsorbate which fills the micropores and n the amount at 

the relative pressure p/p0. 

According to equation (52) the linear D-R plot should be obtained by plotting of 

log V against log ( / )10
2 0p p . An intercept of this D-R plot is equal to the total micropore 

volume (V0). However, D-R graphs may be non linear for solids having micropores and 

ultramicropores.45 These non linear graphs have been explained by Marsh and Rand46-48 

and the relationships between these deviations from linearity and the associated pore-size 

distributions are shown in Figure 2.7. 

Isotherm A shows that the adsorption process occurs continuously in the 

microporous material which has the narrow Gaussian distribution of pore size. The 

adsorption is finished when all the porosity is filled at a relative pressure of                            

[ log ( / )10
2 0 0p p = ] which means the partial pressure is equal to the total pressure

)1/( 0 =pp . 

 Isotherm B shows the linearity of plot from the initial stages of adsorption (low 

values of (p0/p) followed by a horizontal part at high p0/p which indicates that either the 

micropores are filled at a partial pressure less than the total pressure or the larger size of 

pores does not exist. The position of the cut off on the p/p0 scale indicates the width of the 

pore size distribution. The lower p/p0 for the cut off position indicates narrower and 
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smaller pore size distribution. However, extrapolation of the D-R plots to log ( / )10
2 0p p = 0 

may give a value of micropore volume too large to be realised, which would be erroneous.  

Isotherm C shows that the plot has an upward deviation from linearity at high p/p0. 

This upward deviation indicates additional adsorption capacity, which could be caused by 

the filling of supermicropores or filling of mesopores or multilayer adsorption on surface 

of non-porous materials. In this case, the micropore volume can be calculated by 

extrapolation of the linear part of the D-R plot. 

Isotherm D exhibits negative deviation from the D-R relationship at high 

log ( / )10
2 0p p  (low p/p0) which could be due to activated diffusion or molecular sieve 

effects. 

 Isotherm E shows a non-linear D-R relationship. The upward curve may be related 

to the volume filling in very narrow micropores. Furthermore, the curve could also be 

associated with the adsorption process not reaching the adsorption equilibrium. So, the D-

R equation should not be used to determine micropore volume in this case. 

In summary, the D-R equation generally applies to adsorption isotherms in the low 

relative pressure (p/p0 <0.03). The adsorption of CO2 molecules on microporous carbon at 

temperature 273 K, where the activated diffusion effects are minimal, is an example of the 

D-R equation being frequently used to determine the micropore volume.49, 50 
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Figure 2.7 Schematic diagram of the deviation in D-R plots explained in terms of 

distributions of site energy (after Marsh48) 
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2.6 Adsorption Kinetics  

 

  In general, the kinetics of adsorption processes (also called atom or molecular mass 

transport) involves the following basic processes. These are 1) diffusion of adsorbate 

molecules from bulk fluid to the surface of adsorbent, 2) diffusion of the molecules in the 

pore structure of the adsorbent and 3) diffusion along pore surfaces and 4) diffusion 

through constrictions in the porosity. The rates of adsorption and desorption in porous 

adsorbents are often controlled by transport within the pore network, rather than by the 

intrinsic kinetics of sorption at the surface. 

  When the system pressure is uniform, the diffusion of gases and vapours through 

porous materials can occur by several different mechanisms depending on the pore size. 

These mechanisms include free-gas diffusion, Knudsen diffusion, viscous flow, and 

surface diffusion. All of these mechanisms may contribute to the flux of gas through the 

pores of the solid. D. D. Do  22 classify the transport regimes in porous materials as they 

relate to their pore diameter. This convenient classification is shown as Table 2.3. 

 

  Table 2.3 Transport regimes in porous media. Adapted from Do et al.22. 

 

Transport type Pore diameter 

(nm) 

IUPAC classification scheme 

viscous flow or free gas diffusion 

molecular diffusion 

Knudsen diffusion  

Micropore (configurational) diffusion 

>20 

>10 

2-100 

<1.5 

macropores and mesopores 

mesopores 

 

mircopores and ultramicropores 

 

      To classify the different types of diffusion more precisely, Knudsen number (Kn) 

should take in to account and this is defined as (55)  

 

                                              
d

K n

λ=      (55) 
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where λ is the mean free path (MFP) and d is the characteristic pore diameter. The mean 

free path is the average distance between collisions for a gas molecule and can be 

expressed by the following equation.22, 51-53 

 

     
PNd

RT

A
22π

λ =                                   (56)  

 

where d is the collision diameter, NA  is Avogadro’s number, P is the gas pressure, R is the 

universal gas constant, and T is the gas temperature (K). 

According to the magnitude of Kn, three main diffusion regimes can be defined as 

follows:54 

 

Free gas diffusion                Kn << 1 

Knudsen diffusion    Kn   =  1 

Surface diffusion    Kn >> 1 

 

   Within the Knudsen number can be distinguished four different types of diffusion 

mechanisms as shown in Figure 2.8. Firstly, free-gas diffusion, also known as bulk or 

molecular diffusion, generally occurs when pore diameter is large relative to the mean free 

path and at high system pressures (see Figure 2.8a). In this free–gas diffusion, collision 

between diffusing molecules occurs far more frequently than collisions between the 

molecule and the pore wall. Under these conditions, the influence of the pore wall is 

negligible and diffusion occurs by the same mechanism as in the bulk fluid.  

  Knudsen diffusion (or flow) of gas is the predominant mechanism when pore 

diameter is comparable with the mean free path of gas molecules and is often encountered 

with high surface area materials at moderate pressures. Hence molecules are more prone to 

collision with the pore wall due to difficulties with diffusion into the narrow pore size. The 

driving force for this diffusion is the concentration gradient, thus the light weight molecule 

diffuses in to the pores faster than the heavy molecule. 
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a) Gas diffusion  

b) Knudsen diffusion  

c) Surface diffusion 

d) Activated diffusion  

d λMFP << d 

λMFP = d 

λMFP >> d 

 

 Figure 2.8 Diagrammatic representations of different types of diffusion. 

 

  As the diameter of pores decrease, the dominant mechanism of diffusion changes to 

surface diffusion.  Surface diffusion is a site-to-site hopping process and takes place on an 

open surface as well in pores. Activated diffusion is observed when the dimensions of the 

adsorbate molecules are slightly smaller than or approaching the size of the pore diameter. 

Activated diffusion occurs during the adsorption of molecules in micropores, which have 

the highest energy. At low temperatures, the gas molecules may not have sufficient kinetic 

energy to enter these pores and the activation energy of diffusion is such that, at low 

adsorption temperature, rates of adsorption become so slow that equilibrium may not be 

reached in a reasonable time scale. Surface or activated diffusion becomes dominant for 

microporous materials, such as zeolites or microporous carbons, and for strongly adsorbed 

species. Diffusion in micropores is generally known to be dominated by the interactions 

between the diffusing molecule and the pore walls. In microporosity, the effects associated 
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with the proximity of the pore walls become crucial and micropore diffusion is an activated 

process. This is because the diffusing molecules are within the force field of the pore walls.  

 

2.6.1 Empirical equation 

             

Thermodynamically, diffusion is a mass transport process generated by gradients in 

chemical potential. Empirical mass diffusion is described by the equation below.55-57 

 

                                      
M

M
ktt

e

n=                       (57) 

 

where   Mt = amount  uptake at time t (µg) 

Me = amount uptake at equilibrium (µg) 

   k = constant 

   t = time (sec) 

  n = diffusion exponent 

 

Plotting of ln(Mt/Me) against ln(t) should yield the linear line and the diffusion 

exponent can be obtained from the slope of this plot. Differences in diffusion behaviour 

can be distinguished by such an exponent. When n = 0.5, the dominant diffusion 

mechanism is Fickian where it is related to the concentration gradient. While, if n = 1 may 

be described as a non-Fickian diffusion mechanism and the adsorption is proportional to 

time t. For an intermediate value of n from 0.5 to 1 represent anomalous diffusion which is 

combines the transition region between both two cases.55, 58, 59  

 Rao and co-workers60 proposed that there are two processes involved in the 

adsorption of the diffusing species in carbon molecular sieves: 1) diffusion along the pores 

and 2) diffusion through the barrier at the pore entrances. These two processes are 

schematically illustrated in Figure 2.9. The Fickian diffusion model is followed when 

diffusion along the pore controls the kinetics while the linear driving force model is 

followed when diffusion through the barrier is the rate-determining step.  
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                         Figure 2.9 Diagrammatic representation of diffusion process 

 

When both processes are significant, a combined barrier resistance/diffusion model 

(CRBD), stretched exponential model (SE), double exponential model (DE) or double 

stretched exponential model (DSE) are used to described the adsorption kinetics. The 

models have been used to examine the adsorption kinetics of various gases/static vapours 

on carbon molecular sieves (CMS),35-37, 61 and activated carbons,23, 62-67 and metal organic 

frameworks.38, 68, 69 More details on these models are discussed in the following sections. 

 

2.6.2 Fickian Diffusion 

 

  In 1855, Fick proposed his First Law describing a linear relationship between the 

diffusing of solute per unit area (Ji : flux of component i at time t) with respect to 

concentration gradient as the driving force.55, 70-72 

     








∂
∂

−=
a

C
DJ i

ii                                           (58) 

 

  where Di is the diffusion coefficient, Ci is the concentration and a is its diffusion 

distance. Fickian diffusion is a concentration gradient dependent process as represented 

schematically in Figure 2.10: 

Diffusion along the pore 

Diffusion through the entrance barrier 

Barrier at the pore entrance Barrier inside the pore
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Figure 2.10 Schematic representation of pore filling in the Fickian model 

The modification of Flick’s First Law equation for describing diffusion behaviour in a 

homogenous sphere of radius a can be expressed as; 
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C 2
2

2

    (59) 

 

   an analytical solution to this ordinary partial equation is given by; 

      (60)      

 

 

 

where  Mt = the adsorbate uptake at time t 

  Me = the adsorbate uptake at equilibrium 

  D = the gas diffusion coefficient in cm2 s-1 

  a = the radius of the particle 
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For short time scale an alternative equation of (60) may be written as: 

 

  
M

M
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2
1

2

1
2π   (61) 

 

At an initial state of adsorption, the second and the higher term may be neglected 

and gives: 

 

   
M

M

Dt

a

Dt

a
t

e

= 





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    (62) 

 

   
M

M

D t

a
t

e

= ×
6

π
      (63) 

 

As a result, at this short times scale (Mt/Me < 20%) plotting of Mt/Me against t1/2 

should give a straight line with a slope of 
( ) a

D

2

1

2

1

6

π
. However, the series in equation (63) 

converges rapidly since the higher term becomes very small at longer timescales. So, the 

second and higher term can both be ignored. Therefore, for values of Mt/Me> 50% the 

expression can be written thus: 

 

   
M

M

D t

a
t

e

= −
−
















1

6
2

2

2π
π

exp     (64) 

So that: 
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In this long-time scale, a plot of ln[1-Mt/Me] versus time will yield a straight line 

with a slope and an intercept equal to
2

2

a

Dπ−
 and 

2

6
ln

π
, respectively. So, the diffusion 

constant can be determined from such a plot.  
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2.6.3 Linear driving force equation 
 

  Linear driving force (LDF) equation was originally derived by Gleuckauf and 

Coates73, 74 for determining the adsorption kinetics of species on chromatography. The 

LDF describes the adsorption rate using the following dimensionless form: 

 

                           )( te
t MMk

dt

dM
−=                                    (66) 

    

the simpler explicit form can be written by 

 

    
M

M
et

e

kt= − −1         (67) 

 

where  Mt = the amount adsorbed (µg) at time t (s) 

  Me = the equilibrium uptake, (µg) 

  k = the rate constant, (s-1) 

  t = time (s) 

 

  Therefore a plot of ln(1-Mt/Me) versus time will be linear with a gradient equal to 

the rate constant. This rate constant k is comparable to 
2

2

a

Dπ−
 in the Fickian equation 

(when Mt/Me> 50%). 

The basic assumption of the LDF is based on the average concentration of 

adsorbate inside the particle as it directly relates with the concentration in the fluid phase 

as represented in Figure 2.11 Adsorption into the particle takes place in the order 1, 2, 3, 4, 

5… with the concentration uniform throughout the particle. The model is frequently used 

for mathematical simulation of breakthrough curves, desorption behaviour and cyclic gas 

separation processes such as pressure swing adsorption or thermal swing adsorption (PSA 

or TSA). The  simplicity of the LDF equation means that it can be solved analytically.75 
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Figure 2.11 Diagrammatic representation of the LDF model 

2.6.4 Combined Barrier Resistance/ Diffusion Model 

 

A combined barrier resistance/diffusion model is based on the assumption that the 

gas diffusion was controlled by the existence of a barrier resistant at the surface and 

subsequent diffusion in a spherical microporous system by Fick’s First Law.55 The relevant 

equations for isothermal diffusion into a spherical particle with this model are:  
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   (68) 

and 
 

    
( )

D
C r t

r
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b= =
δ

δ
{C∗(t)-C(r,t)}   (69) 

 

 

where  D = the crystallite diffusivity (cm2 s-1) 

           C = the sorbate concentration (mmol cm-3) 

           C∗ = The surface concentration in equilibrium with gas phase (mmol cm-3) 

           r = radial coordinate (cm) 

           t = time (sec) 

           kb = The barrier resistance  rate constant(cm s-1) 

           rc = the radius of the particle (cm) 
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Concentration profile at equilibrium 
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   The parameters derived from the model are kb, the barrier resistance constant (cm s-

1) and kd, the diffusion constant which is equal to D/rc
2 (s-1). The model has successfully 

been used to describe the adsorption of various gases/vapours. However, using this model 

is not simple to use since the finite difference method needs to be used. 

 A comparison graph of Fickian model, linear driving force and combined barrier 

resistance is shown in Figure 2.12 

 

Figure 2.12 Comparison of Combined Barrier Resistance Diffusion, Fickian diffusion  

                     and LDF models,  

 
2.6.5 Stretched Exponential (SE) Model 
 
 

In 1970, Williams and Watts 76, 77 found an empirical dielectric decay function that 

fitted data for dielectric relaxation between glassy and polymeric materials, including 

polyethylacrylate and propylene oxide. Klafter et al.78 have shown that there is a common 

underlying mathematic structure relating the Forster direct-transfer mechanism which is an 

example of relaxation via parallel channels using hierarchically constrained dynamics. This 

stretched exponential function, is given by;  

 

    


















 −=
β

τ
φ t

t exp)( , 10 << β      (70) 

 

0

-1

-2

-3

-4

ln (1-M t/M e)

time

0.63

0.86

0.95

0.98

M t/M e

Fickian

CBRD

LDF



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 78 

where the exponent β and the constant T depend on material and can be fixed as the 

external conditions such as temperature and pressure while φ(t) is the relaxation function.  

The stretched exponential model is one dimension when β = 0.5 and exhibit three 

dimensional when β = 1. Presumably an intermediate value of β = 0.75 describes a two 

dimensional process. The concept of parallel and serial channels is physically feasible for 

diffusion into a porous material. In order to apply the stretched exponential model to 

adsorption and desorption kinetics for a specific increment/decrement, the equation was 

used in the following form: 

 

      ( ) 












−−= βktexpAy 1              (71) 

 

 where A is a constant, k is the rate constant, β the exponential parameter and t is the time. 

When the data are normalised to fractional uptake, A is equal to 1 and for adsorption, the 

equation can be rewritten as: 

 

     ( )βkt

e

t e
M

M −−= 1  0 < β < 1                  (72) 

 

where Mt is the mass at time t, Me is the mass at the equilibrium, k is the rate constant and 

β is the exponential parameter. The value of β is within the range 0.5 – 1. When β = 1 the 

stretched exponential model is identical with the linear driving force model with a 3-

dimensional process and a single relaxation time. When  β = 0.5 the process is one 

dimensional and there is a distribution of relaxation times.  

Interestingly, Avrami also proposed his model, known as Kolmogorov-Johnson-

Mehl-Avrami or KJMA equation, for describing the kinetics of crystallization. It is 

apparent that the model has a form related to the stretched exponential model. The 

equation is given below:79-82 
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     ( )βkt

e

t e
M

M −−= 1             (73) 

where Mt is the mass at time t, Me is the mass at the equilibrium, t is time k is the rate 

constant and is temperature dependent while β is named as the Avrami exponent.  

Although the stretched exponential and Avrami equations are quite similar to each other, 

the Avrami exponent,(β) should be an integer from 1 to 4 and k is independent of β , while 

in the stretched exponential equation 0 < β < 1. If β varies as in the Avrami equation, then 

the units of k will vary and this makes comparisons difficult. 

 

2.6.6 Double Stretched Exponential (DSE) and Double Exponential (DE) Models 

 

 Normalized kinetic profiles for small pressure increments in the adsorption on 

porous media can be described using a series of models based on a DSE model which 

describes two kinetic processes each with a distribution of relaxation times. The DSE 

model is described as follows: 

 

                                        ( ) ( )2
2

1
1 )(

2
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1 11
ββ tktk

e

t eAeA
M

M −− −+−=           (74) 

 

  where       121 =+ AA   

Mt = the uptake at time t, 

Me = the equilibrium uptake, 

k1 and k2 = the rate constants, 

   β1 and β2  = the exponents, describe the distribution of relaxation times. 

A1 and A2 are the fractional contributions for process mechanisms corresponding to 

adsorption rate constants k1 and k2, respectively.  
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The double exponential (DE) model is a nested model of the DSE model with β1 = 

β2 = 1 and in this case the equation (74) becomes: 

 

( ) ( )( )tktk

e

t eAeA
M

M
21 111 11

−− −−+−=            (75) 

 

 The kinetics can be described by two processes each with single relaxation times: 

(a) slow diffusion through windows with high activation energy and (b) fast diffusion 

along pore cavities with low activation energy.69, 83 

The criterion for an acceptable fit of the experimental data to the kinetic model is 

that 99% of residuals should be within ± 0.02 for the normalized kinetic profiles for the 

model with the least number of variables. The most appropriate model was selected on the 

basis of the lowest number of variables, which fitted the experimental data with the criteria 

outlined above and was consistent with the pore structure and surface chemistry.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 81 

2.7 References 

 

1. Kayser, H., Wied. Ann. 1881, 14, 450. 

2. Sameshima, J., The sorption of gas by charcoal as a dissolution phenomenon. Bull. 

Chem. Soc. Jpn. 1927, 2 (1), 1-10. 

3. McBain, J. W., Phil. Mag. 1909, 18, 916. 

4. Gregg, J. S.; Sing, K. S. W., Adsorption, Surface Area and Porosity;. 2nd ed.; 

Academic Press: London, 1982; p 303. 

5. F. Rouquerol; Rouquerol, J.; Sing, K. S. W., Adsorption by Powders, Porous 

Solids. Academic Press: London, 1999; p 467. 

6. Dabrowski, A., Adsorption - from theory to practice. Adv. Colloid Interface Sci. 

2001, 93, (1-3), 135-224. 

7. Sing, K. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R. A.; 

Rouquerol, J.; Siemieniewska, T., Reporting physisorption data for gas/solid systems with 

special reference to the determination of surface area and porosity. Pure Appl. Chem. 1985, 

57, (4), 603-19. 

8. Shaw, D. J., Introduction to colloid and surface chemistry. 3rd ed.; Butterworths: 

London, 1980; p 273. 

9. McCash., E. M., Surface chemistry. Oxford University Press: Oxford 2001; p 177. 

10. Young, D. M.; Crowell, A. D., Physical adsorption of gases Butterworths: London 

1962; p 426. 

11. Adamson, A. W.; Gast, A. P., Physical chemistry of surfaces. 6th ed.; Wiley: New 

York, 1997; p 764. 

12. Atkins, P. W., Physical chemistry. 5 ed.; Oxford University Press: Oxford, 1998. 

13. Attard, G.; Barnes, C., Surfaces. Oxford University press: Oxford, 2008; p 96. 

14. Polanyi, M., Theories of the adsorption of gases. A general survey and some 

additional remarks. Introductory paper to section III. Trans. Faraday Soc. 1932, 28, 316 - 

33. 

15. Flood, E. A., The solid-gas interface. Edward Arnold: London, 1967; Vol. 1, p 514. 

16. Brunauer, S.; Emmett, P. H.; Teller, E., Adsorption of Gases in Multimolecular 

Layers. J. Am. Chem. Soc. 1938, 60, (2), 309 - 19. 

17. Brunauer, S.; Deming, L. S.; Deming, W. S.; Teller, E., On a Theory of the van der 

Waals Adsorption of Gases. J. Am. Chem. Soc. 1940, 62, 1723 - 32. 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 82 

18. Hassan, N. M.; Ghosh, T. K.; Hines, A. L.; Loyalka, S. K., An isotherm model for 

adsorption of gases and vapours on heterogeneous adsorbents. Gas Sep. Purif. 1992, 6, (4), 

229-34. 

19. Bhambhani, M. R.; Cutting, P. A.; Sing, K. S. W.; Turk, D. H., Analysis of 

nitrogen adsorption isotherms on porous and nonporous silicas by the BET and [alpha]s 

methods. J. Chem. Phys. 1972, 38, (1), 109-17. 

20. Tóth, J.; Berger, F.; Dékány, I., Separation of the First Adsorbed Layer from Others 

and Calculation of the BET Compatible Surface Area from Type II Isotherms. J. Colloid 

Interface Sci. 1999, 212, (2), 411-8. 

21. Kim, P.; Agnihotri, S., Application of water-activated carbon isotherm models to 

water adsorption isotherms of single-walled carbon nanotubes. J. Colloid Interface Sci. 

2008, 325, (1), 64-73. 

22. Do, D. D., Absorption Analysis: Equilibria and Kinetics. Imperial College Press: 

1998; p 892. 

23. Fletcher, A. J.; Thomas, K. M., Compensation Effect for the Kinetics of 

Adsorption/Desorption of Gases/Vapors on Microporous Carbon Materials. Langmuir 

2000, 16, (15), 6253-66. 

24. Komarneni, S.; Pidugu, R.; Menon, V. C., Water adsorption and desorption 

isotherms of silica and alumina mesoporous molecular sieves. J. Porous Mater. 1996, 3, 

(2), 99-106. 

25. Cossarutto, L.; Zimny, T.; Kaczmarczyk, J.; Siemieniewska, T.; Bimer, J.; Weber, 

J. V., Transport and sorption of water vapour in activated carbons. Carbon 2001, 39, (15), 

2339-46. 

26. Mody, H.; Kannan, S.; Bajaj, H.; Manu, V.; Jasra, R., A simple room temperature 

synthesis of MCM-41 with enhanced thermal and hydrothermal stability. J. Porous Mater. 

2008, 15, (5), 571-9. 

27. Qi, N.; LeVan, M. D., Adsorption equilibrium modeling for water on activated 

carbons. Carbon 2005, 43, (11), 2258-63. 

28. De Boer, J. H., The Structure and Properties of Porous Materials. Butterworths: 

London, 1958; p 382. 

29. Ball, P. C.; Evans, R., Temperature dependence of gas adsorption on a mesoporous 

solid: capillary criticality and hysteresis. Langmuir 1989, 5, (3), 714-23. 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 83 

30. Yang, P.; Zhao, D.; Margolese, D. I.; Chmelka, B. F.; Stucky, G. D., Generalized 

syntheses of large-pore mesoporous metal oxides with semicrystalline frameworks. Nature 

1998, 396, (6707), 152-5. 

31. Zhao, X.; Xiao, B.; Fletcher, A. J.; Thomas, K. M.; Bradshaw, D.; Rosseinsky, M. 

J., Hysteretic Adsorption and Desorption of Hydrogen by Nanoporous Metal-Organic 

Frameworks. Science 2004, 306, (5698), 1012-5. 

32. Fletcher, A. J.; Thomas, K. M.; Rosseinsky, M. J., Flexibility in metal-organic 

framework materials: Impact on sorption properties. J. Solid State Chem. 2005, 178, (8), 

2491-510. 

33. Avgul, N. N.; Bezus, A. G.; Dobrova, E. S.; Kiselev, A. V., The similarity of gas 

adsorption by nonporous and microporous crystalline adsorbents. J. Chem. Phys. 1973, 42, 

(3), 486-95. 

34. Cole, J. H.; Everett, D. H.; Marshall, C. T.; Paniego, A. R.; Powl, J. C.; Rodriguez-

Reinoso, F., Thermodynamics of the high temperature adsorption of some permanent gases 

by porous carbons. Journal of the Chemical Society, Faraday Transactions 1974, 70, 2154 

- 69. 

35. O'Koye, I. P.; Benham, M.; Thomas, K. M., Adsorption of Gases and Vapors on 

Carbon Molecular Sieves. Langmuir 1997, 13, (15), 4054-9. 

36. Reid, C. R.; O'Koye, I. P.; Thomas, K. M., Adsorption of Gases on Carbon 

Molecular Sieves Used for Air Separation. Spherical Adsorptives as Probes for Kinetic 

Selectivity. Langmuir 1998, 14, (9), 2415-25. 

37. Reid, C. R.; Thomas, K. M., Adsorption Kinetics and Size Exclusion Properties of 

Probe Molecules for the Selective Porosity in a Carbon Molecular Sieve Used for Air 

Separation. J. Phys. Chem. B 2001, 105, (43), 10619-29. 

38. Chen, B.; Zhao, X.; Putkham, A.; Hong, K.; Lobkovsky, E. B.; Hurtado, E. J.; 

Fletcher, A. J.; Thomas, K. M., Surface Interactions and Quantum Kinetic Molecular 

Sieving for H2 and D2 Adsorption on a Mixed Metal-Organic Framework Material. J. Am. 

Chem. Soc. 2008, 130, (20), 6411-23. 

39. Langmuir, I., The constitution and fundamental properties of solids and liquids  J. 

Am. Chem. Soc. 1916, 38, (11), 2221 - 95. 

40. Langmuir, I., The adsorption of gases on plane surfaces of glass, mica and 

platimum. J. Am. Chem. Soc. 1918, 40, (9), 1361 - 403. 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 84 

41. BS 4359-4:1995 Determination of the specific surface area of powders. 

Recommendations for methods of determination of metal surface area using gas 

adsorption techniques BS 4359-4:1995; British Standards Institution: 1995; p 24. 

42. McClellan, A. L.; Harnsberger, H. F., Cross-sectional areas of molecules adsorbed 

on solid surfaces. J. Colloid Interface Sci. 1967, 23, (4), 577-99. 

43. Gray, M. J.; Mebane, R. C.; Womack, H. N.; Rybolt, T. R., Molecular Mechanics 

and Molecular Cross-Sectional Areas: A Comparison with Molecules Adsorbed on Solid 

Surfaces. J. Colloid Interface Sci. 1995, 170, (1), 98-101. 

44. Carrott, P. J. M.; Ribeiro Carrott, M. M. L.; Cansado, I. P. P., Reference data for 

the adsorption of dichloromethane on carbon materials. Carbon 2001, 39, (3), 465-72. 

45. Brunauer, S., Some remarks about micropore analysis. J. Colloid Interface Sci. 

1972, 39, (2), 435-6. 

46. Marsh, H.; Rand, B., The characterization of microporous carbons by means of the 

dubinin-radushkevich equation. J. Colloid Interface Sci. 1970, 33, (1), 101-16. 

47. Rand, B., On the empirical nature of the Dubinin--Radushkevich equation of 

adsorption. J. Colloid Interface Sci. 1976, 56, (2), 337-46. 

48. Marsh, H., Adsorption methods to study microporosity in coals and carbons--a 

critique. Carbon 1987, 25, (1), 49-58. 

49. Cazorla-Amoros, D.; Alcaniz-Monge, J.; Linares-Solano, A., Characterization of 

Activated Carbon Fibers by CO2 Adsorption. Langmuir 1996, 12, (11), 2820-4. 

50. Lozano-Castelló, D.; Cazorla-Amorós, D.; Linares-Solano, A., Usefulness of CO2 

adsorption at 273 K for the characterization of porous carbons. Carbon 2004, 42, (7), 

1233-42. 

51. Pollard, W. G.; Present, R. D., On Gaseous Self-Diffusion in Long Capillary Tubes. 

Physical Review 1948, 73, (7), 762. 

52. Weller, K. R.; Stenhouse, N. S.; Watts, H., Diffusion of Gases in Porous Solids. I. 

Theoretical Background and Experimental Method. Canadian Journal of Chemistry 1974, 

52, (15), 2684-91. 

53. Ho, F. G.; Strieder, W., A mean free path kinetic theory of void diffusion in a 

porous medium with surface diffusion. Asymptotic expansion in the Knudsen number. J. 

Chem. Phys. 1981, 74, (8), 4742-4. 

54. Thomson, W. J., Introduction to transport phenomena Prentice Hall: Upper Saddle 

River, NJ 2000; p 509. 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 85 

55. Crank, J., The mathematics of diffusion. 2nd ed.; Oxford science publications: 

Oxford 1979; p 414. 

56. Sparks, D. L., Rates of soil chemical processes. Soil Science Society of America: 

Madison, 1991; p 302. 

57. Lee, W.-F.; Yeh, Y.-C., Studies on preparation and properties of 

NIPAAm/hydrophobic monomer copolymeric hydrogels. European Polymer Journal 

2005, 41, (10), 2488-95. 

58. Alfrey, T.; Gurnee, E. F.; Lloyd, W. G., Diffusion in glassy polymers. Journal of 

Polymer Science Part C: Polymer Symposia 1966, 12, (1), 249 - 61. 

59. Gao, P.; Mackley, M. R., A General Model for the Diffusion and Swelling of 

Polymers and its Application to Ultra-High Molecular Mass Polyethylene. Proceedings: 

Mathematical and Physical Sciences 1994, 444, (1921), 267-85. 

60. Rao, M. B.; Jenkins, R. G.; Steele, W. A., Potential functions for diffusive motion 

in carbon molecular sieves. Langmuir 1985, 1, (1), 137-41. 

61. Reid, C. R.; Thomas, K. M., Adsorption of Gases on a Carbon Molecular Sieve 

Used for Air Separation: Linear Adsorptives as Probes for Kinetic Selectivity. Langmuir 

1999, 15, (9), 3206-18. 

62. Foley, N. J.; Thomas, K. M.; Forshaw, P. L.; Stanton, D.; Norman, P. R., Kinetics 

of Water Vapor Adsorption on Activated Carbon. Langmuir 1997, 13, (7), 2083-9. 

63. Harding, A. W.; Foley, N. J.; Norman, P. R.; Francis, D. C.; Thomas, K. M., 

Diffusion Barriers in the Kinetics of Water Vapor Adsorption/Desorption on Activated 

Carbons. Langmuir 1998, 14, (14), 3858-64. 

64. Fletcher, A. J.; Thomas, K. M., Adsorption and Desorption Kinetics of n-Octane 

and n-Nonane Vapors on Activated Carbon. Langmuir 1999, 15, (20), 6908-14. 

65. Fletcher, A. J.; Uygur, Y.; Thomas, K. M., Role of Surface Functional Groups in 

the Adsorption Kinetics of Water Vapor on Microporous Activated Carbons. J. Phys. 

Chem. C 2007, 111, (23), 8349-59. 

66. Fletcher, A. J.; Thomas, K. M., Kinetic Isotope Quantum Effects in the Adsorption 

of H2O and D2O on Porous Carbons. J. Phys. Chem. C 2007, 111, (5), 2107-15. 

67. Lee, J. W.; Shim, W. G.; Moon, H., Adsorption equilibrium and kinetics for 

capillary condensation of trichloroethylene on MCM-41 and MCM-48. Microporous 

Mesoporous Mater. 2004, 73, (3), 109-19. 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 86 

68. Fletcher, A. J.; Cussen, E. J.; Prior, T. J.; Rosseinsky, M. J.; Kepert, C. J.; Thomas, 

K. M., Adsorption Dynamics of Gases and Vapors on the Nanoporous Metal Organic 

Framework Material Ni2(4,4'-Bipyridine)3(NO3)4: Guest Modification of Host Sorption 

Behavior. J. Am. Chem. Soc. 2001, 123, (41), 10001-11. 

69. Fletcher, A. J.; Cussen, E. J.; Bradshaw, D.; Rosseinsky, M. J.; Thomas, K. M., 

Adsorption of Gases and Vapors on Nanoporous Ni2(4,4'-Bipyridine)3(NO3)4 Metal-

Organic Framework Materials Templated with Methanol and Ethanol: Structural Effects in 

Adsorption Kinetics. J. Am. Chem. Soc. 2004, 126, (31), 9750-9. 

70. Günther Heinz, F., Mass Transport in Solids. Angew. Chem. Int. Ed. 1974, 13, (6), 

384-98. 

71. Ruthven, D. M., Encyclopedia of separation technology Wiley: New York 1997; 

Vol. 1, p 1707. 

72. Gupta, D., Diffusion Processes in Advanced Technological Materials. William 

Andrew Publishing: Noyes, 2005; p 541. 

73. Glueckauf, E.; Coates, J. I., Theory of chromatography. Part IV. The influence of 

incomplete equilibrium on the front boundary of chromatograms and on the effectiveness 

of separation. Journal of Chemical Society 1947, 1315 - 21. 

74. Glueckauf, E., Theory of chromatography. Part 10.—Formulæ for diffusion into 

spheres and their application to chromatography. Trans. Faraday Soc. 1955, 51, 1540 - 51. 

75. Yang, R. T., Gas Separation by Adsorption Processes Imperial College Press: 

1997; p 352. 

76. Williams, G.; Watts, D. C., Non-symmetrical dielectric relaxation behaviour arising 

from a simple empirical decay function. Trans. Faraday Soc. 1970, 66, 80 - 5. 

77. Shlesinger, M. F.; Montroll, E. W., On the Williams-Watts function of dielectric 

relaxation. Proc. Natl. Acad. Sci. U. S. A. 1984, 81, (4), 1280-3. 

78. Klafter, J.; Shlesinger, M. F., On the relationship among three theories of relaxation 

in disordered systems. Proc. Natl. Acad. Sci. U. S. A. 1986, 83, (4), 848-51. 

79. Melvin, A., Kinetics of Phase Change. I General Theory. J. Chem. Phys. 1939, 7, 

(12), 1103-12. 

80. Melvin, A., Kinetics of Phase Change. II Transformation-Time Relations for 

Random Distribution of Nuclei. J. Chem. Phys. 1940, 8, (2), 212-24. 

81. Melvin, A., Granulation, Phase Change, and Microstructure Kinetics of Phase 

Change. III. J. Chem. Phys. 1941, 9, (2), 177-84. 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 87 

82. Ikuya, K.; Hiroki, Y.; Yukinori, S.; Shu, T.; Yoichiro, M., Inhomogeneous 

decomposition of ultrathin oxide films on Si(100): Application of Avrami kinetics to 

thermal desorption spectra. J. Chem. Phys. 2008, 128, (16), 164712. 

83. Zhao, X.; Villar-Rodil, S.; Fletcher, A. J.; Thomas, K. M., Kinetic Isotope Effect 

for H2 and D2 Quantum Molecular Sieving in Adsorption/Desorption on Porous Carbon 

Materials. J. Phys. Chem. B 2006, 110, (20), 9947-55. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2                       The adsorption of vapours and gases into porous materials 

 
 

 88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 
 

Air separation and gas storage on porous materials 
   

3.1 Air separation 
 
  Nitrogen, oxygen, and argon are three of the most widely used chemicals in the 

world. In 1990, nitrogen, oxygen, and argon production in the USA was approximately 22, 

13, and 0.36 billion cubic metres respectively. In addition, the production of these gases 

tends to be increased continuously.1  Figure 3.1 shows the global market share (percentage 

of sales) of industrial gases in 2008.2 The major shared market is oxygen (29%), nitrogen 

(17%), argon (10%) with the total share of oxygen, nitrogen and argon together is 56% of 

the global gas market. The largest markets for oxygen are in primary metals production, 

chemical petroleum refineries and gasification. The production needed and the requirement 

of the use of medical oxygen is also causing increasing demand. Gaseous nitrogen is used 

in the chemical and petroleum industries and it is also used extensively by the electronics 

and metals industries for its inert properties. Liquid nitrogen is used in applications ranging 

from cryogenic grinding of plastics to food freezing. Argon, the third major component of 

air, finds uses as an inert material primarily in welding, steelmaking, heat treating, and in 

manufacturing processes for electronics.3  

 

Figure 3.1 The global market shared of industrial gas in 2008 
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  Industrial gas suppliers have an advantage over other suppliers due to the fact that 

air (raw material) is free. Air is mainly composed of nitrogen (78.09%), oxygen (20.95%), 

argon (0.93%), and other minority components such as carbon dioxide and rare gases as 

shown in Table 3.1. Thus, production of nitrogen, oxygen, and argon may be carried out by 

the separation from air. Two main separation systems were introduced; cryogenic and non-

cryogenic systems. The cryogenic system is the dominant air separation system for large 

scale application with high purity. Non-cryogenic systems for air separation provide gas 

products with lower purity than cryogenic systems. Some more details of both separation 

systems are discussed in the following sections.1, 4 

 

Table 3.1 Typical composition of dry air at sea level.5 

Component Symbol Volume % 
Nitrogen N2 78.084 

Oxygen O2 20.946 
Argon Ar 0.9340 
Carbon Dioxide CO2 0.03697 (variable) 

Neon Ne 0.00182 

Helium He 0.00052 
Methane CH4 0.00016 
Krypton Kr 0.00011 
Ozone O3 Variable 

Nitrous oxide N2O 0.00003 

Hydrogen H2 0.00005 
Xenon Xe Trace 

 

3.1.1 Air separation by cryogenic systems 
 

  Cryogenic systems are currently the most efficient and cost-effective technology 

for producing large quantities of either gases or liquid products from nitrogen, oxygen, and 

argon with high purity. On site cryogenic production plants, typically, can supply gas 

products greater than 400 m3/h. However, the cryogenic air separation system is carried out 

at a very low temperature, thus these gas separation systems require a great deal of energy 

as a result of the cryogenic temperature. These energy intensive systems result in high 

operating costs as well as high price of the products.6 
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  The basic concept of cryogenic separation is to cool air to a very low temperature 

to liquefy it, and then allow the liquid air to warm up and vaporise. Cryogenic separation 

relies on the fact that different gases in air have different boiling points, thus each gas can 

be separated by a distillation process. There are five major unit operations required to 

separate air into useful products including air compression, impurity removal, heat 

exchange, cryogenic separation and distillation as shown in Figure 3.2.7 

a) air compression : pre-treated air is compressed to a high pressure in 

order to provide energy needed for separation then, 

b) air is compressed, cooled, and cleaned by passing if through a molecular 

sieve to remove impurities such as; 

i) moisture and carbon dioxide which could freeze and cause 

blockage of piping and equipment at low temperatures, and  

ii)  hydrocarbons which could combust in an oxygen rich 

environment. 

c) the cleaned air is then cooled down by a heat exchanger while the 

excess heat from the cooled air can be used for re-heating the gaseous 

products.  

d) cooled air is then further cooled down to a cryogenic temperature of 

around -170 ˚C to -180 ˚C, close to the temperature at which air 

becomes a liquid,  

e) then the cooled air is passed through a series of distillation columns to 

separate it into useful products. The products can also be re-heated by 

the excess air from the heat exchanger as mentioned above. 

 

Typically, cryogenic systems can produce an oxygen product better than 99.5 % 

oxygen, a nitrogen product with < 10 ppm oxygen and argon products which contains < 10 

ppm impurities. Additionally, nitrogen gas containing between 10 and 0.1 ppm oxygen is 

classified as high purity nitrogen, while ultra high purity nitrogen only contains parts per 

billion levels. Requirements for the purity of gas product vary amongst types of industries. 

High purity of gases is only required for some specific industrial processes where 

impurities can affect either safety or quality of the process, for example, the presence of 

oxygen in nitrogen used in gas atomisation will oxidise the metal powder.6, 8 In order to 

avoid high cost of gases supplied, gas products from other air separation processes such as 
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pressure swing adsorption where the purity requirement is not stringent may fit this 

requirement. 

 

Figure 3.2 Simplified flow diagrams of the cryogenic air separation units. 

3.1.2 Non- cryogenic air separations 
 

  Non-cryogenic air separation systems are typically carried out at ambient 

temperatures and mainly based on membrane technology and pressure swing adsorption 

(PSA). Compared to cryogenic systems, both membrane technology and pressure swing 

adsorption are the most economical processes for air separation due to the fact that these 

systems do not require energy to reduce temperature of the gases. However, there are some 

disadvantages when compared with non-cryogenic systems. Firstly, the capabilities of 

these non-cryogenic systems to produce gases are in low to moderate volume in the range 

of 25-400 m3/h which is much lower than cryogenic systems. Secondly, the purity of the 
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product gases is also slightly lower.  Some more details are discussed in the following 

sections. 

 3.1.2.1 Air separation by membrane technology 
 

  Air separation using membranes is a pressure-driven process where the separation 

is obtained as a result of differences in the rate of permeation of each gas species. 

Permeation rates are generally controlled by one of four transport mechanisms:9-11   

a) Knudsen diffusion is dominant when mean membrane pore sizes of 

membranes are smaller than the mean free path of the gases. 

b) Partial condensation of some components of a gas mixture in the pores 

with exclusion of others and subsequent transport of the condensed 

molecules across the pore. This normally occurs when using a 

mesoporous membrane (> 300 nm) so that the condensation can take 

place.  

c) Selective adsorption of the more strongly adsorbed components of a gas 

mixture on porous materials.  

d) Kinetic molecular sieving involves separation on the basis of differences 

in the rate of molecular sieving caused by the passing of smaller 

molecules with faster kinetic speed through the porous membrane while 

larger molecules with slower kinetic speed are obstructed. 

