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ABSTRACT 

This work focuses on to study the effect of functionality on gas adsorption properties of various 

categories of MOFs viz. [{Cu2(abtc)}3] (functional groups N=N and NH–NH), Cu–BTC (–H, –

Br, and –I), and UiO–66 (–H, –NH2, –NO2, –COOH, and –(COOH)2). The equilibrium 

adsorption measurements of gases varying polarity were measured over a wide range of 

temperature and pressure to understand the role of functionality, pore volume, and presence of 

accessible metal sites on physical properties of gases.  

In the first part of the work, the adsorption characteristics of CO2, CO, N2, CH4, C2H6, C3H8 and 

O2 on Cu‒abtc and Cu‒hbtc MOFs were evaluated at three different temperatures viz. 294, 317, 

and 356 K and pressures ranging from 0–80 bar.  Due to the presence of accessible open metal 

sites in both frameworks, electrostatic interactions are likely to be present. Thus, CO with 

significant dipole moment has higher adsorption capacity at lower pressures compared to that of 

CH4. However, at higher pressures these metal sites are occupied and adsorption occurs mainly 

due to dispersion interactions. As a result, the adsorption uptake for CH4 (which has higher 

polarizability) is more than that of CO in the high pressure region. This “cross-over” in 

selectivity between CO and CH4 occurs at about 4 bar pressure. The adsorption enthalpy for CO2 

is slightly higher on Cu‒hbtc compared to that Cu‒abtc, indicating grater affinity of the NH–NH 

bond for the adsorbates. However, in the case of N2, adsorption enthalpy on Cu‒hbtc is only 

slightly lower compared to that on Cu‒abtc. As a result of this behavior, the selectivity of for 

CO2 over N2 will be significantly higher for Cu‒hbtc compared to that on Cu‒abtc. 
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In the second part, the role of functionality on adsorption characteristics of well-known Cu‒BTC 

MOF and its derivatives were analyzed. The presence of halo-functional groups viz. Cu‒

(bromo)BTC and Cu‒(iodo)BTC and their effect on industrially important gases such as CO2, 

CO, CH4, and N2 at three different temperatures (294, 317, 356 K) and up to high pressures was 

studied. Cu–BTC exhibits increased gravimetric uptake capacity (at saturation) for CO2 (15.4 

mol kg-1) followed by Cu–(iodo)BTC (13.2 mol kg-1) and Cu–(bromo)BTC (10.4 mol kg-1). On 

the other hand, compared on a unit cell basis the uptake capacities increase due to 

functionalization. This can be readily explained by increased molar mass of the MOFs after 

addition of functional groups. Similar trends also followed for other gases such as CH4 and CO 

as well. Minor variations in the enthalpy of adsorption for various gases were also observed.  

In the final part of this work, the effect of functionalization on pure gas adsorption of CO2, CH4, 

CO, and N2 on a series of functionalized UiO–66 viz. UiO–66–NH2, UiO–66–NO2, UiO–66–

COOH, and UiO–66–(COOH)2 was studied.  Among the studied gases, the highest up take 

capacity observed for CO2 followed by CH4, CO, and N2. For CO2 adsorption, we observed two 

distinct effects with respect to organic linker functionalization. At low pressure region, the CO2 

uptake increases by the introduction of polar functional groups and such improvement are more 

pronounced for functional groups with larger polarity. This kind of consistent behavior observed 

in previously reported IRMOFs. The main reason is that at pressures up to ~2 bar (low pressure 

region) larger functional groups in framework provides optimized pore diameter, then CO2 

molecules in the pores were tightly attached, attributing to the interactions between CO2 

molecules and complex functionalized framework play the dominant role.  So, at low pressure 

region the highest adsorption for UiO–66–(COOH)2 followed by UiO–66–COOH, UiO–66–NO2, 

UiO–66–NH2 and UiO–66.  At upon substantial increment of increasing pressure up to saturation 
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(~ 30 bars) levels, the advantage of the polar functional groups becomes less evident and highest 

uptake capacity was followed with respect to pore volume of the MOF. At 294 K, up to 

saturation pressure, the highest up take was observed for UiO–66 followed by UiO–66–NH2, 

UiO–66–COOH, UiO–66–NO2, and UiO–66–(COOH)2. The selectivity of CO2 over N2 

following order UiO–66–(COOH)2>UiO–66–COOH>UiO–66–NH2>UiO–66>UiO–66–NO2 at 

saturation. In CO2 selectivity over CO, UiO–66–(COOH)2 shows ~2.2 times more selective over 

unfunctionalized UiO–66. In case of UiO–66–COOH and UiO–66–NH2 is ~2 fold more selective 

over UiO–66. Initially, for UiO–66–COOH and UiO–66–NO2 having more selective over UiO–

66, as gradually pressure increases the selectivity is decreased, for UiO–66–(COOH)2 is small 

increment in selectivity and whereas in UiO–66 and UiO–66–NH2 does not change appreciably.  

 

 

 

 

 

 

 

 

 

 

 

 

TH-3063_136107025



iv 
 

CONTENTS 

 Page No. 

Certificate  

Acknowledgements  

Abstract i‒iii 

List of Tables xi‒xii 

List of Figures xiii‒xxv 

Nomenclature xxvi‒xxix 

CHAPTER 1: Introduction  1‒20 

1.1 Overview on adsorption 1 

1.2 Adsorbents of Industrial Importance 4 

 1.2.1 Important Factors on Sorbent Selection 6 

 1.2.2 Novel Adsorbents 7 

1.3 Overview on CO2 Emissions and Importance of CH4 Storage 9 

 1.3.1 Different Pathways of CO2 Capture and CH4 Storage 10 

1.4 Background of Present Research Work 13 

1.5 Research Objectives 14 

 References 17 

CHAPTER 2: Literature Survey 21‒64 

2.1 Metal Organic Frameworks (MOFs) 21 

 2.1.1    Background on MOFs 22 

   

TH-3063_136107025



v 
 

Page No. 

 2.1.2    Design and Synthesis of MOFs 23 

2.2 Potential Applications of MOFs 26 

 2.2.1 Gases Storage 27 

 2.2.2 Gasses Separation 29 

2.3 Modification of MOF Structures 31 

 2.3.1 Functionalization of MOFs 31 

 2.3.2 Post‒synthetic Modification of MOF structures 33 

2.4 Open metal sites in MOFs 34 

2.5 Simulation Studies on MOFs 35 

2.6 A Review on Adsorption of the Gases of our Interest 36 

 References 45 

CHAPTER 3: Theory 65‒75 

3.1 Phase Rule 65 

3.2 Equilibrium Adsorption Isotherm 65 

3.3 Henry’s Constant 66 

3.4 Models for Pure Gas Isotherms 66 

 3.4.1   Langmuir Isotherm 66 

 3.4.2   Dual Site Langmuir (DSL) Isotherm 67 

 3.4.3   Virial Isotherm 68 

 3.4.4   Langmuir-virial (VL) Isotherm 69 

3.5 Enthalpy of Adsorption 70 

TH-3063_136107025



vi 
 

  Page No. 

3.6 Spreading Pressure 71 

3.7 Ideal Adsorbed Solution Theory (IAST) 73 

 References 75 

CHAPTER 4: Experimental 76‒97 

4.1 General Synthesis procedure for MOFs 76 

4.2 Synthesis of MOFs Studied 77 

 4.2.1   Synthesis of  Cu‒abtc 77 

 4.2.2   Synthesis of  Cu‒hbtc 78 

 4.2.3   Synthesis of  Cu‒BTC 79 

 4.2.4   Synthesis of  Cu‒(bromo)BTC 79 

 4.2.5   Synthesis of  Cu‒(iodo)BTC 81 

 4.2.6   Synthesis of  UiO‒66 81 

 4.2.7   Synthesis of  UiO‒66‒NH2 82 

 4.2.8   Synthesis of  UiO‒66‒NO2 82 

 4.2.9   Synthesis of   UiO‒66‒COOH and UiO‒66‒ (COOH)2 83 

4.3 Characterization 83 

4.4 Experimental System Used for Pure Gas Measurements 84 

4.5 Equilibrium Adsorption Measurement 87 

 4.5.1    Calculation of Amount Adsorbed 88 

4.6 Different Types of Amount Adsorbed 89 

TH-3063_136107025



vii 
 

  Page No. 

 4.6.1 Determination of Buoyancy Volume for Various Reference 

States 

91  

4.7 Conversion of Units 91 

4.8 Experimental Conditions 92 

4.9 Details of Used Gases 94 

4.9 Physical Properties of Studied Gases 95 

 References 96 

CHAPTER 5: A Comparison of Adsorption 

Capacities of Cu‒abtc Versus  Cu‒hbtc MOFs 

98‒132 

5.1 Background 98 

5.2 Characterization of Frameworks Synthesized 100 

 5.2.1   Powder X-ray Diffraction (PXRD) Analysis  100 

 5.2.2    Thermogravimetric Analysis (TGA) 101 

 5.2.3   Surface Area and Pore Volume Analysis 101 

5.3 Adsorption Isotherms 102 

 5.3.1 CO2 Isotherms 103 

 5.3.2 CO Isotherms 104 

 5.3.3 CH4 Isotherms 106 

 5.3.4 N2 Isotherms 107 

 5.3.5 C2H6 Isotherms 109 

 5.3.6 C3H8 Isotherms   110 

TH-3063_136107025



viii 
 

  Page No. 

 5.3.7 O2 Isotherms 111 

5.4 Isotherm Modelling 113 

5.5 Effect of physical properties of gases 116 

5.6 Henry’s Constants and Adsorption Enthalpy 118 

5.7 Prediction of Binary Selectivity using IAST 121 

5.8 Summary 123 

 References 125 

CHAPTER 6: Selective Gas Adsorption on 

HKUST–1 Derivatives: Cu–BTC Versus 

Cu–(bromo)BTC Versus Cu–(iodo)BTC 

133‒155 

6.1 Background 133 

6.2 Characterization of Frameworks Synthesized 135 

 6.2.1 Powder X–ray Diffraction (PXRD) 135 

 6.2.2 Thermogravimetric Analysis (TGA) 135 

 6.2.3   Surface Area and Pore Volume Analysis 136 

6.3 Adsorption Isotherms 137 

 6.3.1 CO2 Isotherms 138 

 6.3.2 N2 Isotherms 139 

 6.3.3 CO Isotherms 140 

 6.3.4 CH4 Isotherms 141 

6.4 Isotherm Modeling   142 

TH-3063_136107025



ix 
 

  Page No. 

6.5 Effect of functionality on framework 144 

6.6 Effect of physical properties of gases 145 

6.7 Henry’s Constants and Adsorption Enthalpy 147 

6.8 Prediction of Binary Selectivity using IAST 148 

6.9 Summary 150 

 References 151 

CHAPTER 7: A Comparative Study of Effect of 

Functionality on CO2, CH4, CO and N2 Adsorption 

in UiO–66 Derivative 

156‒191 

7.1 Background 156 

7.2 Characterization of Frameworks Synthesized 158 

 7.2.1 Powder X–Ray Diffraction (PXRD) 158 

 7.2.2 Thermogravimetric Analysis (TGA) 159 

 7.2.3 Surface Area and Pore Volume Analysis 160 

7.3 Adsorption Isotherms 161 

 7.3.1 CO2 Isotherms 161 

 7.3.2 CH4 Isotherms 164 

 7.3.3 CO and N2 Isotherms 167 

7.4 Isotherm Modeling 171 

7.5 Effect of organic linker functionality 174 

 7.5.1 On CO2 adsorption 174 

TH-3063_136107025



x 
 

 

  Page No. 

 7.5.2 On CH4 adsorption 175 

 7.5.3 On CO and N2 adsorption 176 

7.6 Henry’s Constants and Adsorption Enthalpy 178 

7.7 Prediction of Binary Selectivity using IAST 180 

7.8 Summary 183 

 References 185 

CHAPTER 8: Conclusions and Future Scope 192‒196 

8.1 Conclusions 192 

 8.1.1 Affinity of functional group HN–NH in Cu–hbtc over N=N 

in Cu–abtc 

193 

 8.1.2 A comparative study of gas adsorption on Cu–BTC versus 

Cu–(bromo)BTC versus Cu–(iodo)BTC 

194 

 8.1.3 Effect of functionality (functional groups: –H, –NH2, –NO2, 

 –COOH, –(COOH)2) on adsorption characteristics of UiO–66 

derivatives 

195 

8.2 Recommendation for Future Works 196 

  Page No. 

APPENDIX A: Detail of the Experimental Protocol followed for 

Adsorption Measurement 

197 

APPENDIX B: Measured Isotherm Data on MOFs Studied in this 

Work 

 

198‒216 

TH-3063_136107025



xi 
 

LIST OF TABLES 

Table Caption of the table Page No. 

2.1 Some commonly used organic linkers in MOF synthesis 25 

2.2 Representative literature for CO2 adsorption 37 

2.3 Representative literature for CH4 adsorption 38 

2.4 Representative literature for CO adsorption 40 

2.5 Representative literature for N2 adsorption 41 

2.6 Representative literature for C2H6 adsorption 42 

2.7 Representative literature for C3H8 adsorption 43 

2.8 Representative literature for O2 adsorption 44 

3.1 Enthalpy of Adsorption of relevant isotherm models 71 

3.2 Spreading pressure for relevant isotherm models 73 

4.1 List of instruments used in the gravimetric experimental 

setup 

 

 

 

 

 

 

 

 

 

Setup. 

86 

4.2 Details of activation protocols used for different MOFs 88 

4.3 Second virial coefficients for different gases 90 

4.4 Experimental ranges for various adsorptions isotherm 

measurements 

93 

4.5 Details of gases used in this study 94 

4.6 Physical properties of gases used in this study 95 

5.1 BET surface area and pore volume of Cu–abtc and Cu–hbtc 102 

TH-3063_136107025



xii 
 

Table Caption of the table Page No. 

5.2 Fit parameters of Virial–Langmuir isotherm of CO2 

 

114 

5.3 Fit parameters of Virial–Langmuir isotherm of CO 

 

114 

5.4 Fit parameters of Langmuir isotherm of CH4 

 

115 

5.5 Fit parameters of Langmuir isotherm of N2 

 

115 

5.6 Fit parameters of Langmuir isotherm of C2H6 

 

115 

5.7 Fit parameters of Langmuir isotherm of C3H8 

 

116 

5.8 Fit parameters of Langmuir isotherm of O2 

 

116 

6.1 BET surface area and pore volume of Cu–BTC, Cu–

(bromo)BTC, and Cu–(iodo)BTC 

137 

6.2 Fit parameters of Langmuir isotherm of CO2 

 

143 

6.3 Fit parameters of Langmuir isotherm of N2 

 

143 

6.4 Fit parameters of Langmuir isotherm of CO 

 

144 

6.5 Fit parameters of Langmuir isotherm of CH4 

 

144 

7.1 BET surface area and pore volume UiO–66 derivatives used 

in this chapter 

161 

7.2 Fit parameters of Virial isotherm of CO2 

 

172 

7.3 Fit parameters of Virial isotherm of CH4 

 

172 

7.4 Fit parameters of Virial isotherm of CO 

 

173 

7.5 Fit parameters of Virial isotherm of N2 

 

173 

 

 

 

TH-3063_136107025



xiii 
 

LIST OF FIGURES 

Figure Caption of the Figure Page No. 

1.1 IUPAC classifications of adsorption isotherms 3 

2.1 MOF‒5 structure with topology.  ZnO4 tetrahedral (blue 

polyhedral) are connected by benzene dicarboxylate linkers 

(O, red and C, black) to form MOF‒5 structure 

24 

2.2 Framework structure of Cu‒BTC (Blue: Cu, red: oxygen, 

black: carbon) 

24 

4.1 Synthesis of H4abtc organic linker  77 

4.2 Synthesis of H4hbtc organic linker 78 

4.3 Synthesis procedure for H3 bromo BTC 80 

4.4 Synthesis procedure for H3 iodo BTC 81 

4.5 Schematic of gravimetric adsorption measurement unit used in 

this work 

85 

5.1 DFT optimized structures of (a) abtc, (b) hbtc organic linkers; 

After Cu metalation (c) Cu–abtc and (d) Cu–hbtc (Cu, orange; 

C, gray; O, red; H, white; N, blue) 

99 

5.2 Powder X–ray diffractogram of Cu–abtc (red) and Cu–hbtc 

(blue) 

100 

5.3 TGA analysis of Cu–abtc (red) and compound Cu–hbtc (blue) 

at heating rate of 5 K min-1 under argon flow 

101 

 

 

 

 
  

TH-3063_136107025



xiv 
 

Figure Caption of the Figure Page No. 

5.4 N2 adsorption of Cu–abtc (red) and Cu–hbtc (blue) at 77 K 102 

 

5.5 CO2 isotherms of Cu–abtc and Cu–hbtc MOFs. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Langmuir-virial isotherm 

parameters from Table 5.2 

104 

5.6 CO2 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir-

virial domain. Symbols are experimental data at 294 K (●), 

317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir-virial isotherm parameters from Table 5.2 

104 

5.7 CO isotherms of Cu–abtc and Cu–hbtc MOFs. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Langmuir-virial isotherm 

parameters from Table 5.3 

105 

5.8 CO isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir-

virial domain. Symbols are experimental data at 294 K (●), 

317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir-virial isotherm parameters from Table 5.3 

 

 

 

105 

 

 

 

 

 

 

 

 

 
  

TH-3063_136107025



xv 
 

Figure Caption of the Figure Page No. 

5.9 CH4 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Langmuir 

isotherm parameters from Table 5.4 

106 

5.10 CH4 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Langmuir 

isotherm parameters from Table 5.4 

107 

5.11 N2 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Langmuir 

isotherm parameters from Table 5.5 

108 

5.12 N2 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Langmuir 

isotherm parameters from Table 5.5 

108 

5.13 C2H6 isotherms of Cu–abtc and Cu–hbtc MOFs. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Langmuir isotherm parameters 

from Table 5.6 

109 

  

TH-3063_136107025



xvi 
 

Figure Caption of the Figure Page No. 

5.14 C2H6 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Langmuir 

isotherm parameters from Table 5.6 

110 

5.15 C3H8 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Langmuir 

isotherm parameters from Table 5.7 

110 

5.16 C3H8 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Langmuir 

isotherm parameters from Table 5.7 

111 

5.17 O2 isotherms of Cu–abtc and Cu–hbtc MOFs. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Langmuir isotherm parameters 

from Table 5.8 

112 

5.18 O2 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Langmuir 

isotherm parameters from Table 5.8 

112 

  

TH-3063_136107025



xvii 
 

Figure Caption of the Figure Page No. 

5.19 Adsorption Isotherms of CO2 (▲), CO (■), and CH4 (●) at 294 

K for Cu‒abtc and Cu–hbtc MOFs 

117 

5.20 Adsorption Isotherms of C3H8(●), C2H6 (■), CH4 (▲), N2(), 

and O2(̵) at 294 K on Cu‒abtc and Cu–hbtc MOFs 

118 

5.21 Henry’s constant at 294 K and enthalpy of adsorption at zero 

occupancy as a function of polarizability of the adsorbate for 

Cu–abtc; linear trend lines for nonpolar gases are also shown 

 

118 

5.22 Henry’s constant at 294 K and enthalpy of adsorption at zero 

occupancy as a function of polarizability of the adsorbate for 

Cu–hbtc; linear trend lines for nonpolar gases are also shown 

 

119 

5.23 Variation of adsorption enthalpy of CO2 (●) and N2 (▲) with 

loading for Cu–abtc (open symbol) and Cu–hbtc (closed 

symbol) 

120 

5.24 Adsorption enthalpy at zero coverage for N2, O2, CH4, C2H6, 

and C3H8 on Cu–abtc (hatch pattern) and Cu–hbtc (solid fill) 

121 

5.25 Variation of CO2 selectivity over N2 for Cu–abtc (open 

symbol) and Cu–hbtc (closed symbol). CO2 mole fraction in 

all binary mixtures is 20%; lines are drawn as a guide to the 

eyes 

122 

TH-3063_136107025



xviii 
 

Figure Caption of the Figure Page No. 

5.26 Effect of temperature on CO2 selectivity (for 20% molar 

composition of CO2) over N2 for Cu–abtc (open symbol) and 

Cu–hbtc (closed symbol) at 1 bar; lines are drawn as a guide to 

the eyes 

122 

5.27 Effect of temperature on CO2 selectivity (for 20% molar 

composition of CO2) over CO (green) and CH4 (yellow) for 

Cu–abtc (open symbol) and Cu–hbtc (closed symbol) at 1 bar; 

lines are drawn as a guide to the eyes 

123 

6.1 Functionalized organic linkers used to synthesize Cu–BTC, 

Cu–(bromo)BTC, and Cu–(iodo)BTC 

134 

6.2 Framework structure of Cu‒BTC (Brown: metal, red: oxygen, 

black: carbon, white: oxygen). Redrawn from CCDC 

deposition 943008 

134 

6.3 Powder X-ray diffractogram of Cu–BTC (blue), Cu–

(bromo)BTC (red), and Cu–(iodo)BTC (green) 

135 

6.4 TGA analysis of compound Cu–BTC (blue), Cu–(bromo)BTC 

(red), and Cu–(iodo)BTC (green) at a heating rate of 5 K min-1 

under the flow of Argon.under flow of Argon. 

136 

6.5 N2 adsorption (closed symbol)  and desorption (open symbol) 

of Cu–BTC (blue), Cu–(bromo)BTC (red), and Cu–(iodo)BTC 

(green) at 77 K 

137 

  

TH-3063_136107025



xix 
 

Figure Caption of the Figure Page No. 

6.6 CO2 isotherms of Cu–BTC, Cu–(bromo)BTC, and Cu–

(iodo)BTC MOFs. Symbols are experimental data at 294 K 

(●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 6.2 

 

139 

6.7 N2 isotherms of Cu–BTC, Cu–(bromo)BTC, and Cu–

(iodo)BTC MOFs. Symbols are experimental data at 294 K 

(●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 6.3 

140 

6.8 CO isotherms of Cu–BTC, Cu–(bromo)BTC, and Cu–

(iodo)BTC MOFs. Symbols are experimental data at 294 K 

(●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 6.4 

141 

6.9 CH4 isotherms of Cu–BTC, Cu–(bromo)BTC, and Cu–

(iodo)BTC MOFs. Symbols are experimental data at 294 K 

(●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 6.5 

142 

6.10 Adsorption Isotherms of (a) CO2, (b) N2, (c) CO, and (d) N2 on 

Cu‒BTC (▲), Cu‒(bromo)BTC (●), and Cu‒(iodo)BTC (■) at 

294 K; adsorption capacities compared in molecules/unit cell 

145 

  

TH-3063_136107025



xx 
 

Figure 

 

 

 

Caption of the Figure Page No. 

6.11 Due to the presence of open metal sites in framework, CH4 

isotherm overtake over CO; CO2 (■), CH4 (▲), CO (●), and N2 

(♦) at 294 K for Cu‒(bromo)BTC; adsorption capacities 

compared in molecules/unit cell 

146 

6.12 Due to the presence of open metal sites in the framework, CH4 

isotherm overtake over CO; CO2 (■), CH4 (▲), CO (●), and N2 

(♦) at 294 K for (a) Cu‒BTC and (b) Cu‒(iodo)BTC; 

adsorption capacities compared in molecules/unit cell 

146 

6.13 Variation of adsorption enthalpy at zero coverage on Cu‒BTC 

versus Cu‒ (bromo)BTC versus Cu‒(iodo)BTC 

147 

6.14 Variation of CO2 selectivity over N2 for Cu‒BTC (▲), Cu‒

(bromo)BTC (●), and Cu‒(iodo)BTC (■). CO2 at 294 K and 1 

bar; lines are drawn as a guide to the eyes 

149 

6.15 Variation of CO2 selectivity over CH4 for Cu‒(iodo)BTC (■) 

over Cu‒BTC (▲) and Cu‒(bromo)BTC (●). CO2 at 294 K 

and 1 bar; lines are drawn as a guide to the eyes 

149 

7.1 Organic linkers used for synthesize UiO–66 derivatives 157 

  

TH-3063_136107025



xxi 
 

Figure Caption of the Figure Page No. 

7.2 Crystal structure of UiO–66 MOF (Twelve BDC linkers 

coordinate to the metal atoms of the cluster with one of their 

carboxylate groups) 

158 

7.3 Powder X-ray diffractogram of UiO–66 (red), UiO–66–NO2 

(brown), UiO–66–NH2 (blue), UiO–66–COOH (yellow) and 

UiO–66–COOH)2 (green) 

159 

7.4 TGA analysis of UiO‒66 (red), UiO‒66‒NO2 (brown), UiO‒

66‒NH2 (blue), UiO‒66‒COOH (yellow), and UiO‒66‒

(COOH)2 (green) 

160 

7.5 N2 adsorption isotherms at 77 K on UiO‒66 (○), UiO‒66‒NH2 

(□), UiO‒66‒NO2 (×), UiO‒66‒COOH (◊), and UiO‒66‒ 

(COOH)2 (Δ) 

161 

7.6 CO2 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒

66‒COOH, and UiO‒66‒(COOH)2 MOFs. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Virial isotherm parameters from 

Table 7.2 

163 

  

TH-3063_136107025



xxii 
 

Figure Caption of the Figure Page No. 

7.7 CO2 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒

66‒COOH, and UiO‒66‒(COOH)2 MOFs in the Virial 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using the Virial 

isotherm parameters from Table 7.2 

164 

7.8 CH4 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒

66‒COOH, and UiO‒66‒(COOH)2 MOFs. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Virial isotherm parameters from 

Table 7.3 

165 

7.9 CH4 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒

66‒COOH, and UiO‒66‒(COOH)2 MOFs in the Virial 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Virial 

isotherm parameters from Table 7.3 

166 

7.10 CO isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒

66‒COOH, and UiO‒66‒(COOH)2 MOFs. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Virial isotherm parameters from 

Table 7.4 

168 

TH-3063_136107025



xxiii 
 

Figure Caption of the Figure Page No. 

7.11 CO isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒

66‒COOH, and UiO‒66‒(COOH)2 MOFs in the Virial 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Virial 

isotherm parameters from Table 7.4 

169 

7.12 N2 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒

66‒COOH, and UiO‒66‒(COOH)2 MOFs. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Virial isotherm parameters from 

Table 7.5 

170 

7.13 N2 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒

66‒COOH, and UiO‒66‒(COOH)2 MOFs in the Virial 

domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Virial 

isotherm parameters from Table 7.5 

171 

7.14 Adsorption isotherms of CO2 at 294 K on UiO–66 (●), UiO–

66–NH2 (■), UiO–66–NO2 (×), UiO–66–COOH (), and 

UiO–66– (COOH)2 (▲) 

175 

  

TH-3063_136107025



xxiv 
 

Figure Caption of the Figure Page No. 

7.15 Adsorption isotherms of CH4 at 294 K on UiO–66 (●), UiO–

66–NH2 (■), UiO–66–NO2 (×), UiO–66–COOH (), and 

UiO–66–(COOH)2 (▲) 

176 

7.16 Adsorption isotherms of CO at 294 K on UiO–66 (●), UiO–

66–NH2 (■), UiO–66–NO2 (×), UiO–66–COOH (), and 

UiO–66–(COOH)2 (▲) 

177 

7.17 Adsorption isotherms of N2 at 294 K on UiO–66 (●), UiO–66–

NH2 (■), UiO–66–NO2 (×), UiO–66–COOH (), and UiO–

66–(COOH)2 (▲) 

177 

7.18 Henry’s constant at 294 K as a function of the polarizability of 

the adsorbate for the UiO–66–(COOH)2 adsorbent 

178 

7.19 Variation of enthalpy of adsorption of CO2 on UiO–66 (●), 

UiO–66–NH2 (■), UiO–66–COOH (×), UiO–66–NO2 (), and 

UiO–66– (COOH)2 (▲) 

179 

7.20 Variation of enthalpy of adsorption at zero coverage of N2 on 

UiO–66 (red), UiO–66–NH2 (blue), UiO–66–COOH (yellow), 

UiO–66–NO2 (brown), and UiO–66–(COOH)2 (green) 

179 

TH-3063_136107025



xxv 
 

Figure Caption of the Figure Page No. 

7.21 Variation of CO2 selectivity over N2 for UiO–66 (●), UiO–66–

NH2 (■), UiO–66–COOH (), UiO–66–NO2 (×), and UiO–

66–(COOH)2 (▲); CO2 mole fraction in all binary mixture is 

20%; lines are drawn as a guide to the eyes 

181 

7.22 Variation of CO2 selectivity over CO for UiO–66 (●), UiO–

66–NH2 (■), UiO–66–COOH (), UiO–66–NO2 (×), and 

UiO–66–(COOH)2 (▲). CO2 mole fraction in all binary 

mixtures is 20%; lines are drawn as a guide to the eyes 

182 

7.23 Effect of temperature on CO2 selectivity (for 20% molar 

composition of CO2) over N2 for UiO–66 (●), UiO–66–NH2 

(■), UiO–66–COOH (), UiO–66–NO2 (×), and UiO–66– 

(COOH)2 (▲); lines are drawn as a guide to the eyes 

182 

 

 

 

 

 

 

 

 

 

TH-3063_136107025



xxvi 
 

Nomenclature 

a Molar area of the adsorbent, m2 mol-1 

A Specific area of the adsorbent, m2 kg-1 

b Second virial coefficients for adsorption, mol-1 kg 

b(0) and b(1) Temperature independent second virial coefficients, mol-1 kg and  

mol-1 kg K, respectively 

Bgas Gas phase second virial coefficient, m3 Kmol-1 

B1, B2, B3, 

B4, B5 

Parameters used for describing temperature dependency of second 

virial coefficient of gas 

c
 

Third virial coefficients for adsorption, mol-2 kg2 

c(0) and c(1) Temperature independent parameters of third virial coefficients, mol-2 

kg2 and mol-2 kg2 K, respectively 

C Number of chemical species 

f Fugacity, bar 

F Number of degrees of freedom 

∆hads Enthalpy of adsorption, kJ mol-1  

∆hads,0 Enthalpy of adsorption at zero coverage, kJ mol-1  

I1, I2 Isotherm models relating Ni
0 and Pi

0 

I3, I4 Equations relating spreading pressure  , excess amount adsorbed N 

and fugacity P 

M Metal cation in an adsorbent 

M0 True adsorbent weight including bucket weight in vacuo, g  

Meq Adsorbent plus bucket weight at equilibrium, g 

TH-3063_136107025



xxvii 
 

Mf  Molecular weight of unit cell of adsorbent, g mol-1  

Mt Gibbs’ amount adsorbed, g  

Mw Molecular weight of the gas, g mol-1 

n  Number of metal atoms in one unit cell  

N Excess amount adsorbed, mol kg-1 

Nmax Saturation capacity, mol kg-1 

N1
max, N2

max Saturation capacities of sites 1 and 2 in DSL model, mol kg-1 

Ni0 Excess amount adsorbed of pure component ‘i’ at fugacity fi
0 

Nm  Amount adsorbed per metal atom in the adsorbent, molecules atom-1 

Nu  Excess amount adsorbed on a unit cell basis, molecules unit cell-1 

Nv  Excess amount adsorbed on volumetric basis, mol L-1  

P Pressure, bar 

Pi
0 Standard state pressure of component ‘i’ 

R Universal gas constant, J mol-1 K-1 

T Temperature, K 

V Volume, m3 

Vbucket, Vs Buoyancy volume of bucket and impenetrable solid volume, cm3 

Vp Pore volume of adsorbent, cm3 g-1 

Vbuoyancy Buoyancy volume of the sample, cm3 

xi Equilibrium mole fraction of the component ‘i’ in adsorbed phases 

yi Equilibrium mole fraction of the component ‘i’ in bulk gas phases 

 

 

TH-3063_136107025



xxviii 
 

Greek letters 

αij Selectivity of the adsorbent for species i over species j 

β Henry’s constant, mol kg-1 bar-1 

β(0) Parameter related to entropy used for describing temperature 

dependency of Henry’s constant, mol kg-1 bar-1 

β(1) Parameter related to enthalpy used for describing temperature 

dependency of Henry’s constant, K  

β1 and β2 Affinity parameters for sites 1 and 2 respectively in Dual Site 

Langmuir model, bar-1 

β1
(0) and β2

(0) Parameters related to entropy for  sites 1 and 2 respectively in Dual 

Site Langmuir model, bar-1 

β1
(1) and β2

(1) Parameters related to adsorption enthalpy for  sites 1 and 2 in Dual 

Site Langmuir model, respectively, K 

γi Activity coefficient in the adsorbed phase 

π Spreading pressure, N m-1 

ρc  Crystal density of the adsorbent, g cm-3  

ρgas Bulk gas density, g cm-3 

∅𝒊
𝒈𝒂𝒔 Fugacity coefficient of bulk gas 

χ Number of phases 

ψ Reduced spreading pressure, mol kg-1 

 

 

TH-3063_136107025



xxix 
 

Abbreviations 

MOF Metal organic framework 

BDC Benzene 1,4–dicarboxylic acid 

BTC Benzene 1,3,5–tricarboxylic acid 

IAST Ideal adsorption solution theory 

cus Coordinatively unsaturated 

H4abtc 3,3′,5,5′–azobenzenetetracarboxylic acid 

H4hbtc 3,3′,5,5′–hydrazinebenzenetetracarboxylic acid 

TH-3063_136107025



1 
 

CHAPTER 1 

Introduction 

In the last few decades, porous materials have been subjected to extensive research that has 

widened their application arena to energy storage, sorption and separation, catalysis, and drug 

delivery, etc. this chapter outlines a brief overview on adsorption, includes a history of the 

adsorption process, adsorption characteristics, advantages and disadvantages of various 

industrially important conventional adsorbents, factors to be considered in the selection of 

adsorbent were discussed. CO2 emissions, existing CO2 capture technologies, and the 

importance of CH4 storage were included. The focus of this study and research objectives were 

also mentioned. 

1.1 Overview on Adsorption 

Adsorption is a surface phenomenon where the density of a fluid adsorbate increases at a phase 

boundary or adsorbent surface [1]. The term adsorption is strictly distinguished from absorption 

by its limitation to the surface or interface of the sorbent; upon diffusion beyond the interface 

into the bulk of the sorbent, the adsorbate becomes the absorbate. The phenomenon of adsorption 

has been known since antiquity [2]. However, a quantitative investigation began in the 18th 

century by Scheele, Priestley, and Fontana [3, 4]. The theory of adsorption was first focused on 

the solid surface by Herbert Freundlich in 1907 [5].  Later Irving Langmuir's monolayer-based 

theory was reported in 1916, and Langmuir described monolayer formation occurs based on 

binding interaction between solid surface and adsorbate. Later monolayer theory was broadly 

generalized to multilayer adsorption, ranging from highly regular surfaces to completely 
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amorphous surfaces containing different adsorption sites. The six fundamental cases of 

adsorption identified by Langmuir laid the foundation for surface science [2]. Later significant 

research on adsorption was continued by Stephen Brunauer, Paul Emmett, Edward Teller [6] and 

Paul Kisliuk [7], etc. 

Based on the strength of interaction between adsorbate and adsorbent, adsorption can be divided 

into two categories 

(i) Physisorption: When the interaction between adsorbate and adsorbent takes place purely 

based on intermolecular forces or van der Waals forces, the process is called physisorption. 

Physisorption is a reversible process that does not involve a significant change in the electronic 

orbital patterns of the species. So the binding energy is typically low [8]. However, in the case of 

polar molecules like H2O and NH3, adsorption on zeolite usually may be high (100–130 kJ mol-

1). Under appropriate conditions of temperature and pressure, multilayer adsorption may be 

possible. 

(ii) Chemisorption: The interaction between adsorbate and adsorbent in which valence forces are 

involved, and the formation of a chemical substance is called chemisorption. Based on the 

chemical nature of adsorption, surface dissociation or desorption might not be possible; in this 

sense, the chemisorption is irreversible. Since the adsorbed molecules are linked to the surface 

by valence bonds, they will usually occupy certain adsorption sites on the surface, so only a 

mono layer is possible. In this process, the magnitudes of the energy changes are very large 

(100–1000 kJ mol-1) [9]. Usually, heterogeneous catalysis mostly involves this type of 

adsorption. 
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Since Langmuir laid the foundation for six fundamental cases of adsorption, modifications and 

new theories were added to design and describe complex and real-word adsorption phenomena 

[10]. In six different types of adsorption isotherms, Type–I represents the adsorption 

characteristics of microporous adsorbent in which the molecular diameter of the adsorbate 

matches exactly with the pore diameter of the adsorbent. This type of isotherms has a definite 

saturation limit corresponding to the complete filling of the micro pores. Non–porous or macro-

porous adsorbents show types II, III, and VI isotherms, whereas mesoporous adsorbents exhibit 

types IV and V isotherms. The shape of isotherms itself indicates that there are stronger gas-solid 

interactions for type II and IV and weaker ones for type III and V. Shape of type VI suggests the 

multilayer formation either on a plane surface or on the walls of pores which are much larger 

than the molecular diameter of the adsorbate molecule. 

 

Figure 1.1: IUPAC classifications of adsorption isotherms [9]. 
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1.2 Adsorbents of Industrial Importance 

The success of any industrial-based adsorption process largely depends upon the selection of a 

proper adsorbent for a particular application. Since a large number of adsorbents were reported 

in the literature, only a few are feasible to study in adsorption processes. Silica gel, activated 

carbon, carbon molecular sieve, activated alumina, and zeolites are the most studied adsorbent 

materials. Based on elemental composition, adsorbents are classified into two distinguished 

categories. 

(i) Organic porous adsorbents: Activated carbons, carbon molecular sieves, and microporous 

organic polymers come under this category. These materials are widely used for industrial gas 

separations [2]. Activated carbons usually synthesized by pyrolysis of carbon-rich materials give 

higher pore volume, which results in good saturation capacities. However, the main disadvantage 

of these materials has poor selectivity. To overcome these issues, carbon adsorbents with a 

narrow distribution of micro pore sizes are prepared using special activation procedures known 

as carbon molecular sieves. However, porosity and saturation adsorption capacities are lower for 

these materials. Microporous polymers synthesize using various binder polymers like 

polyfurfuryl alcohols and polyacrylonitrile. 

(ii) Inorganic porous adsorbents: These materials structures are formed entirely based on 

inorganic elementary structures. Silica gel, activated alumina, and zeolites are examples of 

inorganic porous adsorbents. 

Silica gel: Silica gel is an amorphous and porous form of silicon dioxide (SiO2). The structure is 

consisting of an irregular tridimensional framework of alternating silicon and oxygen with 
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nanometer-scale voids and pores. It often uses to adsorb water moisture, making it useful as a 

desiccant (or drying agent). 

Activated alumina: Activated alumina (Al2O3) manufactured by dihydroxylation of aluminum 

hydroxide (Al(OH)3) produces highly porous material having acidic and basic properties. It is 

often used for a wide range of applications, including adsorbents in adsorption of catalysts in 

polyethylene production, selective removal of fluorine and arsenic from hydrogen peroxide 

production, and sulfur removal from fluid streams Claus Catalyst process. 

Zeolites: Natural zeolites are formed from alkaline volcanic sediments under hydrothermal 

conditions of saline lake groundwater-based systems. Examples are mordenite, natrolite, etc. Due 

to overwhelming industrial demand, the inability to supply natural zeolites, synthetic zeolites 

development was started. Usually, synthetic zeolites are made by hydrothermal sol-gel method in 

an aqueous solution at low pressure and moderate temperatures (up to 300°C). Examples are 

Zeolite A (based on Na, Ca, K), zeolite X (based on Na, K, Ba), etc. Synthetic zeolites are 

commercially used for gases adsorption and separation processes [10–12].  For example, zeolite 

4A (Na12Al12Si12O48) forms a porous solid permeated by channels 4Å in diameter resulting from 

eight tetrahedral coordinated silicon/aluminum atoms and 8 oxygen atoms. Zeolite 4 Å 

commonly is used as a drying agent due to the size-selective specificity and hydrophilic nature of 

the channels for absorbing water, the high loading capacity of the bulk material, and the ability to 

reactivate the zeolite once it becomes saturated by removing the absorbed water at elevated 

temperatures. Another application of zeolites as porous adsorbent was demonstrated when 

silicalite–1 was used to remove gasoline from drinking water [13]. Despite their widespread use, 

zeolites have several potential drawbacks that limit their utility as porous solids. Those 

drawbacks include syntheses that can be difficult to control, a limited number of structural and 
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channel architectures available, and crystalline structures based on covalently-bonded networks 

of atoms that cannot be modified. 