 

 The technology of separation of nitrogen from air by membranes has been available 

commercially for about 15 years, although production of oxygen by this technology is still 

in the research stage.12 Commercially available membrane systems use polymeric hollow 

fibre membranes fabricated from polyimides, polysulfones and polycarbonates. These 

hollow fibre membranes generally consist of a thin layer of nanoporous material with pore 

diameter of < 7 nm and supported with another mesoporous material such as alumina-

graphite.  

  Membrane separation units are capable of producing nearly 600 tonnes of nitrogen 

per day, with a purity range of 90-99%. However, the purity of oxygen obtained by this 

method is in the range of 25-50% oxygen. Additionally, the costs of membranes are high 

and their durability is uncertain. Major benefits of membrane systems are their simple 
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operation and that they normally operate at near ambient conditions.1, 13, 14 A simplified 

diagram of single stage membrane process is shown in Figure 3.3.  Air is compressed and 

passed to the series of filters for removal of impurities e.g. particulate matter, moisture, 

hydrocarbon and carbon dioxide. This is followed by heating the purified air up to                   

40-50 °C and the then feeding the heated gas to the membrane unit. The oxygen permeates 

faster than nitrogen passes through the membrane and the nitrogen product can be obtained 

from the retained gas outlet of the membrane unit. 

 

  Figure 3.3 A simplified diagram of single stage membrane process. 

 

3.1.2.2 Pressure swing adsorption (PSA) 
 

  Pressure swing adsorption (PSA) is a gas separation process, which has attracted 

increasing interest because of its low energy requirements and low capital investment costs 

in comparison to traditional separation processes. It is employed in a broad range of 

industrial applications including the recovery and purification of hydrogen, the separation 

of oxygen and nitrogen from air, the separation of normal and iso-alkanes , and a variety of 

drying operations.15 

     Pressure swing adsorption was invented by Skarstrom in 1960. It is also known as 

the adiabatic adsorption process. At about the same time, a similar process was also 

introduced by Guerin and Domine but this latter process is known as vacuum swing 

adsorption in the present state.10, 16 A typical flow sheet of nitrogen separation from air by 

PSA is shown in Figure 3.4.  
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  Essentially, nitrogen-pressure swing adsorption requires at least two adsorption 

beds. Firstly, pressurised air enters a vessel which normally contains a carbon molecular 

sieve. Then, oxygen is adsorbed more quickly than nitrogen and a nitrogen product stream 

is produced until the bed has been saturated with oxygen. At this point, the feed air is 

switched to a second adsorption bed while the first bed is regenerated by reducing the 

pressure to atmospheric pressure in which the adsorption capacity of oxygen in the carbon 

molecular sieve is reduced. Regeneration can also be accomplished by depressurisation at 

high temperature or depressurisation to the vacuum stage. These two regeneration 

processes may specifically refer to temperature swing adsorption (TSA) and vacuum swing 

adsorption (VSA), respectively. 

  Purities available of nitrogen and oxygen product are 98-99.8% and 93-95%, 

respectively. For many applications of oxygen and nitrogen, ultra high purity of these 

gases is not required and the daily requirement is not large. Some of these applications are 

biological treatment of waste water, basic oxygen furnaces in steel making, pulp and paper 

industry, and medical applications.1, 15, 17-19 Under these circumstances, pressure swing 

adsorption processes are commercial because of the simple design.   

 

    

   

  Figure 3.4 A typical flow sheet of nitrogen separation from air by PSA. 
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3.2 Porous materials for air separation 
   

Typically, either carbon molecular sieves or zeolites have been used in pressure 

swing adsorption to separate oxygen and nitrogen from air.20 Both porous materials are 

suitable for the separation of such gases because they can sustain severe conditions such as 

high pressure, chemical corrosion, and high temperatures. These materials can be classified 

in two groups which are oxygen selective adsorbents and nitrogen selective adsorbents as 

discussed in the following section. 

3.2.1 Nitrogen selective adsorbents  

3.2.1.1 Zeolites 
    

  Zeolites are ordered porous crystalline materials with cavities of molecular sizes 

connected by windows. Pores, channels, or cages in zeolites can also accommodate ions or 

large molecules such as water molecules and ammonia and even small organic molecules 

to be adsorbed or desorbed 21, 22.  In general, zeolites are alumino-silicates, crystalline 

materials with empirical chemical formula M2/n[O.Al 2O3.ySiO2].w H2O, where M  denotes 

as an exchangeable cation of valence n, w is the number of water molecules contained in 

the cavities of zeolites and y is the number of aluminium and silicon tetrahedral, 

respectively.  Types of zeolite may be classified by their structure and the letter in their 

names (e.g., A, X, Y, Z) normally refers to the structure. The basic building units in 

zeolites are tetrahedral SiO4 and AlO4, and each SiO4 tetrahedron is electrically neutral 

while each AlO4 unit has one excess negative charge which is balanced by an 

exchangeable cation. Typical cations are alkali metals, alkaline earth metals, and the proton 

H+. Possible sites of exchanged cations in zeolites are shown in Figure 3.5.  Cations in 

zeolites A (left) and X, Y at sites II  and III  are able to adsorb molecules while site I  is not  

accessible.10, 23 
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Figure 3.5 Possible sites of exchanged cations in Zeolites A (left) and X, Y 

                               types (right)  

 

   Zeolites are ionic materials and therefore have large electrostatic field gradients 

within their cavities. These strong electrostatic fields result in strong adsorbate-adsorbent 

interaction between adsorbate molecules with polar/quadrupole moments and surfaces of 

zeolites. This electrostatic property leads to zeolites being used as selective adsorbents for 

the separation of compounds. 

 Synthetic zeolites A, X, and Y are mainly applied in the pressure swing adsorption 

process to produce oxygen from air.24, 25 These zeolites are nitrogen selective because 

nitrogen is more polarisable than oxygen and therefore nitrogen molecules are selectively 

adsorbed on zeolite surfaces while allowing the oxygen-rich stream to exit the adsorber. 

Generally, oxygen selectivity over nitrogen is approximately 1.5.10, 23  

3.2.2 Oxygen selective adsorbents  

3.2.2.1 Carbon molecular sieves 
 

  Carbon molecular sieves (CMS) are a unique class of material in which the 

selective porosity is incorporated by carbon deposition on a nanoporous substrate with pore 

sizes of approximately 0.5 nm. These materials are used commercially for nitrogen and 

oxygen separation from air by pressure swing adsorption (PSA). The adsorption isotherms 

of both N2 and O2 are approximately similar with both gases adsorbed in the CMS pores by 

non-specific van der Waals forces. The PSA process is based on the difference in the rates 
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of adsorption of oxygen and nitrogen with nitrogen being faster. Nitrogen, with a kinetic 

diameter of 364 pm, being slightly larger than that of oxygen (346 pm) is responsible for 

the kinetic selective of oxygen in the very narrow pore size in CMS.26 The smaller O2 

kinetic diameter allows faster diffusion through the narrow pores than the bigger N2 kinetic 

diameter (see Figure 3.6). Generally, kinetic selectivity of nitrogen over oxygen ranges 

from 5-25 due to the different pore structure of the CMSs.27-29 

 

 
 
Figure 3.6 Schematic representing the molecular sieving effect in oxygen (blue) and 

nitrogen (red) separation 

3.2.2.2 Metal organic frame works 
   

 Recent work on microporous metal organic frameworks has drawn very interesting 

adsorption properties and has exhibited their possible use in a broad range of applications. 

However, research on gas separation using metal organic framework is quite rare. Some of 

these research papers are summarised here. 

    Quin et  al30 conducted  adsorption studies of various pure gases on the metal 

organic framework HKUST-1 or Cu-BTC. As shown in Figure 3.7(a), the                           

HKUST-1 sample is composed of dimeric cupric tetracarboxylate building blocks, 

[Cu3(BTC)2(H2O)x]n, and these building blocks are covalent together to form a three 

dimensional porous structure. The window size of its pores is approximately 0.9 x 0.9 nm 

with a surface area of 692.2 m2g–1 and single-point total pore volume of 0.333 cm3g–1.30 

The pure component adsorption isotherms were performed at 295 K using a gravimetric 

system. Figure 3.7(b) shows the isotherms of CO2 and N2O adsorption on HKUST-1 and 
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both CO2 and N2O had strong preferential adsorption over N2 and O2. This is also the case 

for adsorption of these gases on microporous carbons. 27-29 In addition, they gave a further 

suggestion that HKUST-1 can be used in air-prepurification units for the purpose of 

removing impurities. However, this paper does not give their comment on the possibility of 

either oxygen or nitrogen separation from air.  

  Li and Yang31 observed gas adsorption and storage in metal organic framework 

MOF-177. This MOF-177 were synthesised via a hydrothermal route by using a 

carboxylate derivative, 1,3,5-benzenetribenzoate (BTB), as an organic linker and zinc 

nitrate as the metal centre. The crystal data showed that the basic structure of this MOF is 

composed of zinc (II) carboxylate clusters, Zn4O(CO2)6, forming a three dimensional 

structure which can accommodate spheres of diameters of 1.18 and 1.08 nm as shown in 

Figure 3.8(a). Additionally, a D-R pore volume is 1.59 cm3g-1 and Langmuir surface area is 

4,500 m2g–1. The adsorption isotherms of N2 and O2 were performed at 298 K on the MOF-

177 as shown in Figure 3.8(b). At pressure above 300 mmHg, it can be noted that O2 was 

adsorbed more favourably than N2 and it showed O2 selectivity approximately 1.8 over N2. 

They further suggested that the O2/N2 selectivity could be caused by the higher magnetic 

susceptibility of O2 compared with that of N2, which indicates a lack of electric charges on 

the surfaces of MOF-177. Furthermore, higher O2/N2 selectivity could be obtained at 

higher pressure. 

 

 

(a)                                                                          (b) 

 

Figure 3.7 (a) crystal structure of HKUST-1 32 

          (b) adsorption isotherms of N2, O2, CO2 and N2O on HKU2ST-1 at 295 K.30  
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• High gravimetric and volumetric densities (light weight and occupying as small a 

space as possible), 

 • Long cycle lifetime for hydrogen absorption/desorption, 

 • High mechanical strength and durability, and 

 • Safety under normal use and acceptable risk under abnormal conditions. 

  

 At present, high pressure storage methods are widely used for storing gases. This is 

the simplest method to store hydrogen up to ~690 bar in the storage tank, but the energy 

content is relatively low: approximately 4.4 MJ/L for hydrogen compared with 31.6 MJ/L 

for gasoline. There is also the issue of safety for on-board vehicle storage. In terms of 

liquefaction, hydrogen in cryogenic tanks has a much higher energy content than in the gas 

phase. The energy content of hydrogen in cryogenic systems can reach 8.4 MJ/L or 

approximately twice that of the compression methods. However, the energy density of 

liquid hydrogen is still lower than gasoline. Furthermore, a large quantity of energy is 

required for liquefaction, which is about one third of the energy for storing hydrogen. Also, 

the insulation system may not be able to maintain the liquid hydrogen at a cryogenic 

temperature (-252 ºC) due to unavoidable evaporation loss. 34-36 

3.3.1 Physisorption on porous materials 

 

 Porous materials can potentially adsorb hydrogen on their porous surface via weak 

intermolecular interactions (e.g. van der Waals force or physisorption). At a given 

temperature, the amount of hydrogen adsorbed is a function of pressure and is released 

when pressure decreases so this process is reversible.  Thus, this adsorbed hydrogen can be 

released more easily than chemical hydrides. However, due to weak interactions, physical 

adsorption is normally conducted at a low temperature (77 K).37-40 Moreover, conducting 

hydrogen adsorption experiments at high pressure and ambient temperature leads to greater 

error. This is because the buoyancy corrections for gravimetric systems need to be done 

much more carefully. Furthermore, at high pressures, experiment impurities in hydrogen 

gas may possibly adsorb on the surfaces and lead to error.40 Carbon based porous materials, 

such as activated carbon and nanotubes, are some of the more promising materials for 

storing hydrogen. This is because of their low density, high surface area and good thermal 

stability.  
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 For activated carbon, numerous studies have been done both at 77 K and at room 

temperature (see table 3.2). These results revealed that hydrogen adsorption capacity 

depends on the total pore volume of activated carbon at 77 K and the pressure up to 20 bar 

are in range the of 0.6-6.9 weight %. Hydrogen adsorption capacity at room temperature 

and pressure up to 90 bar is just in the range of 0.2-1.2 weight %. This is because the 

physical adsorption of hydrogen based on weak van der Waals forces and these forces are 

very weak at room temperature.36-38, 41 Zhao et al.40, Jin et al.42 and Nijkamp et al.43 studied 

the hydrogen adsorption on activated carbon with various nanopore volumes. These reports 

have shown that high hydrogen adsorption capacities were observed on activated carbon 

with a high nanopore volume which indicates that hydrogen fills the micropore volume 

(see Figure 3.9). Smaller pore size plays an important role in hydrogen storage than the 

larger pores due to the fact that pore walls are in close proximity which results in overlap 

of potential energy fields. Consequently, the adsorption potential is higher than that found 

in larger pores.44, 45 

 

  

 

  Figure 3.9 The variation of H2 adsorption capacity at 77 K with micropore volume 

for carbon adsorbents.40  
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Table 3.2 Characterisations of hydrogen uptake in various MOFs (adapted from Thomas41) 

MOFs and porous carbons 
Surface 

Area                   
(m2 g−1) 

Amount 
Adsorbed at 
77K (wt%)  

Amount Adsorbed 
at ambient 

temperature (wt%) 

Porous Carbons       

 -   NORIT46 1300 -   0.75 (120 bar, 296 K) 

 -   AC-1542 - -   0.85 (100 bar, 298 K)  

 -  PAN  carbon series40 - 0.58-1.95 (1 bar) - 

 -  PAN  carbon series40 - 1.18-2.15 (1 bar) - 

 -  Various porous carbons47 1815–2711 2.6–4.2 (50 bar) 0.25 (50 bar) 

MOFs    
- Ni2(bpy)3(NO3)4 (M) 48 - 0.8 (1 bar) - 

    

- Ni2(bpy)3(NO3)4 (E)48 - 0.7 (1 bar) - 

    

-  Mg3(NDC)3
49 190 0.6 (1 bar) - 

    

- Ni3(btc)2(3-pic)6(pd)3 - 2.1 (14 bar) - 

    

- Cu3(btc)2,(HKUST-1)50 1154 3.6 (30 bar) 0.35 (65 bar) 

    

- Zn4O(bdc)3,(MOF-5, IRMOF-1) 51 4171 5.2 (48 bar) - 

 3080 4.3 (30 bar) 0.45 (60 bar) 

    

- Zn4O(cbbdc)3,(IRMOF-6) 51 3305 4.8 (50 bar) - 

    

- Zn4O(ndc)3,(IRMOF-8) 51 1818 3.6 (10–15 bar) 0.4 (30 bar) 

    

- Zn4O(btb), (MOF-177) 564051 7.5 (70 bar) - 

 310031 - 0.62 (100 bar, 298 K) 

    
- Cr3OF(btc)2, (MIL-100(Cr)) 52 2700 3.28 (26.5 bar) 0.15 (73.3 bar) 

    
- Cr3OF(bdc)3, (MIL-101b(Cr)) 52 5500 6.1 (60 bar) 0.43 (80 bar) 

    
Zn3(bdc)3Cu(pyen), (M'MOF1)53 - 1.25 (10 bar) - 

Where   
      bdc = benzene-l,4-dicarboxylate, R6-bdc = 1 ,2-dihydrocyclobutylbenzene-3,6-dicarboxylate, bpy=4,4'-bipyridine,  
      btcc= benzene-l ,3,5-tricarboxylate, ndc = naphthalene-2,6-dicarboxylate, btb = benzene-l ,3,5-tribenzoate. 
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 3.3.2 Hydrogen adsorption in Metal organic frameworks 

 Physisorption of hydrogen on porous metal organic frameworks is one of the more 

promising methods for hydrogen storage. Metal organic frameworks with various window 

and pore sizes can be tailor made by changing their metal nodes and organic spacers. 

However, not all metal organic frameworks exhibit porosity.54 The method herein is 

focused on porous metal organic frameworks (MOFs) which can adsorb hydrogen on their 

porous surface. Hydrogen adsorption experiments can be undertaken by either volumetric 

or gravimetric methods. Ultra pure dry hydrogen is required for use in these experiments. 

In addition, the H2 adsorption is normally conducted at a low temperature (77 K) with 

various pressures ranging from 1 to 20 bar. However, some H2 adsorption experiments 

have been conducted at room temperature. Table 3.2 shows that the high adsorption 

capacity of H2 can be found only at 77 K. This is because of the limited interaction 

between MOFs and poorly polarisable hydrogen molecules, which lead to strong 

temperature dependence on hydrogen physisorption bonding via a weak van der Waals 

force.60, 61 Schmitz et. al.55 and McKeown et. al.56 reported that MOFs and polymers of 

intrinsic microporosity (PIMs) with ultramicropores, respectively, beneficially increased 

the interaction between hydrogen molecules and pore wall at low pressure. However, the 

relationship between maximum hydrogen uptake at high pressure with the BET specific 

surface area of the porous materials is approximately linear.40 Latroche et. al.52 reported 

that metal organic frameworks with large specific surface area MIL-100 (with cage 

diameters of 25 and 29 Å)  and MIL-101 (with cage diameters of 29 and 34 Å) provide a 

high hydrogen adsorption capacity at high pressure.52 MOF-177 with two cage diameters 

of  10.8 and 11.8 Å shows the highest hydrogen adsorption of 7.5 weight % at 77 K and at 

70 bar.51 However, hydrogen adsorption on MOF-177 at an ambient temperature and at 

100 bar decreased significantly to 0.62 weight %.31 This is because the enthalpies of 

hydrogen adsorption on MOFs are quite low (4-12 kJ mol-1).41, 57 A theoretical study 

showed that an adsorption enthalpy of 15.1 kJ mol-1 is required for hydrogen adsorption at 

ambient temperature.58 Thus, weak interactions between hydrogen and MOFs are a limit 

for hydrogen storage.  Chen et. al.53 showed that interaction between hydrogen and open 

metal centre of mixed metal organic frame work (M’MOF 1) so far gave the highest 

enthalpy of adsorption with the value of 12.3 kJ mol-1.  Schmitz et. al. further suggested 

that it will be necessary to synthesis the MOFs with large surface areas whilst maintaining 

an ultra microporous structure.59 
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CHAPTER 4 
 

Objectives 

4.1 Introduction 
 
 
  Porous materials, such as activated carbons and zeolites, are widely used for gas 

storage, purification and separation, as catalysts and catalyst supports, and for adsorption 

of environmentally unfriendly species. Recently, porous framework materials or metal 

organic frameworks (MOF) have attracted attention due to the wide range of structural 

topologies and surface chemistries that can be designed. Structures of the metal organic 

frameworks may be flexible and distort during the adsorption/desorption process, and 

possible effects include molecular sieving by exclusion of molecules on the basis of size, 

kinetic molecular sieving and quantum kinetic molecular sieving. Some MOFs also exhibit 

fluorescence, luminescence and magnetic properties. The basic characteristic requirements 

of MOFs for specific applications includes i) well defined cavities and frameworks ii) 

thermal stability suitable for removal of template molecules without losing framework 

integrity iii) small window dimensions may be required for gas/vapour separation purposes 

iv) appropriate surface chemistry. As mentioned in section 1.3, MOFs prepared from rod-

like organic ligands typically exhibited strong framework rigidity. Short rod-like organic 

ligands include furmaric acid and pyridine-4-carboxylic acid were used to synthesize 

MOFs in this research.  

 
 

4.2   Overall objective 
 

The overall objective of the research was the synthesis, characterisation and 

determination of the adsorption/desorption characteristics of functionalised porous metal 

organic frame work materials in order to increase understanding of the effect of surface 

functional groups and framework flexibility on adsorption characteristics of gases and 

vapours and to assess the possible applications of these materials for gas storage and 

separation.  

 



CHAPTER 4                                                                                                         Objectives 

 
 

 
110 

4.3   Specific objectives 
 

4.3.1Synthesis and characterise the functionalised porous metal  

         organic frameworks 

 
i. To prepare nano-porous metal organic framework materials. 

ii.  To determine the molecular structure, chemical compositions and physical 

characteristic of the metal organic frameworks.  

iii.  To classify the adsorption/desorption isotherms of selected gases/vapours on metal 

organic framework according to the IUPAC classification scheme. 

iv. To determine surface area, micropore and total pore volumes of the adsorbents for a 

range of adsorptives. 

 

4.3.2   Effect of the oxygen surface functional groups of NEW-1 on  

 adsorption characteristics 

 
i. To determine the characteristic of adsorption/desorption isotherm of selected 

vapours on metal organic framework NEW-1 over a ranges of temperatures. 

ii.  To determine isosteric enthalpies for the vapours adsorption on metal organic 

framework as a function of surface coverage. 

iii.  To determine the kinetics of adsorption for selected vapours on metal organic 

framework NEW-1.  

iv. To model the adsorption kinetics of the vapours adsorption for selected vapours on 

metal organic framework using appropriate models. 

v. To evaluate the activation energies for adsorption of a range of gases/vapours on 

metal organic framework NEW-1. 

vi. To compare and contrast the isotherm, thermodynamic, kinetics and activation 

energy of the adsorption of vapours in order to formulate general principles and 

correlations for understanding the effect of oxygen surface functional groups on 

adsorption characteristic of gases and vapours on NEW-1. 

vii.  To increase the scientific understanding of the role of surface chemistry and 

framework flexibility on adsorption characteristics.  
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4.3.3 Gas storage and separation 

 

i. To determine the adsorption capacity of the hydrogen on the metal organic 

framework at 77 K and 1000 mbar. 

ii.  To determine the isotherms of oxygen, nitrogen and argon adsorption on metal 

organic framework (NEW-1 and M’MOF-1) and a carbon molecular sieve (CMS-

40). 

iii.  To evaluate and compare the isosteric enthalpies of adsorption for oxygen, nitrogen 

and argon adsorption on metal organic framework (NEW-1 and M’MOF-1) and 

carbon molecular sieve (CMS-40). 

iv. To evaluate and compare the kinetics of oxygen, nitrogen and argon adsorption on 

metal organic framework (NEW-1 and M’MOF-1) and carbon molecular sieve 

(CMS-40). 

 

 

 

 

 



CHAPTER 5 

Experimental 

 

5.1 Materials used 

5.1.1 Gases and volatile organic compounds 

 
  The gases used were supplied by BOC Ltd, London, U.K. and had the following 

purities: nitrogen (99.999%), oxygen (99.999%), argon (99.999%), carbon dioxide 

(99.999%), hydrogen (ultra pure grade 99.9999%), methane (99.95%), ethane (99%), 

propane (99.5%), n-butane (99.5%) and chloromethane (99.9%). The volatile organic 

compounds used in adsorption/desorption studies include; benzene (anhydrous, 99.8%), 

toluene (anhydrous, 99.8%), methanol (anhydrous, 99.8%), ethanol (anhydrous, 99.8%), n-

propanol (anhydrous, ≥99.7%), n-butanol (anhydrous, ≥99.8%), chloroform (≥99.0%), 

dichloromethane (≥99.6%), n-pentane (≥99.0%), n-hexane (≥99.0%), n-heptane (≥99.0%), 

n-octane (≥99.0%), and n-nonane (≥99.0%) were supplied by Aldrich Chemical Co., 

Gillingham-Dorset, U.K. 

 

5.1.2 Adsorbents used 

5.1.2.1 Carbon molecular sieve-40 (CMS-40) 

 
 Carbon molecular sieve 40 (CMS-40) is a commercial sample supplied by Air 

Products and Chemical, Inc., Allentown, PA, U.S. CMS-40 was prepared from a 

microporous substrate on which carbon was deposited to produce a material that was 

kinetically selective for oxygen and nitrogen. The particle size fraction of this carbon was 

1-2 mm. 

 

5.1.2.2  Mixed metal organic framework (M’MOF-1) 

 
      Mixed metal organic framework (Zn3(BDC)3[Cu(Pyen)]·(DMF)5(H2O)5) was 

supplied by Prof. Banglin Chen, University of Texas-Pan American,  Edinburgh, Texas, 

USA. The synthetic method was as follows. A mixture of Zn(NO3)2·6H2O (1.2116 g, 4.07 

mmol), 1,4 benzenedicarboxylic acid:H2BDC (0.6732 g, 4.06 mmol) 5-methyl-4-oxo-1,4-

dihydro-pyridine-3-carbaldehyde: Cu(PyenH2)(NO3)2 (0.600 g, 1.24 mmol) and was 
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dissolved in the mixture of DMF (306 mL) and H2O (30.6 mL), and heated in a vial (400 

mL) at 373 K for 24 hrs.   

 

5.1.2.3 Metal organic frameworks NEW-1 and NEW-2 

 
  In this study, two new metal organic frameworks were synthesised. These two 

metal organic frameworks were named as NEW-1 and NEW-2. The prefix NEW is a term 

dedicated to Newcastle University. Their synthesis routes are described as the following 

section.  

Commercial availability of the starting chemicals from Sigma-Aldrich were used 

without further purification to synthesise both metal organic frameworks NEW-1 and 

NEW-2.These starting chemicals include; fumaric acid (C4H4O4, ≥ 99.5%), dimethylamine 

solution (C2H6NH 2 M in methanol), zinc chloride (ZnCl2, ≥ 98%), pyridine-4-carboxylic 

acid (C6H5NO2, ≥ 99.0%), copper (II) nitrate hemi-pentahydrate, Cu(NO3)2·2.5H2O, ≥ 98% 

and N,N-dimethylformamide or DMF (C3H7NO, ≥ 99.0%). 

 
a) Synthesis of metal organic framework NEW-1  

 
        The synthesis procedure for NEW-1 was as follows; the compound was 

synthesised solvothermally in a 20 mL bomb. Cu(NO3)2·2.5H2O. (0.154 mg, 1.25 mmol) 

was placed into the solution of isonicotinic acid (0.121 mg, 0.5 mmol) in 15 mL DMF. The 

mixture was then stirred for 15 minutes before placing it in a 20 mL bomb. The bomb was 

heated at 160 o C under autogenous pressure in an autoclave for 48 hours. After 2 days, the 

bomb vessel was allowed to cool down to room temperature. Dark blue micro crystalline 

samples were filtered from the products.  The filtered sample was washed with DMF and 

then air dried at room temperature in a desiccator. 

  

b) Synthesis of metal organic framework NEW-2 

 
            The synthesis procedure for NEW-2 is as follows; 5 mL of fumaric acid 

solution (5 M)aq  which contained 0.5 ml of dimethylamine was placed in the bottom of the 

vial as shown in Figure 5.1a. This was followed by a layer of 2 mL of methanol as an 

interface layer above the fumaric acid solution (Fig.5.1b). Then a layer of 8 mL of zinc 
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chloride (0.17 mg, 1.25 mmol) in 8 mL of methanol was added above the interface layer 

(Fig5.1c). The sealed vial was left undisturbed at room temperature (Fig.5.1d). Crystal 

samples were harvested after a week. 

 

  

             (a)         (b)       (c)       (d) 

 

   Figure 5.1 Schematic representing the layering synthesis of NEW-2  

           

5.2 Characterisation of adsorbents 

5.2.1 X-ray Crystallography 

 
a) Single-Crystal Studies 

 
  In this study, crystal data and structure refinement for both NEW- 1 and NEW-2 

were collected using a Nonius KappaCCD diffractometer with φ and ω scans (MoKα, 0.71073 Å) 

and a Bruker APEX2 CCD diffractometer with thin-slice ω scans (synchrotron, 0.69430 Å) 

in a cold nitrogen stream, respectively. Structures were solved by direct methods and 

refined by full-matrix least squares, using SHELXL. All non-hydrogen atoms were refined 

anisotropically. The electron density contribution of the diffused scattering of the 

disordered guest molecules (DMF) and void space of the structure was handled using the 

SQUEEZE procedure in the PLATON software suite. These single crystal studies were 

carried out by Dr. R. W. Harrington of the X-ray crystallography research group, School of 

Chemistry Newcastle University.  
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methanol  
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b) Powder X- ray Diffraction Studies (PXRD) 

 
 The Powder X- ray Diffraction technique was used to determine the purity phase 

of the bulk sample by comparing the PXRD pattern with the simulated pattern from single 

crystal X-ray diffraction. In this study, PXRD patterns were obtained with a PANalytical 

X'Pert Pro MPD (multipurpose diffractometer), fitted with an X'Celerator which can 

accelerate the scan speed. The diffractometer profiles were recorded using CuKα radiation 

with a fixed divergent slit (0.38 mm) and with a voltage of 40 kV. For analyses, powder 

samples were dispersed on glass slides and the continuous scans were set to cover the 

range 2-70 deg. The Powder X-ray diffraction was carried out by Dr. Kath Liddell of 

Materials Analytical Unit, Newcastle University. 

 

5.2.2 Adsorbents morphology and elemental analysis 

a) Scanning electron microscope (SEM)  

 
    Size and sample morphology were obtained by using a scanning electron 

microscope called JEOL 5300 LV fitted with Rontec and Si(Li) energy dispersive X-ray 

detector (EDX). Both detectors were cooled by liquid nitrogen. The EDX instrument was 

run with an operating voltage of 25 kV under vacuum for qualitative elemental analysis. 

The samples were coated with gold and images with secondary electrons in high vacuum 

mode. This scanning electron microscopy was carried out by the Materials Analytical Unit, 

Newcastle University. 

b) Determination of C, H, N 

 
   A Carlo Erba 1108 elemental analyser was used to determine the C, H, N 

contents of the porous samples and also used as a tool for establishing the purity of the 

sample. Roughly 1 mg of each sample was weighed into a tin capsule and placed it in the 

auto sampler. Then the tin capsule is dropped into a vertical quartz reactor tube maintained 

about 1,000 ºC. The concentration of each elemental species was determined from the 

integral of the signals in comparison with that of the analogous organic chemical standard. 

This determination was also carried out by the Materials Analytical Unit, Newcastle 

University. 
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c) Fourier Transform Infra-Red (FTIR) Spectroscopy 

 
        FTIR spectra (400-4000 cm-1) of the samples were recorded using a Digilab 

SCIMITAR series FTIR spectrophotometer. Samples were finely ground in an agate 

mortar. Approximately 2 mg of finely ground sample was mixed with 300 mg of KBr 

powder (99.95% purity). The mixture was ground in an agate mortar until the sample was 

well dispersed and then transferred to the mechanical disk press assembly where it was 

subjected to a pressure of ~ 10 tons.  

 
 
5.2.3 Thermogravimetric (TGA) Studies 
 
 

Thermogravimetric (TGA) Studies were carried using Stanton Redcroft STA 780 

thermobalance to determine thermal stability of the samples. The thermobalance consists 

of an electronic microbalance with a platinum hangdown and ceramic container suspended 

from it, down the centre of a furnace. The sample mass was monitored by computerised 

control unit. The Pt v 13% Rh-Pt thermocouple measuring system is also located under the 

sample container in order to monitor the temperature. For analysis, roughly 20 mg of 

adsorbent was placed in a ceramic sample bucket. Then, the sample was heated with a 

furnace heating rate of 5 ºC min-1 under a constant flow (50 cm3 min-1) of nitrogen and the 

weight loss was  recorded. The mass loss mL, expressed as a percentage, was calculated 

using the equation as shown in equation (1); 

 

 

100x
m

mm
m

s

fs
L

−
=     (1) 

 

where 

    ms is the mass, in milligrams, before heating 

    mf is the mass, in milligrams, at the final stage  
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5.3 Adsorption studies 

5.3.1 Intelligent Gravimetric Analyser 

 
  In this study, isotherms and adsorption/desorption kinetics properties of all gases 

and vapours were measured using an Intelligence Gravimetric Analyser (IGA) model 002. 

The instrument was supplied by Hiden Isochema Ltd., Warrington U.K. A schematic 

diagram of the IGA is shown in Figure 5.2. The IGA system consists of four main 

compartments; temperature regulation system, microbalance system, pressure control 

system, and reactor chamber.  

  A platinum resistance thermometer (PRT) is installed in the IGA in order to 

determine the sample temperature throughout the experiment. The accuracy of 

measurement is about ± 0.1 ºC over a temperature range of -270 to 1000 ºC.1                 

Secondly, the microbalance system is a fully computerised microbalance system which 

automatically measures the mass change of the sample as a function of time, pressure and 

temperature. The microbalance is connected with the counter weight in the left hand side 

and a sample bucket via tungsten fixing hooks and hangdown on the right hand side. The 

microbalance has 5 gram capacity and has a long term stability of ± 1 µg with a weighing 

resolution of 0.2 µg.  

In the pressure control system, the pressure was monitored by three pressure 

transducers with ranges of 0 – 0.2 kPa, 0 – 10 kPa and 0 – 100 kPa.  The accuracy of the 

set-point pressure regulation was about ± 0.02 %. Cylinders of each adsorbent gas were 

directly connected to the admit valve for feeding gas to the reactor chamber.  Volatile 

organic liquids stored in a glass vapour reservoir were used to generate the vapour and this 

reservoir was connected to the admit valve via pipework. The reactor chamber housed the 

sample bucket. Adsorption in diverse temperature ranges can be done using two different 

techniques; circulating liquid thermostirrer bath and cryogenic liquid Dewar vessel. The 

thermostirrer bath is normally used for temperature adsorption experiment in the range of 

0-80 ºC. A thermostirrer is controlled by the computer system resulting in the set-sample 

temperature being stable within ± 0.05 ºC. The thermostirrer comprising of a water 

heating/cooling device and a jacket containing 2:1 mixture of water and ethylene glycol 

(Figure.5.3). Adsorption experiments at 77 K are set by immersing the reaction chamber in 

5 litres insulated – Dewar vessel which is filled with liquid nitrogen. An acetone/dry ice 
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mixture was used to set the sample temperature to 195 K while ice/ water was used to 

control the adsorption temperature at 0 ºC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 A schematic diagram represents the Intelligent Gravimetric Analyser (IGA) 
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Figure 5.3 Schematic representation of a circulating liquid thermostirrer 

 

5.3.2 Isotherm and kinetic measurements 

 
Adsorption studies were carried out under the British standard procedure BS 4535-

12 which are described as shown below. Prior to determining any adsorption study, the 

sample (approximately 20-50 mg) was exposed in an ultra high vacuum condition in order 

to remove physisorbed molecules or guest molecules from the porous material. Then, 

heating was normally applied to the sample. The maximum heating temperature which did 

not affect the sample was determined from thermogravimetric studies. In this study, carbon 

molecular sieved – 40 (CMS-40) was outgassed at 180 ºC while mixed metal organic 

framework-1 (M’MOF-1) and NEW-1 were outgassed at 70 ºC and 110 ºC respectively. 

Degassing was complete when the sample mass was constant over a period of 45-60 

minutes as shown in Figure 5.4. The sample was then cooled down to the adsorption 

temperature under ultra-high vacuum conditions. 
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Figure 5.4 Typical thermogavimetric profile for outgas is complete when no further mass 

loss occurs 

 

 In adsorption experiments, the mass of gas or vapour uptake on the adsorbent was 

measured as a function of time and pressure. The approach to equilibrium was monitored 

in real time with a computer algorithm of the IGA system. After equilibrium was reached, 

the pressure of the adsorptive was increased over a period of 20 – 30 seconds to the next 

pressure step and the uptake of the adsorbent was monitored until equilibrium was 

established, as shown in Figure 5.5. The equilibrium uptake was established when 99.99 % 

of the predicted mass uptake value, which is calculated by a real time computer, was 

archived. 

In the desorption measurements, the reverse method of the adsorption process was 

followed. The pre-adsorbed gas or vapour was desorbed stepwise at constant temperature.  

The adsorptive pressure was decreased over a timescale of 20 – 30 seconds until the 

desired value was obtained.  The pressure was maintained at the set point by active 

computer control of the inlet/outlet valves throughout the duration of the experiment.  The 

decrease in mass uptake was measured as a function of time and the approach to 

equilibrium was monitored in real time with a computer algorithm the same as with the 
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adsorption process. After the equilibrium was reached, the adsorptive pressure was 

decreased to the next pressure step as shown in Figure 5.6. The adsorption/desorption 

isotherms for each gas/vapour were done at least twist in order to check their repeatability. 

In order to calculate the kinetic parameters for adsorption, the increase in weight 

versus time profile due to the adsorbate uptake for each pressure step was used.  This data 

was fitted to the appropriate kinetic model (the kinetic models were discussed in section 

2.6). The residuals for the difference between the calculated and observed values for the 

normalised profiles were typically less than ± 0.02 % for the whole profiles. 

 

 

 

Figure 5.5 Schematic diagram showing sequential pressure steps and corresponding 

kinetics profiles for an adsorption isotherm 
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Figure 5.6 Diagram showing sequential pressure steps and corresponding kinetics profiles 

for a desorption isotherm 

 

5.3.3 Calculation of saturated vapour pressure  

 

 
The saturated vapour pressures were calculated using the following Antoine 

equations:3 
 

                
CT

B
Ap

+
−=0

10log                (5.1) 

 

  where p is the saturated vapour pressure (mmHg), T is the temperature in degrees 

Celsius, A, B and C are constants of the adsorbates. The constants for the adsorbates used 

and corresponding temperature ranges over which they are valid, are given in the table 5.1. 
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   Table 5.1 Antoine parameters and density of the adsorbates used in this study.3-5 

 

Adsorbate Temperature range A B C Density 

 (ºC)    (g cm-3) 

Argon -189.37  to -122.29 6.84064 340.271 271.801 1.38 

Carbon dioxide -56.57 to 31.04 7.58828 861.82 271.883 1.032 

Hydrogen -259.2 to -239.97 6.14858 80.948 277.532 0.797 

Nitrogen -210 to -147.05 6.72531 285.573 270.087 0.808 

Oxygen -218.8 to -118.57 6.83706 339.209 268.702 1.149 

Water 0.01 to 373.97 8.05573 1723.64 233.076 0.997 

Ethanol -114.1 to 243.1 8.13484 1662.48 238.131 0.789 

Methanol -97.68 to 239.43 8.09126 1582.91 239.096 0.791 

n-Propanol -73.15 to 263.56 7.77374 1518.16 213.76 0.803 

n-Butanol -37 to 289.9 7.29062 1282.85 173.247 0.809 

Methyl chloride -140.2 to 143.1 6.99771 870.17 235.586 0.917 

Dichloromethane -95.14 to 236.85 7.11464 1152.41 232.442 1.326 

Chloroform -63.52 to 263.25 7.11148 1232.79 230.213 1.489 

Methane -182.48 to -82.57 6.84566 435.621 271.361 0.466 

Ethane -182.8 to 32.27 6.95335 699.106 260.264 0.572 

Propane -187.69 to 96.67 7.01887 889.864 257.084 0.585 

n-Butane -138.29 to 152.03 7.00961 1022.48 248.15 0.600 

n-Pentane -129.73 to 196.5 7.00877 1134.15 238.678 0.626 

n-Hexane -218.8 to 118.57 6.9895 1216.92 227.451 0.660 

n-Heptane -90.58 to 267.11 7.04605 1341.89 223.733 0.684 

n-Octane -53.52 to 322.5 7.14462 1498.96 225.874 0.702 

n-Nonane -56.77 to 295.68 7.1884 1607.74 222.414 0.717 

Benzene 5.53 to 289.01 7.06437 1296.93 229.916 0.865 

Toluene -94.97 to 318.64 7.1362 1457.29 231.827 0.866 

  

5.3.4 Determination of pore volume and surface area of porous materials 

  Gases and vapours adsorption were firstly used to characterise adsorbent porosity 

and secondly to investigate the effects of surface chemistry on the adsorption 

characteristics, e.g. adsorption capacity, type of isotherm, adsorption kinetics, molecular 

sieve effects, isosteric enthalpy of adsorption, and surface functional groups. 
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        The total pore volume was estimated by adsorption of nitrogen at 77 K from the 

uptake at the maximum relative pressure used or by extrapolation using a suitable isotherm 

equation. Carbon dioxide was measured at both 273 K and 195 K in order to estimate 

micropore volume using the Dubinin-Radushkevich (D-R) equation and total pore volume 

of the sample, respectively. The shape and type of adsorption isotherms were investigated 

for a range of probe molecules which varied from hydrophobic to hydrophilic in character. 

          

5.3.5 Hydrogen adsorption  

The main problem of studies on hydrogen adsorption is the small mass of hydrogen 

adsorbed and if the hydrogen gas is not pure enough it may lead to non reliable adsorption 

isotherms. For example, many researchers reported that water impurity in hydrogen gas is 

preferentially adsorbed on the sample rather than hydrogen gas itself.6, 7 So, ultra pure 

hydrogen was used in this adsorption/desorption study. Additionally, a purification system 

was constructed by Dr. Xuebo Zhao and Prof. Mark Thomas8 in order to further purify 

hydrogen as shown in Figure 5.7. This was necessary for the highest repeatability results 

even when ultra pure hydrogen was used. The purification system is comprised of the 30 g 

calcium aluminosilicate zeolite and 40 g activated carbon in a stainless steel tube. The 

purification system was evacuated then heated at 700 K overnight and then cooled down in 

order to degas all adsorbed species, especially water, from the zeolite. Then hydrogen gas 

was filled to about 0.8 MPa in the purification system. Hydrogen was kept for a minimum 

of 24 hours to remove water. After that, the system was cooled down to 195 K for another 

12 hours to remove other impurities such as O2, N2, and hydrocarbon by adsorption on the 

activated carbon. A secondary purification system was also installed on the right arm of the 

IGA machine. 30 g of zeolite was added in the secondary purification system in order to 

remove a very small quantity of water remaining in the apparatus. This was necessary for 

accurate hydrogen adsorption kinetic results.  