1.2.1 Important Factors on Sorbent Selection 

Adsorption has several advantages over other conventional techniques, such as distillation, 

absorption, membrane-based systems, etc. It is worthy of discussing some of the important 

factors to be considered to choose an adsorbent for adsorption application [14]. 

(A) Adsorption capacity: Adsorption capacity or loading is the most important characteristic of 

any adsorbent. The adsorbent is taken up by the adsorbent per unit mass or volume of the 

adsorbent, which is measured in mol kg-1 or mol cm-3. Adsorption capacity is a paramount factor 

in estimating the capital cost because it dictates the amount of adsorbent required, which also 

fixes the volume of the adsorber column. The adsorption loading depends upon the fluid-phase 

concentration, temperature, and other conditions (especially the initial condition of the 

adsorbent). Typically, adsorption capacity data are measured at a fixed temperature with various 

partial pressures, and the data are plotted as an isotherm. 

(B) Selectivity: Selectivity is related to adsorption capacity; it is a ratio of the capacity of one 

component to that of another at a given fluid pressure or concentration. Selectivity is defined as 

 
𝑎𝑖𝑗 =

𝑥𝑖 𝑦𝑖⁄

𝑥𝑗 𝑦𝑗⁄
 

1.1 

Where xi and yi are equilibrium mole fractions of component 'i ' in adsorbed and bulk gas phases, 

respectively. The xj and yj are equilibrium mole fractions of component 'j ' in adsorbed and bulk 

gas phases.  The selectivity generally approaches a constant value as concentration drops towards 

zero. 
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(C) Adsorbent regeneration: Adsorbent Regenerability means that the adsorbent can operate in 

repeat cycles with uniform performance, where adsorbed material must be relatively weakly 

adsorbed. The heat of adsorption measures the energy required for adsorbent regeneration, and in 

this regard, low values are desirable. Regeneration can be accomplished by a temperature swing, 

pressure swing, and chemical swing (e.g., CO2 supercritical extraction) or sometimes by 

combining these. The regeneration affects the fraction of the original adsorbent capacity for the 

first few cycles, often followed by a gradual decay, perhaps over hundreds of cycles due to 

aging, poisoning, etc. 

(D) Compatibility: Different possible ways of physical and chemical attacks on adsorbent could 

reduce the life expectancy of the adsorbent, such as biological fouling and attrition.  For 

example, the adsorbent, binder, and surface groups should be inert to the carrier or solvent and 

should not irreversibly react with the adsorbate. Likewise, operating conditions such as 

temperature, pressure, and vibration should not cause undue disintegration of the adsorbent 

particles. 

(E) Cost: Cost is the most subtle characteristic to understand because it may vary from day to 

day based on particular material production capacity and market availability. Price changes from 

one vendor to another vendor for the same material. So cost may be significant if not dominant. 

1.2.2 Novel Adsorbents 

Within the class of ordered porous solids, zeolites have been the widely studied porous inorganic 

materials for gases adsorption and separation processes [10–12]. Activated carbons, carbon 

molecular sieves, and microporous organic polymers come under porous organic solids widely 

used for various applications such as gases storage, separation, drug delivery, catalysis etc. [2]. 
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However, adsorption is primarily a material-driven technology, and it is essential to develop 

porous materials with better characteristics for the development of efficient adsorptive processes. 

In the search for development, a new class of hybrid ordered structures was discovered. In this 

hybrid structure, both inorganic and organic components were introduced to evolve the hybrid 

structure to incorporate organic and inorganic porous structures properties. The concept of 

reticular synthesis has been adopted to connect building blocks to form a bigger network. Based 

on this concept, a large volume of novel porous structures have been synthesized during the last 

decade. These novel structures are called in different names, such as hybrid organic-inorganic 

materials, porous coordination polymers, metal-organic frameworks (MOFs), etc. MOFs are 

considered organic analogs of inorganic zeolites in which oxygen atoms are replaced by rigid 

organic ligands that bridge the metal ions. The resulting crystalline solids are comprised of rigid 

frameworks of molecules coordinated to metal ions in two or three dimensions that form open 

networks that render the crystalline structure highly porous. MOFs represent a promising new 

class of porous crystalline solids because they exhibit some of the largest pore volumes and 

highest surface areas known. 

MOFs have attracted the attention of researchers largely because they offer several significant 

advantages over zeolites resulting from the organic ligands present in the backbone of the 

framework namely, the dimensions and properties of channels can be controlled at the 

molecular level via synthetic modification of the ligand either before or after the MOF is 

prepared [15−17]. Consequently, the structures and physical properties of MOFs can be 

controlled to a far greater extent relative to zeolites. In addition, the void volumes and diameters 

of channels in some MOFs (i.e., up to 29 Å) far exceed those observed in the most highly 

porous zeolites, which allows small to medium-sized organic compounds both to diffuse 
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through channels and to be covalently appended to reactive groups on the walls of channels 

[18]. Since their discovery, MOFs have received the greatest interest in the scientific community 

due to their suitability as host materials for gas storage [19–21], gas separation [22–25], drug 

delivery [26,27], ion exchanging [28], catalysis [29] and micro sensing [30,31], etc. 

1.3 Overview on CO2 Emissions and Importance of CH4 Storage 

The last century has witnessed humanity actively using organic fossil fuels like coal and 

petroleum products as energy sources, causing considerable carbon dioxide emissions in the 

atmosphere [32]. Approximately 80% of total CO2 emission is responsible for energy generation, 

and the remaining 20% is emitted from industrial sources such as cement production plants 

(~7%), refineries (~6%), and the iron and steel industry (~5%) [33]. A chemically stable CO2 

molecule can remain in the atmosphere for about 120 years so that CO2 emitted from fossil fuels 

gradually accumulates in the atmosphere. These excessive amounts of CO2 in the atmosphere 

may adversely affect the earth's climate, resulting in the planet's surface overheating, permafrost 

being destroyed, polar ice caps melting, rising sea levels, etc. [32]. Therefore, CO2 capture 

technologies on these sources could be an important early opportunity application. 

On the other hand, the demand for alternative fuels is a greater concern due to national and 

regional energy security, ground-level air quality, and climate change. Methane is the primary 

component of natural gas. However, natural gas is not renewable energy, and it mainly 

comprises methane which has a potential bridging fuel to a low carbon energy future. Methane 

delivers roughly twice the energy of coal in terms of the amount of carbon dioxide released. In 

contrast to coal, methane does so without dissipating mercury or producing uranium and 

thorium-rich ash. Methane containing natural gas is more widespread globally than those of 
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petroleum, and its refinement to an energy fuel is much simpler than crude petroleum. Methane 

is also produced by the decomposition of organic waste and by bacteria in the guts of ruminants 

and termites. Methane and natural gas are often considered waste products in crude oil collection 

and refining and other industrial processes and are often burned off in giant flares with no 

secondary energy capture. Recently inexpensive new technologies are developed to the recovery 

of natural gas from shale. So, environmental considerations boosted natural gas as a fuel for 

transportation, especially as a replacement for petrol. 

1.3.1 Different Pathways of CO2 Capture and CH4 Storage 

CO2 Capture: There are several approaches that can be adopted to reduce the total CO2 

emission into the atmosphere, such as a reduction in energy intensity by the efficient use of 

energy, a reduction of carbon intensity by using alternatives to fossil fuels like hydrogen and 

renewable energy, and enhancement of carbon dioxide sequestration by developing new carbon 

capture technologies. 

From the above mentioned approaches, the most promising approach is carbon capture from 

point source emissions such as power generation plants. There are three different pathways for 

CO2 capture. They are post-combustion, pre-combustion, and oxy-fuel combustion. 

(1) Post-combustion: CO2 is the end product of the combustion of any carbonaceous fuel. The 

capture of CO2 downstream of a combustion unit is referred to as the post-combustion capture 

system. In these systems, the fossil fuels are combusted in excess air, resulting in a flue gas 

stream that contains low concentrations of CO2 (coal-fired power plants: 10‒15 v/v, natural gas-

fired plants: 5‒8 v/v %). In some cases, such as cement kilns and blast furnaces where flue gases 

contain process-related CO2 and fuel-related CO2, the CO2 concentration in the flue gases may 
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vary from 14‒33%. CO2 from the post-combustion flue gases can be captured by various 

techniques such as absorption by amines, membrane separation, and cryogenic separation. With 

the current state of technology, only absorption and, to some extent, membranes are considered 

to be economically viable technologies. 

(2) Pre‒combustion: In the pre-combustion capture system, carbonaceous fuels are converted to 

syngas through gasification, partial oxidation, or steam reforming. Next, the CO is converted to 

CO2 through the water gas shift conversion process: 

CO + H2O → CO2 + H2 

The concentration of CO2 in this stream is around 25‒40%, and the total pressure is typically in 

the range of 2.5‒5 MPa. Thus, the partial pressure of CO2 in the pre-combustion process is very 

high compared to conventional combustion systems. This makes it easier to separate the CO2 by 

techniques such as scrubbing through physical solvents. The CO2 can then be used or disposed 

of. The H2 can be used as a feedstock in a chemical plant or combusted in a gas turbine to 

produce electricity. Because the CO2 is captured prior to the utilization of the hydrogen product, 

the system is classified as a "pre-combustion" CO2 capture procedure. 

(3) Oxy-fuel combustion: As oxy-fuel combustion inherently produces a flue gas stream 

concentrated in CO2, the CO2 can readily be captured without the use of post-combustion 

solvents. Therefore, oxy-fuel technology is neither a "pre-combustion" nor a "post-combustion" 

process. Consequently, it is generally classified as a "combustion" process. Oxy-fuel combustion 

is widely used in glass and metal industries where very high temperatures are required for the 

process. Compared to the glass and metal industries, oxy-fuel combustion for power generation 

and other large industrial boilers is relatively new. The approach consists of separating O2 from 
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the air and using the O2 as the oxidant for fossil fuel combustion. With the nitrogen removed 

(78% of the air) from the combustion process, the result is a highly concentrated flue gas stream 

composed mainly of CO2 (> 80 v/v%) water vapour and other minor amounts of contaminants, 

such as particulates, NOx, SOx and trace elements. The contaminants can be easily removed to 

further concentrate the CO2 through physical gas purification techniques, such as cryogenic 

separation. Since the combustion occurs in an O2/CO2 environment, this variant of the oxy-fuel 

technology is sometimes called O2/CO2 recycle combustion. Several oxy-fuel combustion 

systems have been proposed and are under development for retrofit or new applications in power 

plants. One variant is the O2/CO2 recycles process. In this process, CO2 is recycled to the 

combustor to control the flame temperature. This is currently the most advanced oxy-fuel 

combustion approach and has attracted the interest of the industry for applications in 

conventional furnaces, process heaters, and power plants. 

CH4 Storage: Methane is considered an ideal energy for future applications. Compared to 

petroleum oil, methane can provide much more energy because of its higher hydrogen to carbon 

ratio and has much lower carbon emissions. It appears to be a more promising alternative for 

mobile applications in terms of practical utilization. In vehicular transportation, methane is used 

as compressed natural gas (CNG) and, in few cases, as liquefied natural gas (LNG). A potential 

key challenge of natural gas storage and delivery should be mass efficient and volume efficient 

at ambient temperature. The US Department of Energy has initiated a new methane storage 

program with the following ambitious targets: 

(i) Gravimetric target is 0.5 g of CH4 per gram of adsorbent. 
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(ii) Volumetric target is equivalent to 263 cm3 (STP: 273.15 K, 1atm) per cm3 of adsorbent. If we 

consider 25% packing loss, the required volumetric target becomes 350 cm3 (STP). 

1.4 Background of Present Research Work 

MOFs are a new class of ordered porous solids that have been investigated in the past 15 years. 

MOFs are crystalline coordination polymers composed of metal clusters and organic linkers that 

self-assembled into one, two, or three-dimensional frameworks. The advantage of this class of 

materials is that by carefully choosing metal ions and organic ligands, it is possible to tailor the 

structures and sizes of pores within MOFs by design. Because of the wide variety of coordination 

geometries offered by transition and lanthanide metal ions and the rich number of structures and 

reactive functionalities that can be incorporated into organic linkers via organic synthesis, MOFs 

provide a means to generate a diverse range of framework architectures. A characteristic feature 

of MOFs is their extremely high surface areas and void volumes and pore openings ranging from 

3 Å up to 20 Å that is highly accessible to organic guests. 

In general, adsorption is primarily governed by the availability of high binding energy sites at 

low pressures and larger surface area and pore volume at higher pressures attributes to higher 

adsorption. In addition, the physical properties of the adsorbates, such as polarity, polarizability, 

and kinetic diameter, also play an important role. To exploit the structural diversity of MOFs for 

targeted applications, it is essential to understand the role of each of the constituents in the 

adsorbent framework. 
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1.5 Research Objectives 

The main object of this research work focuses on the study of the effect of the functionality on 

gas adsorption properties of various categories of metal-organic frameworks (MOFs) viz. 

[{Cu2(abtc)}3] (functional groups N=N and NH–NH), Cu–BTC (–H, –Br, and –I) and UiO–66 (–

H, –NH2, –NO2, –COOH and –(COOH)2). A significant improvement in adsorption uptakes was 

obtained for selective gas adsorption on these MOFs. It covers the following topics: 

(1) Role of functional groups presented in the above mentioned MOFs on adsorption capacities. 

(2) Evaluation of adsorption properties by measurement of gas adsorption with varying physical 

properties such as polarity, kinetic diameter, polarizability, dipole, and quadrupole moments. 

(3) Effect of open metal sites presence on adsorption characteristics of the MOFs. Ideal 

Adsorbed Solution Theory was used to predict the selectivity of binary mixtures. 

A Comparison of Adsorption Capacities of Cu–abtc versus Cu–hbtc Metal Organic 

Frameworks 

Till date, different types of aromatic polycarboxylate ligands such as 1,3–benzenedicarboxylate 

(BDC), 1,3,5–benzenetricarboxylate (BTC), and 3,3′,5,5′–biphenyltetracarboxylate (BPTC) are 

well studied for adsorptive and separation processes, while there is limited literature on MOFs 

formed from the ligand 3,3′,5,5′–azobenzenetetracarboxylate (abtc). In addition to the abtc linker 

having photo-chromatic in nature, luminescence properties, the binding modes and geometrical 

configuration of the MOF resulting from the four carboxylic groups on the ligand increase the 

thermal stability and rigidity of the MOF. Our research interest lies in understanding the effect of 

the functional groups present on the ligand on the gas adsorption properties of the MOF. We 

reasoned that a subtle change by reducing the azo group in the abtc linker to form 3,3′,5,5′–
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hydrazinebenzenetetracarboxylate (hbtc) would influence the structure and the adsorption 

characteristics of the resultant MOF. In this work, adsorptive characteristics of [{Cu2(abtc)}3] 

(also known as Cu‒abtc) and [{Cu2(hbtc)}3] (also known as Cu‒hbtc) are investigated for gases 

CO2, CO, N2, CH4, C2H6, C3H8, and O2 with varying wide range of polarity and polarizability. 

Adsorption isotherms are measured for a wide range of temperature and pressure. Modeling of 

obtained isotherms is done to get more insights into adsorbate–adsorbent interactions. The model 

parameters are utilized to calculate important thermodynamic parameters such as enthalpy of 

adsorption and Henry's constants. Ideal Adsorbed Solution Theory (IAST) predicts selectivity for 

binary mixtures at various conditions.  

Selective Gas Adsorption on HKUST–1 Derivatives: Cu–BTC Versus Cu–(bromo)BTC 

Versus Cu–(iodo)BTC MOFs 

Among the studied MOFs, Cu–BTC is one of the widely studied materials which comprised of 

Cu2+ metal clusters coordinated to 1,3,5–benzenetricarboxylate (BTC) organic linker makes 

three-dimensional structure with open metal sites. The resultant structure has big cavities with 

octahedral cages having a pore diameter of 9 Å. Several studies revealed that Cu–BTC having 

good thermal stability as well as without damage in crystal structure upon adsorption and 

desorption cycles. However, limited work has been done to modify the H3BTC ligand for 

functionalizing Cu–BTC to optimize its properties for gases adsorption and separation. This 

work shows the effect of functionalization by comparing the gas adsorption properties of Cu– 

BTC versus Cu–(bromo)BTC versus Cu–(iodo)BTC over a wide range of temperature and 

pressure on industrially important gases CO2, CO, CH4, and N2. IAST was performed to find 

potential separation of CO2/N2, CO2/CH4, and CO/CH4 mixture for targeted applications, 

including natural gas processing, coal gasification, partial oxidation of hydrocarbons, etc. 
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The role of Functionality on CO2, CH4, CO, and N2 Adsorption in UiO–66 Derivatives 

In an industrial scale of synthesis, the adsorbent must possess stable, low cost, high uptake 

capacity, easily generable, and selective towards targeted applications. One MOF that satisfies 

above all the requirements is UiO–66 (UiO = University of Oslo). This work focuses on the 

effect of organic linker functionality on adsorption characteristics of CO2, CH4, CO, and N2 over 

UiO–66, UiO–66–NH2, UiO–66–NO2, UiO–66–COOH, and UiO–66–(COOH)2. By introducing 

polar and complex functional groups such as –NH2, –NO2, –COOH, and –(COOH)2 improved 

the adsorption capacity initially, and it also caused the reduction of free volume, and which 

negatively contributed to adsorption at saturation levels. 
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CHAPTER 2 

Literature Survey 

This chapter presents a brief review of the history and state of the art progress of metal organic 

frameworks. Various methods were followed to synthesize MOFs, importance of MOF 

functionalization and post-synthesis modifications were explained. A review on adsorption 

uptakes of several important gases of our interest on MOFs is also included. 

2.1 Metal Organic Frameworks (MOFs) 

Metal organic frameworks (MOFs) are a novel crystalline microporous materials formed 

indefinitely from organic linkers and metal clusters [1–3]. The term 'MOF' first appeared in the 

literature around 1995 [4]. Prior to this, other acronyms such as porous coordination polymers 

(PCPs) [5] and porous coordination networks (PCNs) [6], metal azolate framework (MAF) [7], 

and ZIF (zeolite imidazolate framework) [8] terms used to represent MOFs. Due to a wide choice 

of metal ions and organic linkers a large number of MOFs can be designed and synthesized. The 

number of possible structures can further be increased through post-synthesis modification [9]. 

In addition to the high surface area, controllable pore size can also be achieved by 

functionalization resulting in good selectivity and capacity for adsorptive separations. These 

versatilities make MOFs highly promising materials for gas storage [10–12], gas separation [13–

16], drug delivery [17,18], ion exchanging [19], catalysis [20], and micro sensing [21,22], etc. 

Over the past two decades, the research on MOF materials was exponentially increased due to 

their promising and interesting characteristics. According to Cambridge Structural Database 
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(CSD), thousands of extended crystalline metal-containing compounds are cataloged from 1978 

through 2020 [23]. 

2.1.1 Background on MOFs 

The first microporous materials began to appear in 1990 when Robson and co-workers recorded 

porous coordination polymers which displayed ion exchange properties [24]. In the meantime, 

Omar M. Yaghi and co-workers prepared a revolutionary compound that has been reported to be 

the first robust and highly porous material MOF–5 [1], which synthesized from zinc acetate 

building block and benzene 1, 4‒dicarboxylic acid. Since then, MOF–5 and Cu–BTC are known 

to be widely studied structures due to their robust porosity and flexibility [25]. To extend the 

number of possible MOF structures, a new concept of isoreticular chemistry was introduced 

where IRMOFs [26] were synthesized by using a 1,4–benzenedicarboxylate  acid (BDC) and 

other elongated dicarboxylate acids with functional groups such as phenols, alkyl amines and 

thiols [27]. Férey et al. created and designed a porous crystal structure, MIL‒101, with a very 

large pore size and surface area, known for high chemical stability [28]. Mg‒DOBDC and Ni‒

DOBDC materials have emerged as promising materials for low-pressure CO2 adsorption and 

Methane storage, respectively [29]. Due to variability in the potential geometry, pore size, 

porosity, and functionality have opened the door for more than 20,000 various MOFs over the 

past few decades. However, successful synthetic strategies are still a formidable challenge for the 

preparation of MOFs with promising applications because the self-assembly of MOF is heavily 

influenced by structural characteristics of the ligands, coordination nature of metal ion, solvent 

system, pH value of the solution, reaction temperature and the ratio of metal source to organic 

ligand. 
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2.1.2 Design and Synthesis of MOFs 

MOF materials possess tunable pore sizes, and structure diversity makes potential advantages 

over conventional adsorbents. So it is very important to know how these metal ions and organic 

linkers are connected to form MOF structures. In general, MOFs can be synthesized by the self‒

assembly of organic ligands and metal ions under hydro or solvothermal conditions to form 

crystals. The essential requirement to form a MOF is organic ligands coordination bonds with a 

central metal cluster to form secondary building unit (SBU). The extended structure of SBU is 

known as MOF. The surface area, pore size, pore-volume, and selective adsorption sites towards 

targeted application of MOFs can be controlled by choosing different metal ions and organic 

ligands [30]. The design of a MOF structure is always complicated, and it highly depends upon 

the mercy of intermolecular forces that limits our predictability. However, a combinatorial 

approach by making subtle changes in concentration, solvent polarity, pH, and temperature can 

lead to optimal MOF structure for targeted applications [31]. Some commonly used organic 

linkers in MOF synthesis explained in Table 2.1. 

Firstly, Yaghi and co-workers locked metal ions and organic linkers into rigid metal-oxygen-

carbon SBU clusters. MOF‒2 [32] and MOF‒5 [1] are synthesized based on this concept of 

SBUs. In MOF‒5 (Figure 2.1), octahedral Zn4O SBU clusters are connected by terephthalate 

ligands, resulting in a cubic network of MOF with exceptional porosity. In the majority of MOFs 

reported, organic ligands act as points of attachment to the inorganic metal clusters. The 

structural features of MOFs allow them to be predesigned; by a precise selection of the organic 

and inorganic components, materials can achievable desired topologies, structures, and 

properties known as reticular chemistry. An isoreticular series of MOFs (IRMOFs) contain the 

same underlying connectivity, and as a result, they share the same overall framework structure.  
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Figure 2.1: MOF‒5 structure with topology.  ZnO4 tetrahedra (blue polyhedra) are connected by 

benzene dicarboxylate linkers (O, red, and C, black) to form MOF‒5 structure [3]. 

In another well‒known MOF is Cu‒BTC (BTC = 1, 3, 5‒benzenetricarboxylate), also commonly 

known as HKUST‒1 (Figure 2.2). The Cu‒BTC framework contains Cu2+ paddlewheel units 

with each Cu atom connected by 4 oxygen atoms of the bridging organic ligands. The resultant 

structure has big cavities with octahedral cages having a pore diameter of 9 Å. Several studies 

revealed that Cu‒BTC has good thermal stability and is without damage in crystal structure upon 

adsorption and desorption cycles. 

 

Figure 2.2: Framework structure of Cu‒BTC (Blue: Cu, red: oxygen, black: carbon) [33]. 
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Table 2.1: Some commonly used organic linkers in MOF synthesis. 

Organic linker MOF Ref. 

Name Structure 

benzene 1,4–

dicarboxylic acid 

 

 

MOF–5 [34] 

MIL–53 [20] 

MIL–101 [35] 

2–amino, 

benzene 1,4–

dicarboxylic acid 

 

 

NH2–MIL–

53 

[36] 

IRMOF–3 [37] 

2,5–dihydroxy, 

benzene 1,4– 

dicarboxylic acid 

 

 
 

M/DOBDC 

(M = Mg, 

Zn, Co, Ni) 

[13, 

38] 

naphthalene 2,6–

dicarboxylic Acid 

 

 
 

Al–NDC [39] 

azo benzene 

tetracarboxylic 

acid 

 

 
 

Cu–abtc In 

this 

work 

benzene 1,3,5– 

tricarboxylic acid 

 

 
 

Cu–BTC 

or HKUST–1 

[40] 

MIL–100 [41] 

4,4',4''–benzene–

1,3,5–

triyltribenzoic acid 

 

 
 

 

MOF–177 

 

[37] 

MOF–519 [42] 
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MOFs are generally synthesized in self‒assembly reaction between a metal salt and organic 

ligand. To synthesize MOFs, two different methods were followed. The popular method is 

solvothermal, and the other being non‒solvothermal. The reaction in a closed container under 

autogenous pressure above the solvent boiling point is known as a solvothermal reaction [43]. 

On the other hand, nonsolvothermal reactions occur below or at the solvent's boiling temperature 

under ambient pressure [44], including centrifugal separation, ultrasonic irradiation and 

microwave‒induced thermal method, etc. In the conventional solvothermal process, the reactants 

and solvent are mixed, and then seal them in a Teflon reactor and heat reactor at a temperature of 

usually below 573 K. The mixture will react under autogenous pressure above the boiling point 

the solvent. The reactants dissolve slowly with the increased temperature and react to form nice 

crystalline products. This method requires less time, and the equipment is simple and can be used 

for certain reactants. The product formation in this technique is greatly determined by the 

reaction temperature. Usually, more condensed structures are observed at higher temperatures. In 

order to get proper crystals and reaction rates, the increasing reaction temperature is needed for 

certain MOFs, especially if kinetically more inert ions are used. This method can be used for the 

synthesis of a wide variety of MOFs, which are among the most extensively studied. These 

include, among others: MOF‒5, MOF‒74, MOF‒177, Cu‒BTC (HKUST‒1), and ZIF‒8 etc. 

2.2 Potential Applications of MOFs 

The MOF materials possess versatile characteristics include tunable pore sizes, structural 

diversity, and surface areas, made researchers keen to investigate their potential applications in 

the field of gases adsorption, gases separation, drug delivery, ion exchanging, catalysis, and 

micro sensing, etc. Being porous materials, the application of MOFs on gas is of paramount 

importance. The most significant disadvantages of conventional technologies for gas absorption 
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are that equipment sizes are too large and energy is consumed too high. In contrast to this, MOFs 

are cost-effective, flexible and relatively easy to regenerate. 

2.2.1 Gases Storage 

Methane is the primary component of natural gas which has a potential for low carbon future 

energy. However, several challenges were prevented by the widespread use of natural gas in 

commercial vehicles. Most importantly, the volumetric energy density of natural gas at ambient 

temperature and pressure is only 0.04 MJ L-1, compared to 32.4 MJ L-1for gasoline or petrol [45]. 

Either compression or liquefaction can increase the volumetric energy density, but both solutions 

are costly and poorly suited for light-duty passenger vehicles. Compressed natural gas (CNG) 

requires expensive multi-stage compressors that consume energy and heavy, bulky fuel tanks 

that reduce passenger and cargo space. Even with compression to 250 bar, the energy density of 

CNG is 9MJL-1, very low compared to 32.4 MJL-1 for gasoline (only 26% in gasoline). 

Moreover, CNG refueling stations are not yet common enough and are costly to build [46, 47]. 

Due to the low critical temperature of CH4 (190.6 K), natural gas cannot be liquefied by 

compression alone, and cryogenic cooling is necessary to store liquefied natural gas (LNG). 

While the volumetric energy density of LNG can reach 20.8 MJL-1(64% of gasoline) [45], the 

overall system energy density is reduced due to the insulation required to maintain a low 

temperature and prevent boil-off. Additionally, the high cost of cooling systems and 

complications of handling a cryogenic fuel make LNG unlikely to find much application in the 

transportation sector beyond commercial trucking and public transportation [48]. 

An alternative to CNG and LNG, to store natural gas in adsorbents is an emerging research area 

since the early 1970s [49]. Several types of research revealed that the ideal way of maximizing 
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the volumetric energy density of CH4 is storing at 35 bar and 298 K [50]. The US Department of 

Energy CH4 volumetric target is 263 cm3 (STP: 273.15 K, 1atm) per cm3 of adsorbent. If we 

consider 25% packing loss, the required volumetric target is 350 cm3 (STP).  The same 

gravimetric target is 0.5 g of CH4 per gram of adsorbent. Over the last decade, MOFs have 

received significant attention as a new class of adsorbents potential for CH4 storage. Some 

widely used MOFs for methane storage were illustrated in Table 2.2. In a major contribution, 

Yaghi and co-workers have synthesized a series of new high surface areas MOFs such as MOF‒

177, MOF‒200, MOF‒205, and MOF‒210, which exhibited excellent gravimetric methane 

storage (293‒331 cm3g-1) at 35 bar and ambient temperature. However, their volumetric 

capacities at the same conditions are considerably lower (only 67‒126 cm3 (STP)/ cm3 of 

adsorbent) due to the poor crystal densities [51]. PCN‒14 has been widely studied MOF for CH4 

storage which has a volumetric capacity of 230 v/v at 35 bar and 290 K [52], lower than the DOE 

target. Later, gravimetric CH4 uptake capacities are measured on exceptionally high surface area 

MOFs DUT‒49, NU‒111, and PCN‒68 having uptake capacities of 0.26, 0.24, and 0.24 g/g, 

respectively [53‒55]. In 2013, Peng et al. [56] reported CH4 uptake at 35 bar and 298 K on 

Ni/DOBDC was found to be 228 cm3/cm3, slightly higher than that on Cu‒BTC (227 cm3/cm3) 

and PCN‒14 (195 cm3/cm3). In the same work, Peng et al. [56] reported the highest total 

volumetric capacity of 267cm3/cm3 on Cu‒BTC at 65 bar and 298 K, meeting the DOE 

volumetric target of 263 cm3/cm3. In 2014, Gandara et al. [57] reported high CH4 volumetric 

storage capacity for MOF‒519 found to be 279cm3/cm3 at 298 K and 80 bar. Mason et al. [58], 

performed the CH4 adsorption on six different MOFs such as Cu‒BTC, Ni/DOBDC, 

Mg/DOBDC, Co/DOBDC, PCN‒14, and MOF‒5 and compared with benchmark activated 

carbon AX‒21. Ni/DOBDC and CO/ DOBDC exhibited the highest uptakes at lower pressures 
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regions. However, Ni/DOBDC and Cu‒BTC have the highest total volumetric uptakes of 230 

and 225 cm3/cm3 respectively at 35 bar and 298 K. Although PCN‒14 has been widely cited as 

the best existing MOF for volumetric CH4 storage (202 cm3/cm3 at 35 bar, 298 K), Ni/DOBDC 

and Cu‒BTC have significantly higher volumetric capacities at 35 bar and 298 K. 

2.2.2 Gasses Separation 

Owing to their tunable structures and uniform pore size distributions, MOF materials were 

widely investigated to study their effectiveness in adsorptive separation applications. In 2011, 

Herm et al. [59] investigated on five different MOFs MOF‒177, Be‒BTB, Co‒BDP, Cu‒BTTri, 

and Mg/DOBDC for hydrogen purification and pre-combustion CO2 capture. The single-

component adsorption isotherms of CO2 and H2 were measured at 313 K upto 40 bar and 

compared with NaX and Carbon JX101. An IAST prediction says that exceptional CO2 

selectivity was observed over H2 on Mg/DOBDC for a binary mixture containing 80% hydrogen 

at 313 K.  Interestingly, both gravimetric as well as volumetric working capacities on Cu‒BTTri, 

were higher than those on other adsorbents, including Mg/DOBDC. In another work, Herm et al. 

[60] analyzed Mg/DOBDC MOF for high-pressure CO2/CH4/H2 separation, which resulted in 

significant enhancement in separation for Mg/DOBDC over benchmark NaX. Next, Mason et al. 

[61] evaluated the performance of MOF‒177 and Mg/DOBDC for temperature swing adsorption 

process of CO2 capture from flue gas by measuring the single-component adsorption isotherms 

of CO2 and N2 across the entire temperature range (293‒473 K). They calculated working 

capacity, which says that the actual amount of CO2 can be captured during a full 

adsorption/desorption cycle). A maximum working capacity of 17.6 wt.% was obtained for 

MOF‒177 at 473 K desorption temperature. Interestingly, NaX exhibited higher working 

capacity than Mg/DOBDC for desorption temperature less than 353 K, but for higher desorption 
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temperatures, the working capacity of NaX was lower. CO2 selectivity over N2 at 313 K for a 

mixture of 0.15 bar CO2 and 0.75 bar N2 was also significantly higher on Mg/DOBDC (175) than 

that on MOF‒177 (5) and NaX (115). Krishna et al. [62] examined Cu‒BTC, MIL‒101, 

Zn/DABCO, and Zeolite NaX for separation of CO2 from a mixture of CH4/CO for the pressure 

swing adsorption process. NaX exhibited the highest selectivity for CO2 over CO and CH4. For 

lower pressures (up to 10 bar), NaX exhibited the best performance due to its highest working 

capacity; however, at higher pressures (around 60 bar), Cu‒BTC was better. Among all the 

adsorbents studied, MIL‒101 exhibited the lowest working performance even though it has the 

highest surface area. Xiang et al. [63] compared CO2 adsorptive separation on UTSA‒16 with 

Mg/DOBDC, Cu‒BTC, MIL‒101, and many more adsorbents for CO2/CH4 and CO2/N2 gas 

mixture. Initially, Mg/DOBDC performed better than UTSA‒16. However, after exposing both 

the adsorbents towards moisture, the performance of Mg/DOBDC decreases. On the other hand, 

CO2 sorption was repeatable and reversible for UTSA‒16 even after further exposing the 

adsorbent sample to air for three days.  

The separation of O2/N2 is useful for medical and industrial applications. Bloch et al. [64] 

demonstrated newly synthesized MOF (Fe/DOBDC) having open metal sites. At 298 K and 1 

bar, Fe/DOBDC binds O2 preferentially over N2, with an irreversible capacity of 9.3 wt.%. At 

211 K, O2 uptake was fully reversible, and the capacity increases to 18.2 wt.%. They reported 

that the highest O2 over N2 selectivity (7.5) for equimolar mixture at 1 bar and 298 K. However, 

high temperature (473K) was needed for desorption of O2, which resulted in the decomposition 

of the structure. So they identified 226 K to be more suitable for separation of O2/N2 using 

Fe/DOBDC. 

TH-3063_136107025



31 
 

MOFs have shown extraordinary performance for lower olefin/paraffin separations. Bae et al. 

[65] performed an IAST study for propene/propane selectivity over Mg/DOBDC, Mn/DOBDC, 

and Co/DOBDC. They obtained selectivity for Co/DOBDC is 46 at 1 bar, 298 K for the 

equimolar mixture. In another work, Bloch et al. [66] measured equilibrium adsorption isotherms 

of methane, ethane, ethylene, acetylene, propane, and propylene on Fe/DOBDC at 318, 333, and 

353 K to investigate its ability for C1‒C3 separation. This material exhibits a very strong affinity 

for unsaturated acetylene, ethylene, and propylene hydrocarbons. For equimolar mixture at 318 

K, ethylene selectivity over ethane on Fe/DOBDC ranges from 13 to 18, higher than that on NaX 

(9 to 14) and Mg/DOBDC (4 to 7). Similarly, the selectivity of propylene over propane on 

Fe/DOBDC (13 to 15) was also significantly higher than to other adsorbents. 

2.3 Modification of MOF Structures 

To improve the adsorption capacity, separation performance, physical and chemical properties of 

MOFs for targeted applications, modification of MOF structures are essential. The MOF 

structures can be modified by a variety of techniques as follows 

2.3.1 Functionalization of MOFs 

Functionalization of MOFs can be achieved by modifying the organic ligand with specific 

substituents and then using the modified ligand directly to synthesize the desired MOF. Biswas 

et al. [67] synthesized six vanadium-based MOFs MIL‒47‒X (X= −Cl, −Br, −CH3, −CF3, −OH, 

−OCH3) along with the parent vanadium MIL‒47. Among the six functionalized compounds, 

MIL‒47‒OCH3 obtained the highest value of CO2 loading found to be 5.9 mmol g-1 at 1 bar and 

273 K, mainly driven by pore size and the nature of the functional group and CO2 molecule 

interaction. 
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In 2012, Jasuja et al. [68] demonstrated an interesting research work on water vapour adsorption. 

By the introduction of polar functional groups in Zn(BDC‒X)(DABCO) (X= ‒Br, ‒Cl, ‒OH, 

NO2) results in water unstable MOFs compared to parent Zn(BDC)(DABCO). Polar functional 

groups presented in framework causing negative shielding effect; i.e., they facilitate hydrolysis 

of the Zn−O bond.  On the other hand, placing non‒polar groups (‒CH3) in the ligand enhances 

the stability of the MOF at 80% relative humidity compared to the parent MOF. This result 

shows that ligand functionalization is possible to adjust the water stability on MOFs. Lin et al. 

[69] worked on a series of isostructural MOFs [Cu2(X)(H2O)2] (X=tetra carboxylate ligands), 

named as NOTT‒X series (NOTT‒100 to NOTT‒110). Among them, NOTT‒103 exhibited very 

high gravimetric H2 adsorption of 77.8 mg/g at 77K and 60 bar pressure, mainly driven by 

controlled pore size, enhancing the isosteric heat of adsorption and improving the H2 adsorption. 

Lan et al. [70] demonstrated a family of diamondoid metal-organic frameworks (DMOF–X). 

DMOF–6 exhibited the highest surface area and H2 adsorption capacity among this family of 

MOFs. N2 and H2 adsorption results show that the surface areas and hydrogen uptake capacities 

are determined by the most optimal combination of functional groups, interpenetration, and free 

volume in the system. 

Wang et al. [71] demonstrated on the porous metal-organic frameworks Zn4O(4‒[N, N‒bis(4‒

methylbenzoic acid)amino])‒X benzoic acid (X= ‒CH3, ‒Cl) and its functionalized derivatives. 

The H2 adsorption capacities are highest for ‒Cl (266 cm3 g-1) followed by ‒CH3 (259 cm3 g-1) 

and ‒H (250 cm3 g-1) at 77 K, 1 bar. Interestingly the CH4 adsorption also showed that highest 

for ‒Cl (29.0 cm3 g-1) followed by ‒CH3 (27.4 cm3 g-1) and ‒H (25.3 cm3 g-1) at 293 K, 1 bar. For 

CO2 adsorption also exhibited slightly high for ‒Cl (96.2 cm3 g-1) followed by ‒CH3 (85.4 cm3 g-

1) and ‒H (82.0 cm3 g-1) at 273 K, 1 bar. This work revealed that the adsorbate-adsorbent 
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interaction plays an essential role in the gas-adsorption properties of these samples at low 

pressure, whereas the effects of the pore volumes and surface areas dominate the gas-adsorption 

properties at high pressure. 

2.3.2 Post‒synthetic Modification of MOF structures 

In order to improve the performance of certain aspects of MOFs, post-synthetic modification has 

become a focus. Post-synthetic modification involves multiple approaches such as doping with 

metal ions, organic ligands, and solvents. In most cases, the pore size and pore shape of a MOF 

can be controlled through this approach, which can modify the selectivity of a MOF on adsorbed 

gases and the gas uptake capacities. Wang et al. [72] successfully reacted acetic anhydride with 

amino groups of IRMOF‒3 (also known as Zn4O(H2N‒BDC)3) becomes amino-substituted 

version of IRMOF‒1(Zn4O(BDC)3). This process is realized by treating IRMOF‒3 with dilute 

acetic anhydride solution in the presence of CdCl3 under ambient conditions.  

It was found that metal doping could greatly improve the H2 uptake capacity near ambient 

conditions. Himsl et al. [73] exchanged the protons of hydroxyl pendants in MIL‒53(Al) with 

lithium; it was found that 15% of the acidic framework protons were exchanged with lithium. 