 

 

 

 

 

 



CHAPTER 5                                                                                                    Experimental 

 
 

 
125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Intelligent Gravimetric Analyser with purification system  

 

5.3.6 Oxygen, nitrogen and argon adsorption study 

          Adsorption of oxygen, argon and nitrogen NEW-1 and M’MOF-1, and CMS-40 

were carried out at 195, 273 and 298 K. While CMS-40 was measured at a higher 

temperature range of 273, 288 and 298 K in order to avoid the very slow adsorption 

kinetics at 195 K.  The adsorption temperatures for oxygen, argon and nitrogen were 

chosen as mentioned before due to the fact that adsorption kinetics were in range which 

could be continuously measured over a reasonable timescale. The isotherms and isosteric 

enthalpies of adsorption of these gases were used to determine the potential of air 

separation of both metal organic frameworks and carbon molecular sieves.  
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CHAPTER 6 

Characterisation of metal organic frame works and CMS-40 

  Two new three-dimensional metal organic frameworks, named NEW-1 and NEW-

2, were successfully synthesised from Cu(NO3)2 with isonicotinic acid and Zn(NO3)2 with 

fumaric acid, respectively. Their structures were determined by single crystal X-ray 

diffraction and were also characterised by means of chemical composition and physical 

properties. The results revealed that NEW-1 was a porous MOF, while NEW-2 was a non 

porous MOF. The total pore volume of NEW-1, calculated from gases adsorption, 

indicated that the desolvated structure of NEW-1 was partly collapsed. However, the total 

pore volume of NEW-1, determined by adsorption of a series of vapours, showed that the 

partly collapsed desolvated structure of NEW-1 increased in total pore volumes to a value 

similar to that obtained from the PLATON calculation from crystallographic data. This 

recovery of pore volume is due to framework flexibility which is driven by the isosteric 

enthalpy of vapour adsorption.   

6.1 Characterisation of metal organic frameworks  

 

 The suitable samples of either NEW-1 or NEW-2 were filtered and washed by 

their mother liquor two times. The samples were dried in a vacuum in a desciccator for 48 

hours. Then, the air dried samples were weighed. NEW-1 and NEW-2 gave 0.168 mg (a 

yield of 55 % based on isonicotinic acid) and 0.0106 mg (a yield of 58 % based on fumaric 

acid). Results of their crystal morphology and their chemical composition are described 

herein. 

6.1.1 Crystal data and structure refinement of MOFs 

6.1.1.1 Structure description of NEW-1 
 

  The X-ray crystallographic charaterisation of blue single crystal of NEW-1 was 

carried out by Dr. R. W. Harrington of the X-ray crystallography research group, School of 

Chemistry, Newcastle University. The result showed that NEW-1 has the assignment of the 

formula C12H8CuN2O4·C3H6NO and has a monoclinic space group P21/c. The final 

refinement results are R1 = 0.0399, wR2 = 0.0920 [F2>2σ] and residual density 0.42 and 
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−0.85 e Å−3. The refined crystal data and the standard CIF file are shown in table 6.1 and 

Appendix A, respectively. 

   The asymmetric building block in the structure is composed of two square 

pyramidal copper atoms bonding with four isonicotinate ligands, as shown in                      

Figure 6.1a. Cu atoms are bonded with three carboxylate oxygen atoms from three 

isonicotinate ligands (O1, O2 and O3) leading to the formation of eight membered rings.  

The eight membered rings are interlinked via another four pyridyl groups of isonicotinate 

(N1, N2) to form the layers along a crystallographic a and c-axis. Consequently, linking 

these building blocks leads to the formation of three dimensional frameworks with the 

DMF molecules occupying the void. Interestingly, the oxygen atom (O4) of the 

isonicotinate carboxylic group is uncoordinated. This uncoordinated oxygen atom (O4) 

gives the distance between each uncoordinated oxygen atom along the c axis of about 

11.57 Å (8.53 Å Van der Waals surface considered). The O(4) is in close proximity to 

square pyramidal copper centres in the pore walls leading to a formed Cu(1)-O(3)-C(12)-

O(4) planar region (see Figure 6.1b). 

 In the square pyramidal copper, the longest bond lengths around the copper centre 

are Cu1-O1, 2.2578(16) Å, which is similar to the bond lengths found in the literature.1-6 

The longest bond length most likely results from a Jahn-Teller effect.7-9  The shorter bond 

lengths are found in Cu1-O2, 1.9702(15) Å and Cu1-O3, 1.9889(15) Å which are 

comparable to the bond length found in the previous studies.3-6, 10 The bond lengths of Cu-

N1 and N2 are 2.0017(18) Å and 1.9946(18) Å, which are in a typical range of values 

1.991-2.026.1, 2, 10, 11 The distance between Cu-Cu in the eight membered rings formation is 

4.596 Å, which is much longer than the Cu-Cu distance found in Lu et. al.4 2.601(2) Å and 

the Cu-Cu interaction found in the other metal organic frameworks HKUST3 2.628(2) Å, 

Cu-SIP-3-pyridine11 2.947(2) Å, and Tran et. al.1 2.965(2) Å. However, this Cu-Cu 

distance is shorter than those distances found in Cu(HCO2)2.4H20
12, 13; 5.8 Å. Bond lengths 

around pyramidal copper in the NEW-1 structure compare with the selected structure from 

literatures as shown in Table 6.2. 
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                           Table 6.1 Crystal data and refinement of NEW-1 

Parameters Crystal data and refinement 

Chemical formula (moiety) 

Chemical formula (total) 

Formula weight    

Crystal system, space group 

Unit cell parameters 

 

 

Cell volume 

Void volume (PLATON) 

Calculated Porosity 

Z 

Calculated density 

Crystal colour and size 

Temperature  

Radiation, wavelength  

Absorption coefficient (µ) 

Reflections for cell refinement 

Data collection method  

 

θ range for data collection 

Index ranges  

Completeness to θ = 26.0° 

Reflections collected 

Independent reflections 

Reflections with F2>2σ 

Absorption correction 

Min. and max. transmission 

Structure solution 

Refinement method 

Weighting parameters a, b 

Data / restraints / parameters 

Final R indices [F2>2σ] 

R indices (all data) 

Goodness-of-fit on F2 

Largest and mean shift/su 

Largest diff. peak and hole 

C12H8CuN2O4·C3H7NO 

C15H15CuN3O5 

380.84 (307.79 without moiety) 

monoclinic, P21/c 

a = 11.579(2) Å    α = 90° 

b = 12.292(3) Å    β = 117.871(2)° 

c = 12.318(3) Å    γ = 90° 

1549.8(6) Å3 

 551.4 Å3 (35.6%) 

0.269 cm3g-1 

4 

1.632 g/cm3 (1.319 g/cm3 without moiety) 

blue, 0.02 × 0.02 × 0.00 mm3 

120(2) K  

synchrotron, 0.69430 Å 

1.441 mm−1 

977 (θ range 2.5 to 27.1°) 

Bruker APEX2 CCD diffractometer 

thin-slice ω scans 

2.5 to 29.8° 

h −15 to 16, k −17 to 17, l −16 to 17 

99.6 %  

15631 

4515 (Rint = 0.0453) 

 3521 

semi-empirical from equivalents 

0.9718 and 0.9986 

direct methods  

Full-matrix least-squares on F2 

0.0512, 0.1354 

4515 / 0 /230  

R1 = 0.0399, wR2 = 0.0920  

R1 = 0.0564, wR2 = 0.0985 

1.031 

0.000 and 0.000 

0.42 and −0.85 e Å−3 
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(a) 

N2 C12

O3 Cu1 O2

O4

N2

O1 N1

 

                                                    (b) 

                 

                    (c)             (d)      

 Figure 6.1 Showing a) structure of NEW-1 with numbering scheme of two Cu 

metal centre binding with isonicotinate ligand b) the planar structure in the wall of NEW-1 

c) framework formed by spiral isonicotinate ligand (CCD-UFUMUD) d) framework with 

rod-like secondary building (CCD-UGEPEB01) 



CHAPTER 6                                                        Characterisation of MOFs and CMS-40 

 
 

 
131 

   

 

 

 

 

 

 

                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 6                                                        Characterisation of MOFs and CMS-40 

 
 

 
132 

  The simulated structure obtained using Mercury software version 2.2 (build 

CR5)14 showed that the framework exhibits a one dimension channel along the a-axis after 

the disordered DMF molecules are removed (Fig.6.2b). The Mercury-Void was used to 

simulate probe molecules with Van der Waals radius 1.5 Å in the void space of NEW-1 in 

order to make the one dimension channel more clearly visible (see Figure 6.2 c-d). 

Additionally, the O(4) atoms on the surface of NEW-1 pores are displayed in ball and stick 

mode for the purposes of clarity. It can be seen that the framework exhibits an open-ended 

channel along the a axis. These channels have a dimension of approximately 8.892 x 8.892 

Å (distance from centre Cu to Cu cross section) or approximately 6.092 x 6.092 Å (Van 

der Waals surfaces considered). In addition, results from the PLATON15 software indicated 

that the void volume of this channel is about 35.6 % (551.4 Å3) of its cell volume.                     

The calculated density (in the absence of guests) and calculated porosity of the NEW-1 

sample are 1.319 g cm-3 and 0.269 cm3 g-1, respectively. Furthermore, simulated results 

from the PLATON-CAVITY15 showed that the void radius in the framework is in the 

range of 1.74 - 2.24  Å. 

  Previously, some metal organic frameworks synthesised from copper and 

isonicotinate ligand were reported. Lu and Babb10 hydrothermal synthesized their  MOF at 

140 º C for three days and reported that their structure consisted of a square pyramidal Cu 

centre which linked together with five isonicotinate ligands which made the framework 

exhibit the one-dimensional channel along the a axis, as shown in Figure 6.1c. Tran and 

co-workers1 also published their Cu-isonicotinate structure, which was hydrothermal 

synthesised at 150 º C for four days, and revealed that the framework was formed via the 

coordination of the isonicotinate ligands and rod-like secondary building units of copper 

centre as shown in Figure 6.1d. The PLATON results show that the void volumes of Lu’s 

and Tran’s frameworks are about 2.7% (37.1 Å3) and 17.8% (130 Å3) of the corresponding 

cell volume respectively. In comparison, the void spaces of these samples are much lower 

than NEW-1. This may be because larger DMF molecule in the NEW-1 structure can 

support and form a larger pore than smaller water molecules. Similar effects of various 

sizes of guest molecule on pore structure were reported. Wang et. al.16 reported that room 

temperature synthesis of Mn(HCOO)3 with large amines molecular size, such as 

diethylamine and triethylamine, produced a framework topology with larger unit cell 

volume rather than the framework synthesised with smaller amine molecular sizes, e.g. 

methylamine and ethylamine. This report also showed that unit cell volume increases from 
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841 Å3 to 1873 Å3. Lu et. al.

(Cu(Isonicotinate))2 in a series of solvents with different mole

cell volume change from 1,326 to 1,431 Å

to101.229(2)º. Senkovska 

Mg(maphthalenedicarboxlylate)

larger pore diameters of MOF rather than hydrothermal synthesis.

  Figure 6.2 a) simulated structure of NEW

showing a channel along the 

ball and stick mode for clarity)

Waals radius 1.5 Å (yellow)
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et. al.10 reported that solvent inclusion of metal organic framework 

in a series of solvents with different molecular sizes resulted in a unit 

cell volume change from 1,326 to 1,431 Å3 with the β angles varying from 96.920(1) 

. Senkovska et. al.17 reported that solvothermal synthesis of 

Mg(maphthalenedicarboxlylate)3 with larger solvent molecule size, e.g. DMF, 

larger pore diameters of MOF rather than hydrothermal synthesis.  

 

(a)                                                          

 

(b) 

a) simulated structure of NEW-1 after guest molecules were removed, 

showing a channel along the a axis (blue:N, gray:C, red:O, orange

for clarity) and b) Simulated structure with probe molecules 

Waals radius 1.5 Å (yellow) along a axis. 
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reported that solvent inclusion of metal organic framework 

cular sizes resulted in a unit 

angles varying from 96.920(1) 

thermal synthesis of 

with larger solvent molecule size, e.g. DMF, produces 

 

(a)                                                           

1 after guest molecules were removed, 

axis (blue:N, gray:C, red:O, orange;Cu, and O4 shown in 

probe molecules of van der 
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  Figure 6.2 cont.

van der Waals radius 1.5 Å
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(c) 

 

(d) 

cont. Simulated structure of NEW-1 with probe molecule

an der Waals radius 1.5 Å along c) b axis and d) c axis. 
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6.1.1.2 Structure description of NEW-2 
 

  Single X-ray diffraction studies revealed that the colourless crystalline of NEW-2 

is a three dimensional framework. It has the chemical formula as C6H10O6Zn with a 

monoclinic space group C2/c. The final refinement results are R1 = 0.0171, wR2 = 0.0428 

[F2>2σ] and residual density 0.44 and −0.20 e Å−3.  The refined crystal data and the 

standard CIF file are shown in table 6.3 and Appendix B respectively. 

   Basically, the structure consisted of the single independent zinc atom (Zn1) 

which is bonded to four fumarate ligands (O1 and O3) and two methanol (O2) via oxygen 

atoms (Fig. 6.3a). This bonding leads to the formation of hexagonal building blocks of 

ZnO6. The bond distances between Zn and oxygen range from 2.0669(15) to 2.1564(14) Å. 

These bond distances are comparable with the Zn(terephthalate)(4,4-bipy)18, 1.998(2)-

2.617(2) Å,  and [Zn(H2O)4(bpy)]succinate19, 2.066(2)-2.166(2) Å, but are quite a lot 

longer than those found in diamond-like metal organic framework20, 1.929(7) Å and Zn 

coordinate polymers,21 (1.935(2)-1.996(2) Å. 

 The X-ray structural characterisation revealed that the structure has cell volume 

822.3(8) Å3 and has no accessible void space, i.e. it is a non porous framework. NEW-2 

formed the dense structure either on the a, b or c axis, as shown in figure 6.3 b and 6.3 c 

respectively. The dense structure results from two methanol molecules strongly bonded 

with Zn, which could not be removed without decomposing the framework structure. It 

should be noted that a series of solvents, e.g. ethanol, DMF, H2O, and a mixture of H2O 

and methanol, were also used to synthesise a metal organic framework from Zn(NO3)2 and 

fumaric acid. However, suitable crystalline samples could not be obtained from these 

further experiments.  
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Table 6.3 Crystal data and refinement of NEW-2 

Parameters Crystal data and refinement 

Chemical formula (moiety) 

Chemical formula (total) 

Formula weight    

Crystal system, space group 

Unit cell parameters 

 

 

Cell volume 

Void volume 

Calculated Porosity 

Z 

Calculated density 

Crystal colour and size 

Temperature  

Radiation, wavelength  

Absorption coefficient µ 

Reflections for cell refinement 

Data collection method  

θ range for data collection 

Index ranges  

Completeness to θ = 26.0° 

Reflections collected 

Independent reflections 

Reflections with F2>2σ 

Absorption correction 

Min. and max. transmission 

Structure solution 

Refinement method 

Weighting parameters a, b 

Data / restraints / parameters 

Final R indices [F2>2σ] 

R indices (all data) 

Goodness-of-fit on F2 

Largest and mean shift/su 

Largest diff. peak and hole 

C6H10O6Zn  

C6H10O6Zn  

243.51 

monoclinic, C2/c  

a = 15.747(7) Å  α = 90° 

b = 7.047(6) Å β = 116.31(8)° 

c = 8.266(3) Å γ = 90° 

822.3(8) Å3 

 No accessible void  

 Non porous 

4 

1.967 g/cm3 

colourless, 0.20 × 0.20 × 0.10 mm3 

150(2) K  

MoKα, 0.71073 Å  

2.982 mm−1 

54 (θ range 2.5 to 27.5°) 

Nonius KappaCCD diffractometer, φ and ω scans  

4.6 to 27.5° 

h −20 to 20, k −9 to 8, l −10 to 10 

99.6 %  

7363 

944 (Rint = 0.0247) 

845 

semi-empirical from equivalents  

0.5869 and 0.7547 

direct methods  

Full-matrix least-squares on F2 

0.0212, 1.5563 

944 / 0 / 81 

R1 = 0.0171, wR2 = 0.0428 

R1 = 0.0219, wR2 = 0.0451 

1.036 

0.000 and 0.000 

0.44 and −0.20 e Å−3 

 



CHAPTER 6                                                        Characterisation of MOFs and CMS-40 

 
 

 
137 

 

          (a) 

 

 

 

                   (b)                                                                (c) 

  

 

  Figure 6.3 View of NEW-2 structure a) showing numbering scheme of hexagonal 

ZnO6 centre bonding with fumarate ligand b) dense framework along the a axis and c) 

along the c axis. 
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6.1.2 Elemental analysis of MOFs 
 

  Both NEW-1 and NEW-2 samples were dried in desiccator overnight, labeled as 

air dried samples, and were used to determine their CHN composition. The CHN values of 

air dried NEW-1 are consistent with the calculated values for the sample without guest 

molecule, indicating facile loss of DMF molecules as shown in Table 6.4. The carbon and 

hydrogen composition for air dried samples of NEW-2 agreed well with calculated values 

(Table 6.5). 

 

     Table 6.4 Comparison of CHN analytical data for NEW-1 by calculated and  

                            experimental determination. 

 

Elements (%) Calculated values for 

 sample without guest molecules 

C12H8CuN2O4 

Experimental 

(air dried sample) 

C 

H 

N 

46.82 

2.62 

9.10 

46.21 

2.87 

9.33 

 

                  Table 6.5 Comparison of CHN analytical data for NEW-2 by calculated and  

                            experimental determination. 

 

Elements 

(%) 

Calculated values for 

Fresh sample 

(C6H10O6Zn) 

Experimental 

(air dried sample) 

 

C 

H 

N 

29.58 

4.13 

- 

29.22 

4.02 

- 
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6.1.3 Fourier Transform Infrared Spectroscopy (FTIR) 
 

 The IR spectra of commercial raw materials of both isonicotinic acid and fumaric 

acid were recorded and are also presented in Figures 6.4 and 6.5 respectively. The 

vibrational bands and proposed assignments from the previous studied22-26on the 

isonicotinate complexes were used as guidelines to classify the functional groups and 

assign infrared absorption bands for both NEW-1 and NEW-2 structures. Generally, 

observation values of the bands in range 3421-3427 cm-1 can be assigned to the O-H group, 

which showed the presence of water in the sample. The absorption bands in range 3061-

3115 cm-1 and the strong  bands between  1550-1670 cm-1 are attributed to the bending 

vibrations of the C-H in aromatic ring, C=C aromatic stretching, and were indicative of the 

carboxyl group (C=O) stretching vibrations in the structure. Additionally, unsaturated 

oxygen ν(C-O) in the structure can be observed in range 1410-1437 cm-1. Furthermore, 

coordination through N-O is normally demonstrated by the band in ranges 1209-1290 cm-1 

and 827-870 cm-1. 

            Figure 6.4 and Figure 6.5 show the FTIR spectra of 48-hours air dried                    

NEW-1, desolvated NEW-1 and 48-hours air dried NEW-2 samples. For comparison, the 

FTIR spectra of the commercial raw materials, e.g. isonicotinic acid and fumaric acid, are 

also presented in the Figures mentioned before. The vibrational bands around 1713 and 

1717 cm-1 observed for both air dried NEW-1 and desolvated NEW-1 confirmed the 

presence of ν(C=O) in the isonicotinic acid. The presence of pyridine (CC+CN) in 

isonicotinic acid also found in the vibration bands around 1555 and 1605 cm-1 for air dried 

NEW-1 and 1554, and 1609 cm-1found in desolvated sample. The strong band 1676 and 

1507 cm-1 presenting C=O and C-N stretching mode27, 28 respectively in DMF, do not 

appear in both FTIR spectra of the air dried and desolvated sample of NEW-1. This 

indicates DMF molecules' facile loss from the NEW-1 framework. 

  In the case of the FTIR spectrum for NEW-2, the vibration bands 1404, 1450 and 

1543 found in air dried NEW-2 confirmed the presence of νas(COO) and νs(COO) in the 

fumaric acid. The vibrational wavenumbers and proposed assignments taken from the 

literature for both NEW-1 and NEW-2 are listed in Table 6.6 and 6.7 respectively. 
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Figure 6.4 Fourier Transform Infrared spectra for desolvated NEW-1, airdried NEW-1  

       and free isonicotinic acid. 
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  Table 6.6 The infrared spectra (cm-1) of free isonicotinic acid (IN) 

                                and NEW-1 sample with their assignments 

 

IN29 IN30 IN  Cu(IN)I2 Desolvated  Air dried  Assignments29 

    (this study)  complex31 NEW-1 NEW-1   

3440w 3436m   3418m 3422bw 3426mb ν(OH) 

3052vw 3104w 3055w 3060m 3063vw 3063vw ν(CH) 

1711s 1712vs 1713vs 1699vs 1717w 1713w ν(C=O) 

1616m 1616w 1612s 1597m 1609vs 1605vs Pyridine(CC+CN) 

1563w 1597w 1558m 1554s 1554vs 1555vs Pyridine(CC+CN) 

1338s 1305s 1335s 1327m 1381vs 1385vs ν(C-O) 

1231s  1234m 1236w 1231s 1231s CHO 

1027vs   1034vs 1035vw 1030s 1030s Ring deformation 

 

Figure 6.5 Fourier Transform Infrared spectra for NEW-2 
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  Table 6.7 The infrared spectra (cm-1) of free fumaric acid (Fum) 

                               and NEW- 2 sample with their assignments 

 

Ni(Fum)32 Ln2(Fum)2(oxalate)33 Dimethyl 
Fumarate34 

Fumaric 
acid NEW-2  Assignments 

      (this study)      
3066w 3804vw 3080vw 3093w  3086w  ν(CH) 

1553vs 1558s  1535vs 1543vs  νas(COO) 

1424m  1450s 1458m 1450m  νs(COO) 

1413s 1401s 1439m 1411s 1404s  νs(COO) 
  1222m 1230m 1242m 1234m  ν (C-O) 
  986m 990m 987vs 987vs  ν (CH) 
  880m  794vs 802vs  COO, deformation 
             

 

6.1.4 Powder X-ray diffraction (PXRD) 
 

 In order to establish the presence of the pure phase of the MOFs, the PXRD 

pattern of both MOFs is compared with the simulated pattern of the single crystal structure 

produced by Mercury software. Before determining the XRD pattern of the sample, the 

NEW-1 sample was prepared by heating at 110 ºC under ultrahigh vacuum conditions for 3 

hours and labelled as a desolvated sample. Additionally, the NEW-1 sample was also dried 

in desiccator for 48 hours and labelled as air dried.   

  Figure 6.6 shows four PXRD patterns of NEW-1 samples. There are four main 

peaks appearing in the simulated PXRD pattern of both the fresh sample and the 

desolvated sample (see Figure 6.6a and b). These fours peaks are located at 2θ = 10.84º, 

11.26º, 17.36º and 21.78º. However, simulated - desolvated pattern at 2θ = 17.36º and 

27.38º appeared in a very low intensity, which is possibly due to contributions from DMF 

molecules  removed from the framework.35 

 Comparing to the air dried sample (Fig.6.6c), the PXRD profile matched well 

with the simulated - desolvated pattern which indicates that the air dried sample was 

similar to the single crystal. However, all four strongest peaks of the air dried sample 

moved to a slightly lower angle compared to the simulated - desolvated pattern, for 

example, the intense peak at 10.84° in the simulated pattern has moved to 10.74° in the air 

dried sample. There was a new peak occurred at 18.96° on the PXRD profile of air dry 
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sample. This and other small changes in peak position suggest that there was a small 

change in structure. Li and Yang36 also found small changes in the peak positions of MOF-

177 and proposed that these small changes were due to rotation of the unit cell to allow the 

guests molecule to pass.  

 

  Figure 6.6 Powder X-ray diffraction profiles for NEW-1 
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  As shown in Figure 6.6d, the PXRD pattern after desolvation of the NEW-1 

showed significant differences from the simulated pattern due to the fact that there is no 

peak at 2θ = 11.26° and two new peaks at 10.27° and 12.81° are appeared. Although, four 

main peaks still remained, however, these three peaks are moved considerably to the lower 

angle far from the simulated pattern. These changes in peak positions suggest that the 

framework was collapsed after the sample was desolvated. 

 

    Figure 6.7 Powder X-ray diffraction profiles for NEW- 2 
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  As showed in Figure 6.7, PXRD pattern of NEW-2 changed significantly after 

exposure to air in a desiccator for 1 day. The intensity of the peak at 2θ = 12.44º decreased 

markedly while the highest intensity was a new peak which appeared at 2θ = 27.45º. 

Furthermore, there are new peaks appeared for example at position 2θ = 40.38º and also 

appeared as a shoulder of the peak at 2θ = 22.70º. This indicated that the simulated pattern 

does not match the PXRD pattern obtained for NEW-2 sample which is probably due to 

there was some impurity in the sample. 

6.1.5 Thermal stability  
 

  Figure 6.7a-b shows the TGA profiles of 12-hours air dried NEW-1 and as-

synthesised NEW-1, respectively. It is apparent that both profiles exhibited two distinct 

steps of weight loss. For as-synthesised sample, the first step of 45.4 % weight loss is 

attributed to the gradual loss of both DMF molecules on the outer surface of the sample 

and also in the void of the structure. While, the TGA profiles of air-dried NEW-1 shows 

weight loss of 18.7 % on heating from 50 to 140 ºC. This weight loss is in agreement with 

calculated one molecule of DMF loss (18.9%) per formula unit. This profile also indicates 

that the NEW-1 sample is stable from room temperature up to approximately 250 ºC and 

then gradually decomposes with the loss of isonicotinate ligand. 

  Thermogavimetric analysis of 12 hours air-dried NEW-2 indicates two stages of 

weight loss (Fig. 6.9). An initial weight loss occurred between 25 to 170 ºC, immediately 

followed by the second decomposition of the framework started approximately at 290 ºC. 

The first weight loss of the air dried sample is about 5.97 %, which does not agree with the 

calculated weight loss of two methanol molecules (26.3%) in the void of the corresponding 

crystal structure. This disagreement indicated that both methanol molecules are strongly 

bond with the framework and cannot be removed without collapsing of the structure. 
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 Figure 6.8 Thermogravimetric analysis of air-dried NEW-1 over the temperature range      

 25 to 700 ºC at a heating rate of 5 ºC min-1 under N2 atmosphere. 

 

Figure 6.9 Thermogravimetric analysis of air-dried NEW-2 
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6.1.6 Particle size and crystal morphology 
 

  The Scanning Electron Microscope images of NEW-1 sample after drying in a 

desiccator for 1 and 18 days are shown in figure 6.10a-b, respectively. It is apparent that 

the both crystals samples dried for 1 and 18 days had the irregular shape and the 

distribution of their particle size was variable.  Typical particles were in the size range 

approximately from 5 to 60 µm. It is evident that the NEW-1 sample has long term 

stability.  

6.2 Characterisation of CMS - 40 

  For CMS-40, the CHN analysis found that the carbon is the major composition in 

the sample was 96.55% while 0.54 % is nitrogen and as expected there is no hydrogen in 

the sample. 

 The FTIR spectra for CMS-40 shown in Figure 6.11. There are five major bands 

appeared which were 956 cm-1, 1290 cm-1, 1543 cm-1, 2021 cm-1, and 3672 cm-1.  

  Fig.6.12 shows the Scanning Electron Microscope images of CMS-40 sample. 

Microscope image (a) show the particle size of the CMS-40 which has an average size in 

range about 1-2 mm. Microscope image (b) shows the rough surface texture of the CMS-

40 after magnified x 750.  
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(a) 

 

(b) 

  Figure 6.10 Images of NEW-1 sample dried in desiccator for a) 1 day  

                                  and b) 18 days. 
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  Figure 6.11 Fourier Transform Infrared spectrum for CMS-40 
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(a) 

 

 

(b) 

 

 Figure 6.12 Images of CMS-40 a) magnified x 35 b) magnified x 750 
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6.3 Surface area and pore volume determination 

6.3.1 Adsorption of Gases and vapours on NEW-1 sample 

6.3.1.1 Gas adsorption  
 

  Gas and vapour adsorption on the NEW-1 sample were studied in order to 

determine the surface area and pore volume. The adsorption characteristics of both N2 and 

Ar on the NEW-1 sample were investigated at 77 K, while the adsorption of CO2 was also 

studied at 195 K and 273 K.  High pressure adsorption of CO2 and CH4 on NEW-1 at 303 

K were also investigated.  

 Figure 6.13 shows that the  nitrogen adsorption isotherm is a typical type I as 

defined by the IUPAC classification scheme, but has an upward curvature due to pore 

filling at high relative pressure.37 The argon adsorption isotherm is intermediate between 

types I and type II and does not reach a plateau.37, 38 Both isotherms are very steep at p/p0 ~ 

0.03 due to rapid filling of the pores. A small amount of hysteresis is observed at the upper 

part of the adsorption branch, possibly indicating condensation in larger pores formed by 

deflects in the crystal structure. The maximum N2 uptake at 978 mbar (p/p0 = 0.97) was 

2.876 mmol g-1, while the maximum Ar uptake at 288 mbar (p/p0 = 0.90) was 3.112 

mmolg-1. These uptake values and densities of N2 (0.808 g cm-3)39 and Ar (1.38 g cm-3)40 

were used to calculate the total pore volume, which was 0.099 cm3 g-1 and 0.090 cm3 g-1 for 

N2 and Ar respectively. The Langmuir and BET equations were used to calculate the pore 

volume and surface area from both N2 and Ar isotherms. Langmuir and BET graphs are 

shown in Appendix C, while their related parameters are summarised in Table 6.8. The 

surface areas determined from Ar adsorption from both Langmuir and BET plots are 

slightly higher than that of N2. Also, the total pore volume obtained from Langmuir plots 

of N2 and Ar were 0.072 cm3 g-1 and 0.093 cm3 g-1 respectively. The Langmuir pore 

volume of Ar is consistent with those values calculated from the maximum uptake. The 

Langmuir pore volume of N2 is slightly lower than the value obtained from the maximum 

uptake due to the upward curvature of isotherm at high relative pressure, which is possible 

due to condensation in the pores.37, 38 However, these calculated pore volumes are much 

lower than the crystallographic data (0.269 cm3 g-1, section 6.1.1.1), and this indicates 

partial collapse of pores.  
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 Figure 6.14 shows the isotherms of CO2 adsorption/desorption on NEW-1 at 293 

and 195 K, respectively. Both isotherms were type I behaviour, and desorption branches 

were reversible. The Dubinin-Radushkevich (D-R) plot for adsorption isotherm at 273 K 

gave a calculated micro pore volume of approximately 0.213 cm3 g-1 (assuming a density of 

CO2 of 1.107 g cm-3).41 The pore structural characterisation data are given in table 6.8. The 

Langmuir plot of the adsorption isotherm at 195 K gave a calculated total pore volume 

0.116 cm3 g-1. The surface area calculated from the BET plot was 241 m2 g-1 (195 K). The 

total pore volume value obtained from CO2 adsorption at 195 K was slightly larger than the 

corresponding values obtained from nitrogen and argon adsorption. However, the values 

are still well below the crystallographic pore volume and indicate that there is partial pore 

collapse. The NEW-1 sample used in the water vapour adsorption experiments were label 

as decomposed  NEW-1. The adsorption capacity of CO2 on decomposed NEW-1 at 195 K 

was markedly decreased and this isotherm gave Langmuir pore volume 0.0835 m2 g-1. 

  High pressure isotherms of CO2 and CH4 adsorption on NEW-1 at 303 K are 

shown in Figure 6.15. Both isotherms were type I and the total pore volume calculated 

from the plateau of CO2 and CH4 high pressure adsorption isotherms were 0.0979 cm3 g-1 

(2.384 mmol g-1, ρ CO2 = 1.070 g cm-3) and 0.074 cm3 g-1 (2.146 mmol g-1, ρ CH4 = 0.4660 

g cm-3), respectively. These calculated pore volumes are consistent with those total pore 

volumes calculated from N2, Ar and CO2 adsorption isotherm at very low temperature. 

However, the density of the adsorbed phase for methane is uncertain because the 

measurements are well above the critical temperature. Therefore, the system is not 

undergoing a thermally activated phase change. 

 Table 6.8 shows Langmuir and BET Parameters of gases adsorption on NEW-1. 

The C parameters of the BET obtained from Ar, N2 and CO2 (195 K) adsorption on NEW-

1 are larger than 200, indicative of the presence of micropores in NEW-1 sample. This 

result is consistent with the pore size determined by the X-ray crystallographic method. 

However, a BET graph with the C above 200 represents micropore volume filling, which 

may lead to an unrealistic value of the surface area.37, 38, 42, 43 So the BET surface areas are 

only used as the primary data in this study.  
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6.3.1.2 Vapour adsorption  
 

 Four series of organic probe molecules and water were also used in this 

adsorption study to provide some more adsorption characteristics of the NEW-1 sample. 

These four types were alcohols (methanol, ethanol, n-propanol and n-butanol), 

chloromethane compounds (methyl chloride, chloroform and dichloromethane), alkanes 

(methane, ethane, propane, n-butane, n-pentane, n-hexane, n-heptane and n-nonane) and 

aromatics (benzene and toluene).  

  The adsorption isotherms of methanol, ethanol, n-propanol and n-butanol at 298 

K, are shown in Figure 6.16a-b and 6.17 a-b, respectively. All alcohol isotherms were very 

steep at low relative pressure, a fact attributed to strong adsorbent-adsorbate interactions44, 

and then followed by plateaus above ~ p/p0 0.023, 0.025, 0.06 and 0.36 for methanol, 

ethanol, n-propanol and n-butanol respectively. The plateau was followed by another steep 

uptake for methanol and ethanol due to the pore filling which occurred at a relative 

pressure close to 1. The n-propanol adsorption isotherm exhibited a second plateau, 

attributed to structural change of NEW-1 to accommodate more adsorbate molecules. In 

the case of n-butanol, its adsorption isotherm showed smaller upward curvature than other 

alcohols after reaching the plateau. The adsorption isotherm of methyl chloride at 195K is 

shown in Figure 6.18. The isotherm had a steep uptake at very low pressure followed by 

the plateau (~3.09 mmol g-1 with p/p0 ~0.197) and upward curvature at high relative 

pressure. The latter is a consequence of pore filling. Isotherms of chloroform and 

dichloromethane adsorption at 298 K are shown in Figure 6.19 a-b. The chloroform 

isotherm was convex towards the relative pressure axis at the initial point of adsorption 

(p/p0 up to 0.015), while dichloromethane showed steep uptake at very low relative 

pressure. This small convex part of the chloroform isotherm can be attributed to an 

opening up of the desolvated pore structure. A small amount of hysteresis was also 

observed during desorption. 

  Adsorption isotherms for methane, ethane and propane adsorption at 195 K are 

shown in Figure 6.20 and 6.21, respectively. Both methane and ethane isotherms were type 

I in the IUPAC classification scheme while propane exhibited and intermediate type 

between type I and Type II. All methane, ethane and propane adsorption isotherm showed 

a steep uptake at very relative pressure. Methane adsorption reached a plateau at 298 mbar 

while ethane and propane reached the plateau at ~ p/p0 0.083 and ~ p/p0 0.132, 
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respectively. Isotherms for n-butane adsorption on NEW-1 at 273 K is shown in Figure 

6.22 a. n-Butane isotherms was type I in the IUPAC classification scheme but has a 

upward curvature at high relative pressure. n-Butane reached the plateau at ~ p/p0 0.139 

with the amount adsorbed  ~ 1.94 mmol g-1. 

  Isotherms for n-pentane, n-hexane, n-heptane, n-heptane and n-nonane adsorption 

on NEW-1 at 298 K are shown in Figure 6.22- 6.24. All these adsorption isotherms showed 

initial convex curvature to the pressure axis followed by a steep uptake adsorption stage of 

adsorption, a plateau at p/p0 ~ 0.01 (n-pentane), 0.06 (n-hexane), 0.03 (n-heptane), 0.10 (n-

octane) and 0.08 (n-nonane), then a gradual uptake due to pores filling (see Table 6.9 and 

6.10). All alkane adsorption isotherms also exhibited a small amount of hysteresis in the 

desorption branches.  The steepest part of the toluene adsorption isotherm was in relative 

pressure range 0.05-0.2 and this was followed by a point of inflection (~ p/p0 0.27) and 

another gradual uptake. Similarly, a small amount of hysteresis is observed during the 

desorption process (Figure 6.25). The benzene adsorption isotherms were similar. 

 Comparison of all vapour isotherms shows that methanol, ethanol, chloroform, n-

butane, n-pentane, n-hexane, n-heptane n-octane, n-nonane and toluene isotherms are type 

I, according to the IUPAC classification scheme, but have deviations at both low pressure 

due to framework flexibility and high relative pressure due to pore filling. The curvature at 

low pressure becomes increasingly apparent with increasing temperature (see Chapter 7). 

Additionally, these isotherms can also be classified as sub-class H4 hysteresis loop. In the 

same way, the step isotherm of n-propanol is type VI. NEW-1 sample has a uniform 

channel pore as shown by crystallographic results. Additionally, all desorption isotherms 

of these vapour exhibited a small amount of hysteresis in the desorption braches at high 

relative pressure. These hysteresis branches contributed to the capillary condensation of 

vapour in the larger pores of NEW-1 sample formed by structural defects. The step 

adsorption isotherm found in n-propanol revealed that two adsorption processes possibly 

occurred, hydrogen bonding with the framework and then filling of the pores. More details 

on these two processes are discussed in Chapter 7. The isotherms of both benzene and 

toluene have an initial convex curvature with lower uptake at low relative pressure. This is 

attributed to framework structural change induced by the aromatic molecules with the 

larger second cross-sectional dimension molecule (see Table 6.11)  
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  Table 6.9 and 6.10 showing the Langmuir parameters, Langmuir pore volume and 

total pore volumes. The total pore volumes were calculated from the maximum adsorption 

capacity of the adsorbates at high relative pressure. The total pore volume calculated for 

adsorption of the series of alcohols on NEW-1 decreased with increasing molecular 

dimensions in the order  of  methanol 0.263 cm3 g-1 > ethanol 0.262 cm3 g-1 > n-propanol 

0.244 cm3 g-1 > n-butanol 0.200 cm3 g-1.  Total pore volume   obtained for methyl chloride, 

chloroform and dichloromethane were 0.231 cm3g-1, 0.267 cm3g-1, and 0.253 cm3g-1, 

respectively. In case of the alkane series, the pore volume increased with increasing of the 

molecular dimension of molecule with the order of methane < ethane < propane, n-butane 

< n-pentane < n-hexane < n-heptane. Total pore volume of benzene and toluene were 0.254 

cm3g-1 and 0.193 cm3g-1, respectively.  As seen in Table 6.9 and Table 6.10, the pore 

volume calculated from the Langmuir plots is usually lower than those values obtained 

from the maximum adsorption capacity due to the Langmuir model estimating the plateau 

of the isotherm rather than the pore-filling effect at high relative pressure.38, 43, 44 As will be 

discussed in chapter 7, the isotherm plateaus usually have a stoichiometric relationship 

with the crystallographic formula unit.   

 Figure 6.26 shows the adsorption isotherms of water on NEW-1 at 298. All 

isotherms were type V in the IUPAC classification scheme. Initially, the amount adsorbed 

at low relative pressure is low due to weak adsorbate-adsorbent interaction. However, the 

significant uptake occurred at higher pressure (p/p0 0.15-0.3). This significant uptake was 

followed by the plateau and the second uptake due to pore filling. Calculated pore volume 

at the plateau of water adsorption isotherm of the 1st run was 0.085 cm3g-1, which is 

consistent with the total pore volume calculated from N2, Ar and CO2 adsorption on NEW-

1. However, the total pore volumes calculated for 2nd and 3rd water adsorption isotherms 

are similar to the total pore volumes of 0.115 cm3g-1 and 0.178 cm3g-1 at the plateau and at 

the second uptake at high relative pressure respectively. The total pore volume calculated 

from the 2nd and 3rd water adsorption isotherm runs were significantly higher than those 

values calculated from the 1st run of water and N2, Ar and CO2 adsorption, indicating that 

the structure of NEW-1 had increased slightly after adsorbing the water vapour. 

  Gurvitsch’s rule states that the amount adsorbed at relative pressure close 1 

represent complete filling of the pores with liquid adsorbate provided the isotherm is 

parallel to the relative pressure axis. Typically, total pore volumes obtained for a range of 

adsorbates agree within ± 5%. The calculated total pore volumes from many of the 
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adsorbates agree with Gurvitsch’s rule and the crystallographic value obtained from 

PLATON. This is evidence that the pore structure of NEW-1 was recovered after 

adsorption of some species. The role of framework flexibility in NEW-1 is discussed in 

detail in Chapter 7 in relation to molecular dimensions and isosteric enthalpies of 

adsorption.  

6.3.2 Gases adsorption on CMS-40 sample 
 

  Nitrogen adsorption on CMS-40 at 77 K was very slow due to activated diffusion 

effects. Therefore, the porous structure of CMS-40 was characterized, using CO2 

adsorption, at 298 K. As seen in Figure 6.27, the CO2 isotherm at 298 K is a type I 

adsorption isotherm as defined by the IUPAC classification scheme, confirming the present 

of uniform micropores in the sample. Furthermore, it is apparent that no hysteresis 

occurred. The Dubinnin-Radushkevich (D-R) equation was used to analyse the isotherm 

and to characterise the micropore volume of CMS-40, which was 0.312 cm3 g-1 and the 

correlation is 0.9978.  
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Table 6.11 Comparison of physical parameters for the probe molecules used in this 

study.39, 41, 45-49 

        

Molecule 

Polarisability Kinetic Molecular dimensions 

x 1025/cm3  diameter (pm) x, y, z (pm) 

      

O2 15.812 346.7 298.5, 293.0, 405.2 

N2 17.403 368.0 305.4, 299.1, 404.6 

Ar 16.411 354.2 363, 351 

CO2 29.11 330.0 333.9, 318.9, 536.1 

H2O 82.3-95.0 264.1  322.6, 291.7, 388.8 

Alcohol series    

Methanol 32.3-33.2 362.6 381.0 418.0 495.0 

Ethanol 51.1-54.5 453.0 416.0, 427.0, 633.0 

n-Propanol  65 498.0 n/a 

        

n-Butanol  89.9 540.0  416, 446, 891 

Chloromethane series    

Methyl chloride 47.2-53.5 418.2  n/a 

Chloroform 82.3-95.0 538.9 618.1, 571.3, 461.3 

Dichloromethane 64.8-79.3 489.8  n/a 

Alkane series    

Methane 25.93 375.8 382.9, 410.1, 394.2 

Ethane 44.3-44.7 443 380.9, 407.9, 482.1 

Propane 33.3-39.3 430-511 660.6, 451.6, 402.0 

n-butane 82.0 468.7 785.5, 451.9, 401.4 

n-Pentane 99.9 450.0 910.1, 452.2, 401.4  

n-Hexane 119 430.0 1034.4, 453.6, 401.4 

n-Heptane 136.1 430.0 1158.9, 452.3, 401.4 

n-Octane 159 430.0 1283.3, 401.4, 452.4  

n-Nonane 174 n/a 1407.6, 401.4, 453.7  

Aromatic series    

Benzene 100-107.4 534.9 662.8, 733.7, 327.7  

Toluene 118-123 525.0 662.5, 401.2, 825.2 
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 Figure 6.13 Nitrogen and argon adsorption/desorption isotherms for NEW-1 at 77 K 

 

Figure 6.14 Carbon dioxide adsorption/desorption isotherms for NEW-1 
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Figure 6.15 Isotherms of CO2 and CH4 adsorption on NEW-1 at high pressure 
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Figure 6.16 Isotherms of a) methanol and b) ethanol adsorption on NEW-1 at 298 K. 
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Figure 6.17 Isotherms of a) n-propanol and b) n-butanol adsorption on NEW-1 at 298 K. 
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Figure 6.18 Isotherms of methyl chloride adsorption on NEW-1 at 195 K  
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           Figure 6.19 Isotherms of a) chloroform and b) dichloromethane adsorption on  

                               NEW-1 at 298 K  
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Figure 6.20 Isotherms of methane adsorption/desorption on NEW-1 sample at 195 K.                                  

 

Figure 6.21 Isotherms of ethane and propane adsorption on NEW-1 sample at 195 K.                                  
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Figure 6.22 Isotherms of a) n-butane and b) n- pentane alkane adsorption on NEW-1 

sample at 273 K and 298 K, respectively, with inset at low relative pressure 
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Figure 6.23 Isotherm of Isotherms of alkane adsorption on NEW-1 sample at 298 K                                  

                    a) n- hexane and b) n-heptane with inset at low relative pressure 
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Figure 6.24 Isotherm of n-octane and n-nonane adsorption on NEW-1 at 298 K.  

 

   Figure 6.25 Isotherms of benzene and toluene adsorption on NEW-1 at 298 K. 
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         Figure 6.26 Isotherms of water adsorption on NEW-1 sample at 298 K. 

 

  

     Figure 6.27 Adsorption/desorption isotherm of CO2 on CMS-40 at 298 K.  
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CHAPTER 7 

 

Effect of oxygen surface functional groups on gas/vapour 

adsorption on porous metal organic framework NEW-1 

 

  Adsorption studies of a series of vapours varying from hydrophilic to hydrophobic 

including water, alcohol series (methanol, ethanol, n-propanol, n-butanol), chloromethane 

series (methyl chloride,  chloroform, dichloromethane), alkane series (methane, ethane, 

propane, n-butane, n-pentane, n-hexane, n-heptane, n-octane, n-nonane), and aromatic 

series (benzene and toluene) were used to investigate the influence of surface oxygen 

functional groups present in NEW-1 on the adsorption characteristics. The results show 

that methanol, ethanol, ethane, propane, methyl chloride and chloroform adsorption 

isotherm plateaus exhibited the stoichiometric ratio 1:1 for amount adsorbed and 

crystallographic formula unit of NEW-1, while n-propanol has two plateaus with ratios 

0.5:1 and 0.75:1. In comparison, dichloromethane also had a plateau with 0.75:1 ratio. 

However, n-butane, n-pentane, n-hexane and n-heptane adsorption isotherms had a 

stoichiometric ratio 0.5:1 for amount adsorbed and formula unit of NEW-1 for the 

isotherm plateaus. In contrast, n-butanol, n-octane, n-nonane benzene and toluene vapours 

did not show stoichiometric relationships between the amount adsorbed and 

crystallographic formula unit of NEW-1 for the isotherm plateaus. The results indicate that  

1) specific interactions with oxygen surface functional groups were dominant for small 

hydrophilic molecules e.g. methanol, ethanol and n-propanol and 2) the importance of the 

relative size of the adsorbate to the framework repeat pore structure formed by the 

crystallographic formula unit in determining isotherm plateaus. Here in, the adsorption 

isotherm, adsorption kinetic parameters, isosteric enthalpies and activation energies 

obtained from the experiments are discussed in relation to the adsorption characteristics, 

structural characteristics and dynamic response of the framework to adsorption. 
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7.1 Introduction 

 
  Porous materials have a wide range of applications, for example, gas separation 

and storage,1-3 sensors,4, 5 catalysts and catalysts supports,6-8 and as adsorbents for the 

removal of environmentally friendly species from either air or waste water.9-11  Porous 

materials are available in four main types a) activated carbon b) inorganic materials 

(alumino-silicate) c) microporous polymers and d) metal organic framework materials. 

Traditional porous materials, activated carbon and zeolite have been investigated 

extensively. However, microporous polymer and metal organic frameworks materials are 

very recent developments. The first adsorption isotherm for metal organic frameworks 

materials (MOFs) was reported in 1997.12 The unique characteristics of MOFs is the 

capability of rational design of a wide range of structure with different surface chemistry. 

Therefore, an understanding of fundamental aspects of the adsorption/desorption processes 

are necessary to aid the design of new materials for specific applications. 

  Both adsorption and desorption isotherms, adsorption capacity and sorption 

kinetics are determined by adsorptive properties, adsorbent pore structure and surface 

functional group, and the experimental conditions. Adsorbents with ultra-microporosity 

may exhibit size exclusion, molecular sieving and quantum sieving effects during the 

sorption process (details in Chapter 3). Furthermore, the flexible nature of some porous 

metal organic framework material structures can also influence the adsorption 

characteristics.13, 14  

 The role of surface chemistry groups in adsorption on porous materials is a critical 

part of determining adsorption characterisation. In the case of porous carbon materials, 

there are two types of surface sites involved in sorption process. The first surface sites are 

hydrophobic sites on graphene layers in the carbon structure, while the second surface 

sites, hydrophilic sites, such as hydroxyl, carbonyl, peroxide and aldehyde etc., are located 

on the edges of the graphene layers formed during either gas or chemical activation process 

(see section 1.6). For water vapour adsorption, these hydrophilic functional groups play a 

role as primary adsorption centres and these sites are sites for H-bond formation with water 

leading to the enhancement of water adsorption.15-17 The water adsorption on primary 

adsorption centres is observed at low pressure with the cluster layer formation occurring at 

higher pressure until filling the porosity occurs at near saturated vapour pressure.17, 18 

Functional groups on the surface of porous carbon have only small effect on adsorption 
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capacity for some gases and vapours. This is because the adsorption capacity at high 

relative pressure is determined by the available pore volume.19 

 In the case of porous metal organic framework materials, a wide variety of 

framework topologies can be obtained by selection of reaction-influencing factors 

including using different metal coordination geometries, multidentate ligand etc. 

Transition-metal or lanthanide ions are metal centred secondary building units (SBUs) and 

mostly used as the nodes in the synthesis of metal organic frameworks to generate 3-

dimensional topology. Moreover, by choosing appropriate organic linker, it is possible to 

control pore sizes and surface functionality of the open frameworks.20, 21 The results from 

Samsonenko and co-workers22 showed that there is no specific interaction except van der 

Waals interactions between the adsorption of acetylene molecules on the wall of the non-

surface functionalised microporous metal formates. While the comparative result from 

Matsuda et al.23 indicated that acetylene was hydrogen bonded with two non-coordinated 

oxygen atoms on the pore surface of their Cu2(pzdc)2(pyz), where pzdc = 2,3-

pyrazinedicarboxylic acid and pyz = pyrazine, yielded a very high acetylene uptake at a 

density 200 time of acetylene at room temperature. In addition, the amount adsorbed at 

saturation pressure was one molecule of acetylene per formula unit. Vaidhyanathan et al.24 

also reported that their amine-functionalised metal organic framework give high uptake 

and high isosteric enthalpy of CO2 adsorption. Recently, synthetic modification approach 

was introduced in order to substitute the new functional group on the surface of metal 

organic framework materials. This approach may lead to a wide range of applications of 

MOFs. For example, Sao et al.25 post modified the pyridyl groups in to the ligand on the 

MOF surface by alkylation reaction at room temperature. The presence of pyridyl groups 

on the surface pore allowed the MOF to be used as a catalyst. Tanabe and his coworker26 

reported a post synthetic modification of the amino groups in ligands of isorecticular metal 

organic framework IROMF-3 by alkyl anhydride. This post synthesis is based on the 

reaction of the amino functional group with a variety of chemicals at room temperature. 

The post synthetic structure of IRMOF-3 maintained its crystalline structure and porosity. 

 Functional groups in the linker ligands on the surface of metal organic framework 

materials play an important role on the adsorption/desorption processes but unsaturated 

metal sites also influence the adsorption/desorption processes. For instance, Chen et al.2 

and Dinca etal.27 reported that hydrogen can bind more strongly with the unsaturated metal 

centre within the MOFs and given a very high isosteric enthalpies of hydrogen adsorption. 
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Recent molecular simulation of the water vapour adsorption showed that the water 

molecules had a large affinity for the Cu metal centre in the Cu-BTC MOF (HKUST-1, 

BTC- benzene-1,3,5-tricarboxylate).28   

 Fundamental studies of gas/vapour adsorption on flexible metal organic 

frameworks are in their infancy stage compare to other porous materials, e.g. activated 

carbons and zeolites. It is apparently that some metal organic framework materials have a 

flexible structure, e.g. pore windows of an interpenetration structure of [Cu(dhbc)2(4,4′-

bpy)].H2O where dhbc = 2,5-dihydroxybenxoic acid and 4,4′-bpy =  4,4′-bipyridine, are 

opened at specific pressure of the CH4, N2 and O2 but windows were almost closed below 

the specific gate pressure. The authors suggested that this unique property possibly allows 

this MOF to be used for gas separation or sensors.29 Zhao et al.13 reported that pore 

windows of Ni2(bipy)3(NO3)4 opened at high pressure to allow the  hydrogen to be 

adsorbed in the cavity but the windows remained closed at low pressure. This allowed the 

hydrogen to be trap in the cavities of the MOF at low pressure. 

 The structure of NEW-1 with DMF located in the pores has an uncoordinated 

oxygen in the pore wall at a van der Waals distance from the non-coordinated Cu centre. 

The DMF is not coordinated directly to the pore surface by specific interactions. The pore 

structure collapses on desolvation and it is proposed that structure results in the oxygen 

functionality and/or Cu centre, which are in close proximity being available in the 

desolvated structure. The objective was to probe these sites in NEW-1(details in section 

6.1.1.1) with molecules of varying hydrophilic and hydrophobic character to investigate 

the dynamic response of the framework to adsorption of gases/ vapours. Hydrophilic 

vapours include water and four alcohols (methanol, ethanol, 1-propanol and n-butanol) and 

three polar chloromethane compounds (methyl chloride, dichloromethane and chloroform) 

were also studied. Nine hydrophobic alkane gases /vapours (methane, ethane, propane, n-

butane, n-pentane, n-hexane, n-heptanes, n-octane and n-nonane) and two aromatics 

(benzene and toluene) were investigated. Adsorption of probe molecules with varying 

hydrophilic and hydrophobic character and polarity were used to probe the surface 

chemistry of the MOF and the dynamic response of the MOF to adsorption. 
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7.2 Alcohols adsorption on NEW-1 

7.2.1 Adsorption isotherms of alcohols 
 
  Four alcohol vapours methanol, ethanol, 1-propanol and n-butanol were used for 

adsorption/desorption studies of NEW-1 sample. These sorption studies were conducted at 

temperatures ranging from 298 K to 318 K.  

7.2.1.1 Adsorption isotherms of methanol and ethanol 
 

 Adsorption isotherms of methanol and ethanol at different five temperatures are 

shown in Figure 7.1a-b and Figure 7.2a-b, respectively. The isotherms of both methanol 

and ethanol are all type I in the IUPAC classification scheme, but have deviations at high 

relative pressure where there is a steep uptake corresponding to the approach to pore 

filling.  The isotherms overlap much more closely when plotted on a relative pressure. All 

isotherm have a steep uptake at very low relative pressure region (as shown in Figure 7.1b 

region I ), followed by a plateau (II ). The methanol isotherms from five different 

temperatures reached the plateau at p/p0 ranging 0.12-0.15 and amount adsorbed 

corresponding to one molecule of methanol per crystallographic formula unit of the NEW-

1 (Figure 7.3a). The ethanol isotherms reach the plateau at p/p0 ranging 0.19-0.22, and the 

amount adsorbed on the plateau also corresponds to one molecule of ethanol per 

crystallographic formula unit (Figure 7.3b). This indicates that one methanol or ethanol is 

adsorbed per un-coordinated oxygen in the ligand of NEW-1. The isotherms at 298 K and 

303 K of both methanol and ethanol exhibited the upward curvature at high relative 

pressure close to 1 where pores filling occurs (region III  in Figure 7.3a). The total pore 

volumes of methanol and ethanol calculated from these upward curvatures were 0.263 

cm3g-1 (~p/p0 0.984) and 0.262 cm3 g-1 (~p/p0 0.966), respectively which are consistent 

with the total pore volume (0.269 cm3 g-1) obtained from crystallographic calculations 

using PLATON. 

  Fletcher et al.30 reported isotherms for ethanol adsorption on both the ethanol (E) 

and methanol (M ) template phases of Ni2(bpy)3(NO3)4, bpy = 4,4′ bipyridine, exhibits 

plateaus while the adsorption isotherms for methanol showed a  gradually increase without 

reaching a plateau. The plateau of ethanol isotherms for E corresponded to pore filling and 

coordination of the ethanol to the uncoordinated oxygen of the nitrate group. These 
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methanol and ethanol adsorption isotherms are similar to that observed for methanol and 

ethanol adsorption on activated carbon.31, 32 

7.2.1.2 Adsorption isotherms of n-propanol 
 

 Figure 7.4a-b shows isotherms of n-propanol adsorption on NEW-1 over 

temperature range 298-318 K based on pressure and relative pressure, respectively. All             

n-propanol isotherms are exhibited step isotherms which can be divided in two five regions 

(see Figure 7.4b). At very low relative pressure (I ), the isotherms exhibited very steep 

uptake followed by an initial plateau at ~ p/p0 0.048-0.05 (II ). Then, the isotherms have a 

step uptake (III ) before reached the second plateau at ~ p/p0 0.4 (IV ). The adsorption 

isotherms of at 298 K and 303 K exhibited the upward curvature at high relative pressure 

due to ~ p/p0 close to 1 (V). The total pore volume obtained at ~ p/p0 0.812, (298 K) was 

0.244 cm3 g-1. Amount adsorbed at the first plateau corresponds to ~0.5 molecules per 

crystallographic formula unit of NEW-1, as shown in Figure 7.6a. This suggests that the n-

propanol molecule is coordinated to alternate surface oxygen groups in NEW-1. The 

second plateau corresponds to ~0.75 molecules per crystallographic formula unit of                  

NEW-1. Furthermore, the pressure at the second step of n-propanol adsorption begins 

increases with increasing temperature. A graph of ln(pressure) versus 1/T was linear (R2 = 

0.9995 (see Figure 7.7). The enthalpy of adsorption was ~ 63.8 ± 0.9 kJ mol-1 at this point 

on the isotherm. It is proposed that it is related to framework flexibility leading to 

structural change in NEW-1 and rearrangement of the adsorbate in order to increase 

adsorption. 

   Framework flexibility is well established as an important property of metal 

organic frameworks. Fletcher et al.33 showed that adsorption of ethanol and methanol on 

the ethanol template phase of Ni2(bpy)3(NO3)4, (bpy = 4,4′ bipyridine), the windows were 

too small to allow the ethanol and methanol to  pass through without framework flexibility. 

A scissoring motion of the crystallographic unit cell was observed during adsorption. Also, 

the methanol isotherm had a step at 2 methanol molecules per Ni2(bpy)3(NO3)4, 

corresponding to structural change due to framework flexibility . Cussen el al.34 reported 

that methanol (M ) template phases of Ni2(bpy)3(NO3)4,  bpy = 4,4′ bipyridine, can 

accommodate the adsorptive molecules with lager size than pore window due to the 

flexible sorption of the framework. Uemura et al.35 showed that the metal organic 
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framework [{Zn2(1,4-bdc)2(dabco)}n] (where 1,4-bdc=1,4-benzenedicarboxylate and 

dabco=1,4-diazabicyclo[2.2.2]octane) exhibited an adsorption step for propan-2-ol due to 

expanding of the structure. Similarly, the metal-organic framework MIL-5336 also 

exhibited the opening or breathing of the framework, which leads to a step in the 

adsorption isotherm. It is evidenced that this breathing effect occurred by rotation of the O-

C-O and C-C bonds in the framework which is induced by either adsorption at high 

pressure or by relatively strong bonding between adsorbate-adsorbent species along the 

channel of MIL-55. This report also showed that after the breathing phenomenon, the 

adsorption capacity increases to about 20 wt %. Kepert et al.37 synthesised MOF 

[Co(H2O)6]H2(tc-ttf)·H2O which constructed by the 3D hydrogen-bonding network 

between H2(tc-ttf: tetra(carbonyl)tetrathiafulvalene) ions and [Co(H2O)6]2. This compound 

showed a crystal-structure transformation on the removal of two water guest molecules, 

which is indicated that formation of hydrogen bonds via water molecules play an important 

role in this transformation. Kitamura et al.38reported that [Cu2(pzdc)2(dpyg)]n(pzdc = 

pyrazine-2,3-dicarboxylate; dpyg = 1,2-di(4-pyridyl)glycol) adsorbed methanol molecules, 

while excluding methane. This is associated with the hydrogen bonding interaction 

between the methanol molecules and the OH groups of the dpyg ligands, which is strong 

enough to transform the channel structure to allow the incorporation of the guest 

molecules.  

 7.2.1.3 Adsorption isotherms of n-butanol 
   

  The adsorption isotherms for n-butanol are shown in Figure 7.5 a and 7.5 b based 

on pressure and relative pressure, respectively. The isotherms are type I in the IUPAC 

classification scheme. All n-butanol isotherms exhibited small upward curvature at very 

low relative pressure (I ) up to ~ p/p0 0.05 then increased (II ) until reaching the plateau 

(III ) and this was followed by the small upward curvatures (IV ) of the isotherm at  p/p0 

close to 1(see Figure 7.5 b for the regions). Unlike the other methanol, ethanol and n-

propanol isotherms for NEW-1, the small upward curvature is only observed in the 

adsorption isotherm of the larger n-butanol, which is presumably due to structural change, 

which leads to opening of the desolvated material to allow the vapour of n-butanol to be 

adsorbed. The total pore volume calculated from the uptake was 0.20 cm3 g-1 (~p/p0 0.942), 

which is lower than the value obtained from crystallographic data and adsorption of other 
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alcohols as mentioned previously (See Table 7.2). The amount of n-butanol adsorbed at the 

plateau of adsorption isotherm was 0.65 molecule adsorbed on crystallographic formula 

unit of the sample as shown in Figure 7.6b. This ratio indicates that there is probably no 

specific adsorbate-adsorbent interaction related to the crystallographic formula unit.  

7.2.2 Effect of oxygen surface functional groups on the isotherms of alcohols  

           adsorption on NEW-1 
 

  Adsorption of ethanol and methanol on NEW-1 samples showed the 

stoichiometric ratio 1:1 between the number of alcohol molecules adsorbed and the 

formula unit. This result is ascribed to hydrogen bonding between the OH group of 

alcohols with carboxylate non-coordinated oxygen in the pore wall of the NEW-1 (details 

of the NEW-1 and its non-coordinated oxygen are described in Section 6.1.1.1). However, 

the copper is 5 coordinate and this is also in the vicinity of the non-coordinated oxygen. In 

contrast, adsorption isotherms of n-propanol has a stoichiometric ratio 0.5 : 1 of the n-

propanol per formula unit of NEW-1 due the hydrophilic alkyl chain of  n-propanol being 

longer than those methanol and ethanol and restricting the space available for specific 

interactions between the hydroxyl group  and the pore surface (Table7.2). The step in the 

n-propanol isotherm results in a new plateau at a stoichiometric ratio 0.75 : 1 and this step 

corresponds to a minimum in the isosteric enthalpy of adsorption and the isosteric entropy 

of adsorption becomes less negative. This indicates that there is an increase in disorder 

during the step and this is discussed in detail later in the chapter.  In case of the n-butanol 

where no stoichiometric relationship is observed, the non-specific interactions of the 

hydrophobic chains are dominant rather than the hydrophilic OH-surface oxygen 

interaction.  

  The crystallographic data indicated that solvated form of NEW-1 has pore 

dimensions of approximately 7.09 x 5.65 Å. However, the powder X-ray diffractogram of 

desolvated NEW-1 differed from the solvated form indicating structural flexibility and the 

total pore volume (N2 adsorption at 77 K) of the desolvated form was much lower than the 

PLATON pore volume indicating collapse of pores. So, the window dimension of the 

desolvated form is expected to be much smaller than 7.09 x 5.65 Å due to framework 

collapses. A similar result was reported by Kepert et al.37 which is reported that window 

dimension of desolvated structure of [Co(H2O)6]H2(tc-ttf)·H2O where tc-ttf is 
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tetra(carboxyl)tetrathiafulvalene, reduced from about 9 x 7 to 8 x 5 Å. However, there 

appears to be evidence indicates the flexibility of the NEW-1 structure, e.g. opening of the 

pores in the desolvated pore structure as shown by comparison of total pore volumes for 

alcohols with N2 total pore volume, step adsorption isotherms of n-propanol (region III) 

and upward curvature at low relative pressure region of the n-butanol adsorption. 

 

Table 7.1 Temperature dependence on the step adsorption of n-propanol on NEW-1 

 

Temperature (K) Pressure(mbar) 

at the beginning of 

the step isotherms 

Relative pressure 

(p/po) 

298 

303 

308 

313 

318 

~3.9 

~5.9 

~8.9 

~13.0 

~19.9 

~0.12 

~0.13 

~0.15 

~0.16 

~0.19 

 

 

Table 7.2 Summary of adsorption data for plateau regions of isotherm for NEW-1 

 

Sorbates 

Amount 
adsorbed at 

plateau 
(mmol/g-11) 

Total pore 
volume  

at p/p0 ~1 

Relative 
pressure  
at start of 
plateau 
 (p/p0) 

Sorbate 
molecules  

per formula 
unit 

Molecular size 
(Å)31, 39* 

Methanol 3.2-3.28 0.263  0.12-0.15  1:1 3.81,  4.18,   4.95 

Ethanol 3.2-3.23 0.262 0.19-0.22 01:01 4.16,  4.27,  6.33 

n-Propanol 1.5-1.6   0.048-0.05 0.5:1   

n-Propanol 2.1-2.3 0.244 0.4-0.5 0.75:1 6.840**  

n-Butanol 2.0-2.03 0.200  0.31-0.32  0.65:1 4.16, 4.46, 8.91 

    

     * Minimum dimension; MIN-1, MIN-2, MIN-3 

   ** MIN-3   
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7.2.3 Adsorption thermodynamic measurements of alcohols 
 

  Isosteric enthalpies and entropies of adsorption were calculated at constant surface 

coverage using the  Clausius-Clapeyron equation31, 41, 42 as shown below; 

 

R

S

RT
p vap ∆+

∆Η
−=)ln(  

 

where  p       =  the pressure 

  ∆Hvap  =  isosteric enthalpy of vaporisation (kJ mol-1) 

  ∆S      =  entropy of adsorption (kJ mol-1) 

  T        =  temperature (K) 

 

  ln (p) values from five temperatures ranging from 298-318 K were plotted against 

1/T (K-1) at fixed surface coverage. Gradients obtained from these straight line graphs were 

used to calculate the isosteric enthalpy of adsorption (Qst). Also, an intercept which equals 

to ∆S/R can be evaluated. Examples of the plots of ln(p) against 1/T at fixed different 

surface coverage are shown in appendix D. The isosteric enthalpies of adsorption for all 

alcohols adsorption on NEW-1 are shown in Figure 7.8. 

7.2.3.1 Isosteric enthalpy and entropy for methanol and ethanol adsorption 
   

 The isosteric enthalpy of adsorption obtained from the methanol and ethanol 

adsorption decreased with increasing of surface coverage to ~ 0.75 mmol g-1 and ~1.0 

mmolg-1, respectively (See Figure7.1b and 7.2b). In region II , the isosteric enthalpy of 

adsorption of methanol was quite constant while isosteric enthalpy of adsorption of ethanol 

gradually increased. This plateau region II  corresponds to the stoichiometric ratio 1:1 

between molecules of either methanol or ethanol adsorbed on crystallographic structure of 

NEW-1. The values obtained for methanol adsorption varied with surface coverage in the 

range of 57-65 kJ mol-1 (value at zero surface coverage 63.95 ± 1.00 kJ mol-1) and were 

higher than the enthalpy of vaporization of 35.2 kJ mol-1. These values are slightly higher 

than the values obtained for methanol adsorption on methanol (M ) template phase of 

Ni2(bpy)3(NO3)4 as shown in Table 7.3. Ethanol adsorption gave the isosteric enthalpy of 
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adsorption of 62-74 kJ mol-1 (value at zero surface coverage 71.68 ± 2.55 kJ mol-1), which 

is much higher than its enthalpy of vaporization of 38.6 kJ mol-1. The values of enthalpies 

obtained from methanol and ethanol adsorption are slightly higher than those values 

obtained from adsorption on activated carbon. These higher isosteric enthalpy values at 

zero surface coverage indicate that both methanol and ethanol have stronger bonding with 

NEW-1 than activated carbon. 

 Detailed analyses of isosteric entropy of methanol and ethanol adsorption on 

NEW-1 are shown in Figure 7.9. The highest values of isosteric entropies obtained for both 

methanol and ethanol adsorption were found at the low surface coverage which is 

consistent with a very sharp adsorption isotherm at low pressure region. The isosteric 

entropies adsorptions of methanol and ethanol adsorption become more negative with 

increasing of the surface coverage showing the increased structural order during the 

adsorption process. 

7.2.3.2 Isosteric enthalpy and entropy for n-propanol adsorption  
 

   Isosteric enthalpies of n-propanol adsorption on NEW-1 decreased with 

increasing surface coverage until being virtually unchanged in the region of the first 

isotherm plateau, which is corresponds to ~0.5 molecules adsorbed per formula unit of the 

NEW-1, while the lowest values were observed at surface coverage in the range ~1.7 -2 

mmol g-1, which is the region of the isotherm step. The trough was at ~58 kJmol-1. 

Thereafter, the isosteric enthalpy gradually increases with increasing amount adsorbed. 

The isosteric heat of adsorption of n-propanol is in range of 58-77 kJmol-1 and the value at 

zero surface coverage was (78.55 ± 2.51 kJmol-1). These isosteric enthalpies are similar to 

those values obtained from adsorption of n-propanol on activated carbon and Co-formate 

MOF as shown in Table 7.3.   

  Isosteric entropy obtained for n-propanol adsorption on NEW-1 is shown in 

Figure 7.9. At low surface coverage, there is a little change of isosteric entropy with 

surface coverage. It is apparent that the isosteric entropy decreases sharply with increasing 

of surface coverage from ~1.0 to ~1.6 mmol g-1 and followed by a sharp increase with 

further increase in surface coverage. This sharp decrease corresponds to the plateau of the 

adsorption isotherm while the later increased corresponds to the step of the adsorption 

isotherm where structural change occurs in order to accommodate more molecules.  
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7.2.3.3 Isosteric enthalpy and entropy for n-butanol adsorption 
 

  The isosteric enthalpy for n-butanol adsorption on NEW-1 was high (92.91 ± 3.46 

kJ mol-1.) at zero surface coverage and then decreased with increasing amount adsorbed 

covering the range ~72-92 kJmol-1. This high isosteric enthalpy presumably due to the 

large size of n-butanol induced structural change as can be seen on the upward curvature of 

the adsorption isotherm at very low relative pressure. Even through, the amount adsorbed 

increased from ~0.75-2.0 mmol g-1, but the isosteric enthalpies were quite steady at ~84 

kJmol-1. This is corresponds to the amount adsorbed at the plateau of the adsorption 

isotherm. These values are much higher than the enthalpy of vaporization of 43.3 kJmol-1 

and the enthalpy of n-butanol adsorption on Co-formate MOF40, but it is similar to the 

values obtained from adsorption on carbons.43, 44  

  Isosteric entropy obtained for n-butanol adsorption on NEW-1 is shown in Figure 

7.9. The isosteric entropies obtained for n-butanol adsorption become more negative with 

increasing of the surface coverage. The trend of the isosteric entropy obtained for n- 

butanol adsorption is similar to methanol and ethanol. 

7.2.3.4 Effect of oxygen surface functional groups on the thermodynamic of  

            adsorption of a series of alcohols  on NEW-1 
 

 Figure 7.10a shows the isosteric enthalpies at zero surface coverage obtained from 

each alcohol adsorption on NEW-1 plotted against the number of carbon atoms in alcohols.  

The linearity of the plot with correlation 0.998 shows that there is a steady increase in the 

adsorbent-adsorbate interaction energy with increasing of chain length. It is clear that the 

order of isosteric enthalpy of adsorption: n-butanol > n-propanol > ethanol > methanol 

 Similar results were found in the gas chromatographic studied of Carrott and 

Sing45 which reported that, at zero surface coverage, the isosteric enthalpies of adsorption 

of n-alkane, n-alkenes and aromatics on various activated carbon increase approximately 

linearly with increasing of carbon number. A similar trend of the isosteric enthalpy of 

adsorption was also observed from the adsorption of n-alkanes (n= 5-8) on precipitated 

calcium carbonate.46 The linear relationship of isosteric enthalpy of adsorption with carbon 

number also depends on the polarisability of both adsorbent and adsorbate.47, 48 The 

isosteric enthalpy for methanol adsorption on NEW-1 is approximately 2.7 times higher 
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than the enthalpy obtained from methanol adsorption on non-porous natural graphite (See 

Table 7.3). This is probably due to channel-liked microporous structure of NEW-1 

enhancing the adsorbate-adsorbent interactions leading to high isosteric enthalpy of 

adsorption. Similar results have been reported for the isosteric heats of adsorption of C1-C6 

alkanes on slit shaped microporous carbon, which are enhanced 1.2-2.0 times compare to 

non-porous carbon.45, 47 The isosteric enthalpies for both ethanol and methanol adsorption 

on NEW-1 were found to be higher ~1.2-1.6 times than those values obtained from 

activated carbon and ~1.2-1.4 times than the values obtained for the M  and E phases of 

Ni2(bpy)3(NO3)4, This is presumably due to hydrogen bonding between alcohols and 

uncoordinated oxygen functional groups on the surface of NEW-1. The isosteric enthalpies 

for methanol and ethanol are similar to the values obtained from both activated carbons 

and the M  and E phases of Ni2(bpy)3(NO3)4. The length of the alkane chain is clearly a 

factor in determining the adsorbate-adsorbent interaction as well as the OH- functional 

group. The increase in non-specific interactions for alkyl chains in alcohols become 

increasingly important with increasing chain length and dominate the adsorbate-adsorbent 

interaction for longer chain lengths. Hence, the change from specific hydrogen bond 

dominated interactions for n-propanol to non-specific interactions of the alkyl chains for   

n-butanol.    

 Table 7.3 Isosteric enthalpies of adsorption obtained from literatures. 

References 
Isosteric enthalpy of Adsorbates, Qst (kJmol-1)  

Adsorbents Temperature 
Methanol Ethanol n-Propanol n-Butanol 

Enthalpy of  
evaporisation49, 50 35.2 38.6  40.45 43.3   * 
This study  
 

57-65 
(63.95±1.0)** 

62-74 
(71.68±2.5) 

58-77 
(78.55±2.5) 

72-92 
(92.91±3.4) 

MOF-NEW-1 
 

 298-318 K 
 

 Taqvi  et al.44 ~45-70 ~50-70 ~55-86 ~61-79  Activated carbon 298-373 K  

Herry et al.43 36.44 54.78 59.47 76.87 Activated carbon 473-626 K  

Fletcher et al.30 39-52 44-63  51-56 Activated carbon 288-313 K 

Prasetyo et al. 51  55.2   Activated carbon 303-323 K 

Ludwig etal.47 21.8 42.3   Natural graphite 303-623 K 

  42.3   Carbon black 303-623 K 

Kunhao et al. 40  58 62 76 56  Co-formate MOF  - 

Fletcher et al.33 39-56 40-58     MOF M  and Ea 268-288 K 

 Słoczyński et al.52  45-49      CuO-ZnO-Al2O3  433-493 K  

 * these values were determined at its boiling point, ** value at zero surface coverage 
  a ethanol (E) and methanol (M) template phases of Ni2(bpy)3(NO3)4 where bpy = 4,4′   

bipyridine 
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7.2.4 Adsorption kinetics of alcohols 
 

  In  a previous study30 of the methanol (M ) and ethanol (E) template phases of 

Ni2(bpy)3(NO3)4 indicated that the adsorption kinetics of both vapours at low surface 

coverage obey a linear driving force (LDF) model. While, both methanol and ethanol 

adsorption kinetics follow a combined barrier resistance/diffusion model at high surface 

coverage.  Rao et al.30 reported that there are two processes involved in the adsorption 

process; a) diffusion along the pores and b) diffusion through the barriers at constrictions 

in the porosity. The Fickian diffusion model is followed when the former process is rate 

determining while the LDF model is followed for the latter. A combined barrier 

resistance/diffusion model is followed when both processes are significantly control the 

kinetics. The results from Finqueneisel et al.53 also indicated that the kinetics of methanol 

adsorption on activated carbon obey the LDF model. However, the kinetic results obtained 

for the adsorption of all alcohols on NEW-1 studied showed that the LDF model does not 

give a good fit for the experimental data. Therefore, a stretched exponential model (SE) 

was used for fitting the experimental data and this gives a very good fit and the residual 

errors obtained from this model being typically about < 2 %. Details on SE model are 

already discussed in section 2.6.5.  Examples of the SE and LDF model fitted on the 

kinetics of all alcohols are provided in Appendix E. It is clearly that the SE model provides 

reasonably good fits for all kinetic profiles of alcohols adsorption.  

 The SE model, the model previously was used to analyse H2 and D2 adsorption on 

carbon molecular sieve (CMS) and a microporous  carbon54,  adsorption of organic vapour 

pollutants on activated carbon55, ammonia adsorption on porous silicon,56 and water 

adsorption in activated carbons.16 In case of the NEW-1, the structure is flexible with a 

unidirectional array of pores. However the pore structure collapses as shown by the total 

pore volumes obtained from Ar (77 K), N2 (77 K) and CO2 (195 K) adsorption and is 

opened by adsorption of alcohols, which involves specific interactions (methanol, ethanol 

and n-propanol) and non-specific interactions in the case of n-butanol. The SE model fits 

the adsorption kinetics for all the isotherm steps.  The rate constants change as a function 

of surface coverage. In the cases of methanol, ethanol and n–propanol where specific 

interactions occur, β values obtained from region I  and III  of the adsorption isotherms 

were in the ranges ~0.75-0.90, ~0.67-0.98, and ~0.66 – 0.85, respectively. In the case of n-

butanol, where the interactions are non-specific, β values were in the ranges ~0.50 to ~ 
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0.91. When the SE exponent β = 1, this indicates that SE model reduces to the LDF model 

and is 3-dimentional with a single relaxation time. When the SE model gives β values of              

~ 0.75, the adsorption kinetics are a 2-dimensional process and when β = 0.5 it is 1-

dimensiolnal with a distribution of relaxation times.57 

7.2.4.1 Adsorption kinetics of ethanol and methanol 
 

           Figure 7.11a and b show the SE kinetic rate constants and exponents for methanol 

adsorption on NEW-1 at 298 K based on pressure and amount adsorbed, respectively. The 

isotherm has three regions and the changes in chemical potential gradients in these regions 

influence the kinetic parameters. In region I , initially the SE kinetics rate of constants 

decreased until reached the minimum value at the pressure step close to ~0.6 mbar (~ 1.0 

mmol g-1). The SE adsorption kinetic increased with increasing of the amount adsorbed up 

to ~ 3.0 mmol g-1 as the chemical potential gradient gradually increases. The highest 

amount adsorbed is corresponds to the isotherm plateau with stoichiometric ratio 1:1 

between methanol and crystallographic unit. In region II , corresponding to the plateau of 

the isotherm, the adsorption kinetic parameters were too fast to determine accurately.  This 

region gave fast SE kinetic rate constants in the range of 0.02-0.08 s-1.  his upward 

curvature corresponding to pores filling (region III ) resulted in slowing adsorption kinetics 

due to decreasing chemical potential gradient for the SE kinetic exponent, the β were quite 

constant in ranges ~0.75-0.84 with pressure step just below 1 mbar (see region I ).  In 

region III (~150-165 mbar), the β values were increase with increasing of the amount 

uptake and reach the maximum value ~0.9, which is close to the LDF model. 

   Figures 7.12a and b shows the variation of adsorption kinetic parameters for 

ethanol adsorption on NEW-1 at 298 K based on the pressure and amount adsorbed, 

respectively. In region I , it is apparent that the SE rate constant gradually increased with 

increasing surface coverage. The rate constants start at ~0.0026 s-1and increased to ~0.0125 

s-1 (~4 mbar) which is corresponded to ~3.0 mmol g-1 adsorbed on NEW-1. This increase 

can be attributed to the change is chemical potential gradient with increasing pressure. 

Region II  is the isotherm plateau region (amount adsorbed of ~3.0 mmolg-1) and this 

corresponds to the stoichiometric ration of one ethanol per one crystallographic formula 

unit. The adsorption kinetics in this region were too fast for accurate measurements in the 

pressure range > 4 -70 mbar. In region III where pore filling is approached, the SE rate 
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constants were decreased. The exponent β, initially the SE rate constant is very close to 

LDF then the rate of SE rate constants were gradually decreased with increasing of the 

surface coverage. The values obtained from region I  and III  covered ~0.67-0.98 and 

~0.76-0.84. 

7.2.4.2 Adsorption kinetics of n- propanol 
 

 Figure 7.13-7.14 shows the SE kinetic parameters for n-propanol adsorption on 

NEW-1 at 298 K with pressure and amount adsorbed, respectively. Both SE rate constants 

and exponents change in relation to the five n-propanol isotherm regions. In region I , the 

SE rate constants increase from ~0.005 to ~0.01 s-1 at pressure ~0.2 mbar. The isotherm 

step ends at approximately 1.5 mmol g-1 and this amount adsorbed corresponds to the 

stoichiometric ~0.5:1 of n-propanol and crystallographic unit. The increase in SE rate 

constants in isotherm region I  is consistent with the change in chemical potential gradient.  

The SE rate constant for the pressure steps ~0.2-0.5 mbar were obtainable due to the very 

fast adsorption kinetics on the first plateau of adsorption isotherm (region II ). The trend of 

SE rate constants in region III is exhibited a “U” shape and this follows the trend of the 

chemical potential gradient. Initially, SE rate constant were sharply decrease with 

increasing of pressure and surface coverage. This is because the flexible MOF structure 

changes in order to increase adsorption beyond the 0.5:1 n-propanol: Formula Unit ratio. 

Then the SE rate constants were increased as the isotherm reached plateau (region IV ). The 

SE rate constants in isotherm region IV  (~10-17 mbar) were very fast, which is similar to 

plateau region II. Isotherm region V starts at a pressure of ~17.5 mbar with the amount 

adsorbed ~2.5 mmol g-1. In this region, the SE rate constant decreased from ~0.03 to 0.001 

s-1 (27.5 mbar) as pore filling takes place. For the SE kinetic exponent ( β) the values were 

in the range ~0.80 – 0.85 up to amount adsorbed ~2.8 mmol g-1 (see region I) . At region 

III (~7.0-7.8 mbar), the β values were slightly decrease from ~0.82 to 0.66.  

7.2.4.3 Adsorption kinetics of n- butanol 
 

  The variations of SE rate constant with either pressure or amount adsorbed for n-

butanol adsorption are shown in Figure 7.15a and 7.15b, respectively. Both SE rate 

constants and exponents are discussed in terms of three regions, which are based on the 

regions of adsorption isotherm. In region I , the SE rate constant tends to increase with 
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increasing of both pressure and surface coverage as the chemical potential gradient 

increases. The rate constants obtained for this n-butanol adsorption range increased 

initially from ~0.001 to ~0.005 at ~0.08 mbar. This maximum SE rate constant is 

corresponded to the amount adsorbed of 1.6 mmol g-1 at the plateau of n-butanol 

adsorption isotherm. The SE rate constants were too fast to be measured accurately in the 

pressure range ~0.09-7.0 mbar in the plateau region II . In region III , the SE rate constants 

were decreased with increasing of both pressure and amount adsorbed which related to 

filling of the pores as can be seen in adsorption isotherm. These changes follow the trends 

expected from the chemical potential of the isotherm.   In the case of SE exponent, the β 

values for adsorption of n-butanol do not change markedly with increasing of surface 

coverage until the plateau of adsorption isotherm is reached.  In contrast, the β values of n-

butanol obtained beyond the isotherm adsorption plateau decreased markedly from ~0.9 to 

~ 0.5 which corresponds to the upward curvature of adsorption isotherm as pore filling 

takes place.  The change of β from 1 to 0.5 indicates a change from a 3-dimensional 

process with a single relaxation time to a 1-dimensional process with a distribution of 

relaxation times. It is interesting to note that the structure of NEW-1 is an unidirectional 

array of pores 

7.2.5 Activation energies for alcohol adsorption on NEW-1 
 

  The variations of SE rate constant with amount adsorbed obtained at temperature 

range 289-318 K for adsorption of alcohols on NEW-1  are shown in Figure 7.16-7.19. 