The H2 uptake capacities at 77 K and 1 bar were 0.5 wt% and 1.7 wt% for pure MIL‒53(Al) and 

MIL‒53 (Al)/Li. In another work, Xiang et al. [74] reported that the effect of Li doping in Cu‒

BTC and Cr‒BDC on H2 adsorption properties. Due to doping, the pore volume and surface area 

of the MOFs were decreased significantly. However, H2 uptake capacity increased by more than 

40% compared to undoped MOFs. This work reveals appropriate loading of metal ions plays an 

important role at higher loadings of H2. 
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2.4 Open metal sites in MOFs 

Metal centers in a MOF system have a fixed number of coordination vacancies through which 

they connect to the organic ligands. If some of these positions can be opened, the material will 

have open metal sites or coordinatively unsaturated metal sites. These open metal sites possess 

additional electrostatic interactions for polar gases. Due to the presence of open metal sites, these 

MOFs exhibit high Henry's constants compared to without open metal sites MOFs. MIL‒101is 

the one of the first synthesized MOF having open metal sites [75]. However, due to the small 

number of open metal sites present a bigger pore diameter of MIL‒101, the effect is not 

pronounced, and Cu‒BTC with a smaller pore size seems to be better for CO2/CH4 separation 

[76]. 

In the M/DOBDC series (M= Mg, Ni, Co, Zn, etc.) of MOFs, metal atoms are coordinatively 

bonded to the hydroxylate groups of the organic ligand [77]. This coordination results in the 

occupation of five coordination positions by the oxygen atoms, and the sixth position is occupied 

by water molecules. Water molecules can be removed after the activation or thermal treatment, 

resulting in one open metal site presence in the framework [78]. Zhang et al. [79] demonstrated 

CO2 adsorption on Zn/DOBDC and Mg/DOBDC having open metal and Lewis basic sites that 

interact strongly with CO2 and particularly effectively capture and separation of CO2 from binary 

mixtures of CO2/ N2. CO2 adsorption capacities for Zn/DOBDC and Mg/DOBDC are 19.8 and 

26.0 wt.% respectively at 1 bar and 296 K. The CO2 uptake on Mg/DOBDC represents the 

highest low pressure gravimetric and volumetric adsorption capacity among known MOFs. 
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2.5 Simulation Studies on MOFs 

Due to the vast choices of metal atoms and organic linkers, a large number of MOFs can be 

synthesized. However, it is infeasible to design the optimal MOF structure for a targeted 

application only by experimentation. Experimental methods cannot obtain macroscopic 

properties, and simulations can provide molecular-level insights into the underlying mechanism 

involved [80, 81]. Simulations can help screen the large number of MOFs for a particular 

application and can also provide the ability to hypothesize the structure of the best performing 

MOF.  In most simulation studies, the Grand Canonical Monte Carlo (GCMC) method estimates 

the adsorption isotherms. Wilmer et al. [82] demonstrated a computational approach for better 

CH4 storage and generated many MOFs from a given chemical library of building blocks and 

rapidly screened them to find the best candidates for a specific application. From a library of 102 

building blocks, generated 137,953 hypothetical MOFs and for each one, calculated the pore‒

size distribution, surface area, and CH4 storage capacity. Over 300 MOFs were predicted for 

better CH4 storage capacity, which reveals structure-property relationships. Methyl, ethyl, and 

propyl functionalized MOFs were frequently top performers. Krishna [83] presented a review on 

diffusion characteristics of single gas and a mixture of gases in a wide spectrum of MOFs. Jhon 

et al. [84] demonstrated a simulation study on the effect of alkoxy-functionalization on IRMOFs, 

which results in the highest CH4 uptake at low and moderate pressure on IRMOF‒6 due to the 

stronger potential overlap of smaller pores. In 2012, Watanabe et al. [85] screened more than 

30,000 synthesized MOFs from the CSD database and finally sorted out 359 MOFs with 

appropriate pore sizes for CO2/N2 separations. Later, Snurr and co-workers [86] screened 20,000 

MOFs, excluded highly disordered materials, and ended up having 4,764 MOFs. In this way, 

they prepared a very useful database called computation-ready experimental MOFs.  
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2.6 A Review on Adsorption of the Gases of our Interest 

One important parameter to screen an adsorbent for gases adsorption and separation applications 

always widens the scope to study other various gases. This section focuses on single gas 

adsorptions of various gases that have so far been reported. An overview of literature data on 

representative adsorption uptakes of several adsorbates used in this study on various MOFs is 

presented in Tables 2.2–2.8. 
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Table 2.2: Representative literature for CO2 adsorption. 

Adsorbent 

BET 

Surface 

Area 

(m2 g-1) 

At 1 bar pressure At 40 bar pressure Enthalpy 

of 

adsorptio

n at zero 

coverage 

(kJ mol-1) 

Ref. 
Amount 

adsorbed 

(mol kg-1) 

Temp 

(K) 

Amount 

adsorbed 

(mol kg-1) 

Temp 

(K) 

MOF‒2 345 0.6 298 3.2 298 ‒ [37] 

MOF‒5 2833 1.0 298 22 298 14.5 [37,

87] 

MIL‒53(Al) 1500L 2.3 304 10.4 (25 bar) 304 35 ‒ 17 [21] 

MIL‒100 1900 ‒ ‒ 17.5 303 62 [88] 

MIL‒101 4230 ‒ ‒ 37 304 44 [88] 

IRMOF‒3 2160 1.1 298 18.8 198 ‒ [37] 

IRMOF‒6 2516 1.05 298 19.7 298 ‒ [37] 

IRMOF‒11 2096 1.5 298 14.8 298 ‒ [37] 

Cu‒btc 1663 5.8 295 15.4 295 23 [89] 

NOTT‒100 1547 3.2 298 10.4 298 ‒ [37] 

Mg/DOBDC 1800 8.0 293 15 313 ‒ [13] 

Ni/DOBDC 1218 6.9 298 12 298 36 [90] 

Co/DOBDC 1080 6.7 296 ‒ ‒ ‒ [91] 

Zn/DOBDC 816 4.6 298 10.4 298 ‒ [37] 

Ni/DABCO 1705 2.0 298 12 (15 bar) 298 20.4 [92] 

Zn/DABCO 1725 2.0 298 14 (15 bar) 298 21.6 [92] 

MOF‒200 4530 ‒ ‒ 55 298 ‒ [51] 

MOF‒205 4460 ‒ ‒ 33 298 ‒ [51] 

MOF‒210 6240 ‒ ‒ 53 298 ‒ [51] 

Zeolite 13X 616 4.7 298 6.9 298 49 [93] 

Silicalite 440 1.4 308 2.9 304 28 [94,

95] 

L: Langmuir surface area 
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Table 2.3: Representative literature for CH4 adsorption. 

L: Langmuir surface area 

 

 

Adsorbent 

BET 

Surface 

Area 

(m2 g-1) 

Pore 

volume 

(cc g-1) 

Excess 

amount 

adsorbed 

(mol kg-1) 

Total amount 

adsorbed Pressure 

(bar) 

Temp 

(K) 
Ref. 

(mol 

kg-1) 

(mol 

L-1) 

Ni/DOBDC 1593L 0.56 7.77 8.62 10.27 35 298 [58] 

Cu-BTC 2203L 0.77 10.23 11.38 10.04 35 298 [58] 

Co/DOBDC 1433L 0.51 7.63 8.39 9.87 35 298 [58] 

PCN-14 2360L 0.83 9.64 10.89 9.02 35 298 [58] 

Mg/DOBDC 1957L 0.69 8.78 9.82 8.93 35 298 [58] 

NJU-Bai10 2883 1.11 11.49 13.21 8.79 35 290 [96] 

NOTT-109 2110 0.85 9.89 11.16 8.79 35 300 [97] 

UTSA-20 1156 0.63 8.75 9.69 8.79 35 300 [98] 

NOTT-101 2805 1.08 11.16 12.77 8.75 35 300 [97] 

PCN-11 1931 0.91 10.20 11.56 8.66 35 298 [99] 

NOTT-100 1661 0.68 8.32 9.33 8.66 35 300 [97] 

NOTT-103 2958 1.16 11.71 13.44 8.66 35 300 [97] 

PCN-16 2273 1.06 10.25 11.83 8.57 35 300 [100] 

NOTT-107 1770 0.77 10.10 11.25 8.53 35 298 [101] 

Zn/DOBDC 885 0.41 6.21 6.83 8.39 35 298 [38] 

MIL-53(Al) 1235 0.54 7.69 8.48 8.30 35 303 [102] 

NOTT-102 3342 1.27 11.86 13.75 8.08 35 300 [91] 

NU-125 3120 1.29 11.90 13.84 7.99 35 298 [103] 

IRMOF-6 2630L 0.92 10.70 12.14 7.90 36.5 298 [26] 

Mn/DOBDC 1102 0.50 11.39 12.14 7.90 35 298 [38] 

UIO-66-NH2 1080 0.40 4.90 5.49 7.46 35 303 [104] 

IRMOF-1 3995L 1.40 8.65 10.76 6.70 35 298 [58] 

UIO-66 970 0.36 4.38 4.91 6.52 35 303 [104] 

IRMOF-3 2160 1.07 8.57 10.18 6.43 36.5 298 [62, 

105] 
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Contd. (Representative literature for CH4 adsorption) 

 

 

Adsorbent 

BET 

Surface 

Area 

(m2 g-1) 

Pore 

volume 

(cc g-1) 

Excess 

amount 

adsorbed 

(mol kg-1) 

Total amount 

adsorbed Pressure 

(bar) 

Temp. 

(K) 

Ref. 

(mol 

kg-1) 

(mol 

L-1) 

MIL-125 1820 0.67 6.78 7.77 6.29 35 303 [104] 

UTSA-62 2190 0.91 9.17 10.54 6.21 35 298 [106] 

NU-111 4930 2.09 11.72 14.87 6.07 35 298 [107] 

PCN-66 4000 1.63 11.12 13.57 5.98 35 298 [108] 

DUT-23 

(Co) 

4850 2.03 11.72 14.78 5.94 35 298 [109] 

SNU-71 1770 0.71 5.85 6.92 5.80 35 298 [110] 

PCN-68 5109 2.13 11.62 14.82 5.63 35 298 [108] 

MOF-177 4500 1.89 10.24 13.08 5.63 35 298 [51] 

ZIF-8 1445 0.59 4.00 4.87 5.54 35 303 [111] 

MIL-125 1820 0.67 6.78 7.77 6.29 35 303 [104] 

UTSA-62 2190 0.91 9.17 10.54 6.21 35 298 [106] 

NU-111 4930 2.09 11.72 14.87 6.07 35 298 [107] 

PCN-66 4000 1.63 11.12 13.57 5.98 35 298 [108] 

DUT-23 

(Co) 

4850 2.03 11.72 14.78 5.94 35 298 [109] 

SNU-71 1770 0.71 5.85 6.92 5.80 35 298 [110] 

PCN-68 5109 2.13 11.62 14.82 5.63 35 298 [108] 

MOF-177 4500 1.89 10.24 13.08 5.63 35 298 [51] 

ZIF-8 1445 0.59 4.00 4.87 5.54 35 303 [111] 

MIL-100 1900 1.10 6.01 7.63 5.36 35 303 [88] 

MOF-205 4460 2.16 10.77 14.02 5.31 35 298 [51] 

IRMOF-8 4326 1.83 8.59 11.34 5.09 35 298 [112] 

NOTT-119 4118 2.35 9.59 13.13 4.73 35 298 [113] 

MIL-101 4230 2.15 7.10 10.27 4.51 35 303 [88] 
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Contd. (Representative literature for CH4 adsorption) 

Adsorbent BET 

Surface 

Area 

(m2 g-1) 

Pore 

volume 

(cc g-1) 

Excess 

amount 

adsorbed 

(mol kg-1) 

Total amount 

adsorbed 

Pressure (bar) Temp. 

(K) 

Ref. 

(mol 

kg-1) 

(mol 

L-1) 

MOF-210 6240 3.60 9.36 14.78 3.71 35 298 [51] 

MOF-200 4530 3.59 8.17 13.57 2.99 35 298 [51] 

AX-21 

activated 

carbons 

4880L 1.64 11.59 14.06 6.88 35 298 [58] 

Zeolite 13X 616 0.27 2.89 3.30 4.73 35.5 298 [114, 

115] 

L: Langmuir surface area 

Table 2.4: Representative literature for CO adsorption. 

Adsorbent Low pressure High pressure Enthalpy 

of 

adsorption 

At zero 

coverage 

(kJ mol-1) 

Ref. 

Excess 

amount 

adsorbed 

(mol kg-1) 

Pressure 

(bar) 

Temp. 

(K) 

Excess 

amount 

adsorbed 

(mol kg-1) 

Pressure 

(bar) 

Temp. 

(K) 

IRMOF-1 0.58 1 298 7.2g 40 298 9.3 [116] 

IRMOF-3 0.6g 1 298 7.2g 40 298 10.1 [116] 

Zn/DABCO ‒ ‒ ‒ 7.8g 40 298 12 [116] 

Cu-BTC 1.4 1 295 9.1 43 295 24 [117] 

MIL-101 0.89 1 295 6.6 68 295 44 [117] 

Ni/DOBDC 5.6 0.8 303 ‒ ‒ ‒ 58 [118] 

MIL-53(Al) 0.30 1 303 ‒ ‒ ‒ 16.4 [102] 

Zeolite 13X 1.17 1.1 303 3.12 10.2 303 20 [119] 

Silicalite 0.27 1.2 305 1.0 7.3 305 16.7 [120] 

g: data obtained from GCMC simulations 
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Table 2.5: Representative literature for N2 adsorption. 

Adsorbent Low pressure High pressure Enthalpy 

of 

adsorption 

at zero 

coverage 

(kJ mol-1) 

Ref. 

Excess 

amount 

adsorbed 

(mol kg-1) 

Pressure 

(bar) 

Temp. 

(K) 

Excess 

amount 

adsorbed 

(mol kg-1) 

Pressure 

(bar) 

Temp. 

(K) 

IRMOF-1 ‒ ‒ ‒ 4.8g 40 298 8.4 [116] 

RMOF-3 ‒ ‒ ‒ 4.85g 40 298 9 [116] 

Zn/DABCO ‒ ‒ ‒ 5.2g 40 298 11 [116] 

‒ ‒ ‒ 1.48 15 298 ‒ [92] 

Ni/DABCO ‒ ‒ ‒ 1.46 15 298 ‒ [92] 

MIL-53(Al) 0.20 1 303 ‒ ‒ ‒ 15.9 [102] 

Cu-BTC 0.31 1 295 2.32 10 298 ‒ [121, 

30] 

MOF-177 0.2 1 293 ‒ ‒ ‒ 10 [14] 

Mg/DOBDC 1.1 1 293 ‒ ‒ ‒ 18 [14] 

Ni/DOBDC 1.02 1 298 6.45 100 298 ‒ [90] 

Zeolite 13X 0.8 2 298 ‒ ‒ ‒ ‒ [93] 

‒ ‒ ‒ 2.5 100 288 14 ‒ 9.1 [122] 

Silicalite 0.27 1.2 305 1.0 7.3 305 16.7 [120] 

Norit R1 0.39 1.1 298 4.1 59.8 298 ‒ [123] 

g: data obtained from GCMC simulations 
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Table 2.6: Representative literature for C2H6 adsorption. 

Adsorbent Low pressure High pressure Enthalpy 

of 

adsorption 

at zero 

coverage 

(kJ mol-1) 

Ref. 

Excess 

amount 

adsorbed 

(mol kg-1) 

Pressure 

(bar) 

Temp 

(K) 

Excess 

amount 

adsorbed 

(mol kg-1) 

Pressure 

(bar) 

Temp 

(K) 

Cu-BTC 1.0 0.1 295 4.8 1 295 ‒ [30] 

MOF-5 ‒ ‒ ‒ 1.9 1 297 15.1 [124] 

MIL-101 3.0 1 298 15.5 8.5 298 45-30 [125] 

Mg/DOBDC 1.5 0.1 298 6.3 1 298 27 [126] 

Fe/DOBDC 1.03 0.1 318 6.6 1 318 25 [66] 

Zeolite 13X 0.4 0.1 323 1.6 1 323 29.22 [127] 

Silicalite 1.9 1 308 2.4 20 308 29 [95] 

Zeolite 5A 1.4 1 293 2.22 13.9 293 10 [128] 
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Table 2.7: Representative literature for C3H8 adsorption. 

Adsorbent Low pressure High pressure Enthalpy 

of 

adsorption 

at zero 

coverage 

(kJ mol-1) 

Ref. 

Excess 

amount 

adsorbed 

(mol kg-1) 

Pressure 

(bar) 

Temp 

(K) 

Excess 

amount 

adsorbed 

(mol kg-1) 

Pressure 

(bar) 

Temp 

(K) 

Cu-BTC 5.2 0.1 318 7.2 1 303 44 [129] 

MOF-5 17.5 0.1 300 19 1 300 20.17 [130] 

MIL-53(Cr) 2.4 0.1 303 4.0 1 303 ‒ [131] 

MIL-53(Fe) 0.0 0.1 303 2.4 1 303 ‒ [131] 

Mg/DOBDC 7.1 0.1 298 8.2 1 298 33 [126] 

Fe/DOBDC 4.6 0.1 318 5.3 1 318 33 [66] 

NaX 3 0.1 293 3.2 1 293 34.4 [132] 

Silicalite 1.66 0.1 308 1.94 1 308 41 [95] 

activated 

carbon ASA 

5.0 0.1 273 8.3 1 273 40.7 [133] 
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Table 2.8: Representative literature for O2 adsorption. 

Adsorbent Low pressure High pressure Enthalpy 

of 

adsorption 

at zero 

coverage 

(kJ mol-1) 

Ref. 

Excess 

amount 

adsorbed 

(mol kg-1) 

Pressure 

(bar) 

Temp 

(K) 

Excess 

amount 

adsorbed 

(mol kg-1) 

Pressure 

(bar) 

Temp 

(K) 

Cu-BTC 0.3 1 295 ‒ ‒ ‒ 13.88 [30] 

MIL-53(Al) 0.13 1 303 ‒ ‒ ‒ 14.5 [107] 

Zn/DABCO 0.4 2.5 298 ‒ ‒ ‒ ‒ [92] 

Fe/DOBDC 3.75 0.1 226 5.4 1 226 41 [15] 

Zeolite 13X 0.2 1 306 ‒ ‒ ‒ 15 [134] 

Silicalite 0.15 1 305 ‒ ‒ ‒ 16.3 [135] 

Zeolite 5A 0.18 0.96 296 1.8 17.7 296 10 [136] 

AC (BPL) 0.42 1.6 303 3.4 37.4 303 ‒ [137] 
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CHAPTER 3 

Theory 

This chapter includes the theory related to adsorption, types of adsorption, and various 

adsorption isotherm models were presented. Some important thermodynamic properties such as 

Henry’s constant, enthalpy of adsorption, and selectivity predictions using Ideal Adsorbed 

Solution Theory (IAST) were also included. 

3.1 Phase Rule 

In general, phase equilibrium indicates equality of thermal, mechanical, and chemical potentials. 

Adsorption is a surface phenomenon. Due to the extra intensive variable caused by lack of 

mechanical equilibrium, adsorption has one extra degree of freedom compared to that of bulk 

phase equilibria. So the phase rule for adsorption is [1], 

 𝐹 = 𝐶 − 𝑋 + 3 3.1 

Where F=number of degrees of freedom 

 C=number of chemical species  

 X=number of phases  

3.2 Equilibrium Adsorption Isotherm 

Due to an additional degree of freedom, the amount of adsorbed for pure gas adsorption at 

equilibrium is a function of two variables, i.e., pressure and temperature. 
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 𝑁 = 𝐼{𝑃, 𝑇} 3.2 

Where N is the amount adsorbed, P is the pressure, and T is the temperature. At constant 

temperature, the adsorbed amount is 

 𝑁 = 𝐼{𝑃} 3.3 

This relationship is commonly called an adsorption isotherm. Fugacity (f) is used instead of 

pressure to account for non–ideality in the gas phase at high pressures [2], and then the 

relationship becomes 

 𝑁 = 𝐼{𝑓} 3.4 

3.3 Henry’s Constant 

The linear relationship between fluid phase and adsorbed concentrations is known as Henry’s 

law. Henry’s constant is defined as the slope of the isotherm at the limit of zero pressure. 

Mathematically, Henry’s constant (β) is written as 

 
𝛽 = (

𝑁

𝑃
)
𝑃→0

 
3.5 

Henry’s constant (β) is a measure of vertical interactions between adsorbate and adsorbent. 