Typically, the SE rate constants in region I  correspond to the initial adsorption uptake to 

the plateau of the adsorption isotherm. The SE rate constants for n-propanol adsorption 

were obtained from both regions I  and III  (step adsorption). As expected, the rate 

constants increase with increasing of the temperature. 

The activation energies corresponding to barriers to diffusion of alcohol vapours 

into the pores of NEW-1 sample were obtained using the Arrhenius equation:41, 58  
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           where k is the rate constant, A is the pre-exponential factor, Ea is the activation 

energy, R is the universal gas constant and T is the temperature (K). The values of ln(k) 

versus 1/T  were plotted and the activation energies for each amount adsorbed  were 

obtained from the  gradient –Ea/R.31, 59 The SE rate constants (k) for specific surface 

coverages were calculate by linear interpolation between adjacent isotherm points for 

constant surface coverage.  The ln(k) values at zero surface coverage were calculated by 

extrapolation of the ln(k) versus amount adsorbed graphs 

 

7.2.5.1 Activation energy of methanol and ethanol adsorption on NEW-1 
 

Figure 7.20 shows the activation energies for methanol adsorption on NEW-1 for 

specific amounts adsorbed. It is apparent that the activation energy increases with 

increasing surface coverage and reached the peak of ~29.7 kJ mol-1 at ~1.75 mmol g-1. An 

increasing of activation energy is probably due to structural change due to framework 

flexibility leads to an increasing of diffusion barrier and decreasing SE rate of constants. 

After the peak, the SE rate constants increase and the activation energies decreased 

dramatically to a minimum value of ~14.0 kJ mol-1 (~2.75 mmol g-1) as the pores of the 

flexible framework open to accommodate more adsorbate molecules. The activation 

energies for adsorption covered the range 14 – 29 kJ mol-1 and the value at zero surface 

coverage was 14.47 ± 1.15 kJ mol-1. 

Figure 7.21 shows the activation energies for ethanol adsorption on NEW-1 based 

on the amount adsorbed calculated using the SE rate constants. The activation energies for 

adsorption covered the range 22 – 31 kJ mol-1 and the value at zero surface coverage was 

24.53 ± 0.64 kJ mol-1. The activation energies obtained for both methanol and ethanol 

adsorption on NEW-1 are similar to those values obtained for activated carbon and MOF 

Ni2(bpy)3.(NO3)4 M  and E phases as shown in Table 7.5. 

 

 

 

RT

E
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7.2.5.2 Activation energy for n-propanol adsorption on NEW-1 
 
 
  The activation energies for n-propanol adsorption were obtained from two 

adsorption regions, from low relative pressure isotherm region (I ) and from step adsorption 

region (III ) as shown in Figure 7.22a and b, respectively. The activation energies obtained 

from region I  did not change significantly with increasing amount adsorbed while the SE 

rate constant decreased slightly. The value of activation energies at this region covered the 

range 30-38 kJ mol-1 with the value at zero surface coverage of 33.33 ± 1.19 kJ mol-1. The 

activation energy at the step adsorption initially increased with increasing of the amount 

adsorbed to the steepest part of the isotherm but decreased as the isotherm approaches the 

adsorption isotherm plateau (region IV) . This trend corresponds well with the SE rate 

constant which initially decreased due to the increased diffusion barrier followed by an 

increase with decreasing diffusion barrier. The value of activation energies at this step 

adsorption region covered the range 42-57 kJmol-1. It is clear that the activation energies at 

low relative pressure region are much lower than those activation energy obtained in the 

step adsorption region. The large value for the activation energy in the step adsorption 

region (III ) is presumably due to structural change of NEW-1 in order to increase 

adsorption and minimise adsorbate-adsorbate interactions.  

 

7.2.5.3 Activation energy for n-butanol adsorption on NEW-1 
 
 

 The highest activation energy (75.34 ± 3.19 kJ mol-1) for n-butanol adsorption was 

obtained at the zero surface coverage. This is followed by a decrease in activation energy 

and reach the lowest value of 41.56 ± 2.38 kJ mol-1 at ~ 1.3 mmol g-1 adsorbed (Figure 

7.23). The initial large value for the activation energy at low relative pressure is due to the 

initial filling of the narrowest porosity, with the highest energy in the collapsed desolvated 

structure.  This corresponded to the slowest SE rate constant at the initial stage of 

adsorption process (region I ). The structure gradually expands with adsorption to give a 

structure with a pore volume of 0.2 cm3 g-1, which is slightly lower than the values in the 

region 0.26 cm3 g-1 obtained for methanol and ethanol. 
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7.2.5.4 Effect on the oxygen surface functional groups on the activation energy 
 
 The literature on the activation energy for alcohols adsorption on materials is very 

rare. However, some data obtained from the literature are showed in Table 7.5. The 

activation energies obtained from the methanol and ethanol adsorption on NEW-1 over 

temperature range 289-318 K show similar values to those obtained for activated carbon 

and  M  and E phases of Ni2(bpy)3.(NO3)4 while the activation energy obtained for n-

butanol adsorption on NEW-1 was much higher than the values reported for activated 

carbon.30 Higher value of activation energy of n-butanol compared the other alcohols 

studied is probably due to high diffusion barrier caused by the larger size compared with 

the NEW-1 pore structure. Figure 7.24 shows the activation energies at zero surface 

coverage obtained for alcohols adsorption on NEW-1 with the number of carbon atom of 

alcohols. Although the linear relationship is relatively weak it still indicates that the 

activation energy increased with increasing of the number of carbon atom. In comparison, 

both the activation energies and isosteric enthalpies of adsorption were listed in Table 7.6 

and their values at zero surface coverage were plotted as seen in Figure 7.25. It is clear that 

both isosteric enthalpies and activation energy increased with increasing of number of 

carbon atom for adsorption of C1-C4 alcohols on NEW-1. Additionally, the enthalpies 

obtained for adsorption of methanol, ethanol and n-propanol are much higher than the 

activation energy. This indicates that the enthalpy of adsorption controls the barrier to 

diffusion via a site-to-site or hopping mechanism. 

 

       Table 7.5 Comparison of activation energies of adsorption of C1-C4alcohols obtained  

                        from this study and literatures. 

References 
Activation energy, Ea (kJ mol-1)  

Adsorbents Temperature 
Methanol Ethanol n-Propanol n-Butanol 

This study  14 – 29  22 – 31 30 – 38 41-73 NEW-1  298-318 K 

   42 – 57*    

Fletcher et al.31   8-40 10-49    20-38 Activated carbon 288-313 K 

Fletcher et al.33 16-33 10-60    MOF E 268-288 K 

Fletcher et al.33 4-24 a      MOF M  268-288 K 

 5-64 b      

         * determined at the step adsorption of the isotherm 

          a and b represents the values at slow and fast kinetic, respectively, obtained 

from DE model 
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  Table 7.6 Isosteric enthalpies and activation energies obtained from alcohols  

                   adsorption on NEW-1.   

Adsorbates Isosteric enthalpy at zero 

surface coverage 

Qst (kJmol-1) 

Activation energy at zero 

surface coverage 

Ea (kJmol-1) 

Methanol 

Ethanol 

n-propanol 

                       

n-butanol 

63.95 ± 1.00 

71.68 ± 2.55 

78.55 ± 2.51 

  63.36 ± 2.17* 

92.91 ± 3.46 

14.47 ± 1.15 

24.53 ± 0.64 

33.33 ± 1.19 

49.95 ± 3.05* 

75.34 ± 3.19 

                       * Mean value determined at the step adsorption of the isotherm                    

7.3 Adsorption of water vapour 

 

  As described in Section 6.3.1, water adsorption studies on NEW-1 were 

conducted in the temperature ranges 298-303 K. All isotherms at 298 K were type V in 

IUPAC classification scheme while the adsorption isotherms at 303 K were not repeatable 

due to irreversible partial structural collapses.  Calculated pore volume at the plateau and 

the maximum uptake of water adsorption isotherm at 298 K was of 0.115 cm3 g-1 and 0.178 

cm3g-1 which is lower than total pore volume calculated from PLATON 0.269 cm3 g-1. 

However, pore volume calculated from water adsorption on NEW-1 are higher than the 

values obtained from those total pore volume calculated from N2, Ar and CO2 adsorption 

on NEW-1. This indicates that the structure of NEW-1 was partly recovered after water 

vapour adsorption. Water adsorption on NEW-1 also shows the stoichiometric relationship 

2:1 between the molecule adsorbed and crystallographic unit. This stoichiometric 

relationship indicates that water formed the cluster formation in the pores of NEW-1.  

After several water adsorption experiments, the isotherm of water adsorption on NEW-1 at 

298 K gave the lower uptake and lower pore volume of 4.86 mmol g-1 and 0.0920 cm3 g-1, 

respectively (isotherm is shown in Section 6.3.1). These pore volumes are consistent with 

the pore volume obtained from CO2 adsorption isotherm of NEW-1 at 195 K with the 

values of 0.0835 cm3 g-1. The much lower pore volumes indicate that the structure of 

NEW-1 was partly collapsed after several water adsorption experiments. 
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7.4 Methyl chloride, chloroform and dichloromethane adsorption on 

NEW-1 

7.4.1 Adsorption isotherms of methyl chloride, chloroform and dichloromethane 
 

  Figure 7.26 a and b shows the adsorption isotherms of methyl chloride on NEW-1 

over the temperature range 195-313 K based on pressure and relative pressure, 

respectively. The adsorption isotherms have a similar shape with type I in IUPAC 

classification scheme but only the adsorption isotherm at 195 K deviates at high relative 

pressure. This large upward curvature is observed for methyl chloride adsorption is due to 

pore filling. In region I , the adsorption isotherms had very sharp uptakes presumably due 

to strong adsorbate-adsorbent interactions. These methyl chloride isotherms reach the 

plateau at p/p0 ~0.076-0.095, which corresponds to ~1 molecule of methyl chloride per 

crystallographic formula unit (Figure 7.27 region II ).  

  The isotherms for chloroform adsorption on NEW-1 over the temperature range 

298-318 K are shown in Figure 7.28. These adsorption isotherms have a similar shape to 

type I in IUPAC classification scheme.60 However, it should be noted that the chloroform 

adsorption isotherms exhibited a small upward curvature at very low relative pressure 

(~p/p0 0.02, region I ). This upward curvature is due to interaction between adsorbate-

adsorbent and this probably results in a structural change lead to expansion or opening of 

the porous structure of the flexible framework. In region II  the isotherm showed a very 

steep uptake. The chloroform isotherms from five different temperatures reached the 

plateau at p/p0 ranging from ~0.28-0.32, which corresponds to ~1 molecule of chloroform 

per crystallographic formula unit of the NEW-1 (see region III  in Figure 7.30a). The 

adsorption isotherm also exhibited slight upward curvatures at the relative pressure close to 

1, which indicated pores filling occurred (see region IV ). 

  Figure 7.29 shows the adsorption isotherms of dichloromethane on NEW-1 over 

the temperature range 298-318 K. The adsorption isotherms have a similar shape with type 

I in IUPAC classification scheme but have deviation at high relative pressure. In region I , 

the adsorption isotherms had very sharp uptakes presumably due to strong adsorbate-

adsorbent interactions. These dichloromethane isotherms reach the plateau at p/p0 ~0.29-

0.35, which corresponds to ~0.75 molecule of dichloromethane per crystallographic 

formula unit (Figure 7.30b region II ). Large upward curvature is observed for 
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dichloromethane adsorption at high relative pressure close to 1 and this is due to pore 

filling 

  It is clear that the adsorption isotherms of methyl chloride and chloroform showed 

the stoichiometric ratio 1:1 between the adsorbed molecule and the crystallographic 

formula unit. These results were presumably due hydrogen bonding between the H atom of 

chloroform with non-coordinated carboxylic oxygen in the pore wall of NEW-1. This 

stoichiometric ratio is similar to methanol and ethanol adsorption on NEW-1. However, 

adsorption isotherms of dichloromethane indicated that there is a 0.75:1 stoichiometric 

relationship between dichloromethane adsorbed and the formula unit of NEW-1.  The total 

pore volumes obtained from methyl chloride adsorption on NEW-1 at 293 K and 195 K 

were ~0.171 cm3g-1 and 0.232 cm3 g-1, respectively. The total pore volume obtained from 

chloroform and dichloromethane adsorption on NEW-1 at 298 K were 0.267 and 0.253 

cm3g-1, respectively (see Table 7.7). These total pore volumes are consistent with the total 

pore volume obtained from alcohols adsorption and crystallographic calculation using 

PLATON. It should be noted that the NEW-1 had a flexible structure which is evidenced 

by the upward curvature at region I  of chloroform adsorption. This is due to the co-

operative effect, which is probably caused by chloroform being slightly larger than the 

pore dimensions with the isotherm curvature being attributed to structure change in the 

flexible framework which results in pore expansion at low relative pressure.  

 

Table 7.7 Summary of adsorption data for plateau regions of isotherm for NEW-1. 

 

Parameters Methyl chloride Chloroform Dichloromethane 
Amount adsorbed at plateau  
(mmolg-1) 

 
3.05-3.07 3.09-3.14 2.43-5.45 

Relative pressure at plateau 
(p/p0) 

 
0.076-0.079 0.28-0.32 0.29-0.35 

Adsorbate molecules per 
formula unit 

1 1 0.75 

Total pore volume at  
(p/po ~1) cm3g-1 

0.232** 0.267 0.253 

Molecular size (Å)39, 61*  4.18*** 62 4.613,  5.713,  6.181 4.14, 4.57, 6.26 

                * minimum dimension; MIN-1, MIN-2, MIN-3 

             ** determined from the maximum uptake of the adsorption isotherm at 195 K 

           *** kinetic diameter 
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7.4.2 Adsorption thermodynamics for dichloromethane, methyl chloride, and 

chloroform adsorption on NEW-1 

 

  The isosteric enthalpy obtained for methyl chloride adsorption on NEW-1 is 

shown in Figure 7.31. The isosteric enthalpy for methyl chloride adsorption increases with  

increasing of surface coverage to ~0.5 mmol g-1, which corresponds to region I  in 

adsorption isotherm. The isosteric enthalpy increased markedly in this region for ~24 kJ 

mol-1 to ~40 kJ mol-1. Then, the isosteric enthalpies of methyl chloride were quite constant 

at ~40 kJ mol-1 for the isotherm. The isosteric enthalpy of methyl chloride at zero surface 

coverage was 24.47 ± 1.5 kJ mol-1. This value is higher than the enthalpy of vaporization of 

21.450 kJ mol-1 and also higher than the values obtained from methyl chloride adsorption 

on Graphon (~10.4 kJ mol-1).63  However, the isosteric enthalpies of obtained for methyl 

chloride adsorption on NEW-1 is  similar to those values of obtained from the Carbonsieve 

G64 and magnesium oxide65 (Table 7.8). The entropies for methyl chloride adsorption on 

NEW-1 are shown in Figure 7.32.  The highest value of isosteric entropies obtained for 

methyl chloride adsorption on NEW-1 was observed at low surface coverage and 

decreased with increasing surface coverage and this coincides with the very sharp increase 

in the adsorption isotherm at low pressure region.   

  The isosteric enthalpies for both chloroform and dichloromethane adsorption on 

NEW-1 are shown in Figure 7.33a and 7.33b, respectively. The isosteric enthalpy of 

chloroform adsorption decreased with increasing of surface coverage to ~0.2 mmol g-1, 

which corresponds to region I  in adsorption isotherm. The isosteric enthalpy decreased 

remarkably in this region for ~70 kJ mol-1 to ~50 kJ mol-1, which is consistent with pore 

expansion or structural change. Then, the isosteric heats of chloroform were quite constant 

at ~52.5 kJ mol-1 and this corresponds to the plateau of adsorption isotherm. The Qst values 

obtained for  chloroform adsorption were in the range 20 -73 kJmol-1 (value at zero surface 

coverage of 72.54 ± 2.83 kJ mol-1) and were higher than the enthalpy of vaporization of 

31.28 kJ mol-1.49 Isosteric enthalpies of dichloromethane gradually decrease with 

increasing of the surface coverage. The values obtained for this dichloromethane 

adsorption were in the range 53-57 kJ mol-1 (value at zero surface coverage of 56.69 ± 1.3 

kJ mol-1) and were higher than the enthalpy of vaporization of 38.6 kJ mol-1. The isosteric 

enthalpies of both chloroform and dichloromethane reported in this study are similar to 

those values of obtained from the other materials (Table 7.8). 
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  The entropies for chloroform and dichloromethane adsorption on NEW-1 are 

shown in Figure 7.34a and 7.34b, respectively. In case of chloroform, there is a rapid 

increase in entropy (becomes less negative) to the maximum values at very low surface 

coverage which can be ascribed to the chloroform molecules opening pores. This is related 

to the upward curvature of adsorption isotherm at low relative pressure. After the 

maximum value is reached, the entropy of adsorption of chloroform decreased with 

increasing surface coverage. The highest value of isosteric entropies obtained for 

dichloromethane adsorption on NEW-1 was observed at low surface coverage and 

decreased with increasing surface coverage and this coincides with the very sharp increase 

in the adsorption isotherm at low pressure region. Methyl chloride showed similar trends.   

 

   Table 7.8 Isosteric enthalpies of chlorinated compounds adsorption obtained from  

                    this study and literatures. 

 

References 
Isosteric enthalpies of Adsorbates, Qst (kJmol-1) 

Adsorbents Temperatures 
Methyl chloride Chloroform Dichloromethane 

Enthalpy of 
evaporisation49, 50 21.4  31.28 38.6   ** 
This study  
 

24-40 
(22.47±1.5)* 

20-73 
(72.54±2.83) 

53-57 
(56.69±1.38) 

MOF NEW-1 
 

 298-318 K 
 

Chiang et al 66  42.13 31.71 Activated carbon 278-353 K 

Reid et al.61*  44.7  CMS 288-313 K 

Diaz et al.67*   30.8  Carbon nanotubes 473-525 K 

  28.5  Carbon nanofibers 473-525 K 

Chen et al.68   30-70  California soil   288-298 K 

Giraudet et al.69   43.2 Norit R3extraa 293 K 

    48.3 Pica NC60b   293 K 

Markovic et al.70  44.5 37.9 SiO2-H 333-393K 

   43.9 39.9  SiO2-Ni  333-393 K 

Mooi  et al.63 ~10.6   Graphon 195-448 K 

Mariwala et al.64 ~23-39   Carbonsieve G 273-295 K 

Sprung et al.65 ~25-33   Magnesium oxide 162-175 K 

   

    * The isosteric enthalpies of adsorption (Qst) at zero surface coverage 

  ** These values were determined at its boiling point 
                    a and b represents the granular activated carbon from Norit and Pica manufacturers 
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7.4.3 Adsorption kinetics of chloroform and dichloromethane 
 

  The kinetic parameters of methyl chloride adsorption on NEW-1 cannot determine 

accurately because the adsorption kinetics were too fast. The SE kinetic rate constants and 

exponents of chloroform adsorption on NEW-1 at 298 K are show in Figure 7.35a and b. It 

is clear that, there are four regions, which are consistent with the adsorption isotherm. In 

region I , the SE rate constant decreased with increasing of the pressure and amount 

adsorbed until reached a minimum at a pressure ~4 mbar (~0.8 mmol g-1) and the SE rate 

constants in the range 0.002-0.06 s-1. This is attributed to the opening of the collapsed 

porous structure resulting in slow diffusion kinetics in upward isotherm curvature region I . 

Then, the adsorption kinetics was gradually increased until pressures close to ~20 mbar 

(see region II ). The amount adsorbed in this region was ~ 3.0 mmol g-1, which corresponds 

with amount adsorbed ~1:1 adsorbate molecule per crystallographic formula unit. The 

adsorption kinetics between ≥ 20 to 200 mbar were too fast to be determined accurately 

and this corresponds to the adsorption isotherm plateau. However, the adsorptions kinetics 

decreased above 200 mbar where pores filling occurs.  The kinetic exponent (β) values 

were in the range ~ 0.65-0.75 in both regions I  and II . The β values slightly increased as 

the plateau is approached and the β values increased at very close to saturated vapour 

pressure of chloroform.  

  Figure 7.36a and 7.36b shows kinetic SE rate constant and exponent graphs of 

dichloromethane adsorption on NEW-1 at 298 K based on the pressure based and amount 

adsorbed, respectively. The adsorption kinetics of dichloromethane can be classified in to 

three regions corresponding to the regions of adsorption isotherm. In region I , the SE rate 

constants slightly decreased with increasing pressure and amount adsorbed until the 

minimum point is reached at a pressure of ~0.3 mbar (~0.5 mmol g-1) and SE rate constant 

in the range 0.006-0.011 s-1. In region I , the SE rate constants increased until ~3 mbar  

corresponding to amount adsorbed of ~1.6 mmol g-1. The adsorption kinetics between ≥ 4 

to 525 mbar could not be determined accurately due to the changes in the amount adsorbed 

for pressure steps on the plateau being very small and the very fast kinetics. Beyond 

pressure 525 mbar, the SE rate constants decrease with increasing of the amount uptake 

due to pores filling. This is consistent with the change in chemical potential gradient. For 

the SE kinetic exponents (β) were quite consistent at the low relative pressure region with 

values in the range ~0.75-0.8. Then the β values were slightly decreased at the plateau and 
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followed with an increased of the β values at very close to saturated pressure of 

dichloromethane.    

  

7.4.4 Activation energy for chloroform and dichloromethane adsorption 

 

The variations of SE rate constants with amount of chloroform and 

dichloromethane adsorbed on NEW-1 obtained over the temperature range 298-318 K are 

shown in Figure 7.37 and 7.38, respectively. Typically, the SE rate constants shown here 

were obtained from region I , the first pressure step of adsorption to the pressure step at the 

plateau of the adsorption isotherms. The SE rate constants (k) for both chloroform and 

dichloromethane adsorption from temperatures range 298-318 K were interpolated from 

the constant surface coverage and then were plotted versus 1/T. Therefore, the activation 

energies are obtained from the slope from these plots.  The activation energy profiles for 

both chloroform and dichloromethane compounds are quite similar as shown in Figure 

7.39 and 7.40, respectively. At region I, the activation energies for chloroform adsorption 

were remarkably increased from 20.51 ± 3.36 to 73.71 ± 3.38 kJ mol-1. An increased of 

these diffusion barriers caused the adsorption kinetic slowing down, as can be seen on the 

SE rate constant at region I . At the peak, the activation energy obtained from chloroform 

adsorption is corresponded to ~0.8 mmol g-1. After reaching the peak, the activation 

energies gradually decreased with increasing of both amount adsorbed and pressure. The 

activation energies dichloromethane adsorption were gradually increased with increasing 

of surface coverage until reaching the peak, then the activation energy of both chlorinated 

compounds trends to decrease with an increasing of surface coverage. The activation 

energies obtained from dichloromethane adsorption were in the range 10.20 ± 0.79 – 23.52 

± 0.90 kJ mol-1 and the amount adsorbed at the peak of the activation energy corresponds 

to ~0.4 mmol g-1. It is clear that the activation energy of chloroform is much higher than 

dichloromethane. This is attributed to the larger molecular dimensions of chloroform as 

compared to dichloromethane. It should be noted that isosteric enthalpies of chloroform 

and dichloromethane at zero surface coverage are much higher than the activation energy, 

which indicates that chloroform and dichloromethane diffuse to the pore by a site-to-site 

surface hopping mechanism. 
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Table 7.9 Isosteric enthalpies and activation energies obtained from chloroform and  

                 dichloromethane adsorptions on NEW-1. 

 

Adsorbates Isosteric enthalpy at zero 

surface coverage 

Qst (kJ mol-1) 

Activation energy at zero 

surface coverage 

Ea (kJ mol-1) 

Chloroform 

Dichloromethane 

72.54 ± 2.83 

56.69 ± 1.38 

20.51 ± 3.36 

10.20 ± 0.79 

      

7.5 Adsorption of Alkanes on NEW-1 

7.5.1 Adsorption isotherms of alkanes 
 

  The adsorption of nine alkanes include methane, ethane, propane, n-butane, n-

pentane, n-hexane, n-heptane, n-octane and n-nonane on NEW-1 were studied. Methane, 

ethane and propane, adsorption studies were conducted at temperature ranging from 195 K 

to 318 K, n-butane at 273-313 K, n-pentane, n-hexane and n-heptane at 298 - 318K, while 

n-octane and n-nonane adsorptions studies were conducted only at 298 K.   

  Adsorption isotherms for methane adsorption on NEW-1 at temperature ranges 

195-313 K are shown in Figure 7.41a. The isotherms of methane adsorption at 195 K were 

type I in the IUPAC classification scheme, while the adsorption isotherms of methane 

determined from 273 K to 313 K only showed a very small amount of curvature with 

increasing pressure. The total pore volume obtained for methane adsorption at 195 K was 

0.084 cm2 g-1 which consistent with the total pore volumes calculated from N2 (77 K), Ar 

(77 K),  and CO2 (195 K), adsorption isotherms. Figure 4.1b showed that methane does not 

have stoichiometric relationship between molecule adsorbed and crystallographic formula 

unit. 

  Adsorption isotherms for ethane and propane adsorption on NEW-1 for 

temperature range 195-313 K are shown in Figure 7.42a and 7.42b, respectively. The 

isotherms of methane adsorption at 195 K were type I in the IUPAC classification scheme 

while the adsorption isotherms in range of 293-313 K were intermediate of type I. The total 

pore volume obtained for ethane adsorption at 195 K was 0.1685 cm2 g-1 (n = 3.206 mmol 
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g-1, ρ(C2H6) = 0.572,  p/p0 ~0.564), which is much higher than the pore volume obtained for 

methane adsorption on NEW-1. This indicates that the partial expansion of pore volume of 

NEW-1 is induced by ethane adsorption.  

  All isotherms of propane adsorption were type I in the IUPAC classification 

scheme (see Figure 7.43). Also, the adsorption isotherm at 195 K showed an upward 

curvature at high relative pressure due to pore filling. The total pore volume calculated 

from propane adsorption isotherm at 195 K was 0.226 cm2 g-1(n = 2.961 mmol g-1, ρ(C3H8) 

= 0.5853), which is slightly lower than the value calculated from PLATON calculation. 

However, these total pore volumes are much higher than the pore volume calculated from 

N2, Ar and CO2 adsorption isotherms which indicates that pore volume of NEW-1 is 

expanded during adsorption of propane. Figure 7.44a and 7.44b show that both ethane and 

propane do not have stoichiometric relationships one molecule adsorbed per 

crystallographic formula unit. The propane adsorption isotherms for 298- 318 K have a 

steep uptake until 0.5 C3H8 per crystallographic formula unit and then increases more 

gradually as the pressure is increased.   

  The n-butane adsorption isotherms for 298- 318 K had a similar shape to type I 

shape in the IUPAC classification scheme but with showed some upward curvature at very 

low relative pressure (see Figure 7.45). This upward curvature is probably due cooperative 

effects leading to structural change. This upward curvature is followed by a steep uptake 

until 0.6 C4H10 per crystallographic formula unit and then increases very gradually as the 

pressure is increased. This increase is less steep than the corresponding propane isotherm. 

  Adsorption isotherms of n-pentane obtained in the temperature range 293- 318K 

are shown in Figure 7.46 a-b. The isotherms of n-pentane had a similar shape to type I 

shape in the IUPAC classification scheme but with some deviations. The isotherms also 

showed upward curvature at very low relative pressure (region I ) probably due cooperative 

effects leading to structural change. In region II , the isotherms exhibited steep uptake, 

which is indicated high adsorbate-adsorbent interaction. There was also upward curvature 

close to relative pressure ~ 1. The n-pentane isotherms from five different temperatures 

reached the plateau at p/p0 ranging from ~0.2 - 0.3. Figure 7.47 showed that the 

stoichiometric relationship between molecules of n-pentane corresponding to the isotherm 

plateau per crystallographic formula unit of the NEW-1 was close to 0.5. The adsorption 

isotherms at 298 K and 303 K of n-pentane exhibited the upward curvature at the relative 

pressure close to 1, which is attributed to pore filling (see region IV ).  
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  Adsorption isotherms of n-hexane and n-heptane obtained from different five 

temperatures are shown in Figure 7.48 and 7.49, respectively. The n-hexane and n-heptane 

adsorption isotherms are similar to the isotherms of n-pentane. Both n-hexane and n-

heptane adsorption isotherms also showed upward curvature at very low relative pressure 

(region I ), which is probably due to the cooperative effect leading to structural change. In 

region II , n-hexane and n-heptane isotherms exhibited sharp uptake, which indicates high 

adsorbate-adsorbent interactions.  

  Figure 7.50a shows the adsorption isotherms of five different alkane vapours on 

NEW-1 at 298 K. It is clear that all five isotherms are similar to type I in the IUPAC 

classification. The amount adsorbed at the isotherm plateau of n-pentane, n-hexane and n-

heptane are similar, but much higher than n-octane and n-nonane. The cross-sectional 

dimensions of n-alkanes are similar and only differ in the third (longest) dimension. The 

amount adsorbed at the plateau of n-butane, n-pentane, n-hexane, n-heptane, n-octane and 

n-nonane isotherms corresponded to ~0.6 (p/p0~0.12), ~0.5 (p/p0~0.14), ~0.5 (p/p0~ 0.2), 

~0.5 (p/p0~0.2), ~0.4 (p/p0~0.2), and ~0.38 (p/p0~0.2) molecule of the adsorbent per 

crystallographic formula unit of the NEW1 as shown in Figure 7.50a. The particular order 

of the amount adsorbed on the isotherm plateau is n-butane > n-pentane ~ n-hexane ~ n-

heptane > n-octane > n-nonane. The pore volumes calculated for the amount adsorbed at 

the plateau are n-butane 0.201 cm3g-1, n-pentane 0.202 cm3g-1; n-hexane 0.225 cm3g-1;               

n-heptane 0.243 cm3g-1; n-octane 0.219 cm3g-1 and n-nonane 0.218 cm3g-1. This is possibly 

related to a relationship between molecular size and the crystallographic repeat unit even 

for non-specific interactions. Figure 7.50b showed that the stoichiometric relationships 

between either molecules of n-hexane or n-heptane per crystallographic formula unit of the 

NEW-1 existed for the plateau but not for the final uptakes corresponding to the total pore 

volume.  

7.5.2 Thermodynamics of alkane adsorption 
 

Figure 7.51 shows isosteric enthalpies obtained for methane, ethane, propane, n-

butane, n-pentane, n-hexane and n-heptane adsorption on NEW-1 over temperature range 

288-313 K. The isosteric enthalpy of methane slightly decreased from 23.83 ± 1.14 kJ mol-

1 at zero surface coverage and stabilised at ~20 kJ mol-1. There is no significant change of 

isosteric enthalpies with pressure obtained for ethane adsorption on NEW-1 and the 
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isosteric enthalpy at the zero surface coverage was 31.90± 1.34 kJ mol-1. The isosteric 

enthalpy at zero surface coverage of propane was 48.24 ± 1.52 kJ mol-1 and there was no 

significant change with surface coverage.  This enthalpy for methane is similar to the 

enthalpies of vaporisation within experimental uncertainty while the value for propane is 

significantly greater as shown in Table 7.10. The isosteric enthalpies obtained for methane 

and propane adsorption on NEW-1 are similar to those values obtained from activated 

carbon, microporous polymer and zeolite.43, 48, 67, 71, 72 The isosteric entropies obtained for 

methane adsorption on NEW-1 decreased with increasing of the surface coverage. The 

isosteric entropies for propane adsorption initially decreased with increasing of surface 

coverage until reached the minimum values at surface coverage ~0.25 mmol g-1. The 

isosteric enthalpy of n-butane was slightly increased with increasing of surface coverage 

until reached the maximum value of ~59.33 kJ mol-1 at surface coverage ~0.8 mmol g-1. 

The isosteric enthalpy at zero surface coverage of n-butane was 56.07 ± 0.59 kJ mol-1 

which is similar to those values obtained for porous carbons. 

 

Table 7.10 Isosteric enthalpies of methane and propane adsorption obtained from this    

                  study and the literatures. 

References 
Isosteric enthalpy of Adsorbates, Qst (kJmol-1) 

Adsorbents Temperatures 
Methane Ethane Propane n-Butane 

Enthalpy of 
evaporisation49, 50 

8.2 14.7 18.4 22.4  *** 

This study 
 

18-24 
(23.83 ± 1.14)* 

 
31-32 

(31.90 ± 1.34)* 

 
40-51 

(48.24 ± 1.52)* 

 
52-59 

(56.07 ± 0.59)* 
NEW-1 298-318 K 

Carrott et al ~17 ~28 ~39 ~50 Carbon AX21 293-303 K 

 ~22 ~38 ~51 ~67 Carbon JF006 293-303 K 

Cao et al.48 22.2 36.6 49.5 62.9 Carbosieve B 413-653 K 

 20.9 33.3 44.3 58.6 Charcoal cloths 1 413-653 K 

 21.4 33.8 46.2 57.6 Charcoal cloths 2 413-653 K 

Wood et al.73 22**    Dichloroxylene 298 K 

 20.8    Dichloroxylene 298 K 

Myers alan 74 21.1 31.1 41.4  ZSM-22 305.75 K 

Almazan et al.71  39.9 45.3 49.6 Activated carbon  463-523 K 

       

  * the isosteric enthalpies of adsorption (Qst) at zero surface coverage 

** simulated value,  *** These values were determined at its boiling point. 
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Figure 7.51 shows isosteric enthalpies obtained from n-pentane adsorption on 

NEW-1 at 298 K. There is no significant change of isosteric enthalpies with surface 

coverage. The values obtained covered the range ~62 – 66 kJ mol-1 with the value at zero 

surface coverage of 64.65 ± 1.23 kJ mol-1. These values are much higher than the enthalpy 

of vaporization of 24.3 kJ mol-1, but similar to those values obtained from n-pentane 

adsorption on activated carbons as shown in Table 7.11.71, 75 The isosteric enthalpy 

obtained from n-pentane adsorption on NEW-1 is similar to the values obtained from the n-

pentane adsorption on activated carbons and zeolites72  while the isosteric enthalpy for n-

pentane adsorption on NEW-1 are higher than those values obtained from the porous 

alumina, carbon nanotubes and carbon nanofibers.67 This is probably due to similarity 

between the adsorbate and pore sizes of NEW-1, enhancing the non-specific adsorbate-

adsorbent interactions leading to high isosteric enthalpy of adsorption. In the same way, 

Naono et al. 76 reported similar results that micro pore size and surface functional group is 

enhanced the adsorbed-adsorbent interaction on the adsorption. Diaz et al.67, 72 reported 

that the microporous activated carbons showed that the isosteric enthalpies obtained from 

vapours adsorption on microporous carbon were ~25 % higher than the values obtained 

from mesoporous material e.g. alumina, carbon nanotubes and carbon nanofibers. Diaz et 

al. 67, 72, 77 suggested that the high isosteric enthalpies were obtained for vapour adsorption 

on porous materials with the acid surface functional group on the pore surfaces.  

The isosteric enthalpies obtained from n-hexane and n-heptane adsorption on 

NEW-1 decreased with increasing of the surface coverage until reached the minimum 

values at surface coverage ~0.5 mmol g-1. These minimum values correspond to the point 

on the adsorption isotherm where the plateau is reached. After that, the isosteric enthalpies 

for n-hexane and n-heptane adsorption gradually increased, which corresponds to the 

second uptake on the adsorption isotherm. The values obtained for n-hexane adsorption on 

NEW-1 were covered the range ~65-83 kJ mol-1 with the value at zero surface coverage of 

76.76 ± 3.51 kJ mol-1 while the values obtained for n-heptane adsorption were ~54-94 kJ 

mol-1 with the value at zero surface coverage of 89.27 ± 3.48 kJ mol-1. These isosteric 

enthalpies of n-hexane and n-heptane were higher than the enthalpy of vaporization of 27.2 

kJ mol-1 and 31.7 kJ mol-1, respectively. The isosteric enthalpies obtained from n-hexane 

and n-heptane adsorption on NEW-1 are slightly lower than those values obtained from 

Carbosieve B and charcoal cloths 1 and 2 as shown in Table 7.12.48 
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Figure 7.52 showed the isosteric entropies obtained from alkane adsorption on 

NEW-1 at 288-318 K. The isosteric entropies for methane were dramatically decreased 

with increasing of surface coverage while the isosteric entropies for ethane, propane and n-

butane gradually decreased with increasing of the amount adsorbed. In is apparent that 

there is no significant change of isosteric entropies with surface coverage. The isosteric 

entropies obtained from n-hexane and n-heptane adsorption on NEW-1 decreased slightly 

with increasing of the surface coverage until reached the maximum values at surface 

coverage ~0.5 mmol g-1. These maximum values correspond to the point on the adsorption 

isotherm where the plateau is reached.  

Figure 7.53 shows the isosteric enthalpies at zero surface coverage obtained for 

methane, ethane, propane, n-butane, n-pentane, n-hexane and n-heptane adsorption on 

NEW-1 plotted against the number of carbon atoms in alkane. It is clear that the order of 

isosteric enthalpies of alkane is methane < ethane < propane < n-butane < n-pentane < n-

hexane < n-heptane.  The linearity of the plot with correlation 0.9948 shows that there is a 

steady increase in the adsorbate-adsorbent interaction energy with increasing of chain 

length of alkane. The liner relationship between length of alkane molecules and isosteric 

enthalpies was also shown in Figure 5.54.  Ahsan et al.46 and Dernovaya et al.78 obtained 

similar results in gas chromatographic studies of isosteric enthalpies at zero surface 

coverage for n-alkane, n-alkenes and aromatics adsorption on various porous materials 

showed an approximately linear increase with increasing of carbon number. 56 
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 Table 7.11 Isosteric enthalpies of n-pentane adsorption obtained from this study                

                     and literatures. 

 

References 
n-Pentane 

Adsorbents Temperatures Isosteric enthalpy, Qst 

(kJmol-1)  
Activation energy, 

Ea (kJmol-1) 
Enthalpy of 
evaporisation49, 50 24.3     309.15 K 

This study   62-66 (64.65 ± 1.23)* 38-75 (29.61 ± 4.51) NEW-1  298-318 K 

Almazan et al.71*  68.1  Activated carbon A950-4 463-523 K 

Herry et al.43 53.9  Activated carbon A 473-573 K 

 58.6  Activated carbon D 473-573 K 

Diaz et al.72*  48.01  Activated carbon 473-543 K 

 28.47  Alumina 473-543 K 

 52.96  Zeolite 5 A 473-543 K 

Diaz et al.67 *  36.9  Carbon nanotubes 473-525 K 

 27.5  Carbon nanofibers 473-525 K 

* the isosteric enthalpies of adsorption (Qst) at zero surface coverage 

 

Table 7.12 Isosteric enthalpies of n-hexane and n-heptane adsorption obtained from  

                    this study and literatures. 

 

References 
Isosteric enthalpy of Adsorbates, Qst (kJmol-1)  

Adsorbents Temperatures 
n-Hexane n-Heptane 

Enthalpy of 
evaporisation49, 50 27.2 31.7   341.7, 371.8 K 

This study   65-83(76.76 ± 3.51)* 54-94(89.27 ± 3.48) NEW-1  298-318 K 

Cao et al.48 88.9 100.4 Carbosieve B 413-653 K 

 82.1 93.6 Charcoal cloths 1 413-653 K 

 82.7 93.4 Charcoal cloths 2 413-653 K 

Domingo-Gracia 33.8 39.2 Carbon black V3 606-636 K 

et al.79 26.7 36.3 Pyrolytic graphite 606-636 K 

Dernovaya et al.78 37.1 42.4 Porous cellulose   333-383 K 

 43.7 52.5 Carbon black 333-383 K 

Ahsan et al.46 36.4 44.1 Calcium carbonate   373-393 K 

* the isosteric enthalpies of adsorption (Qst) at zero surface coverage 
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7.5.3 Adsorption kinetics for n-alkanes on NEW-1 
 

  Adsorption kinetics of propane, n-pentane, n-hexane and n-heptane followed the 

stretch exponential model (SE) and some selected fits of the model to the kinetic profiles 

of the alkanes studied are shown in appendix E. However, the adsorption kinetics of 

methane and ethane were too fast to determine accurately. 

 Figure 7.55 a and b show the SE rate constant and kinetic exponent data versus 

pressure and amount adsorbed for propane adsorption on NEW-1 at 288 K, respectively. 

Adsorption kinetics data for n-pentane were obtained from the low pressure region (I ) of 

the adsorption isotherm. The SE rate constant decreased with increasing pressure and 

stabilised at the amount adsorbed in range of ~0.4-1.4 mmol g-1 with the SE rate ~ 0.019-

0.022 s-1. The SE rate constant then increased dramatically with increasing of the pressure 

with the values in range of ~ 0.022-0.043 s-1. This increase in SE rate constant corresponds 

to the plateau of adsorption isotherm. In the case of SE exponent, the β values for 

adsorption of propane slightly decreased with increasing of surface coverage until reach 

the minimum value of ~ 0.65 at an amount adsorbed ~ 1.35  mmol g-1.  Then, the β values 

increased from ~0.65 to ~0.92 with increasing surface coverage on the plateau of the 

adsorption isotherm. Figure 7.56 shows the SE rate constant versus amount adsorbed 

graphs for propane adsorption on NEW-1 over the temperature range 288-308 K had a 

similar trend. The Figure indicates that the SE kinetic constant increased with increasing of 

the temperature. 

 Figure 7.57a and b shows the SE kinetic rate constant and exponent of n-pentane 

adsorption on NEW-1 at 298 K. It is clear that, there are four regions of the SE rate 

constant. Firstly, at the initial adsorption process, the SE rate constant decrease to a 

minimum point of this step at the pressure step close to ~1.0 mbar and this corresponds to 

an increase in the barrier (activation energy). The corresponding region I  of the isotherm 

also showed the upward curvature, i.e. some cooperative effect resulting in structural 

change opening the pores resulting in the development of a barrier to diffusion through the 

pores. The adsorption SE rate constant determined at 298 K increased until the pressure 

step close to ~25 mbar, which is consistent to the region II of the adsorption isotherm. The 

adsorption kinetics determined at 298 K and over the pressure range between ~26.0-550 

mbar were too fast to be determined accurately. The adsorptions kinetics decreased beyond 

pressure step 550 mbar, which is corresponds to pores filling in region IV  of the adsorption 
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isotherm. The amount adsorbed at the minimum SE rate constant was ~ 0.6 mmol g-1 and 

this region gave the rate of adsorption kinetic in range 0.0008-0.010 s-1. While, the amount 

adsorbed at the peak of region II  of kinetic was ~ 1.4 mmol g-1. This step gave the rate of 

adsorption kinetic in rage 0.001-0.012 s-1. For the kinetic exponent, the β were in ranges 

~0.6-0.9 with pressure step just below 1 mbar. Then the β values were increase at the 

pressure step very close to saturated pressure of pentane and reach the maximum value 

~0.9. The SE rate constant versus amount adsorbed graphs for n-pentane adsorption on 

NEW-1 over the temperature range 288-308 K is shown in Figure 7.58.  

 Figure 7.59 and 7.60 shows the SE kinetic rate constant and exponent of                

n-hexane adsorption on NEW-1 at 298 K based on pressure and the amount adsorbed, 

respectively. The SE kinetic rates constant are taken from two regions which correspond to 

region I  and II  on the adsorption isotherms. At the initial adsorption process, the SE rate 

constant decrease from ~ 0.0073 s-1 to ~ 0.0016 s-1 at the pressure step close to ~0.10 mbar 

(amount adsorbed ~ 0.97 mmol g-1) and this corresponds to an increase in the barrier. The 

corresponding region I  of the adsorption isotherm at high temperature also showed the 

upward curvature. This indicates some cooperative structural change resulting in opening 

of the pore and the development of a diffusion barrier. In region II , the adsorption SE rate 

constant are relatively constant ~ 0.0016 - 0.017 s-1 with the maximum pressure step close 

to ~0.25 mbar. The adsorption kinetics on the plateau of isotherm (region III ) were too fast 

to be measured accurately. In the case of SE exponent, the initial values of β for adsorption 

of n-hexane were in range of ~0.97-0.98 which is very close to LDF. Then, the β values 

decreased sharply with increasing of surface coverage until reach the minimum value of ~ 

0.69 at the amount adsorbed~ 0.9 mmol g-1.  Then, the β values increased from ~0.69 to 

~0.89 with increasing of the surface coverage. This is related to the changes in the barriers 

to diffusion into the porous structure. The kinetic profiles of n-hexane adsorption on NEW-

1 at  temperature range 298-318 K also showed that the SE kinetic rate constant is 

tempereture dependent (see Figure 7.61) 

  Figure 7.62 and 7.63 shows the SE kinetic rate constant and exponent β for n-

heptane adsorption on NEW-1 at 298 K based on pressure and the amount adsorbed, 

respectively. The SE kinetic rates constant are taken from two regions which correspond to 

region I  and II  on the adsorption isotherms. In the initial adsorption region, the SE rate 

constant slightly decrease from ~ 0.008 s-1 to ~ 0.0025 s-1 at the pressure step close to 

~0.04 mbar. The corresponding region I  of the adsorption isotherm at high temperature 
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also showed the upward curvature which indicates some cooperative effective of a 

structural change after build up in the barrier. In region II , the adsorption SE rate constant 

increased from ~ 0.0025 s-1 to ~ 0.016 s-1 with the maximum pressure step close to ~0.1 

mbar. The adsorption kinetics on the plateau of the isotherm (region III ) were too fast to 

be obtained accurately. In the case of SE exponent, the initial values of β for adsorption of 

n-heptane were stabilised in range of ~0.81-0.85 with the amount adsorbed of ~0.3-0.8 

mmol g-1. Then, the β values decreased sharply with increasing of surface coverage until 

reach the minimum value of ~ 0.64 at the amount adsorbed ~ 1.15 mmol.  In region II , the 

β values varied in range of 0.62 - 0.78. 

 

7.5.4 Activation energies for alkane adsorption on NEW-1  

 

Activation energy profile of propane adsorption on NEW-1 over the temperature 

range of 288-308 K is shown in Figure 7.65. It is apparent that the activation energy of 

propane did not change markedly and stabilises at 20-25 kJ mol-1 with the amount 

adsorbed up to ~1.0 mmol g-1. This was followed by an increased of activation energy with 

increasing of surface coverage. This increase corresponds to the adsorption steps close to 

the plateau of the isotherm and there is a small amount of curvature indicative of structural 

change. This is most visible in the isotherms obtained at higher temperatures. The 

activation energies obtained from propane adsorption were in the range of 19 to 43 kJ mol-

1 with the value of zero surface coverage of 19.66 ± 3.3 kJ mol-1. 

Activation energy profiles of n-pentane, n-hexane and n-heptane adsorption on 

NEW-1 over the temperature range of 298-318 K are shown in Figure 7.66, 7.67 and 7.68, 

respectively. It is apparent that the activation energies of n-pentane, n-hexane and n-

heptane have an inverted ‘U’ shaped trend. Initially, the activation energies were gradually 

increased with increasing of surface coverage reaching a peak. An increasing activation 

energy is consistent with a decrease in SE rate constant. This can be ascribed to structural 

change opening the porosity and increasing the barrier to diffusion into the porous 

structure. The trends for the activation energies of n-pentane, n-hexane and n-heptane are 

to decrease with further increasing surface coverage . The activation energies obtained for 

n-pentane adsorption was in the range 29.61 ± 4.5 to 74.27 ± 4.56 kJ mol-1 with the values 

at zero surface coverage 29.61 ± 4.5 kJ mol-1. The activation energies at zero surface 
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coverage obtained for n-hexane and n-heptane adsorption on NEW-1 were 27.01 ± 4.10 kJ 

mol-1 and 26.44 ± 2.33 kJ mol-1, respectively. It should be noted that activation energies at 

zero surface coverage of propane, n-pentane, n-hexane and n-heptane are much lower than 

their isosteric enthalpies values which indicates that molecules of propane, n-pentane,            

n-hexane and n-heptane diffuse to the pore by a site-to-site surface hopping mechanism 

(see Figure7.69).                    

7.6 Adsorption of aromatic compounds on NEW-1 

 
   The adsorption isotherm of both benzene and toluene on NEW-1 at 298 K are 

shown in Figure 7.70 a (pressure basis) and 7.71 b (relative pressure basis). These 

adsorption isotherms are similar to type I IUPAC classification scheme but the deviation 

occurred at very low surface coverage. Both isotherms exhibited the upward curvature at 

low relative pressure region until p/p0 ~0.9 which corresponds to the amount adsorbed of 

both benzene and toluene ~ 0.4 mmol g-1. Thereafter, the benzene isotherm sharply 

increased while the toluene isotherm is gradually increased until reaching the plateau.  

 The upward curvatures observed in both benzene and toluene are similar to those 

observed for larger alkanes and alcohols is probably due to structural change to open up 

the porosity to accommodate the molecular shapes of benzene and toluene and this leads to 

an increase in the barrier to diffusion as the structure changes. The amount adsorbed of 

benzene molecules on NEW-1 is higher than toluene and the total pore volume obtained 

from the maximum adsorption capacity at high relative pressure (Gurvitsch‘s rule) gave the 

following values for benzene 0.254 cm3 g-1 and toluene 0.193 cm3 g-1. The toluene pore 

volume is significantly lower than both pore volume obtained from benzene adsorption and 

crystallographic pore volume obtained using PLATON (0.269 cm3 g-1). This is due to the  

molecular size toluene being larger than benzene (toluene : 4.012, 6.625 and 8.252 Å and 

benzene : 3.277, 6.628 and 7.337 Å) 39. In the case of spherical pores two dimensions are 

important whereas for slit shaped pores only one dimension is significant. In the case of 

diffusion of molecules into NEW-1 which has 6.092 x 6.092 Å pores it is apparent that in 

the case of toluene the smallest dimension is larger than for benzene. Adsorption induces 

structural changes as is evident from the shape of the isotherm. 
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    The initial upward curvatures convex to the pressure axes observed in both 

benzene and toluene isotherms are similar to the previous observed of benzene and toluene 

adsorption on titanium dioxide80 and activated carbon81, and also similar to the initial 

uptake regions for CHCl3 and n-alkanes. Figure 7.69 shows the isotherm of both benzene 

and toluene adsorption on NEW-1 at 298 K based on the stoichiometric ratio of the amount 

adsorbed. At the plateau, the amount of benzene adsorbed was ~ 0.84 mmol g-1 per formula 

unit of NEW-1 (p/p0 ~0.23) while the amount adsorbed of toluene was about 0.45 mmol g-1 

per formula unit of NEW-1 (p/p0 ~0.27). So, this is reasonable to conclude that there is no 

relationship between the amount adsorbed of either benzene or toluene and formula unit of 

the NEW-1. 

7.7 Dynamic Response of NEW-1 to Adsorption  

 
 The pore structure of NEW-1 undergoes partial collapse on desolvation as shown 

by the much lower total pore volumes obtained for nitrogen (77K), carbon dioxide (195 K) 

and argon (77 K) adsorption compared with C3-C9 hydrocarbons and the various other 

adsorptives studied. The latter were usually in good agreement with the crystallographic 

value obtained from PLATON. Adsorption is driven by the enthalpy of adsorption and 

since the desolvated structure is most likely more disordered than the solvated structure, 

the enthalpy also drives the structural change involving ordering and opening of the pore 

structure. This structural change can be driven by both specific and non-specific 

interactions.   

 This study has shown that specific hydrogen bonding interactions occur for 

methanol, ethanol and n-propanol with surface oxygen groups, which are evident from 

stoichiometric relationships between amounts adsorbed at isotherm plateaus and oxygen 

present in crystallographic formula unit. Chloroform also has an isotherm plateau where 

the amount adsorbed corresponds to 1 CHCl3: 1 Formula Unit of NEW-1. In contrast, n-

butanol, dichloromethane and hydrophobic molecules includes methane, ethane, propane, 

n-butane, n-pentane, n-hexane, n-heptane, n-octane, n-nonane, benzene and toluene do not 

have specific interaction with the surface functional groups. The difference between n-

butanol and the other alcohols is ascribed to the increasing dominance of the interaction of 

hydrophobic with the surface rather than the hydrophilic OH-surface oxygen interaction.  
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 Adsorption isotherms over a range of temperatures were used to determine the 

isosteric enthalpies and entropies of adsorption as a function of surface coverage.  The 

adsorption kinetics for each isotherm pressure increment for both hydrophilic and 

hydrophobic molecules follows the stretched exponential model, which is consistent with a 

distribution of relaxation times. The rate constants and exponential β parameters were 

studied as a function of surface coverage.   

 In the case of the adsorptives with slightly larger cross-sections/lengths the 

isotherms had an initial upward curvature. The thermodynamics and kinetics barriers of 

adsorption were investigated in these regions. The isosteric enthalpies of adsorption 

usually decrease with increasing surface coverage whereas the kinetic rates decrease and 

the barriers to diffusion increase. These observations for n-propanol, chloroform and 

propane, n-butane, n-pentane, n-hexane and n-heptane adsorption are indicative of a 

cooperative effect involving structural change leading to pore opening. 

 Isosteric enthalpies and activation energies for adsorption of a range of alcohols at 

zero surface coverage on NEW-1 over temperature rang 298-318K increase with 

increasing of number of carbon atoms. It is clear that the order of isosteric enthalpy and 

activation energy of adsorption is n-butanol > n-propanol > ethanol > methanol. It is 

interesting to note that hydrogen bonding between methanol, ethanol and n-propanol and 

surface groups predominates, while n-butanol does not show evidence for specific 

interactions. However, the isosteric enthalpy of adsorption increases approximately 

linearly with increasing of carbon number, molecular size and longest molecular dimension 

for alcohols.  

   Isosteric enthalpies and activation energies at zero surface coverage for methane, 

ethane, propane, n-butane, n-pentane, n-hexane and n-heptane adsorption on NEW-1 over 

temperature rang 288-318K also increase with increasing of number of carbon atoms. The 

Qst values are directly proportional to molecule size while the activation energies which 

represent the barriers to diffusion are much less correlated with size. This can be attributed 

to the very similar cross-section dimensions of the molecules being very similar and these 

are the important dimensions for diffusion along rectangular unidirectional pores. 

Similarly, it is apparent that the orders of isosteric enthalpy and activation energy of 

adsorption of alkanes at zero surface coverage are in the orders as shown below; 
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Enthalpies:   

    methane < ethane < propane < n-butane < n-pentane < n-hexane < n-heptane 

Activation energies:    

    propane < n-pentane < n-hexane <n-heptane 

 

 The isosteric enthalpies obtained for adsorption of C1-C4 alcohols and chloroform, 

dichloromethane, and C5-C6 alkanes adsorption on NEW-1 are much higher than the 

activation energy. This indicates that the enthalpy of adsorption controls the kinetics and 

diffusion is a site-to-site hopping mechanism rather than limited by constrictions in the 

porous structure. In case of adsorptive where there is convex curvature to the pressure axis 

in the initial adsorption isotherm regions, for example, chloroform, n-pentane etc. the 

situation is more complex. At very low surface coverage the isosteric enthalpy is higher 

than the activation energy, but changes to a situation where, as a result of structural change 

(framework flexibility), the activation energy increases to similar values to the enthalpy of 

adsorption. Here, the factor controlling the adsorption dynamics changes from the site-to-

site hopping mechanism to increasing importance of diffusion through barriers at 

constrictions in the porous structure. A summary of the isosteric enthalpies obtained for 

alcohols, alkane and aromatic compound vapour adsorption on NEW-1 are shown in Table 

7.13. 

  In general, the adsorption kinetics follows the trends expected from the isotherm 

chemical potential gradient. The adsorption isotherms of vapours in this study show the 

upward curvature of the isotherm at the relative pressure close to 1. This results in a 

slowing down of the adsorption kinetics. Furthermore, the adsorption isotherms of n-

propanol show the step adsorption isotherm. The slow adsorption kinetics for the isotherm 

step for 0.5 to 0.75 propanol molecules per formula unit are associated with an increase in 

the activation barrier to diffusion into the porous structure and the entropy of adsorption 

increases (becoming less negative), which corresponds to increasing disorder. This can be 

explained by framework flexibility and the rearrangement of adsorptive molecules 

coordinated to surface sites in the pores driven by the chemical potential to a more 

disordered state to accommodate more adsorbed molecules. Initially adsorption occurs in 

on the surface and in structural defects which are easily accessible to the vapour. The 

structural change leading to pore expansion or opening is driven by the isosteric enthalpy 

of adsorption. The largest of the adsorptives in terms of cross-section which does not 
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expand the pore structure is methane with a cross-section (3.829 x 4.101 x 3.942 Å) can 

clearly enter the desolvated collapsed pore structure. Some molecules, for example, 

dichloromethane, barely show any change in isotherm shape or activation energies as 

evidence for expansion of the pore structure.  Adsorptives such as dichloromethane appear 

to open the porous structure in a uniform manner.  However, chloroform, n-pentane, n-

hexane, etc show upward curvature in the isotherm, which is accompanied by a marked 

increase in activation energy for the barrier to diffusion into the porous structure. This 

cross-section is smaller than dichloromethane 4.14 Å x 4.57 Å which does open the pore 

structure. The upward curvature for chloroform adsorption is possibly due to 

heterogeneous expansion of the pore structure with a distribution of structures changing 

with changing amount adsorbed.  

 The dynamic response of unidirectional framework NEW-1 to a range of 

hydrophilic and hydrophobic adsorptives is complex and framework expansion may be 

driven by both specific hydrogen bonding and non-specific van der Waals interactions. The 

size of the adsorbate molecule relative to the pore structure repeat unit and specific 

interactions are important in changing framework structure. These factors may be useful 

for gas separation using MOFs. 
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Table 7.13 Comparison of physical and thermodynamic parameters for the probe 

molecules used in this study. 

     

Molecule 

Kinetic Molecular dimensions Isosteric enthalpy of 

diameter (pm) x, y, z (pm) adsorption on 

  NEW-1 (kJ/mol) 

O2 346.7 298.5, 293.0, 405.2 19.88 ± 0.46** 

N2 368.0 305.4, 299.1, 404.6 20.05 ± 0.86** 

Ar 354.2 363, 351 21.86 ± 0.99** 

CO2 330.0 333.9, 318.9, 536.1 27.68 ± 1.45 

H2O 264.1  322.6, 291.7, 388.8 17-4515, 16, 76 

Alcohol series    

Methanol 362.6 381.0 418.0 495.0 63.39 ± 1.00 

Ethanol 453.0 416.0, 427.0, 633.0 71.68 ± 2.55 

n-Propanol 498.0 n/a 78.55 ± 2.51 

      63.36 ± 2.17* 

n-Butanol 540.0  416, 446, 891 92.91 ± 3.46 

Chloromethane series    

Methyl chloride 418.2  n/a 24.47± 1.50 

Dichloromethane 489.8  n/a 56.69 ± 1.30 

Chloroform 538.9 618.1, 571.3, 461.3 72.54 ± 2.83 

Alkane series    

Methane 375.8 382.9, 410.1, 394.2 23.83 ± 1.14 

Ethane 443 380.9, 407.9, 482.1 31.90 ± 1.34 

Propane 430-511 660.6, 451.6, 402.0 48.24 ± 1.52 

n-butane 468.7 785.5, 451.9, 401.4 56.07 ± 0.59 

n-Pentane 450.0 910.1, 452.2, 401.4  64.54 ± 1.52 

n-Hexane 430.0 1034.4, 453.6, 401.4 76.76 ± 3.51 

n-Heptane 430.0 1158.9, 452.3, 401.4 89.27 ±3.48 

Aromatic series    

Benzene 534.9 662.8, 733.7, 327.7  46-7582 

Toluene 525.0 662.5, 401.2, 825.2 45-7083 

 

  Note: *  Mean value at the step isotherm of 1-propanol adsorption on NEW-1 

                        ** Details in Chapter 8 
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Figure 7.1 Isotherm for methanol adsorption on NEW-1 over the temperature range 298-

318 K a) on a pressure basis with an inset in the low pressure region and 

             b) on a relative pressure basis with an inset in the low relative pressure region  
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Figure 7.2 Isotherm for ethanol adsorption on NEW-1 over the temperature range 298-318 

K a) on a pressure basis with an inset in the low pressure region and 

             b) on a relative pressure basis with an inset in the low relative pressure region  
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Figure 7.3 Adsorption isotherms for a) methanol and b) ethanol on NEW-1 with showing 

amount adsorbed on molecule per formula unit with inset in low relative pressure 

region 
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Figure 7.4 Isotherm for n-propanol adsorption of NEW-1 over the temperature range 298-

318 K a) on a pressure basis with an inset in the low pressure region and b) on a 

relative pressure basis with an inset magnified the step adsorption. 
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Figure 7.5 Isotherm for n-butanol adsorption on NEW-1 over the temperature range 298-

318 K a) on a pressure basis with an inset in the low pressure region and b) on a 

relative pressure basis with an inset in the low relative pressure region 

0 1 2 3 4 5 6 7 8 9 10 11 12
0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

 

 

 298 K
 303 K
 308 K
 313 K
 318 K

Pressure, mbar

A
m

ou
nt

 a
ds

or
be

d,
 m

m
ol

g-1

 

 

a)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.0

0.5

1.0

1.5

2.0

2.5

IIII

IV
III

I

0.000 0.005 0.010 0.015 0.020

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

 
 

 298 K
 303 K
 308 K
 313 K
 318 K

 b)

 

 

A
m

ou
nt

 a
ds

or
be

d,
 m

m
ol

g-1

Relative pressure, p/p0

I



CHAPTER 7          Effect of oxygen surface functional groups on vapours adsorption/ 

 
 

 
225 

 

 

Figure 7.6 Adsorption isotherms for a) n-propanol and b) n-butanol on NEW-1 showing 

amount adsorbed on molecule per formula unit with inset in low relative pressure. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.000 0.002 0.004 0.006 0.008 0.010
0.0

0.1

0.2

0.3

0.4

0.5

 

 

a)

 

 

A
m

ou
nt

 a
ds

or
be

d
(m

ol
ec

ul
e 

pe
r 

fo
rm

ul
a 

un
it)

Relative pressure, p/p0

 298 K
 303 K
 308 K
 313 K
 318 K

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.000 0.005 0.010 0.015 0.020

0.0

0.1

0.2

0.3

0.4

0.5

0.6

 

 

 298 K
 303 K
 308 K
 313 K
 318 K

 b)

 

 

A
m

ou
nt

 a
ds

or
be

d
(m

ol
ec

ul
e 

pe
r 

fo
rm

ul
a 

un
it)

Relative pressure, p/p0



CHAPTER 7          Effect of oxygen surface functional groups on vapours adsorption/ 

 
 

 
226 

 

Figure 7.7 Plot of ln P at steps adsorptions isotherm of 1-propanol with 1/temperature. 

 

Figure 7.8 Isosteric enthalpies for adsorption of alcohols on NEW-1 as a function of  

                   amount adsorbed. 
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Figure 7.9 Isosteric entropies for adsorption of alcohols on NEW-1 as a function of  

                    amount adsorbed. 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
-280

-260

-240

-220

-200

-180

-160

 Methanol
 Ethanol
 1-Propanol
 n-Butanol

 

 

Is
os

te
ric

 e
nt

ro
py

, J
K

-1
m

ol
-1

Amount adsorbed, mmol



CHAPTER 7          Effect of oxygen surface functional groups on vapours adsorption/ 

 
 

 
228 

 

Figure 7.10 Variation of isosteric enthalpies at a) zero surface coverage and                              

                            b) 1.0 mmol of the amount adsorbed for adsorption of alcohols  

                             adsorption on NEW-1 with a number of carbons in alcohols   
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Figure 7.11 Kinetic profiles of methanol adsorption on NEW-1 at 298 K a) pressure   

                     based b) amount adsorbed based 

0.0 0.2 0.4 0.6 0.8 1.0 150 160 170
0.000

0.005

0.010

0.015

0.020

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

III
I

 

 

S
E

 r
at

e 
co

ns
ta

nt
 (

K
),

 s-1

Pressure, mbar

a) 

 K

 ββββ

E
xponent, ββ ββ

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
0.000

0.005

0.010

0.015

0.020

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

b)

 K

 

E
xponent, ββ ββ

S
E

 r
at

e 
co

ns
ta

nt
 (

K
),

 s-1

Amount adsorbed, mmolg-1

IIII

 ββββ



CHAPTER 7          Effect of oxygen surface functional groups on vapours adsorption/ 

 
 

 
230 

 

Figure 7.12 Kinetic profiles of ethanol adsorption on NEW-1 at 298 K                                                   

a) pressure based b) amount adsorbed based 
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               Figure 7.13 Kinetic profiles of 1-propanol adsorption on NEW-1 at 298 K       

                                    based on the pressure a) region I  and b) region III  and IV  
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      Figure 7.14 Kinetic profiles of 1-propanol adsorption on NEW-1 at 298 K   

                          based on the amount adsorbed c)  region I  and  d) region III  and IV   
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          Figure 7.15 Kinetic profiles of n-butanol adsorption on NEW 1 at 298 K             

                              a)  pressure based b) amount adsorbed based 
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Figure 7.16 Kinetic profiles of methanol adsorption on NEW-1 at  temperature range    

                    298-318 K  

  

Figure 7.17 Kinetic profiles of ethanol adsorption on NEW-1 at  temperature range   

                    298-318 K  
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Figure 7.18 Kinetic profiles of 1-propanol adsorption on NEW-1 at  temperature   

                     range 298-318 K a) at low surface coverage and b) at step adsorption 
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Figure 7.19 Kinetic profiles of n-butanol adsorption on NEW-1 at  temperature   

                          range 298-318 K  

 

Figure 7.20 Activation energy of  methanol adsorption on NEW-1 at  temperature   

                          range 298-318 K  
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Figure 7.21 Activation energy of  ethanol adsorption on NEW-1 at  temperature   

                    range 298-318 K  

 

Figure 7.22 Activation energy of  n-propanol  adsorption on NEW-1 at  temperature   

                    range 298-318 K a) at low surface coverage and b) at step adsorption 
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Figure 7.23 Activation energy of  n-butanol adsorption on NEW-1 at  temperature   

                          range 298-318 K  

 

Figure 7.24 Showing the activation energies at a) zero surface coverage and 

                   b) 1.0 mmol surface coverage determined from alcohols adsorption on  

                    NEW-1with number of carbons in alcohols 
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Figure 7.24 (Cont.) Showing the activation energies at a) zero surface coverage and 

                   b) 1.0 mmol surface coverage determined from alcohols adsorption on  

                    NEW-1with number of carbons in alcohols 
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Figure 7.26 Isotherms for methyl chloride adsorption on NEW-1 over the temperature 

range 195-313 K a) on a pressure basis with an inset in low pressure region and b) 

on a relative pressure basis with an inset in the low relative pressure region 
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Figure 7.27 Isotherm for methyl chloride adsorption on NEW-1 showing amount adsorbed   

                    on molecule per formula unit with inset in low relative pressure. 
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Figure 7.28 Isotherm for chloroform adsorption on NEW-1 over the temperature range 

298-318 K a) on a pressure basis with an inset in low pressure region and b) on a 

relative pressure basis with an inset in the low relative pressure region  
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Figure 7.29 Isotherm for dichloromethane adsorption on NEW-1 over the temperature 

range 298-318 K a) on a pressure basis with an inset in low pressure region and b) 

on a relative pressure basis with an inset in the low relative pressure region  
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Figure 7.30 Adsorption isotherms for a) chloroform and b) dichloromethane on NEW-1 

showing amount adsorbed on molecule per formula unit with inset in low relative 

pressure. 
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Figure 7.31 Isosteric enthalpies obtained for methyl chloride adsorption on NEW-1 as a  

                    function of the surface coverage. 

 

Figure 7.32 Isosteric entropies obtained for methyl chloride adsorption on NEW-1 as a  

                    function of the surface coverage. 
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          Figure 7.33 Isosteric enthalpies of a) chloroform and b) dichloromethane as a  

                              function of the surface coverage. 
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          Figure 7.34 Isosteric entropies of a) chloroform and b) dichloromethane as a  

                              function of the surface coverage. 
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              Figure 7.35 Kinetic profiles of chloroform adsorption on NEW-1 at 298 K                          

                                  a) pressure based b) amount adsorbed based 
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          Figure 7.36 Kinetic profiles of dichloromethane adsorption on NEW-1 at 298 K  

                               a) pressure based b) amount adsorbed based 
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    Figure 7.37 Kinetic profiles of chloroform adsorption on NEW-1 over the   

                        temperature range 298-318 K  
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Figure 7.39 Activation energy of  chloroform adsorption on NEW-1 over the  

                             temperature range 298-318 K  

 

        Figure 7.40 Activation energy of dichloromethane adsorption on NEW-1  

                            over the  temperature  range 298-318 K  
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Figure 7.41 Isotherms of methane adsorption on NEW-1 over temperature range 195-313 

K showing a) the amount adsorbed and b) amount adsorbed per crystallographic 

formula unit 
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Figure 7.42 Isotherms of ethane adsorption on NEW-1 over temperature range 195-313 K 

a) based on a pressure basis and b) relative pressure with an inset shows the lower 

pressure region 
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Figure 7.43 Isotherms of propane adsorption on NEW-1 over temperature range 195-308 

K a) based on a pressure basis and b) relative pressure with an inset shows the 

lower pressure region 
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Figure 7.44 Isotherms of a) ethane and b) propane adsorption on NEW-1 over temperature 

195-313 K based on amount adsorbed on molecules per formula unit.  
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Figure 7.45 Isotherms of n-butane adsorption on NEW-1 over temperature range 298-318 

K a) on a pressure basis with an inset shows the lower pressure region and b) on a 

relative pressure basis. 
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Figure 7.46 Isotherms of n-butane adsorption on NEW-1 over temperature 298-318 K 

based on amount adsorbed on molecules per formula unit and a) pressure and b) 

relative pressure with an inset at low relative pressure. 
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Figure 7.46 Isotherms of n-pentane adsorption on NEW-1 over temperature range 293-318 

K a) on a pressure basis with an inset shows the lower pressure region and b) on a 

relative pressure basis. 
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Figure 7.47 Isotherms of n-pentane adsorption on NEW-1 over temperature 293-318 K 

based on amount adsorbed on molecules per formula unit and a) pressure and b) 

relative pressure. 
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Figure 7.48 Isotherms of n-hexane adsorption on NEW-1 over temperature range   

                    298-318 K a) on a pressure basis with an inset shows the lower pressure  

                    region and b) on a relative pressure basis. 
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Figure 7.49 Isotherms of n-heptane adsorption on NEW-1 over temperature range      

                       298-318 K a) on a pressure basis with an inset shows the lower pressure  

                           region and b) on a relative pressure basis. 
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Figure 7.50 Isotherms of alkanes adsorption on NEW-1 at 298 K a) shows amount 

adsorbed per grams of NEW 1 b) shows amount adsorbed on molecules per 

formula unit.  
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Figure 7.51 Isosteric enthalpies for methane, propane, ethane, n-butane, n-pentane,                   

n-hexane and n-heptane adsorption on NEW-1as a function of the surface coverage.  

 

Figure 7.52 Isosteric entropies for methane, propane, ethane, n-butane, n-pentane,                      

n-hexane and n-heptane adsorption on NEW-1 as a function of the surface coverage.  
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Figure 7.53 Isosteric enthalpies at zero surface coverage for methane, propane, ethane, n-

butane, n-pentane, n-hexane and n-heptane of adsorption on NEW-1 with a number of 

carbons in alkanes   
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Figure 7. 55 Kinetic profiles of propane adsorption on NEW-1 at 298 K  a) pressure basis 

and b) amount adsorbed basis 
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Figure 7.56  Kinetic profiles of  propane adsorption on NEW-1 at  temperature range 288-

308 K  
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Figure 7.57 Kinetic profiles of n-pentane adsorption on NEW-1 at 298 K a) pressure based 

b) amount adsorbed based 
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Figure 7.58 Kinetic profiles of n-pentane adsorption on NEW-1 at  temperature range 298-

318 K  

 

Figure 7.59 Kinetic profiles of n-hexane adsorption on NEW-1 at 298 K based on the 
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Figure 7.60 Kinetic profiles of n-hexane adsorption on NEW-1 at 298 K based on the 

amount adsorbed  
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Figure 7.62 Kinetic profiles of n-heptane adsorption on NEW-1 at 298 K based on the 

pressure  

 

Figure 7.63 Kinetic profiles of n-heptane adsorption on NEW-1 at 298 K based on the 

amount adsorbed  

0.00 0.02 0.04 0.06 0.08 0.10
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

b)

 
E

xponent, ββ ββ

S
E

 r
at

e 
co

ns
ta

nt
 (

K
),

 s-1

Pressure, mbar

 K

III

 ββββ

0.2 0.4 0.6 0.8 1.0 1.2
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.0

0.2

0.4

0.6

0.8

1.0

 K

 

E
xponent, ββ ββ

S
E

 r
at

e 
co

ns
ta

nt
 (

K
),

 s-1

Amount adsorbed, mmol

III

 ββββ



CHAPTER 7          Effect of oxygen surface functional groups on vapours adsorption/ 

 
 

 
271 

 

Figure 7.64 Kinetic profiles of n-heptane adsorption on NEW-1 over the temperature 

range 298-318 K  based on the amount adsorbed 

 

Figure 7.65  Activation energy obtined for of propane adsorption on NEW-1 over the  

temperature range 298-318 K  
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Figure 7.66 Activation energy for n-pentane adsorption on NEW-1 over the temperature  

range 298-318 K 

 

Figure 7.67 Activation energy for n-hexane adsorption on NEW-1 over the temperature  

range 298-318 K 
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Figure 7.68 Activation energy for n-heptane adsorption on NEW-1 over the temperature  

range 298-318 K 

 

Figure 7.69 Activation energies and isosteric enthalpies at zero surface coverage for 

alkane adsorption on NEW-1 over the temperature  range 298-318 K based on carbon 

number of alkane. 
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Figure 7.70 Isothems of benzene and toluene adsorption on NEW-1 at 298 K a) based  on 

pressure and b) relative pressure 
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Figure 7.71 Isothems of benzene and toluene adsorption on NEW-1 at 298 K based  

on molecules per formula unit  
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CHAPTER 8 

Applications of NEW-1 for hydrogen storage and air separation 

 

  Adsorption of H2, N2, O2 and Ar were studied in order to investigate the possible 

applications of metal organic framework NEW-1 for gas storage and separation. The 

adsorption isotherm of hydrogen on NEW-1 at 77 K is classified as a type I isotherm in the 

IUPAC classification scheme and no hysteresis was observed during the desorption 

process. The highest hydrogen uptake at ̴ 1 bar and 77 K was 2.98 ± 0.0016 mmolg-1 which 

corresponds to ̴ 0.6 % by weight, which is quite low compared to the 6 % target set by the 

US Department of energy (DOE). The adsorption characteristics of O2, N2, and Ar on a 

metal organic framework NEW-1, mixed-zinc/copper organic framework (M’MOF1) and a 

carbon based molecular sieve (CMS-40) were also determined over the temperature range 

195-298 K. The kinetics profiles obtained for gases adsorption on M’MOF-1 and CMS-40 

followed the stretched exponential model (SE) and double stretched exponential model 

(DSE), respectively. The adsorption kinetics of gases on NEW-1 were too fast to be 

determined properly. The kinetic selectivities for fast and slow components of O2/N2 

obtained for gas adsorption on M’MOF-1 were in the ranges 0.8-4.7 and 0.9-4.3, 

respectively. While, kinetic selectivity of O2/N2 obtained for gas adsorption on CMS-40 was 

in the range of 33-35. Higher isosteric enthalpies were observed for gas adsorption on 

both NEW-1 and M’MOF-1, which is indicative of stronger adsorbate-adsorbent 

interactions compared to CMS-40. 

8.1 Hydrogen storage on NEW-1 

 

  Hydrogen is a possible energy source for powering cars due to its pollutant-free 

combustion. Most hydrogen is extracted by processing methane at oil refineries and 

chemical plants. However, in the future hydrogen can be potentially produced from ethanol 

and methanol via steam reforming process.1, 2 However, the great challenge for 

commercialising hydrogen powered vehicles is hydrogen storage.3 Methods of hydrogen 

storage which are currently under consideration include high pressure gas, liquid hydrogen, 

and adsorption on porous materials, complex hydrides and hydrogen intercalation in 

metals. None of these methods satisfy the criteria for the amount of hydrogen that can be 
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supplied from a given weight or volume of tank for vehicles for the refueling ranges 

required.4-6 Hydrogen is being developed for use in fuel cell electric vehicles, which 

potentially have higher efficiency. The use of hydrogen physisorption on porous materials 

is one of the main methods being considered for vehicle applications. These materials 

would also need to satisfy the requirements of reasonable volume, weight and realistic 

kinetics for charging and discharging the gas. The US department of energy (DOE) has set 

targets for the amount of hydrogen adsorbed as 6% wt  by 2010 and 9% wt by 2015.7 

Various types of porous materials have been investigated. It is now generally accepted that 

there are limitations for the amounts of hydrogen that can be adsorbed on carbon materials 

at ambient temperatures and high pressure. This is related to the low enthalpy of hydrogen 

adsorption on carbon materials. Metal organic framework materials are capable of being 

designed and synthesized using systematic methods to include specific adsorption sites 

with stronger interactions for hydrogen adsorption.8-10  In this study, the metal organic 

framework NEW-1 was used in hydrogen adsorption in order to determine hydrogen 

storage characteristics.  

  Hydrogen adsorption/desorption isotherms for NEW-1 at 77 K and pressures up to 

1000 mbar are shown in Figure 8.1a and 8.1b. The adsorption isotherm of hydrogen on 

NEW-1 is classified as type I isotherm in IUPAC classification scheme. It is well 

established that the sharp hydrogen uptake at low pressure region is enhanced by 

micropores while the adsorption uptake at high pressure region is controlled by the total 

pore volume.11, 12 Hydrogen adsorption was reversible and no hysteresis occurred during 

the desorption process. The highest hydrogen uptake at  ̴ 1000 mbar and 77 K was 2.98 ± 

0.0016 mmol g-1, which corresponded to ̴ 0.6 % by weight. The amount of hydrogen 

adsorbed at this temperature and pressure corresponds to ̴ 1 molecule of hydrogen per 

crystallographic formula unit of NEW-1. The maximum amount of hydrogen adsorbed 

(2.98 mmol g-1) and the liquid density of hydrogen of 0.077 g cm–3 at the triple point                  

(–259.35ºC) can be used to calculate the volume of hydrogen adsorbed on NEW-1. The 

calculated volume of hydrogen adsorbed on NEW-1 was 0.0774 cm3 g-1, which 

corresponds to 29 % filling of the total pore calculated from the PLATON (0.269 cm3 g-1). 

The porous structure of NEW-1 collapsed after degassing to remove the solvent to activate 

the porous structure. The volumes of hydrogen adsorbed on NEW-1 after pore collapse 

were 86 %, 78 % and 63% of filling of the total pore volume as determined by N2 (0.099 

cm3 g-1 at 77 K), Ar (0.090 cm3 g-1 at 77 K) and CO2 (0.116 cm3 g-1 at 195 K), respectively. 
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   Chen et al.13 reported that the kinetics of H2 and D2 adsorption on M’MOF-1, 

Zn3(BDC)3[Cu(Pyen)]·(DMF)5(H2O)5, where H2BDC = 1,4 benzenedicarboxylic acid and 

PyenH2 = 5-methyl-4-oxo-1,4-dihydro-pyridine-3-carbaldehyde and showed that the 

adsorption kinetics obey a double exponential (DE) model. This DE model describes two 

diffusion processes during adsorption, diffusion along two types of cavities of M’MOF-1       

(5.6 x 12.0 Å and irregular ultramicropores, details in section 1.3.1). However, the 

adsorption kinetics for hydrogen adsorption on NEW-1 were too fast and could not be 

measured accurately. The faster adsorption kinetics of hydrogen adsorption on NEW-1 is 

due to the larger pore size in NEW-1 (6.092 x 6.092 Å) compared with the hydrogen 

molecule (2.4 x 2.4 x 3.14 Å).   

8.2 Air separation 
 

  Nitrogen and Oxygen are two of the most widely used chemicals in the world e.g. 

manufacture of steel, welding of material, hospitals and laboratories.14, 15 The recovery of 

either nitrogen or oxygen from air is a commercially important consideration. Carbon 

molecular sieves (CMS) are a unique class of material where the selective porosity is 

incorporated by carbon deposition on a nanoporous carbon substrate with pore sizes is 

approximately 0.5 nm. The kinetic selectivity of these materials for oxygen and nitrogen is 

controlled by the extent of carbon deposition and the experiment conditions. These 

materials are used commercially for nitrogen and oxygen separation from air by pressure 

swing adsorption (PSA).16, 17 Recently, some novel porous framework materials also 

known as metal-organic coordination networks or metal organic frameworks (MOFs) have 

attracted the attention for applications in catalysis and gas storage particularly for hydrogen 

storage. Some possible advantages of the metal organic frameworks are the pore sizes and 

functionality of the open frameworks can be controlled by choosing appropriate organic 

linkers and metals. In the case of carbon molecular sieves the selective carbon deposit and 

the microporous substrate are amorphous and it is only possible to establish the size of the 

selectivity by probe molecule studies.18, 19 In contrast, in the case of MOF materials, 

detailed structural information is available from X-ray crystallographic studies. Therefore, 

more detailed information is available on pore size and surface structure. In this study, 

adsorption characteristics of O2, N2 and Ar on NEW-1, M’MOF-1 and CMS-40 over the 

temperature range 195 K – 298 K were investigated. Also, the adsorption kinetics and 

adsorption enthalpies for these gases were determined.  
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8.2.1 Isotherms of O2, N2 and Ar adsorption on porous materials 
 

  Figure 8.2 shows the uptake of all gases on NEW-1 at 195 K. It is apparent that 

the gases adsorption isotherms at 195 K on NEW-1 can be classified as Type I in the 

IUPAC classification scheme. These adsorption isotherms were approximately linear at 

low pressure regions but deviated from linearity at higher pressure. The uptakes of all gas 

adsorption at 273 K and 298 K were linear with increasing pressure as shown in Figure 8.3 

and 8.4, respectively. It is apparent that the adsorption capacities of both oxygen and argon 

on NEW-1 over the temperature range of 195-298 K were similar, while the adsorption 

capacity of nitrogen was slightly lower than both oxygen and argon. The adsorption 

capacities of oxygen and nitrogen at 1000 mbar over the temperature range 195-298 K are 

shown in Table 8.1. It can be seen that the equilibrium oxygen adsorbed on NEW-1 was 

higher than nitrogen with highest pure component selectivity of O2/N2 of 1.47 at 298 K. 