3.4 Models for Pure Gas Adsorption Isotherms  

In this following section, various adsorption isotherm models were used in this work are 

presented. All the discussion presented here is related to excess adsorption. 

3.4.1 Langmuir Isotherm  

The Langmuir model is based on the following assumptions:  
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(i) Fixed number of adsorption sites 

(ii) Each site can hold only one molecule  

(iii) All sites are equally energetic  

(iv) No lateral interactions between adsorbate–adsorbate molecules 

Based on the above assumption Langmuir equation is formulated as 

 
𝑁 =

𝑁𝑚𝑎𝑥𝛽𝑓

1 + 𝛽𝑓
 

3.6 

Where N (mol kg-1) is the amount adsorbed, f (bar) is the fugacity, Nmax (mol kg-1) is the 

saturation capacity,  β (mol kg-1 bar-1) is Henry’s constant. Saturation capacity is considered to 

be independent of temperature, and the temperature dependency for Henry’s constant is 

expressed by 

 𝛽 = 𝛽(0)exp⁡(𝛽(1) 𝑇⁄ ) 3.7 

Where T is temperature in K. The two parameters β(0) and β(1) are related to entropy and enthalpy 

of adsorption at zero loading, respectively. 

3.4.2 Dual Site Langmuir (DSL) Isotherm 

The Dual Site Langmuir (DSL) model demonstrates two types of adsorption sites with different 

energetic. Each site follows a Langmuir adsorption behavior. A DSL isotherm model is given by 

[3], 

 

𝑁 =
𝑁1

𝑚𝑎𝑥𝛽1𝑓

1 + 𝛽1𝑓
+
𝑁2

𝑚𝑎𝑥𝛽2𝑓

1 + 𝛽2𝑓
 

3.8 
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Where N1
max and N2

max (mol kg-1) are the saturation capacities for sites 1 and 2, respectively; β1 

and β2 (bar-1) are the affinity parameters for sites 1 and 2, respectively. Saturation capacities 

(N1
max and N2

max) are considered to be independent of temperature, and the usual temperature 

dependency was considered for the affinity parameters (Eq. 3.9 and 3.10) 

 𝛽1 = 𝛽1
(0)exp⁡(𝛽1

(1) 𝑇⁄ ) 3.9 

 𝛽2 = 𝛽2
(0)exp⁡(𝛽2

(1) 𝑇⁄ ) 3.10 

The Henry’s constant (β) in this model can be calculated as 

 𝛽 = 𝑁1
𝑚𝑎𝑥𝛽1 + 𝑁2

𝑚𝑎𝑥𝛽2 3.11 

3.4.3 Virial Isotherm  

A virial isotherm is versatile as it can accommodate the heterogeneity in adsorption. A simple 

Virial isotherm with three parameters is expressed as follows [3] 

 
ln (

𝑓

𝑁
) = 𝑏𝑁 + 𝑐𝑁2 − ln⁡(𝛽)⁡ 

3.12 

Where b and c are second and third Virial coefficients for adsorption. The temperature 

dependency for these parameters is 

 

𝑏 = 𝑏(0) +
𝑏(1)

𝑇
 

3.13 

 

𝑐 = 𝑐(0) +
𝑐(1)

𝑇
 

3.14 

The temperature dependency for β is the same as that in Eq. 3.7.  
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Since the equation is open-ended, this isotherm has no limit on the amount adsorbed as the 

pressure (fugacity) increases. Thus extrapolation of virial equation beyond the experimental 

measurements is not suggested. However, within the experimental range of temperature and 

pressure data, the virial equation is flexible and thermodynamically consistent.  

In general, an adsorption isotherm is plotted in N vs. f domain. However, from an experimental 

data analysis perspective, isotherm in a virial domain [ln(P/N) vs. N] can be extremely useful. 

The intercept [-ln(β)] of the Virial domain plot can directly be used to obtain Henry’s constant 

(β). In addition, the slope of the virial domain plot reflects the energetics of adsorption. Any step 

or inflection in the virial domain plot indicates the heterogeneity in the adsorbent. This type of 

information is not easily recognizable from isotherm plotted in the conventional domain. 

3.4.4 Virial–Langmuir (VL) Isotherm  

The Langmuir equation is derived for only energetic homogeneous surfaces, which is generally 

not possible in a realistic situation. On the other hand, the flexible virial equation is versatile and 

can describe adsorption on a variety of surfaces. However, this equation does not account for the 

saturation at high pressure, which is usually observed in most cases. Thus, Langmuir and virial 

models are combined in a Langmuir–virial model [3] (Eq. 3.15) to overcome the limitations in 

either case. 

 
ln (

𝑓

𝑁
) = 𝑏𝑁 + 𝑐𝑁2 + ln⁡

𝑁𝑚𝑎𝑥

𝛽(𝑁𝑚𝑎𝑥 − 𝑁)
 

3.15 

This model correctly captures a saturation uptake of Nmax at high pressure. The temperature 

dependency of Henry’s constant is given by Eq. 3.7 and Virial parameters b and c are given by 

Eq. 3.13 and Eq. 3.14. 
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3.5 Enthalpy of Adsorption 

Enthalpy of adsorption indirectly gives the strength of adsorbate and adsorbent binding and thus 

can be used to characterize the adsorption properties of any adsorbent. Enthalpy of adsorption at 

zero loading indicates the energy required for regeneration of adsorbent. For example, lower 

enthalpy of adsorption at zero coverage will result in easier regeneration of the adsorbent. The 

enthalpy of adsorption (∆hads) can be readily calculated from the model parameters of adsorption 

isotherms using the following equation [4] 

 
𝛥ℎ𝑎𝑑𝑠 = −𝑅

𝜕(ln 𝑓)

𝜕(1 𝑇⁄ )
|
𝑁

 
3.16 

Where R is the universal gas constant, the enthalpy of adsorption for each model was obtained 

via. Eq. 3.16 is given in Table 3.1. 

 

 

 

 

 

Table 3.1: Enthalpy of adsorption of relevant isotherm models. 

Model Enthalpy of Adsorption (∆hads) Eq. 

No. 

Ref. 
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Langmuir 

 

−𝑅𝛽(1) 

 

3.17 

 

[3] 

 

Dual–Site 

Langmuir 

 

−𝑅(
𝛽1
(0)𝑁1

𝑚𝑎𝑥
𝛽1(1 + 𝛽2𝑓)

2 + 𝛽2
(0)𝑁2

𝑚𝑎𝑥
𝛽2(1 + 𝛽1𝑓)

2

𝑁1
𝑚𝑎𝑥𝛽1(1 + 𝛽2𝑓)2 + 𝑁2

𝑚𝑎𝑥𝛽2(1 + 𝛽1𝑓)2
) 

 

 

3.18 

 

[3] 

 

Virial 

 

−𝑅(𝛽(1) − 𝑏(1)𝑁 − 𝑐(1)𝑁2) 

 

3.19 

 

[3] 

Langmuir–

virial 

 

−𝑅(𝛽(1) − 𝑏(1)𝑁 − 𝑐(1)𝑁2) 

 

3.20 

 

[3] 

 

3.6 Spreading Pressure 

Since adsorbed phase is thermodynamically two–dimensional, pressure cannot be considered as 

an intensive variable. Therefore, pressure and its corresponding extensive variable volume are 

not appropriate for a work term in the two–dimensional adsorbed phase [5]. A different intensive 

variable known as spreading pressure (π) is defined for the adsorbed phase to fix its state [6]. It 

has units of N m-1, which is the same as that of surface tension. The corresponding extensive 

variable is the molar area (area of the solid per mole of adsorbed gas), a. Thus, the mechanical 

work term for the adsorbed phase per mole of solid can be calculated as πa; this is analogous to 

PV in bulk. Since the amount adsorbed N is generally expressed for a unit mass of the adsorbent, 

the area is also represented on the same basis as specific area A and has the units of m2 kg-1. For 

a single component system, the Gibbs’ adsorption isotherm at constant T is given by [7, 8] Eq. 

No. 3.21, 
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  −𝐴. 𝑑𝜋 + 𝑅𝑇𝑁. 𝑑ln𝑃 = 0 3.21 

From the above equation, the reduced spreading pressure, 𝜓 is given by   

 

𝜓 =
𝜋. 𝐴

𝑅𝑇
= ∫

𝑁

𝑃

𝑃

0

. 𝑑𝑃 

3.22 

The quantity ψ unis are moles per unit mass of adsorbent. It is also often used synonymously 

with π. At P = 0, the spreading pressure is zero due to no adsorption. Since the spreading 

pressure cannot be measured experimentally, Eq. 3.22 is used to calculate its value for a pure gas 

adsorption either by numerical integration or from isotherm model. The expression for ψ using 

various isotherm models is given below in Table 3.2. These expressions are essential for Ideal 

Adsorption Solution Theory (IAST) calculation discussed in the next section. 

 

 

 

 

 

 

Table 3.2: Spreading pressure for relevant isotherm models. 

Model Expression for ψ Eq. 

No. 

Ref. 
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Langmuir 𝑁𝑚𝑎𝑥 ⁡ln(𝑁𝑚𝑎𝑥 + 𝛽𝑓) 3.23 [3] 

Dual–Site 

Langmuir 

𝑁1
𝑚𝑎𝑥⁡ln(1 + 𝛽1𝑓) + 𝑁2

𝑚𝑎𝑥⁡ln(1 + 𝛽1𝑓) 3.24 [3] 

Virial 
𝑁 +

1

2
𝑏𝑁2 +

2

3
𝑐𝑁3 

3.25 [3] 

Langmuir–virial 1

2
𝑏𝑁2 +

2

3
𝑐𝑁3 − 𝑁𝑚𝑎𝑥 ⁡ln (

𝑁𝑚𝑎𝑥 − 𝑁

𝑁𝑚𝑎𝑥
) 

3.26 [3] 

 

3.7 Ideal Adsorbed Solution Theory (IAST) 

A thermodynamic solution approach yields the following phase equilibrium relation for equality 

of fugacities in bulk and the adsorbed phases. 

                                      𝑦𝑖𝑃∅𝑖
𝑔𝑎𝑠 = 𝑥𝑖𝛾𝑖𝑃𝑖

0
 3.27 

Where yi is bulk gas mole fraction, P is the pressure, ∅𝑖
𝑔𝑎𝑠 is fugacity coefficient of bulk gas to 

account for non–ideality, xi is adsorbed phase mole fraction, yi is activity coefficient in adsorbed 

phase (to account for non–ideal adsorbate mixture) and Pi
0 is pressure at the standard state. A 

convenient standard state is pure gas at the same temperature and spreading pressure as that of 

the mixture. If the adsorbate mixture is ideal, Eq. No. 3.27 simplifies to 

                      𝑦𝑖𝑃 = 𝑥𝑖𝑃𝑖
0

 3.28 

With this phase equilibrium relations along with an equation for total amount adsorbed (N), one 

can predict binary gas adsorption equilibria (i.e., finding partial amount adsorbed Ni for a given 

gas mixture of mole fraction yi at T and P) [9]. For example, in case of binary equilibrium, the 

following eight equations need to be solved. 
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 𝑦1𝑃 = 𝑥1𝑃1
0

 3.29 

 𝑦2𝑃 = 𝑥2𝑃2
0

 3.30 

 𝐼1{𝑁1
0, 𝑃1

0} = 0 3.31 

 𝐼2{𝑁2
0, 𝑃2

0} = 0 3.32 

 𝐼3{𝑁1
0, 𝑃1

0, 𝜓} = 0 3.33 

                        𝐼4{𝑁2
0, 𝑃2

0, 𝜓} = 0 3.34 

 𝑥1 + 𝑥2 = 1 3.35 

 1

𝑁
=
𝑥1

𝑁1
0 +

𝑥2

𝑁2
0 

3.36 

I1 and I2 are isotherm models relating N1
0 to P1

0 and N2
0 to P2

0 for pure gas 1 and pure gas 2, 

respectively [Eqns. 3.6, 3.8, 3.12 and 3.15]. I3 and I4 are relations for spreading pressure   via. 

Eq. No. 3.22, as given in Table 3.2 for the respective model [Eq. No. 3.23 ‒ 3.26]. 
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This chapter details the various experimental protocols performed in this work. Firstly, a 

general synthesis procedure was explained, followed by synthesis of different MOFs worked on 

are included. Details of the calculation methodologies for converting raw experimental data into 

the appropriate domain are presented. Physical properties and purities of gases used in this 

work are also included. 

4.1 General Synthesis procedure for MOFs 

MOFs are made of two major components: a metal ion (or metal cluster) and an organic linker. 

The organic linkers donate multiple lone pairs of electrons to the metal ions. In contrast, the 

metal ions are consisting of vacant orbital shells that accept these lone pairs of electrons to form 

MOF structures. In general solvothermal synthesis, metal precursors, and organic linkers are 

dissolved in a solvent and placed in a closed reaction vessel for the self-assembly and formation 

of MOF crystals. The common solvents used include N,N–dimethylformamide (DMF), N,N‒

dimethylformamide (DEF), methanol, ethanol and acetonitrile, etc. The synthesis temperature is 

generally below 493 K, and the crystallization time varies from hours to several days. The 

resulting solid was filtered to remove all residual solvent and stored in methanol. 

 

 

 

4.2 Synthesis of MOFs studied 

4.2.1 Synthesis of Cu‒abtc 
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Organic linker abtc was synthesized using the procedure reported by Lee et al. [1].  A mixture of 

5–nitroisophthalic acid (19 g, 90 mmol, Merck) and NaOH (50 g, 1250 mmol, Merck) in 250 ml 

of distilled water was placed in a 1 L round bottom flask, stirred vigorously at 334 K. To this 

slurry, 100 g of D–glucose dissolved in 150 ml of water was slowly added, the cream color 

solution changes to dark brown. This mixture was cooled down to room temperature, and air 

bubbled for 4 hours, and kept in a freeze at 283 K overnight. The solution was then filtered, and 

the obtained product is dissolved in water and acidified. The obtained orange color precipitate 

was centrifuged and air-dried. The resulted H4abtc was dissolved in hot DMF, and the solution 

was filtered while hot to remove any insoluble material. The solution was allowed to stand at 

room temperature for one day to form orange crystals, which were filtered off and air-dried. 

 

Figure 4.1: Synthesis of H4abtc organic linker. 

MOF synthesis was carried out as per the procedure suggested by Lee et al. [1]. Organic linker 

H4abtc (0.065 g, 0.10 mmol) was dissolved in the mixture (7 mL, 4:3 v/v) of DMF and 1,4–

dioxane and mixed with the aqueous solution (1 mL) of Cu (NO3)2·3H2O (0.040 g, 0.19 mmol, 

Merck). The aqueous HNO3 (61%) was added (2-3 drops) until the yellow-greenish turbid 

solution became clear. The solution mixture was placed in a polypropylene autoclave and heated 
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at 353 K for 24 h. The solution was cooled to room temperature, and green block-shaped crystals 

were retrieved. The crystals were filtered off and washed with fresh methanol 2 to 3 times in 24 

hours. Additionally, to remove coordinately bonded DMF, methanol is used in the soxhlet 

extractor to remove excess DMF. Yield: 61 mg (79%). 

4.2.2 Synthesis of Cu‒hbtc 

Organic linker H4hbtc was synthesized according to the procedure reported in Lie et al. [1]. To 

93.25 mL of ethanol, 1 g of H4abtc (2.79 mmol) was added under stirring, followed by 50 ml of 

hydrazine hydrate (Merck) added slowly. The mixture was stirred at 333 K for 3 hours. Then 

ethanol evaporated, and water was added. After acidification to pH=1, a light yellow colored 

product was obtained. 

 

Figure 4.2: Synthesis of H4hbtc organic linker. 

A slightly modified procedure was followed to synthesize Cu–hbtc MOF, as Lee et al. [1] 

suggested. Organic linker H4hbtc (0.065 g, 0.10 mmol) was dissolved in the mixture (7 mL, 4:3 

v/v) of DMF and 1,4–dioxane and mixed with the aqueous solution (1 mL) of Cu(NO3)2·3H2O 
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(0.040 g, 0.19 mmol, Merck). HNO3 (61%) was added (2–3 drops) until the yellow-greenish 

turbid solution became clear. The solution mixture was placed in polypropylene autoclaves and 

heated at 353 K for 24 h. The solution was cooled to room temperature, and the green block-

shaped crystals were retrieved. The crystals were filtered off and washed with fresh methanol 2 

to 3 times in 24 hours. Methanol was used in a soxhlet extractor to remove excess coordinately 

bonded DMF. Yield: 69 mg (81%). 

4.2.3 Synthesis of Cu‒BTC 

Cu‒BTC was synthesized using the procedure reported earlier [2]. 1,3,5 benzene tricarboxylic 

acid (H3BTC) (1.0 g, Merck) is dissolved in 30 cm3 of a 1:1 mixture of ethanol/ N,N dimethyl 

formamide (DMF) then added to a 15 cm3 aqueous solution of Cu(NO3)2.3H2O (2.077 g, Merck) 

in a 60 cm3 capped polypropylene bottle. The mixture is sonicated for 10 min and heated in an 

oven at 373 K for 10 h. The resulting blue precipitate is isolated by filtration and washed with 

methanol yielded 1.1 g of product. 

4.2.4 Synthesis of Cu‒(bromo)BTC 

Organic linker 2‒bromo‒1,3,5‒benzene tricarboxylic acid (H3bromoBTC) was synthesized using 

the procedure reported earlier [3]. 2–bromomesitylene (20 g, Alfa Aesar) was added to an 

aqueous (250 mL) solution of NaOH (5 g, Merck). Potassium permanganate (KMnO4, 85 g, 

Merck) was added in several batches to the solution over a period of 2 h with stirring and without 

heating. Next, the solution was heated to 368 K with stirring for 3 days. The resultant brown 

slurry was then filtered to remove the large amount of MnO2, and the filtrate was acidified with 

concentrated HCl. The aqueous solution was continuously extracted with ethyl ether. Removal of 

the solvent (ethyl ether) in vacuum yields the product H3bromoBTC (7.8 g). 

TH-3063_136107025



80 
 

 

Figure 4.3: Synthesis procedure for H3 bromo BTC. 

Synthesis procedure for Cu‒(bromo)BTC was followed reported earlier [4]. A mixture of 

Cu(NO3)2·3H2O (72.48 mg, Merck), H3bromoBTC (58 mg), and DMF with 15 equivalents 

formic acid (with respect to Cu(NO3)2·3H2O) was placed in a 30 ml PP bottle. The mixture was 

heated in a conventional oven at 363 K for 48 h and cooled to room temperature. The green 

crystal was obtained by filtration and washed with DMF. The yield was 52mg. 

4.2.5 Synthesis of Cu‒(iodo)BTC 

Organic linker synthesis procedure reported earlier [3]. In a Preparation of organic linker 2‒

iodo‒1,3,5‒benzene tricarboxylic acid (H3iodoBTC), Mesitylene (5 g, 0.042 mmol, Merck) was 

added to methanol (200 mL) solution of KI (8.715 g, 0.0525 mmol, Merck). Oxone (32.23 g, 

0.0525 mmol, Alfa Aesar) was slowly added in several batches to the solution over a period of 2 

h with stirring and without heating. And next, the solution was heated to 368 K with stirring 

overnight. The resulted yellowish solution was filtered to remove unreacted Oxone. The obtained 

solution was dried in a rotary evaporator. The resulted yield of 2‒iodomesitylene was 6.7 g. 

2‒Iodomesitylene (3.0 g) was added to an aqueous (50 mL) solution of NaOH (2.5 g) and t–

BuOH (50 mL, Merck). Potassium permanganate (KMnO4, 17.38 g, Merck) was added in several 
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batches over a period of 2 h with stirring and without heating. Then the solution was heated to 

368 K with stirring overnight. On the next day, around 20 mL of ethanol was added to remove 

the excess amount of KMnO4. Then the hot solution was filtered and acidified to PH=1. The 

resulted solution was dried in a rotary evaporator. The yield was 4.2 g. 

 

Figure 4.4: Synthesis procedure for H3 iodo BTC. 