The smallest differences in the amount adsorbed for oxygen and nitrogen adsorbed were 

observed at 195 K.  

  Figure 8.5-8.7 shows the adsorption isotherms of gases on M’MOF-1 at 195, 273 

and 298 K, respectively. The adsorption isotherms of gases at 195 K showed that the 

amount of gas adsorbed in the low pressure region increased approximately linearly with 

increasing pressure. However, the amount gases adsorbed diverted from linearity in the 

high pressure region. The adsorption isotherms at both 273 and 298 K showed the amount 

of gas adsorbed was linear with increasing pressure as shown in Figure 8.6 and 8.7, 

respectively. It is apparent that both oxygen and argon were adsorbed to a greater extent 

than nitrogen on M’MOF-1 and the equilibrium selectivity of O2/N2 of 1.50 was observed 

at 195 K. 

 Figure 8.8-8.10 shows the adsorption isotherms of gases on CMS-40 over the 

temperature range 273-298 K. It is clear that the amount of gas adsorbed on CMS-40 

increased approximately linearly with increasing pressure. The amount of oxygen and 

nitrogen adsorbed is similar to that of argon.  
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Table 8.1 Equilibrium amount of gases adsorbed on porous materials at 1000 mbar 

Samples 

 
Window 

dimension 
(Å) 

O2 
uptake 

(mmol/g) 

N2 uptake 
(mmol/g) 

O2/N2 
selectivity 

Temperatures 
(K) 

           
Metal organic frameworks     
NEW-1 7.09 x 5.65 1.37 1.12 1.22 195 
  0.20 0.14 1.43 273 
  0.11 0.07 1.57 298 
      
M'MOF-1 5.6 x 12.0 1.32 0.88 1.50 195 

 
and irregular 

shaped 
0.07 0.05 1.40 273 

 ultra-micropore 0.04 0.03 1.33 298 
      
MOF-17720 7.1~ 7.6 0.18 0.10 1.80 298 
Carbon molecular sieves     
CMS-C60021 - - - 1.04 298 
CMS-C90021 - - - 1.80 298 
G-1, G-222    1.70 300 
Zeolites23      
NaX  0.16 0.23 0.25 295 
CeX#10  0.15 0.59 0.68 295 

 

 It should be noted that the amount of nitrogen adsorbed was lower than amount of 

oxygen adsorbed on both NEW-1 and M’MOF-1. This is probably due to the lack of 

electric charge on the surface of both NEW-1 and M’MOF-1 unlike zeolites, where the 

quadrupole of nitrogen strongly interacts with cations in the pores of zeolites.11, 23-25 The 

pure component selectivities of O2/N2 obtained from gas adsorption on both NEW-1 and 

M’MOF-1 at 278 K are comparable to values obtained for MOF-177 and carbon molecular 

sieve C900 both having a selectivity of 1.80. It would be expected that the higher pure 

component selectivity of O2/N2 could be obtained at higher pressure. Hence, oxygen and 

nitrogen are kinetically separated since the equilibrium component separation ratio is  

possibly too small for air separation  using porous materials.22, 24 
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8.2.2 Kinetic selectivity of O2, N2 and Ar  
 

 In term of the adsorption kinetics, previous studies revealed that the kinetics of 

oxygen, nitrogen and argon adsorption on carbon molecular sieve18, 26, 27 and zeolites28 

follow the linear driving force model (LDF). However, the kinetic constants for oxygen, 

nitrogen and argon adsorption on NEW-1 at temperatures above 195 K could not be 

obtained accurately due to the fast kinetic profiles for gas adsorption as shown in Appendix 

F.  This is due to a larger window dimension of NEW-1 compare to the molecular size of 

the adsorptive leading to the fast adsorption kinetics. The kinetic profiles for gas 

adsorption on M’MOF-1 at 195 K were fitted with the double stretched exponential model 

(DSE). Examples of the fitted DSE model on the kinetics profile of M’MOF-1 are shown 

in Appendix F. There are two set of DES rate constant for oxygen, nitrogen and argon 

adsorption on M’MOF-1 which are fast and slow DSE rate constants. The lager pores are 

expected to give the fast DSE rate constants (k1) while slow DSE rate constant (k2) is due 

to diffusion through the irregular shaped ultramicropores.   

  Figure 8.11 shows the fast DSE rate constant for gas adsorption on M’MOF-1 at 

195 K. It is clear that the DSE rate constant of oxygen > nitrogen ≥ argon with the 

selectivity of O2/N2 and O2/Ar in range 1.2-2.0 and 1.5-1.9, respectively. Figure 8.12 shows 

that the slow DSE rate constant tends to decrease with increasing pressure then reach a 

plateau. The DSE rate constant of both nitrogen and argon tends to be constant, which is 

probably due to constricted diffusion in the ultramicropores. The order of DSE rate 

constants were oxygen > nitrogen ≈ argon with the selectivity of O2/N2 and O2/Ar in range 

0.8-4.7 and 0.9-4.3, respectively. Figure 8.13 shows the DSE exponents β1 and β2 obtained 

for fast (k1) and slow (k2) DSE rate constant, respectively. The DSE exponents β1 and β2 

obtained for argon, nitrogen and oxygen adsorption on M’MOF-1 at 195 K were in range 

1.2-1.6 and 0.5-1.0, respectively. The values of DSE exponent β1 were higher than the 

recommended values 0 < β < 1. These high values of DSE exponent β1 are presumably due 

to the diffusion of gases through the large pores size of M’MOF-1 which made the 

adsorption kinetics very difficult to measure accurately. 
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  For CMS-40, the kinetics of gas adsorption on CMS-40 at 273 K follow the 

stretched exponential model (SE) which is indicative of diffusion through a distribution of 

pore sizes. Some selected kinetic profile for oxygen, nitrogen and argon adsorption on 

CMS-40 are shown in Appendix F. The SE rate constants of gas adsorption on CMS-40 at 

273 K are shown in Figure 8.14. It is clear that the order of the SE rate constant of oxygen 

>> nitrogen > argon.  This shows that the slightly smaller oxygen molecule diffuses more 

rapidly in the pore of CMS-40 compared to nitrogen and argon molecules. This is often 

attributed to the reverse order of the molecular width of oxygen (2.8 Å) < nitrogen (3.0 Å) 

< argon (3.8 Å) as shown in Table 8.2. However the cross-sectional dimensions of the 

molecules obtained from ZINDO calculations do not show such a clear trend. The pure 

component selectivity of O2/N2 was in the range of 33-55 which is similar to the values 

obtained for other CMS materials (25-45).18, 26 The SE exponents (β) obtained for argon, 

nitrogen and oxygen adsorptions on CMS-40 at 273 K were quite constant and were in 

range ~0.90-0.94, ~0.82-0.92 and ~0.73-0.81, respectively (see Figure 8.15).  The β values 

obtained for Ar adsorption were very close to the LDF (β =1).  

         Table 8.2 Comparison of structural and physical parameters for the probe molecules 

Parameters Oxygen Nitrogen 
 

Argon 
 

 
Lennard-Jones (1ó) (pm)19 
 
Critical dimension 
minimum cross 
section (pm) 29 

 
346 

 
 

280 

 
364 

 
 

300 

 
340 

 
 

384 

    

Molecular dimensions 
x, y, z (pm)30 

298.5, 293.0, 405.2 305.4, 299.1, 404.6 363, 351,- 

 
Dipole Moment (D)27 0 0 0 
 
Quadrupole moment 

1040 
θ (Cm2)27 

 
 
Polarizability (Å 3)31 
 
 

 
 

1.3 
 
 
 

1.6 

 
 

4.7 
 
 
 

1.76 

 
 
0 
 
 
 

1.66 

  



CHAPTER 8               Applications of NEW-1 for hydrogen storage and air separation 

 
 

 291 

 In summary, the kinetics profiles obtained for gas adsorption on M’MOF-1 

followed a double stretched exponential model due to the presence of 2 types of pores 

while the CMS-40 followed a stretched exponential model, corresponding to a narrow 

distribution of pore sizes in the carbon deposit.  Fast adsorption kinetics obtained for gas 

adsorption on NEW-1 were not analysed in detail with mathematical models because of 

their limited accuracy but the results suggest that the kinetics follow the pore size of the 

selective structural regions in the materials: NEW-1 > M’MOF-1 > CMS-40. The sizes of 

pores in M’MOF 1 are very small but the temperature still had to be reduced to 195 K to 

show kinetic differences.  The DSE rate constant obtained for gas adsorption on both 

M’MOF-1 and CMS-40 indicated that O2 has the fastest kinetics while the rate constants 

obtained for N2 adsorption are slightly higher than Ar. Critical minimum cross section 

appears to give a better prediction of adsorption kinetics which is similar to the previous 

results reported by Reid et. al.18, 19, Vyas et. al.22 and Rutherford et. al.32. Comparison of 

the adsorption kinetics of N2, O2 and Ar on NEW-1, M’MOF-1 and CMS-40 shows that 

MOFs must have extremely narrow pores to give kinetics separation characteristics similar 

to CMS-40 which is used commercially for air separation.  

 

8.2.3 Thermodynamic of O2, N2 and Ar adsorption on porous materials 
 

  The isosteric enthalpies of adsorption at zero surface coverage were calculated 

using virial equation.18, 19, 23, 26 Kiselev et al33. firstly introduced the virial equation by 

modifying the Henry’s law equation and then Cole et. al.34 proposed that the virial 

equation can be expressed in a linear form as shown below (details in section 2.5.1);  

 

                      
....)/ln( 2

210 +++= nAnAApn
                              (1) 

 

Where the A0 and A1 parameters represent the adsorbate-adsorbent interaction at 

zero surface coverage and adsorbate-adsorbate interaction, respectively. Values of A0 can 

be obtained from the graphs of ln(n/p) versus n at different temperatures T. The isosteric 

enthalpy of adsorption at zero surface coverage can be determined from the slope of the 

plot of A0 against 1/T.12, 18, 26 
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 The adsorption temperature used in this study was above the critical temperatures 

of argon, nitrogen and oxygen and therefore, it is not possible to express the pressures in 

terms of relative pressure since the saturated vapour pressure (po) does not exist. The virial 

plots for both NEW-1 and M’MOF-1 are obtained from the adsorption isotherms of gases 

over the temperature range 195-298 K (see Figure 8.16-8.21) while the virial plots for 

CMS-40 were obtained from the adsorption isotherm of gases over temperature range 273-

298 K as shown in Figures 8.22-8.24. The virial plots obtained from gas adsorption on 

NEW-1, M’MOF-1 and CMS-40 are linear over a major part of the pressure range but 

deviate from linearity at low-pressure where the uncertainties in the measurement of small 

amounts adsorbed and pressures lead to higher uncertainties in the virial graphs (see Figure 

8.25-8.32).  

  The first and the second virial coefficients obtained from gas adsorption on metal 

organic framework and carbon molecular sieve are shown in Table 8.3 and 8.4, 

respectively. Good agreement was obtained for values of A0 and A1 for the adsorption of 

gases on both metal organic frameworks and carbon molecular sieve. However, the data 

showed that the higher terms (A1, etc.) in the virial equation could be ignored at low 

uptakes/pressures.  

  In Table 8.3, the A0 obtained for gas adsorption on metal organic frameworks and 

CMS-40 decreased with increasing of temperature as expected for a physisorption 

mechanism. The values of the first virial coefficient A0 for nitrogen, oxygen and argon 

adsorption on both NEW-1 and M’MOF-1 at temperature range 195-298 K were similar. 

While, the values of the first virial coefficient for nitrogen, oxygen and argon adsorption 

on CMS-40 over the temperature range 273-298 K were slightly higher than those values 

obtained for both MOF-1 and M’MOF-1 as a result of the amount of gases adsorbed on 

CMS-40 being slightly higher. These higher values of A0 of CMS-40 are also indicative of 

larger pore volumes/surface areas for CMS-40 than for both MOF-1 and M’MOF-1. The 

pore structure of NEW-1 is in its collapsed form which has a low total pore volume. The A0 

values of both metal organic frameworks obtained from the adsorption of gases at 195 K 

were much higher than those values obtained at 273 and 298 K. In case of the CMS-40, the 

adsorption of oxygen, nitrogen and argon at 195 K or lower temperature cannot be done 

due to activated diffusion at this temperature.  
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 Table 8.3 First virial coefficient (A0, mol g-1 Pa-1) for gases adsorption on porous materials 

 

Gases 195 K 273 K 288 298 K 

NEW-1     

O2 -16.51 ± 0.052 -20.08 ± 0.005  -20.71 ± 0.006 

Ar -16.06 ± 0.076 -20.05 ± 0.004  -20.64 ± 0.007 

N2 -16.88 ± 0.015 -20.54 ± 0.014  -21.09 ± 0.002 

M’MOF-1     

O2 -17.05 ± 0.004 -20.89 ± 0.004  -21.42 ± 0.004 

Ar -17.06 ± 0.002 -21.00 ± 0.001  -21.51 ± 0.004 

N2 -17.51 ± 0.002 -21.31 ± 0.007  -21.67 ± 0.008 

CMS-40     

O2  -18.46 ± 0.004 -18.83 ± 0.014 -18.98 ± 0.021 

Ar  -18.49 ± 0.011 -18.93 ± 0.013 -19.07 ± 0.013 

N2  -18.32 ± 0.010 -18.72 ± 0.014 -18.95 ± 0.014 

 

  O’koye et al.26 reported A0 values for oxygen and nitrogen adsorption on carbon 

molecular sieve at 298 K of -736 ± 7 and -921 ± 25 g mol-1, respectively. Reid et al.18, 19 

investigated the adsorption of nitrogen, oxygen and argon on various carbon molecular 

sieves over the temperature range 273-343 K. The values of A0 for nitrogen, oxygen and 

argon adsorption were in the range of -19.3 to -20.3, -18.50 to -19.8 and -19.8 to -20.4 mol 

g-1 Pa-1, respectively. While the values of the A1 values for nitrogen, oxygen and argon 

adsorption carbon molecular sieve were in the range of -648 to -1077, -507 to -1079 and -

549 to -20.4 g mol-1, respectively. Comparison of these literature values for A0 and A1 with 

the values obtained in this study shows that they are similar. 
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Table 8.4 Second virial coefficient (A1, g mol-1) for gases adsorption on porous materials 

 

Gases 195 K 273 K 288 298 K 

NEW-1     

O2 -1125.2 ± 48.3 -1374.1 ± 48.0  -1111.3 ± 94 

Ar -1641.1 ± 69.5 -1436.5 ± 35.5  -1070.9 ± 112.4 

N2 -1132.5 ± 20.1 -1482.7 ± 186.4  -929.3 ± 67.1 

M’MOF-1     

O2 -812.9 ± 5.3 -1281.2 ± 102.2  -1160.2 ± 154.3 

Ar -858.4 ± 3.7 -1211.7 ± 48.5  -934.9 ± 192.0 

N2 -1186.16 ± 12.3 -1670.6 ± 30.7  -1052.7 ± 423.3 
 

CMS-40     

O2  -810.5 ± 11.7 -1013.4 ± 50.2 -1206.4 ± 81.2 

Ar  -930.89 ± 30.9 -993.59 ± 49.37 -1225.9 ± 52.9 

N2  -1084.2 ± 27.0 -1226.25 ± 52.1 -1245.5 ± 56.0 

 

  The values for the isosteric enthalpies of adsorption (Qst) for the gases studied 

were obtained from graphs of A0 versus 1/T as shown in Figure 8.33-8.35 and isosteric 

enthalpy values are listed in Table 8.5. The values of Qst at zero surface coverage for 

oxygen, nitrogen and argon obtained for both NEW-1 and M’MOF-1 were in range 19-22 

kJ mol-1 and were similar. While, the values of Qst at zero surface coverage for oxygen, 

nitrogen and argon obtained for CMS-40 were 14-17 kJ mol-1 and were lower than the 

values obtained for those two metal organic frameworks.  These low values of isosteric 

enthalpies obtained for gases adsorption on CMS-40 indicating weaker adsorbate-

adsorbent interaction compare to both NEW-1 and M’MOF-1.  However, Qst for CMS-40 

is similar to the values obtained for adsorption of nitrogen, argon and oxygen on other 

CMS and porous carbons (see Table 8.5).18, 19, 35, 36 
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       Table 8.5 Isosteric enthalpies of adsorption for O2, N2 and Ar on porous materials 

 

Gases NEW-1 
(kJ/mol) 

M’MOF 1 
(kJ/mol) 

CMS-40 
(kJ/mol) 

Microporous carbon 
and CMS  
(kJ/mol)  

     

O2 19.88 ± 0.46 20.89 ± 1.09 14.28 ± 1.35 11.7-22.018, 19, 35, 36 

N2 20.05 ± 0.86 20.16 ± 1.71 17.08 ± 0.20 14.7-21.5  1199,,  3355,,  3366 

Ar 21.86 ± 0.99 21.35 ± 1.20 16.00 ± 2.34 14.9-17.7  18, 19, 35, 36 
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a) 

 

b) 

 

Figure 8.1 a) Repeatability measurements for hydrogen adsorption isotherms on NEW-1 at 

77 K b) hydrogen adsorption/desorption isotherms for NEW-1 at 77 K 
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Figure 8.2 Adsorption isotherms for O2, N2 and Ar on NEW-1 at 195 K 

 

Figure 8.3 Adsorption isotherms for O2, N2 and Ar on NEW-1 at 273 K 
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Figure 8.4 Adsorption isotherms for O2, N2 and Ar on NEW-1 at 298 K 

 

Figure 8.5 Adsorption isotherms for O2, N2 and Ar on M’MOF-1 at 195 K 

0 100 200 300 400 500 600 700 800 900 1000 1100

0.00

0.02

0.04

0.06

0.08

0.10

0.12

298 K

 

 

A
m

ou
nt

 a
ds

or
be

d,
 m

m
ol

g-1

Pressure, mbar

 O
2
 

 Ar 
 N

2
 

0 100 200 300 400 500 600 700 800 900 1000 1100
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 O
2
 

 Ar 
 N

2
 

 

 

A
m

ou
nt

 a
ds

or
be

d,
 m

m
ol

g-1

Pressure, mbar

195 K



CHAPTER 8               Applications of NEW-1 for hydrogen storage and air separation 

 
 

 299 

 

Figure 8.6 Adsorption isotherms for O2, N2 and Ar on M’MOF-1 at 273 K 

 

Figure 8.7 Adsorption isotherms for O2, N2 and Ar on M’MOF-1 at 298 K 
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Figure 8.8 Adsorption isotherms for O2, N2 and Ar on CMS-40 at 273 K 

 

Figure 8.9 Adsorption isotherms for O2, N2 and Ar on CMS-40 at 288 K 
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Figure 8.10 Adsorption isotherms for O2, N2 and Ar on CMS-40 at 298 K.

 

  Figure 8.11 The fast DSE rate constants versus pressure for O2, N2 and Ar   

    adsorption on M’MOF-1  at 195 K.   
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  Figure 8.12 The slow DSE rate constants versus pressure for O2, N2 and Ar   

    adsorption on M’MOF-1 at 195 K.   

 

                Figure 8.13 DSE exponents versus pressure for O2, N2 and Ar adsorption                                 

                                     on M’MOF-1 at 195 K.     
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        Figure 8.14 The SE rate constants versus pressure for O2, N2 and Ar adsorption on  

                         CMS-40 at 273 K, inset magnified SE rate constants for nitrogen and argon 

 

           Figure 8.15 The SE exponent versus pressure for O2, N2 and Ar adsorption                                       

                               on CMS-40 at 273 K. 
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        Figure 8.16 Nitrogen adsorption isotherms for NEW-1 over the temperature range  

                            195-298 K 

 

     Figure 8.17 Oxygen adsorption isotherms for NEW-1 over the temperature range                        

                         195-298 K 
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Figure 8.18 Argon adsorption isotherms for NEW-1 over the temperature range 195-298 K 

 

     Figure 8.19 Nitrogen adsorption isotherms for M’MOF-1 over the temperature                          

                          range 195-298 K  
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Figure 8.20 Oxygen adsorption isotherms for M’MOF-1 over the temperature 

                       range 195-298 K  

 

Figure 8.21 Argon adsorption isotherms for M’MOF-1 over the temperature 

                       range 195-298 K  
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Figure 8.22 Nitrogen adsorption isotherms for CMS-40 over the temperature 

                       range 273-298 K 

 

Figure 8.23 Oxygen adsorption isotherms for CMS-40 over the temperature 

                       range 273-298 K 
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Figure 8.24 Argon adsorption isotherms for CMS-40 over the temperature 

                       range 273-298 K  

 

Figure 8.25 Virial plots for nitrogen adsorption on NEW-1 over the temperature 

                       range 195-298 K  
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Figure 8.26 Virial plots for oxygen adsorption on NEW-1 over the temperature 

                       range 195-298 K  

 

Figure 8.27 Virial plots for nitrogen adsorption on M’MOF-1 over the temperature 

                       range 195-298 K  
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Figure 8.28 Virial plots for oxygen adsorption on M’MOF-1 over the temperature 

                  range 195-298 K  

 

Figure 8.29 Virial plots for argon adsorption on M’MOF-1 over the temperature 

                  range 195-298 K  
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Figure 8.30 Virial plots for nitrogen adsorption on CMS-40 over the temperature 

                   range 273-298 K  

  

Figure 8.31 Virial plots for oxygen adsorption on CMS-40 over the temperature 

                   range 273-298 K  
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Figure 8.32 Virial plots for argon adsorption on CMS-40 over the temperature 

                    range 273-298 K  
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      Figure 8.33 Variation of A0 versus 1/T for gases adsorption on NEW-1 over the  

                           temperature range 195-298 K  
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  Figure 8.34 Variation of A0 versus 1/T for gases adsorption on M’MOF-1 over the 

              temperature range 195-298 K  
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  Figure 8.35 Variation of A0 versus 1/T for gases adsorption on CMS-40 over the 

    temperature range 273-298 K  
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  CHAPTER 9 

Conclusions 

9.1 Overall conclusion 

 

           Two new three-dimensional metal organic frameworks, named NEW-1 and NEW-2, 

were successfully synthesised from Cu(NO3)2 with isonicotinic acid and Zn(NO3)2 with 

fumaric acid, respectively. Physical, chemical and gas/vapour adsorption/desorption 

characterisation results indicate that NEW-1 is a unidirectional nano-porous material with 

non-coordinated oxygen surface functional groups and square pyramidal copper centres in 

close proximity in the pore walls. NEW-1 has high thermal stability and the framework is 

flexible. NEW-2 is non-porous material due to template methanol molecules strongly 

bonded with Zn. The NEW-2 framework decomposes when air dried. 

            NEW-1 changes structure on desolvation. The unidirectional pore system with 

surface oxygen functional groups and copper centres periodically located along the surface 

of pores of NEW-1 provides a well defined structure to investigate the adsorption 

interactions with surface functional groups and the dynamic response of the flexible 

framework to adsorption. Oxygen surface functional groups and copper centres in NEW-1 

dominate the adsorption characteristics of small molecules such as water, methanol, 

ethanol, n-propanol and also, chloroform.  Studies of isosteric enthalpies and activation 

energies for C1-C3 alcohol adsorption on NEW-1 demonstrate a linear relationship with the 

number of carbon atoms in alcohols and also demonstrate stoichiometric relationships 

between isotherm plateaus and the crystallographic formula unit.  

 The adsorption interaction for alkanes involves non-specific dispersions forces 

and the isotherms also showed some evidence for stoichiometric relationships between 

isotherm plateaus and the crystallographic formula unit. This is attributed to the response 

of the repeat unit in the MOF structure under the influence of molecules with different 

sizes. These relationships are not observed for longer (>C7) chain alkanes. 

 The adsorption kinetics were analysed using a stretched exponential model for 

each isotherm step, which provided kinetic parameters that allowed the activation energies 

to be determined as a function of surface coverage. In the case of the species studied the 



CHAPTER 9                                                                                                       Conclusions 

 
 

 320 

isosteric enthalpies of adsorption were always higher than the activation energies. This 

implies that the diffusion mechanism is dominated by a site-to-site hopping mechanism 

rather than diffusion through constrictions in pores.   

  The kinetics profiles obtained for nitrogen, argon and oxygen adsorption on 

M’MOF-1 followed a double stretched exponential model due to the presence of 2 types of 

pores while the CMS-40 followed a stretched exponential model corresponding to a narrow 

distribution of pore sizes in the carbon deposit. The adsorption kinetics of nitrogen, argon 

and oxygen on NEW-1 were too fast to determine accurately under ambient temperature 

conditions. Adsorption of nitrogen, argon and oxygen on both NEW-1 and M’MOF-1 

needs to be done at very low temperature in order to determine adsorption kinetics. 

Comparison of the adsorption characteristics of NEW-1, M’MOF-1 and CMS-40 shows 

that MOFs must have extremely narrow pores to give kinetic separation characteristics 

similar to CMS-40, which is used commercially for air separation.  

9.2   Specific conclusions 

9.2.1 Synthesis and characterise the porous metal organic frameworks 
 

   Three dimensional metal organic frameworks NEW-1 (C12H8CuN2O4·C3H7NO) 

and NEW-2 (C6H10O6Zn) were synthesised via solvothermal and room temperature 

method, respectively. It is apparent that NEW-1 is a nanoporous material while NEW-2 is 

a non-porous framework material. Solvothermal synthesis of NEW-1 using DMF as a 

template molecule produced framework topology with larger pore volume rather than the 

framework synthesised with water template. The results from single X-ray diffraction 

revealed that NEW-1 has a channel-like porous material with window dimension of 6.092 

x 6.092 Å. The pore volume obtained from a PLATON calculation was 0.269 cm3 g-1. 

NEW-1 is thermally stable up to ~290 ºC.  The N2 (77 K) and CO2 (195 and 273 K) 

adsorption isotherms for NEW-1 were typical type I as defined by the IUPAC 

classification scheme while the Ar adsorption isotherms were intermediate between types I 

and type II. Both nitrogen and argon isotherms exhibited small hysteresis while CO2 was 

virtually completely reversible.  
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 The total pore volumes calculated from adsorption isotherms of both N2 and Ar at 

77 K, and CO2 195 K were 0.099 cm3g-1 and 0.090 cm3g-1 and 0.116 cm3g-1, respectively. 

These total pore volumes are much lower than pore volume calculated from PLATON 

indicating pore structure of NEW-1 are partly collapses on desolvation.  This is consistent 

with the XRD profile of the desolvated form of NEW-1. Measurements of total pore 

volume for CO2 adsorption at 303 K and 55 bar gave a pore volume 0.101 cm3 g-1 (2.384 

mmol g-1). Similarly the amounts of methane adsorbed at 195/K/1bar and 303 K/80bar  are 

equivalent to pore volumes of 0.084 and 0.074 cm3 g-1, respectively. However, there is 

uncertainty over the density of adsorbed methane above the critical temperature. These 

results indicate that there is no thermally activate phase transition of the desolvated NEW-

1 structure at temperatures up to 303 K.   

  Total pore volumes obtained from the maximum adsorption capacity at high 

relative pressure gave the following values similar to the crystallographic pore volume, for 

example, methanol 0.263 cm3g-1, ethanol 0.262 cm3g-1; n-propanol 0.244 cm3g-1; n-butanol 

0.200 cm3g-1; methyl chloride 0.227 cm3g-1, dichloromethane 0.253 cm3g-1, chloroform 

0.267 cm3g-1; methane 0.084 cm3g-1, ethane 0.168 cm3g-1, propane 0.225 cm3g-1, n-butane 

0.238 cm3g-1, n-pentane 0.253 cm3g-1; n-hexane 0.257 cm3g-1; benzene 0.254 cm3g-1 and 

toluene 0.202 cm3g-1. It is apparent that these total pore volumes, with the exceptions of 

toluene and n-butanol, are consistent with Gurvitsch’s rule and agree well with the 

PLATON pore volume obtained from crystallographic data. It is evident that the 

adsorption data for NEW-1 are consistent with NEW-1 being flexible with total pore 

volumes ranging from ~ 0.07-0.26 cm3g-1. 

  The adsorption process is driven by the enthalpy of adsorption since when the 

MOF is desolvated structural disorder is increased. Therefore, the enthalpy of adsorption 

drives both the adsorption processes and the structural change from the desolvated 

structure to the expanded structure. Molecules such as N2, Ar, CO2 and CH4 do not expand 

the structure since the enthalpies of adsorption are low. Adsorptives which have high 

enthalpies of adsorption by virtue of either a hydrogen bonding interaction with surface of 

oxygen functional group or dispersion interactions as in the case of n-pentane etc. have 

sufficient enthalpy to open the structure of desolvated porous structure of NEW-1. 
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  The hydroxyl groups in alcohols hydrogen bond probably to surface oxygen 

functional groups as shown by stoichiometric relationships between amounts adsorbed and 

oxygen present in crystallographic formula unit. It is proposed that framework collapse 

leads to the Cu (1)-O(3)-C(12)-O(4) planar region in solvated NEW-1 becoming non-

planar leading to O(4) pointing into the pore thereby providing surface sites for hydrogen 

bonding. However, the adjacent five coordinate Cu is also a possible site.  Strong 

interactions allow expansion of the porous structure to the maximum pore volume. The 

length of the alkyl chain in the alcohol clearly has a major influence. As the chain length 

increases i) it decreases the availability of oxygen surface sites by occupying more space 

ii) the isosteric enthalpy of adsorption increases and iii) it increases the hydrophobic 

character. 

9.2.2   Effect of surface chemistry on adsorption characteristics of MOF NEW-1  
 

In order to increase the understanding of role of surface chemistry on adsorption 

characteristics, a series of adsorption isotherms of gases/vapours of varying size, shape and 

hydrophobic/hydrophilic characteristics were studied over the temperature range 298-318 

K. Most of these adsorption isotherms were type I in the IUPAC classification scheme but 

some had deviations from the standard isotherm shape. Additionally, all desorption 

isotherms of these vapour exhibited only a small amount of hysteresis at high relative 

pressure. The adsorption isotherm of n-propanol on NEW-1 is type VI. The n-propanol 

isotherms exhibit steps corresponding to stoichiometric relationships between the amount 

adsorbed and the crystallographic formula unit. The adsorption isotherms of small 

hydrophilic molecules e.g. methanol and ethanol also exhibited plateaus that correspond to 

stoichiometric ratios for amount adsorbed and the formula unit of NEW-1. This suggests 

that specific adsorbate-adsorbent interactions occur. It is proposed that hydrogen bonding 

occurs between the OH group of alcohols and carboxylate non-coordinated oxygen in the 

pore wall of the NEW-1. 

Isosteric enthalpies for C1-C3 alcohol adsorption at zero surface coverage on NEW-

1 over temperature rang 298-318 K increase with increasing of number of carbon atoms. 

The isosteric enthalpies obtained for alcohols initially decreased with increasing of surface 

coverage stabilising at amounts adsorbed in the range 1.0-1.5 mmol g-1. A decrease in 

isosteric enthalpy for n-propanol adsorption is observed in the amount adsorbed range 1.5-
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2.0 mmol g-1, which corresponds to the step in the adsorption isotherm. It is clear that the 

order of isosteric enthalpy of adsorption is n-propanol > ethanol > methanol where 

hydrogen bonding between alcohol and surface groups predominates and the isosteric 

enthalpy of adsorption increases approximately linearly with increasing of carbon number. 

The isotherm of n-butanol adsorption does not have a stoichiometric relationship with the 

crystallographic formula unit. This is ascribed to dispersion interactions of the hydrocarbon 

chain dominating the adsorbate-adsorbent interaction.   

 The effect of surface interactions between adsorbate and adsorbent NEW-1 can be 

summarised as below; 

1) It is proposed that adsorption characteristics of hydrophilic molecules (R-OH,             

R= H, CH3, C2H5, C3H7) depends on oxygen surface functional groups in 

NEW-1 for smaller molecules while n-butanol does not have the specific 

stoichiometric interactions indicating that the hydrophobic interactions 

dominate the specific hydrophilic interactions with surfaces for n-butanol and 

other factors are influencing the adsorption process. 

2) The isotherm plateaus for n-alkane adsorption on NEW-1 show evidence for 

stoichiometric relationships with the crystallographic structural formula unit. 

Hydrophobic n-alkanes do not have a specific interaction with the surface 

groups of NEW-1. The stoichiometric trends are attributed to the systematic 

repeat of the framework structure and the ability of molecules to fit into the 

framework repeat unit. A particularly interesting observation is the change of 

the isotherm plateau from a stoichiometric 1:1 adsorbate: crystallographic 

formula unit for ethane to 0.5: 1 for n-butane, n-pentane, n-hexane, and n-

heptane. Calculations based on the known densities of the adsorbate show that 

the pores are not fully for the smaller alkanes in the C4-C7 series. In the case 

of propane, a high chemical potential is required to drive the adsorption to the 

1:1 stoichiometry which has a pore volume corresponding to total pore filling. 

3) Isosteric enthalpies at zero surface coverage and activation energies for C1-C3 

alcohols adsorption on NEW-1 over temperature rang 298-318K demonstrate 

a linear relationship with the number of carbon atom in alcohols. Similar 

trends are observed for the C1-C7 n-alkane series. This illustrates the effect of 

size on thermodynamic parameters 
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4) The adsorption kinetics of both hydrophilic and hydrophobic molecules 

follows the stretch exponential (SE) model and the rates, SE rate constants and 

exponent β values change with surface coverage, pressure and temperature.  

These changes are attributed to the change in chemical potential gradient in 

the isotherm. The β exponent values from the SE model are close 1 i.e. LDF 

model, correspond to diffusion through high barriers to diffusion of molecules 

into or along narrow porosity. The increase in rate constant is related to the 

increase in chemical potential gradient in the isotherm. 

5) In some cases the isosteric enthalpy of adsorption is much higher than the 

corresponding activation energy for diffusion into the porous structure. This 

indicates that the diffusion mechanism is a site-to-site hopping mechanism. 

When the barrier to diffusion is higher than the isosteric enthalpy of 

adsorption the adsorbate molecule and pore sizes are similar. Examples of 

former are systems where this is observed are alcohols, larger alkanes (C5 and 

above) and CH2Cl2. The latter is observed as the pore structure expands during 

the adsorption of CHCl3. 

6) Framework flexibility is driven by the enthalpy of adsorption and occurs 

irrespective of the types of adsorption interaction i.e. framework structural 

change can occur due to both non-specific dispersion and specific H-bonded 

interactions. Adsorption of probe molecules provides evidence in support of 

stoichiometric relationships between the isotherm plateaus and the 

crystallographic formula unit emphasising the role of the repeat nature of the 

porous structure in MOFs.   

7) In most cases the framework expansion occurs at high relative pressure when 

pore filling occurs. However, in the case of CHCl3 adsorption, the isotherm, 

thermodynamic and kinetic studies are consistent with expansion occurring at 

low pressure low pressure and this is driven by a high enthalpy of adsorption 

at low surface coverage. 

8) The n-propanol isotherm has two isotherm steps. The first step corresponds to 

a plateau with stoichiometry 0.5 C3H7OH per crystallographic formula unit. 

This is related to the fact that n-propanol is too long to fit into the space 

available if 1:1 stoichiometry occurred in the unidirectional pores. The second 

step occurs at higher chemical potential and is accompanied by an increase in 
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both enthalpy and entropy of adsorption and, also, a slowing of the adsorption 

kinetics with an increase in the barrier to diffusion. These observations are 

presumably related to structural change in the flexible framework and the need 

to break H-bonding interactions to accommodate more molecules leading to 

pore filling. 

9) The dynamic response of the framework to adsorption is complex and it is 

likely that there are a range of structural confirmations of NEW-1, which may 

be taken during the adsorption process and only low energy changes allow 

these to be driven by the adsorption process. Results based on the adsorbate: 

crystallographic formula unit stoichiometry for isotherm plateaus indicates 

that conformations corresponding to pore volumes ~0.16-0.18 cm3 g-1 are 

relatively stable. However, the results for the plateaus for C4-C7 alkanes 

suggest that arrange of conformations or distributions of several 

conformations may be present during adsorption.  

9.2.3 Gas storage and separation 
 

  The adsorption isotherm of hydrogen on NEW-1 at 77 K is classified as type I 

isotherm in IUPAC classification scheme and no hysteresis occurred during the desorption 

process. The highest hydrogen uptake at ∼ 1 bar and 77 K was 2.98 ± 0.0016 mmolg-1 

which is corresponded to ∼ 0.6 % by weight which is quite low compare to 6 % target of 

the US DOE.   In case of air separation, it is apparent that the nitrogen, argon and oxygen 

adsorption isotherms at 195 K on NEW-1 and M’MOF-1 can be classified as type I in the 

IUPAC classification scheme. While the amount of nitrogen, argon and oxygen adsorbed 

on CMS-40 over temperature range 273-298 K increased approximately linear with 

increasing of the pressure. Selectivity ratio (O2/N2) obtained for gases adsorptions on 

M’MOF-1 were in range 0.8-4.7 and 0.9-4.3, respectively. While, kinetic selectivity ratios 

(O2/N2) obtained for gases adsorption on CMS-40 were in range 33-35. Critical dimension 

minimum cross section appears to give a better prediction of adsorption kinetics than 

kinetic diameter. High isosteric enthalpies were observed in gases adsorption on both 

NEW-1 and M’MOF-1 which is indicated stronger adsorbate-adsorbent interaction 

compare to CMS-40. 
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Table A1.  Crystal data and structure refinement for NEW-1 
 
Identification code  NEW-1 
Chemical formula (moiety) C12H8CuN2O4·C3H7NO 
Chemical formula (total) C15H15CuN3O5 
Formula weight  380.84 
Temperature  120(2) K 
Radiation, wavelength  synchrotron, 0.69430 Å 
Crystal system, space group  monoclinic, P21/c 
Unit cell parameters a = 11.579(2) Å α = 90° 
 b = 12.292(3) Å β = 117.871(2)° 
 c = 12.318(3) Å γ = 90° 
Cell volume 1549.8(6) Å3 
Z 4 
Calculated density  1.632 g/cm3 
Absorption coefficient µ 1.441 mm−1 
F(000) 776 
Crystal colour and size blue, 0.02 × 0.02 × 0.00 mm3 
Reflections for cell refinement 977 (θ range 2.5 to 27.1°) 
Data collection method Bruker APEX2 CCD diffractometer 
 thin-slice ω scans 
θ range for data collection 2.5 to 29.8° 
Index ranges h −15 to 16, k −17 to 17, l −16 to 17 
Completeness to θ = 26.0° 99.6 %  
Reflections collected 15631 
Independent reflections 4515 (Rint = 0.0453) 
Reflections with F2>2σ 3521 
Absorption correction semi-empirical from equivalents 
Min. and max. transmission 0.9718 and 0.9986 
Structure solution direct methods 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.0512, 0.1354 
Data / restraints / parameters 4515 / 0 / 230 
Final R indices [F2>2σ] R1 = 0.0399, wR2 = 0.0920 
R indices (all data) R1 = 0.0564, wR2 = 0.0985 
Goodness-of-fit on F2 1.031 
Extinction coefficient 0.0047(14) 
Largest and mean shift/su 0.000 and 0.000 
Largest diff. peak and hole 0.42 and −0.85 e Å−3 
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Figure A1 ORTP view of coordination environment of NEW-1 and a DMF molecule in the pore is 
shown 
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Figure A2 ORTP view of coordination environment of NEW-1. The SBU of NEW-1 is formed by 
two square pyramidal copper atoms bonding with eight isonicotinate ligands. 
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Table A2.  Atomic coordinates and equivalent isotropic displacement parameters (Å2) for NEW 2.  
Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
 
      x      y      z      Ueq 
 
Cu(1)  −0.70961(2) 0.036754(19)  −0.03629(2) 0.01634(9) 
O(1)  −0.58101(15) 0.03715(12)  −0.12870(15) 0.0226(3) 
O(2)  −0.37957(14) 0.05773(12)  −0.10874(14) 0.0211(3) 
O(3)  −0.84287(14) 0.12999(12)  −0.16662(14) 0.0208(3) 
O(4)  −0.96842(16) 0.10130(13)  −0.07592(15) 0.0264(4) 
O(5)  −0.4227(8) 0.3914(8)  −0.0265(7) 0.077(4) 
O(5A)  −0.3349(5) 0.3732(4)  −0.0942(5) 0.096(2) 
N(1)  −0.63827(17) 0.33283(14)  −0.42772(17) 0.0194(4) 
N(2)  −1.19387(17) 0.40472(14)  −0.37193(17) 0.0187(4) 
N(3)  −0.2416(3) 0.4897(2) 0.0571(3) 0.0506(7) 
C(1)  −0.5257(2) 0.2823(2)  −0.3990(2) 0.0291(5) 
C(2)  −0.4778(2) 0.1998(2)  −0.3127(2) 0.0284(5) 
C(3)  −0.5486(2) 0.16532(16)  −0.2551(2) 0.0190(4) 
C(4)  −0.6666(2) 0.2165(2)  −0.2868(3) 0.0340(6) 
C(5)  −0.7065(2) 0.2999(2)  −0.3712(3) 0.0345(6) 
C(6)  −0.5010(2) 0.07882(16)  −0.15659(19) 0.0187(4) 
C(7)  −1.1079(2) 0.35914(17)  −0.4028(2) 0.0203(4) 
C(8)  −1.0275(2) 0.27373(18)  −0.3360(2) 0.0212(4) 
C(9)  −1.0373(2) 0.23200(16)  −0.2356(2) 0.0193(4) 
C(10)  −1.1297(2) 0.2773(2)  −0.2076(2) 0.0268(5) 
C(11)  −1.2046(2) 0.36377(19)  −0.2762(2) 0.0257(5) 
C(12)  −0.9440(2) 0.14642(17)  −0.1526(2) 0.0204(4) 
C(13)  −0.3319(4) 0.4200(4)  −0.0173(4) 0.0662(11) 
C(14)  −0.2553(4) 0.5498(3) 0.1505(4) 0.0741(12) 
C(15)  −0.1256(4) 0.5083(3) 0.0449(4) 0.0632(10) 
 
Table A3.   Bond lengths [Å] and angles [°] for NEW-1. 
 
Cu(1)–O(1)  2.2579(16) Cu(1)–O(2A)  1.9702(15) 
Cu(1)–O(3)  1.9888(15) Cu(1)–N(1B)  2.0019(18) 
Cu(1)–N(2C)  1.9950(18) O(1)–C(6)  1.239(3) 
O(2)–Cu(1A)  1.9702(15) O(2)–C(6)  1.272(2) 
O(3)–C(12)  1.277(3) O(4)–C(12)  1.237(3) 
O(5)–C(13)  1.063(8) O(5A)–C(13)  1.095(5) 
N(1)–Cu(1D)  2.0019(18) N(1)–C(1)  1.334(3) 
N(1)–C(5)  1.337(3) N(2)–Cu(1E)  1.9950(18) 
N(2)–C(7)  1.343(3) N(2)–C(11)  1.340(3) 
N(3)–C(13)  1.330(5) N(3)–C(14)  1.438(5) 
N(3)–C(15)  1.438(5) C(1)–H(1A)  0.950 
C(1)–C(2)  1.384(3) C(2)–H(2A)  0.950 
C(2)–C(3)  1.378(3) C(3)–C(4)  1.385(3) 
C(3)–C(6)  1.511(3) C(4)–H(4A)  0.950 
C(4)–C(5)  1.377(3) C(5)–H(5A)  0.950 
C(7)–H(7A)  0.950 C(7)–C(8)  1.389(3) 
C(8)–H(8A)  0.950 C(8)–C(9)  1.390(3) 
C(9)–C(10)  1.385(3) C(9)–C(12)  1.512(3) 
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C(10)–H(10A)  0.950 C(10)–C(11)  1.382(3) 
C(11)–H(11A)  0.950 C(13)–H(13A)  0.950 
C(13)–H(13B)  0.950 C(14)–H(14A)  0.980 
C(14)–H(14B)  0.980 C(14)–H(14C)  0.980 
C(15)–H(15A)  0.980 C(15)–H(15B)  0.980 
C(15)–H(15C)  0.980  
 
O(1)–Cu(1)–O(2A) 105.59(6) O(1)–Cu(1)–O(3) 92.14(6) 
O(1)–Cu(1)–N(1B) 99.88(7) O(1)–Cu(1)–N(2C) 92.45(7) 
O(2A)–Cu(1)–O(3) 162.10(6) O(2A)–Cu(1)–N(1B) 89.35(7) 
O(2A)–Cu(1)–N(2C) 87.23(7) O(3)–Cu(1)–N(1B) 90.00(7) 
O(3)–Cu(1)–N(2C) 89.64(7) N(1B)–Cu(1)–N(2C) 167.66(8) 
Cu(1)–O(1)–C(6) 153.54(15) Cu(1A)–O(2)–C(6) 122.53(14) 
Cu(1)–O(3)–C(12) 113.37(14) Cu(1D)–N(1)–C(1) 126.64(15) 
Cu(1D)–N(1)–C(5) 115.50(15) C(1)–N(1)–C(5) 117.61(19) 
Cu(1E)–N(2)–C(7) 118.16(14) Cu(1E)–N(2)–C(11) 123.11(15) 
C(7)–N(2)–C(11) 118.59(18) C(13)–N(3)–C(14) 122.5(4) 
C(13)–N(3)–C(15) 120.2(4) C(14)–N(3)–C(15) 117.4(3) 
N(1)–C(1)–H(1A) 118.8 N(1)–C(1)–C(2) 122.4(2) 
H(1A)–C(1)–C(2) 118.8 C(1)–C(2)–H(2A) 120.0 
C(1)–C(2)–C(3) 120.0(2) H(2A)–C(2)–C(3) 120.0 
C(2)–C(3)–C(4) 117.5(2) C(2)–C(3)–C(6) 123.25(19) 
C(4)–C(3)–C(6) 119.2(2) C(3)–C(4)–H(4A) 120.4 
C(3)–C(4)–C(5) 119.3(2) H(4A)–C(4)–C(5) 120.4 
N(1)–C(5)–C(4) 123.2(2) N(1)–C(5)–H(5A) 118.4 
C(4)–C(5)–H(5A) 118.4 O(1)–C(6)–O(2) 126.5(2) 
O(1)–C(6)–C(3) 118.31(18) O(2)–C(6)–C(3) 115.15(18) 
N(2)–C(7)–H(7A) 119.1 N(2)–C(7)–C(8) 121.8(2) 
H(7A)–C(7)–C(8) 119.1 C(7)–C(8)–H(8A) 120.2 
C(7)–C(8)–C(9) 119.7(2) H(8A)–C(8)–C(9) 120.2 
C(8)–C(9)–C(10) 117.79(19) C(8)–C(9)–C(12) 121.93(19) 
C(10)–C(9)–C(12) 120.1(2) C(9)–C(10)–H(10A) 120.2 
C(9)–C(10)–C(11) 119.6(2) H(10A)–C(10)–C(11) 120.2 
N(2)–C(11)–C(10) 122.4(2) N(2)–C(11)–H(11A) 118.8 
C(10)–C(11)–H(11A) 118.8 O(3)–C(12)–O(4) 125.7(2) 
O(3)–C(12)–C(9) 115.39(19) O(4)–C(12)–C(9) 118.88(19) 
O(5)–C(13)–O(5A) 96.0(6) O(5)–C(13)–N(3) 134.9(7) 
O(5)–C(13)–H(13A) 112.6 O(5)–C(13)–H(13B) 19.5 
O(5A)–C(13)–N(3) 129.1(5) O(5A)–C(13)–H(13A) 16.6 
O(5A)–C(13)–H(13B) 115.4 N(3)–C(13)–H(13A) 112.6 
N(3)–C(13)–H(13B) 115.4 H(13A)–C(13)–H(13B) 132.0 
N(3)–C(14)–H(14A) 109.5 N(3)–C(14)–H(14B) 109.5 
N(3)–C(14)–H(14C) 109.5 H(14A)–C(14)–H(14B) 109.5 
H(14A)–C(14)–H(14C) 109.5 H(14B)–C(14)–H(14C) 109.5 
N(3)–C(15)–H(15A) 109.5 N(3)–C(15)–H(15B) 109.5 
N(3)–C(15)–H(15C) 109.5 H(15A)–C(15)–H(15B) 109.5 
H(15A)–C(15)–H(15C) 109.5 H(15B)–C(15)–H(15C) 109.5 
  
 
Symmetry operations for equivalent atoms 
A   −x−1,−y,−z      B   x,−y+1/2,z+1/2      C   −x−2,y−1/2,−z−1/2        
D   x,−y+1/2,z−1/2      E   −x−2,y+1/2,−z−1/2        
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Table A4.   Anisotropic displacement parameters (Å2) for NEW-1.  The anisotropic displacement 
factor exponent takes the form: −2π2[h2a*2U11 + ...+ 2hka*b*U12] 
 
      U11      U22      U33      U23      U13      U12 
 
Cu(1) 0.01508(13)  0.01090(13) 0.01880(14)   −0.00029(9) 0.00438(10)   
−0.00005(9) 
O(1) 0.0212(7)  0.0203(7) 0.0262(8)  0.0061(6) 0.0109(6)  0.0021(6) 
O(2) 0.0154(7)  0.0184(7) 0.0231(8)  0.0041(6) 0.0037(6)  0.0012(5) 
O(3) 0.0183(7)  0.0168(7) 0.0246(8)  0.0040(6) 0.0077(6)  0.0027(6) 
O(4) 0.0276(8)  0.0236(8) 0.0309(9)  0.0102(7) 0.0162(7)  0.0078(7) 
O(5) 0.064(6)  0.113(8) 0.065(6)   −0.030(5) 0.039(5)   −0.048(5) 
O(5A) 0.120(4)  0.114(4) 0.081(3)   −0.057(3) 0.071(3)   −0.073(3) 
N(1) 0.0189(8)  0.0151(8) 0.0205(9)  0.0012(7) 0.0061(7)   −0.0004(7) 
N(2) 0.0185(8)  0.0128(8) 0.0220(9)  0.0008(7) 0.0070(7)   −0.0006(6) 
N(3) 0.0391(13)  0.0378(14) 0.0602(18)   −0.0005(12) 0.0109(13)   −0.0075(11) 
C(1) 0.0267(11)  0.0274(12) 0.0372(14)  0.0135(10) 0.0183(11)  0.0074(9) 
C(2) 0.0239(11)  0.0272(12) 0.0356(14)  0.0118(10) 0.0151(10)  0.0086(9) 
C(3) 0.0173(9)  0.0142(9) 0.0212(10)  0.0011(8) 0.0054(8)   −0.0005(7) 
C(4) 0.0259(12)  0.0367(14) 0.0425(15)  0.0206(12) 0.0186(11)  0.0112(10) 
C(5) 0.0272(12)  0.0371(14) 0.0440(15)  0.0215(12) 0.0207(12)  0.0158(10) 
C(6) 0.0192(9)  0.0133(9) 0.0185(10)   −0.0018(7) 0.0046(8)  0.0008(7) 
C(7) 0.0217(10)  0.0158(10) 0.0221(11)  0.0026(8) 0.0090(9)  0.0026(8) 
C(8) 0.0207(10)  0.0188(10) 0.0230(11)  0.0000(8) 0.0093(9)  0.0017(8) 
C(9) 0.0170(9)  0.0137(9) 0.0239(11)  0.0020(8) 0.0068(8)  0.0000(7) 
C(10) 0.0244(11)  0.0271(12) 0.0301(12)  0.0100(10) 0.0138(10)  0.0072(9) 
C(11) 0.0222(10)  0.0263(12) 0.0303(12)  0.0087(9) 0.0138(10)  0.0081(9) 
C(12) 0.0186(9)  0.0144(10) 0.0244(11)  0.0004(8) 0.0070(8)  0.0013(7) 
C(13) 0.064(2)  0.073(3) 0.057(2)   −0.009(2) 0.024(2)   −0.031(2) 
C(14) 0.053(2)  0.061(2) 0.096(3)   −0.026(2) 0.025(2)   −0.0039(18) 
C(15) 0.0469(19)  0.055(2) 0.074(3)  0.0105(19) 0.0160(18)   −0.0108(16) 
 
Table A5.   Hydrogen coordinates and isotropic displacement parameters (Å2) NEW-1. 
 
      x       y       z       U 
 
H(1A)  −0.4766 0.3037  −0.4394 0.035 
H(2A)  −0.3961 0.1670  −0.2931 0.034 
H(4A)  −0.7195 0.1944  −0.2506 0.041 
H(5A)  −0.7864 0.3358  −0.3903 0.041 
H(7A)  −1.1019 0.3861  −0.4723 0.024 
H(8A)  −0.9662 0.2440  −0.3587 0.025 
H(10A)  −1.1415 0.2490  −0.1417 0.032 
H(11A)  −1.2660 0.3954  −0.2546 0.031 
H(13A)  −0.3102 0.3885  −0.0758 0.079 
H(13B)  −0.4039 0.4095  −0.0014 0.079 
H(14A)  −0.3403 0.5336 0.1460 0.111 
H(14B)  −0.2494 0.6279 0.1378 0.111 
H(14C)  −0.1855 0.5290 0.2315 0.111 
H(15A)  −0.1236 0.4576  −0.0156 0.095 
H(15B)  −0.0484 0.4968 0.1244 0.095 



                                                                                                                          
APPENDIX A                                                                                                          

 
 

 vii  

H(15C)  −0.1258 0.5832 0.0175 0.095 
 
Table A6.  Torsion angles [°] for NEW-1. 
 
O(2A)–Cu(1)–O(1)–C(6)  −105.1(3) O(3)–Cu(1)–O(1)–C(6) 77.4(3) 
N(1B)–Cu(1)–O(1)–C(6)  −13.0(3) N(2C)–Cu(1)–O(1)–C(6) 167.1(3) 
O(1)–Cu(1)–O(3)–C(12) 176.28(14) O(2A)–Cu(1)–O(3)–C(12) 4.0(3) 
N(1B)–Cu(1)–O(3)–C(12)  −83.83(15) N(2C)–Cu(1)–O(3)–C(12) 83.84(15) 
Cu(1D)–N(1)–C(1)–C(2) 172.86(19) C(5)–N(1)–C(1)–C(2)  −1.1(4) 
N(1)–C(1)–C(2)–C(3) 1.6(4) C(1)–C(2)–C(3)–C(4)  −0.4(4) 
C(1)–C(2)–C(3)–C(6)  −177.7(2) C(2)–C(3)–C(4)–C(5)  −1.3(4) 
C(6)–C(3)–C(4)–C(5) 176.1(2) Cu(1D)–N(1)–C(5)–C(4)  −175.3(2) 
C(1)–N(1)–C(5)–C(4)  −0.6(4) C(3)–C(4)–C(5)–N(1) 1.9(4) 
Cu(1)–O(1)–C(6)–O(2) 102.9(3) Cu(1)–O(1)–C(6)–C(3)  −75.7(4) 
Cu(1A)–O(2)–C(6)–O(1)  −7.3(3) Cu(1A)–O(2)–C(6)–C(3) 171.39(13) 
C(2)–C(3)–C(6)–O(1)  −165.1(2) C(2)–C(3)–C(6)–O(2) 16.1(3) 
C(4)–C(3)–C(6)–O(1) 17.6(3) C(4)–C(3)–C(6)–O(2)  −161.1(2) 
Cu(1E)–N(2)–C(7)–C(8) 173.61(16) C(11)–N(2)–C(7)–C(8)  −2.2(3) 
N(2)–C(7)–C(8)–C(9) 1.4(3) C(7)–C(8)–C(9)–C(10) 1.0(3) 
C(7)–C(8)–C(9)–C(12)  −174.20(19) C(8)–C(9)–C(10)–C(11)  −2.4(3) 
C(12)–C(9)–C(10)–C(11) 172.8(2) Cu(1E)–N(2)–C(11)–C(10)  −174.93(18) 
C(7)–N(2)–C(11)–C(10) 0.6(3) C(9)–C(10)–C(11)–N(2) 1.7(4) 
Cu(1)–O(3)–C(12)–O(4)  −7.9(3) Cu(1)–O(3)–C(12)–C(9) 169.75(14) 
C(8)–C(9)–C(12)–O(3) 12.4(3) C(8)–C(9)–C(12)–O(4)  −169.8(2) 
C(10)–C(9)–C(12)–O(3)  −162.7(2) C(10)–C(9)–C(12)–O(4) 15.2(3) 
C(14)–N(3)–C(13)–O(5)  −1.9(11) C(14)–N(3)–C(13)–O(5A) 176.5(6) 
C(15)–N(3)–C(13)–O(5) 178.8(9) C(15)–N(3)–C(13)–O(5A)  −2.7(8) 
 
Symmetry operations for equivalent atoms 
A   −x−1,−y,−z      B   x,−y+1/2,z+1/2      C   −x−2,y−1/2,−z−1/2        
D   x,−y+1/2,z−1/2      E   −x−2,y+1/2,−z−1/2        
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Table B1.  Crystal data and structure refinement for NEW-2. 
 
Identification code  NEW-2 
Chemical formula (moiety) C6H10O6Zn 
Chemical formula (total) C6H10O6Zn 
Formula weight  243.51 
Temperature  150(2) K 
Radiation, wavelength  MoKα, 0.71073 Å 
Crystal system, space group  monoclinic, C2/c 
Unit cell parameters a = 15.747(7) Å α = 90° 
 b = 7.047(6) Å β = 116.31(8)° 
 c = 8.266(3) Å γ = 90° 
Cell volume 822.3(8) Å3 
Z 4 
Calculated density  1.967 g/cm3 
Absorption coefficient µ 2.982 mm−1 
F(000) 496 
Crystal colour and size colourless, 0.20 × 0.20 × 0.10 mm3 
Reflections for cell refinement 54 (θ range 2.5 to 27.5°) 
Data collection method Nonius KappaCCD diffractometer 
 φ and ω scans 
θ range for data collection 4.6 to 27.5° 
Index ranges h −20 to 20, k −9 to 8, l −10 to 10 
Completeness to θ = 26.0° 99.6 %  
Reflections collected 7363 
Independent reflections 944 (Rint = 0.0247) 
Reflections with F2>2σ 845 
Absorption correction semi-empirical from equivalents 
Min. and max. transmission 0.5869 and 0.7547 
Structure solution direct methods 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.0212, 1.5563 
Data / restraints / parameters 944 / 0 / 81 
Final R indices [F2>2σ] R1 = 0.0171, wR2 = 0.0428 
R indices (all data) R1 = 0.0219, wR2 = 0.0451 
Goodness-of-fit on F2 1.036 
Largest and mean shift/su 0.000 and 0.000 
Largest diff. peak and hole 0.44 and −0.20 e Å−3 
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Figure B1 ORTP view of coordination environment of NEW-2. 
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Table B2.  Atomic coordinates and equivalent isotropic displacement parameters (Å2) 
for NEW-2  Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
 
      x      y      z      Ueq 
 
Zn(1) 0.7500 0.7500 0.5000 0.00984(9) 
O(1) 0.86084(8) 0.65443(16) 0.74257(15) 0.0128(2) 
O(2) 0.79123(8) 0.43625(17) 0.84017(15) 0.0139(2) 
O(3) 0.66104(8) 0.54348(17) 0.51678(17) 0.0146(2) 
C(1) 0.86423(10) 0.5219(2) 0.8476(2) 0.0105(3) 
C(2) 0.95966(11) 0.4599(2) 0.9899(2) 0.0122(3) 
C(3) 0.61961(18) 0.3981(3) 0.3852(3) 0.0332(5) 
 
Table B3.   Bond lengths [Å] and angles [°] for NEW-2. 
 
Zn(1)–O(1)  2.102(2) Zn(1)–O(1A)  2.102(2) 
Zn(1)–O(2B)  2.1563(14) Zn(1)–O(2C)  2.1564(14) 
Zn(1)–O(3)  2.0669(15) Zn(1)–O(3A)  2.0669(15) 
O(1)–C(1)  1.260(2) O(2)–Zn(1D)  2.1563(14) 
O(2)–C(1)  1.2754(19) O(3)–C(3)  1.424(3) 
O(3)–H(3A)  0.73(3) C(1)–C(2)  1.505(3) 
C(2)–C(2E)  1.332(3) C(2)–H(2)  0.88(2) 
C(3)–H(3)  0.95(4) C(3)–H(3B)  0.95(3) 
C(3)–H(3C)  0.99(3)  
 
O(1)–Zn(1)–O(1A) 180.000(1) O(1A)–Zn(1)–O(2B) 92.36(6) 
O(1)–Zn(1)–O(2B) 87.64(6) O(1A)–Zn(1)–O(2C) 87.64(6) 
O(1)–Zn(1)–O(2C) 92.36(6) O(1)–Zn(1)–O(3) 90.65(7) 
O(1A)–Zn(1)–O(3A) 90.65(7) O(1A)–Zn(1)–O(3) 89.35(7) 
O(1)–Zn(1)–O(3A) 89.35(7) O(2B)–Zn(1)–O(2C) 180.0 
O(2B)–Zn(1)–O(3A) 90.55(7) O(2B)–Zn(1)–O(3) 89.45(7) 
O(2C)–Zn(1)–O(3A) 89.45(7) O(2C)–Zn(1)–O(3) 90.55(7) 
O(3)–Zn(1)–O(3A) 180.00(5) Zn(1)–O(1)–C(1) 131.17(10) 
Zn(1D)–O(2)–C(1) 140.19(11) Zn(1)–O(3)–C(3) 123.35(12) 
Zn(1)–O(3)–H(3A) 102.4(19) C(3)–O(3)–H(3A) 111.1(19) 
O(1)–C(1)–O(2) 123.75(15) O(1)–C(1)–C(2) 118.43(14) 
O(2)–C(1)–C(2) 117.82(14) C(1)–C(2)–C(2E) 122.8(2) 
C(1)–C(2)–H(2) 115.3(14) C(2E)–C(2)–H(2) 121.9(14) 
O(3)–C(3)–H(3) 112(2) O(3)–C(3)–H(3B) 108.1(15) 
O(3)–C(3)–H(3C) 106.6(16) H(3)–C(3)–H(3B) 115(3) 
H(3)–C(3)–H(3C) 107(3) H(3B)–C(3)–H(3C) 108(2) 
 
Symmetry operations for equivalent atoms 
A   −x+3/2,−y+3/2,−z+1      B   −x+3/2,y+1/2,−z+3/2        
C   x,−y+1,z−1/2      D   −x+3/2,y−1/2,−z+3/2      E   −x+2,−y+1,−z+2        
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Table B4.   Anisotropic displacement parameters (Å2) for NEW-2.  The anisotropic 
displacement factor exponent takes the form: −2π2[h2a*2U11 + ...+ 2hka*b*U12] 
 
      U11      U22      U33      U23      U13      U12 
 
Zn(1) 0.00897(13)  0.01070(14) 0.00833(13)  0.00089(10) 0.00247(10)  0.00010(10) 
O(1) 0.0096(5)  0.0154(6) 0.0109(5)  0.0043(5) 0.0024(4)  0.0010(4) 
O(2) 0.0099(5)  0.0169(6) 0.0127(5)  0.0031(5) 0.0031(4)   −0.0022(4) 
O(3) 0.0149(6)  0.0158(6) 0.0109(6)  0.0028(5) 0.0037(5)   −0.0017(5) 
C(1) 0.0106(7)  0.0115(7) 0.0092(7)   −0.0014(6) 0.0042(6)  0.0008(6) 
C(2) 0.0120(7)  0.0129(8) 0.0105(7)  0.0026(6) 0.0038(6)  0.0019(6) 
C(3) 0.0412(12)  0.0345(12) 0.0206(10)   −0.0056(9) 0.0106(9)   −0.0236(10) 
 
Table B5.   Hydrogen coordinates and isotropic displacement parameters (Å2) 
for NEW-2. 
 
      x       y       z       U 
 
H(3) 0.666(3) 0.313(5) 0.385(5) 0.079(11) 
H(2) 0.9587(15) 0.365(3) 1.059(3) 0.022(5) 
H(3A) 0.6893(17) 0.503(3) 0.606(3) 0.026(6) 
H(3B) 0.5696(18) 0.342(4) 0.403(3) 0.036(6) 
H(3C) 0.5909(18) 0.462(4) 0.266(4) 0.045(7) 
 
Table B6.  Torsion angles [°] for NEW-2. 
 
O(1A)–Zn(1)–O(1)–C(1)  −141(100) O(2B)–Zn(1)–O(1)–C(1) 89.12(15) 
O(2C)–Zn(1)–O(1)–C(1)  −90.88(15) O(3)–Zn(1)–O(1)–C(1)  −0.30(14) 
O(3A)–Zn(1)–O(1)–C(1) 179.70(14) O(1)–Zn(1)–O(3)–C(3)  −118.41(17) 
O(1A)–Zn(1)–O(3)–C(3) 61.59(17) O(2B)–Zn(1)–O(3)–C(3) 153.96(16) 
O(2C)–Zn(1)–O(3)–C(3)  −26.04(16) O(3A)–Zn(1)–O(3)–C(3) 0(100) 
Zn(1)–O(1)–C(1)–O(2)  −13.0(2) Zn(1)–O(1)–C(1)–C(2) 166.72(10) 
Zn(1D)–O(2)–C(1)–O(1)  −165.00(11) Zn(1D)–O(2)–C(1)–C(2) 15.2(2) 
O(1)–C(1)–C(2)–C(2E) 0.6(3) O(2)–C(1)–C(2)–C(2E)  −179.6(2) 
 
Symmetry operations for equivalent atoms 
A   −x+3/2,−y+3/2,−z+1      B   −x+3/2,y+1/2,−z+3/2        
C   x,−y+1,z−1/2      D   −x+3/2,y−1/2,−z+3/2      E   −x+2,−y+1,−z+2        
 
Table B7.  Hydrogen bonds for NEW-2 [Å and °]. 
 
D–H...A d(D–H) d(H...A) d(D...A) <(DHA) 
 
O(3)–H(3A)...O(2) 0.73(3) 1.95(3) 2.658(3) 165(3) 
 
Symmetry operations for equivalent atoms 
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Figure C1 Langmuir plots of a) Ar and b) N2 adsorption on NEW-1 at 77 K 
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Parameter Value Error
------------------------------------------------------------
A 0.029927133 0.002201112
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  Figure C2   Langmuir plots and D-R plot of CO2 adsorption on NEW-1 at                      
          195 K and b) 298 K, respectively.  
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b) D-R plot of CO2 adsroption
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Figure C3 B.E.T plots of a) argon and b) N2 adsorption on NEW-1 
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Y = A + B * X

Parameter Value Error
------------------------------------------------------------
A 2.788312084E-5 2.662712634E-5
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------------------------------------------------------------

R SD N P
------------------------------------------------------------
0.999995632 3.621003316E-5 4 <0.0001
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Figure C4 B.E.T plots of CO2 adsorption on NEW-1 at c) 273 K and d) 195 K, 
respectively. 
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d) BET plot of  CO
2
 adsorption at 195 K 
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Figure C5 Langmuir plots of a) methanol and b) ethanol adsorption on NEW-1 sample at 
298 K. 
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Figure C6 Langmuir plots of a) n-propanol and b) n-butanol adsorption on NEW-1 sample 
at 298 K. 
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Figure C7 Langmuir plots of a) chloromethane and b) dichloromethane adsorption on 
NEW-1 sample at 298 K. 
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Figure C8 Langmuir plots of a) chloroform and b) ethane adsorption on NEW-1 sample at 
298 K and 195 K, respectively. 
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Figure C9 Langmuir plots of a) propane and b) n-butane adsorption on NEW-1 sample at 
195 K. 
 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.0

0.1

0.2

0.3

Y = A + B * X

Parameter Value Error
------------------------------------------------------------
A 0.006852122 0.002117488
B 0.372870484 0.007316453
------------------------------------------------------------

R SD N P
------------------------------------------------------------
0.998271893 0.004838419 11 <0.0001
------------------------------------------------------------

Pore volume  = 0.196 cm3/g

 

 

(p
/p

o )/
n,

 m
m

ol
-1

Relative pressure, p/po

a)  propane adsorption at 195 K

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.1

0.2

Y = A + B * X

Parameter Value Error
------------------------------------------------------------
A 9.274057746E-4 2.445189065E-4
B 0.313259529 0.001034273
------------------------------------------------------------

R SD N P
------------------------------------------------------------
0.99988556 8.742888606E-4 23 <0.0001
------------------------------------------------------------

 

 

(p
/p

o )/
n,

 m
m

ol
-1

Relative pressure, p/po

b) ethane adsorption at 195 K



                                                                                                                   APPENDIX C                                                                                                   

 
 

 x 

 

 
Figure C10 Langmuir plots of a) n-pentane and b) n-hexane adsorption on NEW-1 sample 
at 298 K. 
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Figure C11 Langmuir plots of a) n-heptane and b) n-octane adsorption on NEW-1 sample 
at 298 K. 
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Figure C12 Langmuir plots of a) n-nonane and b) benzene adsorption on NEW-1 sample 
at 298 K. 
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  Figure C13 Langmuir plots of toluene adsorption on NEW-1 sample at 298 K. 
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Figure D1 Plots of In p vs. l/T for the different surface coverage for methanol adsorption   
on NEW-1 
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Figure D2 Plots of In p vs l/T for the different surface coverage for ethanol adsorption                
on NEW-1 
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Figure D3 Plots of In p vs l/T for the different surface coverage for 1-propanol adsorption 
on NEW-1 
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Figure D4 Plots of In p vs l/T for the different surface coverage for n-butanol adsorption 
on NEW-1 
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Figure D5 Plots of In p vs l/T for the different surface coverage for chloroform adsorption 
on NEW-1 
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Figure D6 Plots of In p vs l/T for the different surface coverage for dichloromethane 
adsorption on NEW-1 
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Figure D7 Plots of In p vs l/T for the different surface coverage for n-pentane adsorption 
on NEW-1 
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Figure D8 Plots of In p vs l/T for the different surface coverage for n-hexane adsorption on 
NEW-1 
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Figure E1 a) SE and b) LDF Model fit for the kinetic profiles of methanol adsorption on 
NEW-1 at 298 K, p/p0 =0.20-0.25 
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Figure E2 a) SE and b) LDF Model fit for the kinetic profiles of methanol adsorption on 
NEW-1 at 298 K, p/p0 =0.50-0.75 
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Figure E3 a) SE and b) LDF Model fit for the kinetic profiles of ethanol adsorption on 
NEW-1 at 298 K, p/p0 =1.0-1.25 
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Figure E4 a) SE and b) LDF Model fit for the kinetic profiles of ethanol adsorption on 
NEW-1 at 298 K, p/p0 =1.25-1.50 
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Figure E5 a) SE and b) LDF Model fit for the kinetic profiles of 1-propanol adsorption on 
NEW-1 at 298 K, p/p0 =0.05-0.075 
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Figure E6 a) SE and b) LDF Model fit for the kinetic profiles of 1-propanol adsorption on 
NEW-1 at 298 K, p/p0 =0.10-0.125 
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Figure E7 a) SE and b) LDF Model fit for the kinetic profiles of n-butanol adsorption on 
NEW-1 at 298 K, p/p0 =0.055-0.060 
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Figure E8 a) SE and b) LDF Model fit for the kinetic profiles of n-butanol adsorption on 
NEW-1 at 298 K, p/p0 =0.07-0.08 
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Figure E9 SE Model fit for the kinetic profiles of chloroform adsorption on NEW-1 at 298 
K , a)  p/p0 =0.0001-0.0003 and b) p/p0 =0.0004-0.002 
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Figure E10 SE Model fit for the kinetic profiles of dichloromethane adsorption on NEW-1 
at 298 K , a)  p/p0 =0.00008-0.00017 and b) p/p0 =0.003-0.005 
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Figure E11 SE Model fit for the kinetic profiles of n-pentane adsorption on NEW-1 at 298 
K , a)  p/p0 =0.00074-0.0011 and b) p/p0 =0.0015-0.0016 
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Figure E12 SE Model fit for the kinetic profiles of n-hexane adsorption on NEW-1 at 298 
K , a)  p/p0 =0.0001-0.00015 and b) p/p0 =0.00015-0.00025 
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Figure F1 Various models fitted for the kinetic profiles of N2 adsorption on NEW-1 at 195 
K, 80-100 mbar 

 

 
Figure F2 Various models fitted for the kinetic profiles of N2 adsorption on NEW-1 at 195 
K, 300-350 mbar 
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Figure F3 Various models fitted for the kinetic profiles of O2 adsorption on NEW-1 at 195 
K, 350-400 mbar 

 

 
Figure F4 Various models fitted for the kinetic profiles of O2 adsorption on NEW-1 at 195 
K, 500-600 mbar 
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Figure F5 Various models fitted for the kinetic profiles of Ar adsorption on NEW-1 at 195 
K, 40-60 mbar 

 

 
Figure F6 Various models fitted for the kinetic profiles of Ar adsorption on NEW-1 at 195 
K, 100-120 mbar 
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Figure F7 SE Model fit for the kinetic profiles of N2 adsorption on CMS-40 at 273 K, 5-20 
mbar 
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Figure F9 SE Model fit for the kinetic profiles of N2 adsorption on CMS-40 at 273 K, 150-
200 mbar 

 
Figure F10 SE Model fit for the kinetic profiles of N2 adsorption on CMS-40 at 273 K, 
400-500 mbar 
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Figure F11 SE Model fit for the kinetic profiles of N2 adsorption on CMS-40 at 273 K, 
700-800 mbar 

 
Figure F2 SE Model fit for the kinetic profiles of N2 adsorption on CMS-40 at 273 K, 900-
1000 mbar 
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Equation: y = A*( 1 - exp( -(k*(x-xc))^d ) ) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00004
R^2 =  0.99966
  
A 1.00722 ±0.00208
xc 0 ±2.61725
d 0.87529 ±0.006
k 0.00065 ±3.9947E-6

 700-800  mbar
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Equation: y = A*( 1 - exp( -(k*(x-xc))^d ) ) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00008
R^2 =  0.99929
  
A 0.99071 ±0.0027
xc 0 ±3.52446
d 0.84852 ±0.00835
k 0.0007 ±6.0925E-6
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M
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Figure F13 SE Model fit for the kinetic profiles of O2 adsorption on CMS-40 at 273 K, 20-
60 mbar 

  
Figure F14 SE Model fit for the kinetic profiles of O2 adsorption on CMS-40 at 273 K, 
100-150 mbar 
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Equation: y = A*( 1 - exp( -(k*(x-xc))^d ) ) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00028
R^2 =  0.9963
  
A 0.98276 ±0.0032
xc 0 ±0.42156
d 0.71313 ±0.02002
k 0.0256 ±0.0006

 20-60 mbar
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Equation: y = A*( 1 - exp( -(k*(x-xc))^d ) ) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00034
R^2 =  0.99643
  
A 0.9745 ±0.00291
xc 0 ±0.22267
d 0.74399 ±0.01591
k 0.02833 ±0.0005

 100-150 mbar
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Figure F15 SE Model fit for the kinetic profiles of O2 adsorption on CMS-40 at 273 K, 
200-300 mbar 

 
Figure F16 SE Model fit for the kinetic profiles of O2 adsorption on CMS-40 at 273 K, 
400-500 mbar 
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Model: SWeibull1 
Equation: y = A*( 1 - exp( -(k*(x-xc))^d ) ) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00022
R^2 =  0.99781
  
A 0.98268 ±0.00285
xc 0 ±0.24491
d 0.79271 ±0.01367
k 0.02386 ±0.00033

 200-300 mbar
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Equation: y = A*( 1 - exp( -(k*(x-xc))^d ) ) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00025
R^2 =  0.99744
  
A 0.97632 ±0.0031
xc 0 ±0.34727
d 0.79174 ±0.01712
k 0.02305 ±0.00039

 400-500 mbar
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Figure F17 SE Model fit for the kinetic profiles of O2 adsorption on CMS-40 at 273 K, 
700-800 mbar 

 
Figure F18 SE Model fit for the kinetic profiles of O2 adsorption on CMS-40 at 273 K, 
900-1000 mbar 
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Model: SWeibull1 
Equation: y = A*( 1 - exp( -(k*(x-xc))^d ) ) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00044
R^2 =  0.99518
  
A 0.96664 ±0.00358
xc 0 ±0.42053
d 0.7574 ±0.02234
k 0.02531 ±0.0006

 700-800 mbar
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Model: SWeibull1 
Equation: y = A*( 1 - exp( -(k*(x-xc))^d ) ) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00037
R^2 =  0.99558
  
A 0.97298 ±0.00277
xc 0 ±0.37972
d 0.79985 ±0.02215
k 0.03 ±0.00064

 900 - 1000 mbar
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Figure F19 SE Model fit for the kinetic profiles of Ar adsorption on CMS-40 at 273 K, 
300-400 mbar 

 
Figure F20 SE Model fit for the kinetic profiles of Ar adsorption on CMS-40 at 273 K, 
900-1000 mbar 
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Data: SE_MtMe
Model: SWeibull1 
Equation: y = A*( 1 - exp( -(k*(x-xc))^d ) ) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00003
R^2 =  0.99971
  
A 1.00382 ±0.00228
xc 0 ±5.1467
d 0.93115 ±0.0053
k 0.00027 ±1.4658E-6

 300 - 400 mbar
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Data: SE_MtMe
Model: SWeibull1 
Equation: y = A*( 1 - exp( -(k*(x-xc))^d ) ) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00002
R^2 =  0.99982
  
A 1.00389 ±0.0015
xc 0 ±4.01876
d 0.89848 ±0.00436
k 0.00033 ±1.3368E-6

 900 - 1000 mbar



                                                  APPENDIX F                                                                                  

                                                                                                                     

 xi 

  
Figure F21 DSE Model fit for the kinetic profiles of N2 adsorption on M’MOF-1 at 195 K, 
5-20 mbar 

  
Figure F22 DSE Model fit for the kinetic profiles of N2 adsorption on M’MOF-1 at 195 K, 
80-100 mbar 
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Equation: y=yo+A1*(1-exp(-(k1*x)^d1))+A2*(1-exp(-(k2*x)^d2)) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00004
R^2 =  0.99967
  
yo 0 ±0
A1 0.5 ±0
k1 0.00923 ±0.00009
d1 0.82539 ±0.01376
A2 0.5 ±0
k2 0.04103 ±0.00064
d2 1.21661 ±0.01237
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Data: AddDSE_MtMe
Model: DSE 
Equation: y=yo+A1*(1-exp(-(k1*x)^d1))+A2*(1-exp(-(k2*x)^d2)) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00004
R^2 =  0.99964
  
yo 0 ±0
A1 0.5 ±0
k1 0.03493 ±0.0006
d1 1.38534 ±0.01673
A2 0.5 ±0
k2 0.01049 ±0.00012
d2 0.88365 ±0.01766
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Figure F23 DSE Model fit for the kinetic profiles of N2 adsorption on M’MOF-1 at 195 K, 
350-400 mbar 

 
Figure F24 DSE Model fit for the kinetic profiles of N2 adsorption on M’MOF-1 at 195 K, 
600-700 mbar 
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Equation: y=yo+A1*(1-exp(-(k1*x)^d1))+A2*(1-exp(-(k2*x)^d2)) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00002
R^2 =  0.99979
  
yo 0 ±0
A1 0.5 ±0
k1 0.04268 ±0.00056
d1 1.32801 ±0.01213
A2 0.5 ±0
k2 0.01209 ±0.00011
d2 0.82327 ±0.0122
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Data: AddDSE_MtMe
Model: DSE 
Equation: y=yo+A1*(1-exp(-(k1*x)^d1))+A2*(1-exp(-(k2*x)^d2)) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00004
R^2 =  0.99966
  
yo 0 ±0
A1 0.5 ±0
k1 0.04233 ±0.0005
d1 1.44028 ±0.01503
A2 0.5 ±0
k2 0.01087 ±0.00011
d2 0.73935 ±0.01075



                                                  APPENDIX F                                                                                  

                                                                                                                     

 xiii  

 
Figure F25 DSE Model fit for the kinetic profiles of O2 adsorption on M’MOF-1 at 195 K, 
20-40 mbar 

 
Figure F26 DSE Model fit for the kinetic profiles of O2 adsorption on M’MOF-1 at 195 K, 
120-140 mbar 
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20-40 mbar Equation: y=yo+A1*(1-exp(-(k1*x)^d1))+A2*(1-exp(-(k2*x)^d2)) 
Weighting:
y No weighting
  
Chi^2/DoF = 4.9998E-6
R^2 =  0.99995
  
yo 0 ±0
A1 0.5 ±0
k1 0.04332 ±0.00048
d1 0.90226 ±0.01127
A2 0.5 ±0
k2 0.06666 ±0.00077
d2 1.25484 ±0.0109
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120-140 mbar
Equation: y=yo+A1*(1-exp(-(k1*x)^d1))+A2*(1-exp(-(k2*x)^d2)) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00008
R^2 =  0.99925
  
yo 0 ±0
A1 0.5 ±0
k1 0.06004 ±0.00106
d1 1.3418 ±0.03115
A2 0.5 ±0
k2 0.03067 ±0.0007
d2 0.68081 ±0.01601
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Figure F27 DSE Model fit for the kinetic profiles of O2 adsorption on M’MOF-1 at 195 K, 
500-600 mbar 

 

 
Figure F28 DSE Model fit for the kinetic profiles of O2 adsorption on M’MOF-1 at 195 K, 
900-1000 mbar 
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Equation: y=yo+A1*(1-exp(-(k1*x)^d1))+A2*(1-exp(-(k2*x)^d2)) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00004
R^2 =  0.99962
  
yo 0 ±0
A1 0.5 ±0
k1 0.05877 ±0.00059
d1 1.38555 ±0.01385
A2 0.5 ±0
k2 0.0145 ±0.00017
d2 0.58136 ±0.00701
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Equation: y=yo+A1*(1-exp(-(k1*x)^d1))+A2*(1-exp(-(k2*x)^d2)) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00003
R^2 =  0.99968
  
yo 0 ±0
A1 0.5 ±0
k1 0.00851 ±0.00007
d1 0.6694 ±0.00737
A2 0.5 ±0
k2 0.08267 ±0.00085
d2 1.25434 ±0.01333

 900-1000 mbar
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Figure F29 DSE Model fit for the kinetic profiles of Ar adsorption on M’MOF-1 at 195 K, 
40-60 mbar 

 
Figure F30 DSE Model fit for the kinetic profiles of Ar adsorption on M’MOF-1 at 195 K, 
800-900 mbar 
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Data: AddDSE2_MtMe
Model: DSE 
Equation: y=yo+A1*(1-exp(-(k1*x)^d1))+A2*(1-exp(-(k2*x)^d2)) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00001
R^2 =  0.9999
  
yo 0 ±0
A1 0.5 ±0
k1 0.01058 ±0.00006
d1 0.8375 ±0.00807
A2 0.5 ±0
k2 0.03357 ±0.0003
d2 1.22363 ±0.00568
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Data: Data2_MtMe
Model: DSE 
Equation: y=yo+A1*(1-exp(-(k1*x)^d1))+A2*(1-exp(-(k2*x)^d2)) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00002
R^2 =  0.99976
  
yo 0 ±0
A1 0.5 ±0
k1 0.00993 ±0.00008
d1 0.6615 ±0.00653
A2 0.5 ±0
k2 0.04367 ±0.00034
d2 1.45192 ±0.01048