To Synthesize Cu‒(iodo)BTC MOF, a mixture of Cu(NO3)2·3H2O(217 mg), H3iodoBTC (202 

mg), and DMF (18 mL) with formic acid (0.52 mL) was placed in a 20 ml PP bottles. The 

mixture was heated in a conventional oven at 363 K for 48 h and cooled to room temperature. 

The green crystal was obtained by filtration and washed with DMF. The yield was 192 mg. 

4.2.6 Synthesis of UiO‒66 

UiO‒66 was synthesized using the following procedure reported in Katz et al. [4]. For UiO‒66, in 

a 60 ml PP bottle was loaded with ZrCl4 (125 mg, 0.54 mmol, Merck), terephthalic acid (123 mg, 

0.75 mmol, Merck), DMF (10 mL), and concentrated HCl (1.0 mL) being sonicated for 20 

minutes until fully dissolved. The remainder DMF of 5 mL was then added, and the mixture was 

sonicated an additional 20 minutes before being heated at 353K overnight. The resulting solid 

was then filtered and washed first with DMF (2x 10 mL) and then with methanol (2x 10 mL). 
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After removal of methanol by decanting, the sample was dried at 363 K to yield the final 

product. 

4.2.7 Synthesis of UiO‒66‒NH2 

UiO‒66‒NH2 was synthesized using the following procedure reported in Katz et al. [4]. A 20 mL 

PP bottle was loaded with ZrCl4 (125 mg. 0.54 mmol, Merck), DMF (5 mL), and 1 mL 

concentrated HCl before being sonicated for 20 minutes until fully dissolved. The ligand 2‒

Aminoterephthalic acid (134 mg, 075 mmol, Alfa Aesar) and DMF (10 mL) were then added, 

and the mixture was sonicated an additional 20 minutes before being heated at 353K overnight. 

The resulting solid was then filtered and washed first with DMF (2x 10 mL) and then with 

methanol (2x 10 mL). After removing methanol by decanting, the sample was dried at 363 K to 

yield the final product. 

4.2.8 Synthesis of UiO‒66‒NO2 

UiO‒66‒NO2 was synthesized using the following procedure reported in Katz et al. [4]. A 20 ml 

PP bottle was loaded with ZrCl4 (62.9 mg, 0.27 mmol, Merck), 2‒Nitroterephthalic acid (62.8 

mg, 0.38 mmol, Alfa Aesar), DMF (4 mL), and concentrated HCl (0.5 mL) being sonicated for 

20 minutes until fully dissolved. The remainder DMF of 3.5 mL was then added, and the mixture 

was sonicated an additional 20 minutes before being heated at 353 K overnight. The resulting 

solid was then filtered and washed first with DMF (2x10 mL) and then with methanol (2x10 

mL). After removing methanol by decanting, the sample was dried at 363 K to yield the final 

product. 

4.2.9 Synthesis of UiO‒66‒COOH and UiO‒66‒ (COOH)2 
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Synthesis of UiO‒66‒COOH and UiO‒66‒(COOH)2 used the following procedure reported in 

Zhang et al. [5]. In a round-bottom flask equipped with a reflux condenser and magnetic stirrer, 

organic linker (1,2,4‒Benzenetricarboxylic acid (3.25 g, 10 mmol, Alfa Aesar) or 1,2,4,5‒ 

benzene tetracarboxylic acid (H4BTEC) (2.54 g, 10 mmol, Alfa Aesar) and zirconium 

tetrachloride (ZrCl4) (2.43 g, 10.4 mmol, Merck) were dispersed in distilled water (60 mL) and 

acetic acid (40 mL) at room temperature under stirring and then heated at 373 K for 24 h to yield 

a powder product. The product was soaked in anhydrous methanol for 3 days at room 

temperature, during which time the extract was decanted, and fresh methanol was added every 

day. This process was carried out to wash out residual reagents in the pores. After removing 

methanol by decanting, the sample was dried at 363 K to yield the final product of UiO‒66‒

COOH or UiO‒66‒(COOH)2. 

4.3 Characterization 

Powder X-ray diffraction (PXRD) patterns of all samples synthesized in this work were 

measured on a Bruker D8 advance instrument operating at 40 kV and 40 mA using Cu Kα 

(λ=1.5406 Å) radiation.  

Thermogravimetric analysis (TGA) of all materials was performed between 298 K to1074 K 

with a heating rate of 5 K min-1 on a thermogravimetric analyzer (Make: Netzsch, Model: 

STA449F3A00) under a flow of argon at 40 cm3 min-1. About 10 mg of the MOF was placed in 

an alumina crucible sample holder for all experiments. Based on the TGA profile of the sample, 

the out-gassing temperature was determined during subsequent surface area/pore volume 

analysis and isotherm measurement. 
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The Brunauer–Emmett–Teller (BET) surface area and pore volume of the material were 

estimated from N2 isotherms at 77K using a Quantachrome Autosorb‒IQ MP instrument. Prior to 

nitrogen physisorption, all samples were activated under a flow of helium. The different 

activation temperatures followed were reported in Table 4.2. The specific surface area was 

calculated by using the BET model in the relative pressure (P/P0) range 0.05–0.2. The pore 

volume was estimated at a predetermined relative pressure (P/P0) of 0.98 using the Barrett–

Joyner–Halenda (BJH) method. 

4.4 Experimental System Used for Pure Gas Measurements 

The experimental setup used for pure gas adsorption measurements consists of a Rubotherm 

Magnetic Suspension balance. The balance was connected to the pool of various gases through 

networks of stainless tubes, as shown in Figure 4.1. Mass flow controllers, temperature 

transducers, and pressure transducers were incorporated at appropriate locations. Pneumatic 

valves were used for the ease of experimentation. 
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Figure 4.5: Schematic of gravimetric adsorption measurement unit used in this work. 

Nomenclature 

MSB # Magnetic Suspension Balance 

MFC # Mass Flow Controller 

H1, H2, H3, H4, H5, H6, H8, H11, H12, H13 # Pneumatic Valves 

P1, P2, P3, P4 # Pressure Transducers  

In addition to the above mentioned instruments, Swagelok fittings and stainless steel tubing (of 

1/4″ and 1/8″) were used for connecting various sections in the experimental assembly.  

More details on major hardware components used in this setup are given in Table 4.1. 
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Table 4.1: List of instruments used in the gravimetric experimental setup. 

Component Model 

Manufactu-

rer 

Range Accuracy 

Resol-

ution 

Gravimetric 

Balance 

3–position  

Magnetic  

suspension  

balance 

Rubotherm 0‒25 g ±20 μg 10 μg 

Mass flow  

controller 
GFC–17 

Diegler  

Aalborg 

0‒200 cc  

min-1 

2% of full  

scale 

1cc 

min-1 

Pressure  

transducers 

627B11TDCAB 

MKS  

Instruments 

0‒10 torr 

±0.12% 

of full scale 

0.001 

torr 

627D18TBC1B 
0‒1000 

torr 

0.1 

torr 

627B24TBC1B 
0‒20000 

torr 
1 torr 

PX41C0–

3500PSIA 
Omegadyne 

0‒3500 

psi 

±0.5% 

of full scale 
1psi 

Thermocouples JK Type  

0‒1200 oC 
±2% 

of full scale 
1 oC Temperature  

indicators 
 Masibus 

Heated and  

refrigerated  

circulator 

RW–2025 G Jeio Tech 
‒25 to  

150 oC 
±0.05 oC 0.1 oC 

Vacuum pump DUO 2.5 
Pfeiffer  

Vacuum 

<6×10-3 

torr 
N/A N/A 

Compressor HS–WP–1 
High speed  

appliances 
0‒100 psi N/A N/A 
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4.5 Equilibrium Adsorption Measurement  

At first, the adsorbent was loaded into the bucket in the balance system, and then the system is 

hermetically sealed. An adsorbent sample of about 1 g or more was used to avoid measurement 

errors. Thereafter, activation of the sample was done by heating it at a higher temperature (Table 

4.2 for more details) under vacuum (and about 20 cm3 min-1 purge flow of helium). Activation of 

the sample was ensured when no significant reduction in its weight occurs with time. The 

activated sample was cooled to the experimental temperature under a vacuum. The first 

measurement point on the isotherm was obtained by charging the desired adsorbate to the target 

pressure inside the adsorption cell; sufficient time was allowed to reach equilibrium. Usually, the 

first few measurements were done at very low pressures (below 0.05 bar) in order to obtain 

accurate Henry’s constant. Subsequent measurements for the isotherm were obtained by 

increasing the pressure in the incremental doses. Equilibrium adsorption was measured at 

approximately 15–20 points within the entire pressure range to get more reliable isotherm model 

parameters. After completing the isotherm experiment, the sample was again activated at a 

higher temperature under vacuum, as described earlier. The Excess amount adsorbed was 

calculated from raw measurements using buoyancy corrections (as described next). The 

impenetrable solid volume of adsorbent for buoyancy correction was obtained from helium 

measurements at 294 K in the pressure range of 0−25 bar, using non–adsorbing helium 

assumption.  
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Table 4.2: Details of activation protocols used for different MOFs. 

MOF Temperature (K) Activation Time 

(hours) 

Cu‒abtc 443 3 

Cu‒hbtc 443 3 

Cu‒BTC 443 3 

Cu‒(bromo)BTC 443 3 

Cu‒(iodo)BTC 443 3 

UiO‒66 423 3 

UiO‒66‒NH2 423 3 

UiO‒66‒NO2 423 3 

UiO‒66‒COOH 423 3 

UiO‒66‒(COOH)2 423 3 

 

4.5.1 Calculation of Amount Adsorbed 

When an activated sample is equilibrated with a gas at a particular temperature and pressure, 

Gibbs’ excess amount adsorbed (Mex) is calculated as  

 𝑀𝑒𝑥 = 𝑀𝑒𝑞 −𝑀0 + 𝑉𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦𝜌
𝑔𝑎𝑠 4.1 
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Where M0 is true adsorbent weight, including bucket weight in vacuo, Meq is adsorbent plus 

bucket weight at equilibrium. M0 and Meq can directly be obtained from the magnetic suspension 

balance reading taken during the experiments from the following equation. 

 𝑀𝑒𝑞 = 𝑀𝑃1 − 𝑍𝑃   (at equilibrium) 4.2 

 

 𝑀0 = 𝑀𝑃1 − 𝑍𝑃   (at vacuo) 4.3 

 

Where ZP is the weight measurement at zero point position, MP1 is the weight measurement 

when the only bucket was lifted, and MP2 is the weight measurement when both bucket and 

sinker were lifted.
 

The last term in Eq. No. 4.1 is used for buoyancy correction to the sample and bucket. Vbuoyancy is 

the buoyancy volume, and ρgas is the bulk gas density. 

4.6 Different Types of Amount Adsorbed 

The bulk density was obtained from the virial equation of state 

 

𝜌𝑔𝑎𝑠 =

(

 
−1 + √

1 + 4𝐵𝑔𝑎𝑠𝑃
𝑅𝑇

2𝐵𝑔𝑎𝑠

)

 𝑀𝑤  

4.4 

 

Where Mw is the molar mass of the gas, P is the pressure, T is the temperature, R is the gas 

constant, and Bgas is the gas phase second virial coefficient. 

The usual temperature dependency for Bgas is taken as 
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𝐵𝑔𝑎𝑠 = 𝐵1 +

𝐵2
𝑇
+
𝐵3
𝑇3
+
𝐵4
𝑇8
+
𝐵5
𝑇9

 
4.5 

 The values of Bi for the gases used in this study are tabulated in Table 4.3. 

Table 4.3: Second virial coefficients for different gases [6]. 

Gas B1×102 B2×10-1 B3×10-5 B4×10-15 B5×10-17 

m3 kmol-1 m3 kmol-1 K m3 kmol-1 K3 m3 kmol-1 K8 m3 kmol-1 K9 

He 1.400 -3.540 -5.950E-06 3.610E-13 -7.940E-15 

CO2

 
5.440 -3.635 -14.960 85.900 -139.700 

CH4

 
5.438 -2.714 -2.135 0.920 -0.785 

CO 5.122 -1.709 -0.742 0.046 -0.029 

N2

 
4.670 -1.495 -0.611 0.081 -0.046 

O2

 
3.900 -1.554 -0.848 0.164 -0.115 

C2H6

 
8.095 -6.171 -14.350 67.600 -97.400 

C3H8

 
11.250 -10.000 -43.140 -18.000 -165.000 

 

Fugacity was used instead of pressure to handle the gas phase non–ideality at higher pressures 

[7]. It was obtained from the virial equation for the bulk gas phase using 

 
𝑙𝑛 (

𝑓

𝑃
) = [

𝐵𝑔𝑎𝑠𝑃

𝑅𝑇
] 

4.6 
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4.6.1 Determination of Buoyancy Volume for the Various Reference States 

For the calculation of buoyancy volume
buoyancyV , helium is used as probe gas. With non-

adsorbing assumption for helium, LHS of Eq. No. 4.1 is taken as zero.  

 0 = 𝑀𝑒𝑞 −𝑀0 + 𝑉𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦𝜌
𝑔𝑎𝑠 4.7 

 

Meq and ρgas were obtained at 294 K at several pressures between 0–25 bar. The slope of Meq vs 

ρgas was used to obtain the buoyancy volume for isotherm measurements. 

4.7 Conversion of Units 

In general, the amount adsorbed is expressed per unit kilogram of adsorbent. However, to 

understand the effect of metal atom substitution in the framework, specific units are not suitable; 

since the molar masses of the different metal atoms are different, the formula mass of the 

resultant unit cell also varies. Thus, the unit of “amount adsorbed” is converted from ‘mol kg-1’ 

to ‘molecules unit cell-1’ using. 

 
𝑁𝑢 =

𝑁𝑀𝑓

1000
 

4.8 

Where Nu is the amount adsorbed in molecules unit cell-1, N is the amount adsorbed in mol kg-1, 

Mf is the molecular weight of unit cell in g. The amount adsorbed per metal atom (Nm) can be 

further calculated from 

 
𝑁𝑚 =

𝑁𝑢
𝑛

 
4.9 

 

Where n is the number of metal atoms in one unit cell. 
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Volumetric adsorption uptakes are also important for practical applications in gas storage and 

separation. Gravimetric uptakes (N) can easily be converted to volumetric uptakes (Nv) following 

Eq. No. 4.10. 

 𝑁𝑣 = 𝑁𝜌𝑐  4.10 

 

Where Nv (mol L-1) is the volumetric amount adsorbed, N is the amount adsorbed in mol kg-1 and 

ρc (g cm-3) is the crystal density of the adsorbent.  

It should be noted here that Eq. 4.10 is valid with the strict assumption of no void space between 

two crystals or two particles of adsorbent. In a real scenario, there will always be some void 

fraction within the adsorbent material. Thus the volumetric uptake obtained from Eq. 4.10 is the 

maximum possible uptake. In reality, the experimentally achieved value of volumetric uptake is 

lower than that obtained through Eq. 4.10 and depends upon the packing of adsorbent [8]. 

4.8 Experimental Conditions 

Adsorption equilibria of various gases on several MOFs in this work were measured 

gravimetrically for a wide range of temperatures and pressures. The details of the experimental 

conditions at which adsorption measurements were performed are given in Table 4.4.  
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Table 4.4: Experimental ranges for various adsorption isotherm measurements. 

Adsorbent Adsorbate Temperatures (K)  

Pressure Range 

(bar) 

Cu‒abtc 

Cu‒hbtc
 

CO2

 
294, 317, 356 0–30 

CO
 

294, 317, 356 0–70 

CH4 294, 317, 356 0–80 

N2 294, 317, 356 0–100 

O2 294, 317, 356 0–36 

C2H6 294, 317, 356 0 – 20 

C3H8 294, 317, 356 0–7 

Cu‒BTC 

Cu‒(bromo)BTC 

Cu‒(iodo)BTC
 

CO2

 
294, 317, 356

 
0–25

 

CO
 
 294, 317, 356

 
0–45

 

CH4

 
294, 317, 356

 
0–75

 

N2

 
294, 317, 356

 
0–75

 

UiO‒66 

UiO‒66‒NH2 

UiO‒66‒NO2 

UiO‒66‒COOH 

UiO‒66‒(COOH)2

 

CO2

 
294, 317, 356 0–25 

CO
 
 294, 317, 356

 
0–40

 

CH4

 
294, 317, 356

 
0–60

 

N2

 
294, 317, 356

 
0–80
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4.9 Details of Gases Used 

The details of various studied gases were mentioned in Table 4.5. All the gases were more than 

99% in purity. No further purification has been done. 

Table 4.5: Details of gases used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gas Supplier 

Minimum Percentage Purity 

(Approximately) 

He 

Assam Air Products 

99.995 

CO2

 
99.9 

N2

 
99.99 

O2

 
99.9

 

CO  

Vadilal Gases Limited, India
 

 

99.95 

CH4

 
99.95 

C2H6

 
99.5 

C3H8

 
99.5 
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4.10 Physical Properties of Studied Gases 

The physical properties of all studied gases in this work were given in Table 4.6 [9]. 

Table 4.6: Physical properties of gases used in this study. 

Gas Molecular  

Weight 

Kinetic 

Diameter 

Polarizability Dipole 

Moment 

Quadrupole 

Moment 

(g mol-1) (Å) (×1025 cm3) (×1018 

esu cm) 

(×1040 C m2) 

He 4 2.58 2.06 0 0 

CO2

 
44 3.3 26.3 0.0 14.3 

CO
 

28 3.76 19.5 0.112 2.5 

CH4

 
16 3.8 26 0.0 0.0 

N2

 
28 3.64 17.6 0.0 1.52 

O2

 
32 3.5 16 0.0 1.3 

C2H6

 
30 4.4 44.7 0.0 0.65 

C3H8

 
44 4.3 62.9 0.0 4.0 
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CHAPTER 5 

A Comparison of Adsorption Capacities of Cu–abtc Versus 

Cu–hbtc MOFs 

In this chapter, the adsorption characteristics of CO2, CO, N2, CH4, C2H6, C3H8, and O2 on Di–

Isophthalate MOFs were evaluated at three different temperatures viz. 294, 317, and 356 K and 

pressures ranging from 0–100 bar. This is an attempt to understand the affinity of functional 

group NH–NH presented in Cu–hbtc over N=N in Cu–abtc. In addition, the effect of polarity, 

polarizability, and open metal sites present in the framework of these MOFs on the adsorption 

characteristics also can be understand by this work. 

5.1 Background 

The adsorption characteristics of 3,3′,5,5′–azobenzenetetracarboxylic acid (H4abtc) organic 

linker contained MOFs recently reported in the field of gases adsorption [1–5], gases separation 

[6, 7], drug delivery [8], dye removal [9], and magnetic thermal properties, etc. [10–13]. In these 

MOFs, {M2(CO2)4}(M= metal) type of paddlewheel SBU is formed from M2+ ions with abtc 

ligand. The H4abtc is one kind of aromatic tetracarboxylate ligand that possesses many 

advantages, including photochromatic and luminescence properties, etc. The binding modes and 

the geometrical configuration of the MOF resulting from the four carboxylic groups on the 

ligand increase it’s the thermal stability and rigidity [19]. 

One of the research interests lies in understanding the effect of the functional groups present on 

the ligand on the gas adsorption properties of the MOF. We hypothesized that a subtle change by 
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the reduction of the azo group in the H4abtc linker to form 3,3′,5,5′ 

hydrazinebenzenetetracarboxylatic acid (H4hbtc) would influence the structure and the 

adsorption characteristics of the resultant MOF, shown in Figure 5.1. 

 

Figure 5.1: DFT optimized structures of (a) abtc, (b) hbtc organic linkers; After Cu metalation 

(c) Cu–abtc and (d) Cu–hbtc (Cu, orange; C, gray; O, red; H, white; N, blue). 

In this work, we report the gas adsorption properties of the two porous structures formed from 

these two ligands, viz. [{Cu2(abtc)}3] (Cu–abtc) and [{Cu2(hbtc)}3] (Cu–hbtc). In both 

materials, a pair of CuII centers form a {Cu2(O2CR)4} (R=organic ligand) square-shaped SBU is 

linked by four rectangular organic linkers, and extend infinitely giving rise to MOFs Cu–abtc 

and Cu–hbtc. 

In this chapter, the adsorption properties of CO2, CO, N2, CH4, C2H6, C3H8, and O2 on Cu–abtc 

and Cu–hbtc MOFs at three different temperatures (294, 317, and 356 K) and a wide range of 

pressures were studied. We attempted to understand a subtle change by replacing the azo group, 

i.e., N=N in the abtc linker, with HN–NH group. To understand the effect of functional groups  

of those ligands on the gas adsorption characteristics of the MOF, thermodynamic properties 

such as the Henry’s constant and enthalpy of adsorption were calculated for each MOF at 

TH-3063_136107025



100 
 

different conditions. In addition, IAST was also used to understand the effect of functionalization 

on selectivities for various binary mixtures. 

5.2 Characterization of Frameworks Synthesized 

Cu–abtc and Cu–hbtc frameworks were synthesized by the procedure reported in the literature 

and was discussed in Section 4.2.1–4.2.2. The synthesized samples were analyzed using 

thermogravimetric, powder XRD and BET surface area analysis. 

5.2.1 Powder X-ray Diffraction (Powder XRD) Analysis 

The powder XRD patterns for Cu–abtc and Cu–hbtc are given in Figure 5.2. The patterns are 

almost identical, indicating that both the compounds are iso-structural. This is rather surprising, 

considering that the reduction of N=N group results in the loss of the planarity of the abtc linker 

framework. The DFT optimized geometry of Cu–hbtc showed that on metalation with Cu, the 

linker almost regains the structure comparable with the one reported for Cu–abtc [18].  

 

Figure 5.2: Powder X-ray diffractogram of Cu–abtc (red) and Cu–hbtc (blue). 
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5.2.2 Thermogravimetric Analysis (TGA) 

Thermograms of Cu–abtc and Cu–hbtc were performed on a thermogravimetric analyzer 

(showed in Figure 5.3). The temperature was ramped from 298 K to 1074 K with a heating rate 

of 5 K min-1, and the measurements were performed under argon atmosphere. There is a total of 

three weight-loss steps observed for each sample. The first weight loss step up to 377 K is 

relatively rapid and corresponds to the removal of solvent (methanol) and moisture. The second 

weight loss is due to the detachment of bonded 1,4–dioxane and DMF molecules. The final 

weight loss step corresponding to the decomposition and collapse of the framework happened 

around about of 575 K. 

 

Figure 5.3: TGA analysis of Cu–abtc (red) and Cu–hbtc (blue) at a heating rate of 5 K min-1 

under argon flow. 

5.2.3 Surface Area and Pore Volume Analysis 

N2 adsorption isotherms of Cu–abtc and Cu–hbtc at 77 K are shown in Figure 5.4. Both were 

activated prior to isotherm measurement at 443 K under vacuum. Cu–hbtc shows more N2 

loading per unit gram than Cu–abtc. The surface area and pore volume calculated from these 
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isotherms are given in Table 5.1. A significant increase (~ 45 %) in the surface area and pore 

volume is observed for Cu–hbtc.  

 

Figure 5.4: N2 adsorption of Cu–abtc (red) and Cu–hbtc (blue) at 77 K. 

Table 5.1: BET surface area and pore volume of Cu–abtc and Cu–hbtc 

 

 

 

 

5.3 Adsorption Isotherms 

Adsorption isotherms of CO2, CO, N2, CH4, C2H6, C3H8, and O2 were measured on Cu–abtc and 

Cu–hbtc MOFs. The subtle difference in the constituent ligand in the two MOFs affects its 

interaction with adsorbates, thereby changing its adsorption characteristics. This effect will also 

depend on the polarity and polarizability of the adsorbate. The isotherms were modeled to get 

compound Surface area  Pore volume 

m2g-1 cm3g-1 

Cu–abtc 

Cu–hbtc 

1311 

1904 

 0.711 

1.019 
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insights into adsorption. For polar gases, i.e., CO2 and CO, Langmuir–virial domain [ln (f/N) vs.  

N] Plot is useful for analyzing low-pressure experimental data. For other adsorbates (i.e., N2, O2, 

CH4, C2H6, and C3H8), the Langmuir model [N vs. f] is sufficient to fit the experimental data.  

5.3.1 CO2 Isotherms 

The adsorption isotherms for CO2 are shown in Figure 5.5. Among all the studied gases, CO2 had 

the highest adsorption capacity and it was found to be 2.9 mol kg-1 and 3.7 mol kg-1 at 1 bar and 

294 K for Cu–abtc and Cu–hbtc. However, CO2 uptakes are lower compared to that of Zn–

DOBDC (4.6 mol kg-1) [21], Cu–BTC (5.8 mol kg-1) [22], Co–DOBDC (6.7 mol kg-1) [23], Ni–

DOBDC (6.9 mol kg-1) [24] and Mg/DOBDC (7.57 mol kg-1) [14] and higher than MOF–5 (1.0 

mol kg-1) [21], Zn–DABCO (2.0 mol kg-1) [25], Ni–DABCO (2.0 mol kg-1) [25], MIL–53 (Al) 

(2.3 mol kg-1) [16], and MIL–47 (2.5 mol kg-1) [16]. The CO2 adsorption capacity of Cu–abtc is 

comparable to MIL–101 (2.8 mol kg-1) [26]. The experimental results suggest that NH–NH 

bonds in Cu–hbtc may have more affinity towards CO2 molecules than N=N bonds in Cu–abtc. 
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Figure 5.5: CO2 isotherms of Cu–abtc and Cu–hbtc MOFs. Symbols are experimental data at 

294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using Langmuir-virial isotherm 

parameters from Table 5.2. 

 

Figure 5.6: CO2 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir-virial domain. Symbols 

are experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir-virial isotherm parameters from Table 5.2. 

5.3.2 CO Isotherms 

The CO loading capacity on Cu–abtc and Cu–hbtc at 1 bar and 294 K (See in Figure 5.7) is 0.64 

and 1.02 mol kg-1 respectively. These CO uptakes are less compared to other adsorbents such 

Ni–DOBDC (5.9 mol kg-1) [33] and Cu–BTC (1.4 mol kg-1) [22] and higher than MIL–53(Al) 

(0.3 mol kg-1) [29] and silicalite (0.27 mol kg-1) [34]. In addition, CO uptakes are comparable to 

IRMOF–1 (0.58 mol kg-1) [35] and IRMOF–3 (0.6 mol kg-1) [35] for Cu–abtc, and Zeolite 13X 

(1.17 mol kg-1) [36] for Cu–hbtc. 
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Figure 5.7: CO isotherms of Cu–abtc and Cu–hbtc MOFs. Symbols are experimental data at 294 

K (●), 317 K (■), and 356 K (▲); lines are fits obtained using Langmuir-virial isotherm 

parameters from Table 5.3. 

 

Figure 5.8: CO isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir-virial domain. Symbols 

are experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir-virial isotherm parameters from Table 5.3. 
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5.3.3 CH4 Isotherms 

The adsorption isotherms of CH4 for Cu–abtc and Cu–hbtc are shown in Figure 5.9. The 

adsorption capacities are found around 7.3 mol kg-1 for Cu–abtc and 8.4 mol kg-1 for Cu–hbtc at 

294 K, 35 bar. However, these values are lower compared to Mg/DOBDC (9.82 mol kg-1) [27], 

Cu–BTC (11.38 mol kg-1) [27], NOTT–109 (11.16 mol kg-1) [28], NOTT–101 (12.77 mol kg-1) 

[28], comparable to Co–DOBDC (8.4 mol kg-1) [27], Ni–DOBDC (8.6 mol kg-1) [27], MIL–53 

(Al) (8.4 mol kg-1) [29] and higher than Zeolite 13X (3.3 mol kg-1)[30]. 

 

Figure 5.9: CH4 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir domain. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 5.4. 
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Figure 5.10: CH4 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir domain. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 5.4. 

5.3.4 N2 Isotherms 

The N2 adsorption isotherm on Cu–abtc and Cu–hbtc is shown in Figure 5.11. The adsorption 

capacity is found 0.27 mol kg-1 and 0.24 mol kg-1
 respectively for Cu–abtc and Cu–hbtc at 1 bar, 

294 K.  As compared to CO2 and CH4 adsorption capacities, N2 having relatively non–polar with 

low quadrupole moment attributed to such lower adsorption capacities. Hence, unlike in CO2 and 

CH4, their adsorption capacity on Cu–hbtc is slightly higher (as compared to that on Cu–abtc). 

As a result of this behavior, the selectivity for CO2 over N2 will be significantly higher for Cu–

hbtc compared to Cu–abtc. However, these uptake capacities are lower than Mg/DOBDC (1.1 

mol kg-1) [15], Ni/DOBDC (1.02 mol kg-1) [24], Zeolite 13X (0.8 mol kg-1) [31] and comparable 

to MIL–53 (Al) (0.20 mol kg-1) [29], Cu–BTC (0.31 mol kg-1) [32].  
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Figure 5.11: N2 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir domain. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 5.5. 

 

Figure 5.12: N2 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir domain. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 5.5. 
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5.3.5 C2H6 Isotherms 

The adsorption isotherm for C2H6 is given in Figure 5.13. The loading for C2H6 on Cu–abtc and 

Cu–hbtc measured in this work are 6.2 mol kg-1 and 7.5 mol kg-1 respectively at 1 bar, 294 K. 

This loading capacity of C2H6 on Cu–abtc can be comparable to Mg/DOBDC (6.3 mol kg-1)[37], 

Fe–DOBDC (6.6 mol kg-1) [38] and higher than on Cu–BTC (4.8 mol kg-1) [39], MOF–5 (1.9 

mol kg-1) [40], Zeolite 13X (1.6 mol kg-1) [41], Silicalite (2.4 mol kg-1) [42].  

 

Figure 5.13: C2H6 isotherms of Cu–abtc and Cu–hbtc MOFs. Symbols are experimental data at 

294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using Langmuir isotherm 

parameters from Table 5.6. 
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Figure 5.14: C2H6 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir domain. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 5.6. 

5.3.6 C3H8 Isotherms 

At 294 K and 1 bar, the loading capacity of C3H8 on Cu–abtc found around 7.23 mol kg-1. It is 

comparable to Cu–BTC (7.2 mol kg-1)[43] and higher than MIL–53 (Cr) (4.0 mol kg-1) [44], Fe–

DOBDC (5.3 mol kg-1)[40], Silicalite (3.2 mol kg-1)[45]. However, this value is lower than 

Mg/DOBDC (8.2 mol kg-1)[39]. To the best of our knowledge, the loading capacity of C2H6 and 

C3H8 on Cu–hbtc found around 7.5 mol kg-1and 8.7 mol kg-1 respectively, and it is the highest 

loading capacity ever measured on MOFs at 294 K and 1bar. In general, as expected, the 

adsorption capacity increases with carbon chain length due to the increase in polarizability of the 

gases.  

  

Figure 5.15: C3H8 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir domain. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 5.7. 
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Figure 5.16: C3H8 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir domain. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 5.7. 

5.3.7 O2 Isotherms 

O2 adsorption isotherms on Cu–abtc and Cu–hbtc are shown in Figure 5.17. The uptake 

capacities were found to be 0.22 mol kg-1 and 0.24mol kg-1 for Cu–abtc and Cu–hbtc. However, 

these capacities are lower than Cu–BTC (0.3 mol kg-1) [39] and comparable to Zeolite 13X (0.2 

mol kg-1) [46] and higher than MIL–53(Al) (0.13 mol kg-1) [29] and silicalite (0.15 mol kg-1) 

[47]. For both Cu–abtc and Cu–hbtc, the uptake capacities of N2 and O2 were found to be 

approximately similar. Therefore, very low selectivity is observed for N2 over O2. 
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Figure 5.17: O2 isotherms of Cu–abtc and Cu–hbtc MOFs. Symbols are experimental data at 294 

K (●), 317 K (■), and 356 K (▲); lines are fits obtained using Langmuir isotherm parameters 

from Table 5.8. 

 

Figure 5.18: O2 isotherms of Cu–abtc and Cu–hbtc MOFs in Langmuir domain. Symbols are 

experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 5.8. 
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5.4 Isotherm Modeling 

The adsorption isotherms for the polar gases, i.e., CO2 and CO, Langmuir–virial model [48] was 

used to fit the experimental data.  

ln (
𝑓

𝑁
) = 𝑏𝑁 + 𝑐𝑁2 + ln⁡

𝑁𝑚𝑎𝑥

𝛽(𝑁𝑚𝑎𝑥 −𝑁)
 

(5.1) 
 
 

The temperature dependency for the Henry’s constant (β) and virial parameters b, c are given by  

𝛽 = 𝛽(0)exp⁡(𝛽(1) 𝑇⁄ ) (5.2) 

𝑏 = 𝑏(0) +
𝑏(1)

𝑇
 

(5.3) 

𝑐 = 𝑐(0) +
𝑐(1)

𝑇
 

(5.4) 

Where T is temperature in K. The two parameters β(0)  and β(1) are related to entropy and enthalpy 

of adsorption at zero loading, respectively. 

For other adsorbates (i.e., N2, O2, CH4, C2H6, and C3H8), the Langmuir model was sufficient to fit 

the experimental data. The following form of the model was used in this work. 

𝑁 =
𝑁𝑚𝑎𝑥𝛽𝑓

1 + 𝛽𝑓
 

(5.5) 

Where N (mol kg-1) is the amount adsorbed, f (bar) is the fugacity, Nmax (mol kg-1) is the 

saturation capacity, β (mol kg-1 bar-1) is Henry’s constant. The saturation capacity is considered 

independent of temperature. 
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Table 5.2: Fit parameters of Virial–Langmuir isotherm of CO2. 

Parameters Cu–abtc Cu–hbtc 

β(0)
, mol kg-1 bar-1 4.5812 6.6754 

β(1)
, K -941.4673 -2368.7657 

b(0), mol-1 kg 2.0705 0.1973 

b(1)
, mol-1 kg K -345.6298 -75.6350 

c(0), mol-2 kg2  -0.1702 -0.0051 

c(1), mol-2 kg2 K 29.5265 2.3623 

Nmax, mol kg-1 11.762 15.0739 

 

Table 5.3: Fit parameters of Virial–Langmuir isotherm of CO. 

Parameters Cu–abtc Cu–hbtc 

β(0)
, mol kg-1 bar-1 6.6001 7.9548 

β(1)
, K -1924.5808 -2589.9934 

b(0), mol-1 kg 1.25 0.0791 

b(1)
, mol-1 kg K -207.9349 148.948 

c(0), mol-2 kg2  -0.2637 -0.0663 

c(1), mol-2 kg2 K 67.8528 -0.9633 

Nmax, mol kg-1 7.9320 8.3044 
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Table 5.4: Fit parameters of Langmuir isotherm of CH4. 

Parameters Cu–abtc Cu–hbtc 

Nmax, mol kg-1 9.1927 11.105 

β(0)×10-5, bar-1 7.69 9.21 

β(1) , bar-1 2112.049 1986.467 

 

Table 5.5: Fit parameters of Langmuir isotherm of N2. 

Parameters Cu–abtc Cu–hbtc 

Nmax, mol kg-1 7.9536 9.1819 

β(0)×10-5, bar-1 2.00 2.00 

β(1) , bar-1 1551.6961 1479.25 

 

Table 5.6: Fit parameters of Langmuir isotherm of C2H6. 

Parameters Cu–abtc Cu–hbtc 

Nmax, mol kg-1 9.4848 11.5513 

β(0)×10-5, bar-1 3.41 4.91 

β(1) , bar-1 3151.681 3025.89 
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Table 5.7: Fit parameters of Langmuir isotherm of C3H8. 

Parameters Cu–abtc Cu–hbtc 

Nmax, mol kg-1 7.5222 9.0846 

β(0)×10-5, bar-1 1.16 7.16 

β(1) , bar-1 4284.6582 4469.2789 

  

Table 5.8: Fit parameters of Langmuir isotherm of O2. 

Parameters Cu–abtc Cu–hbtc 

Nmax, mol kg-1 16.2653 15.5123 

β(0)×10-5, bar-1 5.00 3.00 

β(1) , bar-1 951.5605 1209.1654 

 

5.5 Effect of physical properties of gases 

The adsorption isotherms of CO2, CO, and CH4 on Cu–abtc and Cu–hbtc at 294 K are shown in 

Figure 5.19. Due to accessible metal sites [18] in both frameworks, electrostatic interactions are 

likely to be present. Thus CO with a significant dipole moment has higher adsorption capacity at 

lower pressures than CH4. However, these metal sites are occupied at higher pressures, and 

adsorption occurs mainly due to dispersion interactions. As a result, the adsorption uptake for 

CH4 (which has higher polarizability) is more than CO in the high-pressure region. This “cross–
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over” in selectivity between CO and CH4 occurs at about 0.2 bar for Cu–abtc and 4 bar for Cu–

hbtc shown in Figure 5.19.  

 

Figure 5.19: Adsorption Isotherms of CO2 (▲), CO (■), and CH4 (●) at 294 K for Cu‒abtc and 

Cu–hbtc MOFs. 

The comparative adsorption capacities for the non–polar gases at 294 K on Cu–abtc and Cu–hbtc 

are shown in Figure 5.20. The adsorption capacities are the lowest for N2 and O2 due to their low 

polarizability. For hydrocarbons (CH4, C2H6, and C3H8), the adsorption capacity at lower 

pressures increases with carbon chain length (and hence polarizability). However, as the 

molecular size increases, the saturation loading decreases at higher pressure.  
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Figure 5.20: Adsorption Isotherms of C3H8(●), C2H6 (■), CH4 (▲), N2(), and O2(̵) at 294 K on 

Cu‒abtc and Cu–hbtc MOFs. 

5.6 Henry’s Constants and Adsorption Enthalpy 

The Henry’s constant (β) at 294 K and the adsorption enthalpy at zero loading (Δhads,0) calculated 

from the model fit the parameters (From Table 5.2–Table 5.8). These plots help in understanding 

the effect of polarity and polarizability separately on adsorbate–adsorbent interactions. Both the 

quantities varied almost linearly for less polar gases (N2, CH4, C2H6, C3H8, and O2). This 

behavior is similar to that obtained for the M/DOBDC series of MOFs [49]. However, for polar 

gases (CO2 and CO) on compound Cu–hbtc, higher values of β and Δ hads,0 are observed (Shown 

in Figure 5.22), highlighting significant electrostatic interactions (with the adsorbent) exist for 

the polar gases. However, such difference is minimal in Cu–abtc (shown in Figure 5.21). 

 

Figure 5.21: Henry’s constant at 294 K and enthalpy of adsorption at zero occupancy as a 

function of the polarizability of the adsorbate for Cu–abtc; linear trend lines for nonpolar gases 

are also shown. 
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Figure 5.22: Henry’s constant at 294 K and enthalpy of adsorption at zero occupancy as a 

function of the polarizability of the adsorbate for Cu–hbtc; linear trend lines for nonpolar gases 

are also shown. 

The enthalpy of adsorption for CO2 and N2 on Cu–abtc and Cu–hbtc are shown in Figure 5.23. 

The adsorption enthalpy for CO2 is slightly higher on Cu–hbtc compared to that of Cu–abtc, 

indicating a greater affinity of the NH–NH bond for the adsorbates. With an increase in loading, 

the adsorption enthalpy increases slightly for CO2, possibly due to increased lateral interactions. 

However, in N2, adsorption enthalpy on Cu–hbtc is only marginally lower than that on Cu–abtc. 

As a result of this behavior, the selectivity of CO2 over N2 will be significantly higher for Cu–

hbtc compared to that on Cu–abtc. 
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Figure 5.23: Variation of adsorption enthalpy of CO2 (●) and N2 (▲) with loading for Cu–abtc 

(open symbol) and Cu–hbtc (closed symbol). 

The adsorption enthalpy for CO2 on Cu–hbtc varies between 25.1 and 31.2 kJ mol-1 (shown in 

Figure 5.23). This value is lower than that on MOFs like MIL–53 [16], MIL–100[26] and MIL–

101 [26], and Cu–BTC [22]. On the other hand, the adsorption enthalpy for CH4 on Cu–hbtc is 

18.4 kJ mol-1 (shown in Figure 5.24). It is comparable to that on MOFs such as Zn–DABCO 

[48], MIL–53 [16], MIL–100 [26] and slightly higher than that on a large pore MOF like 

IRMOF–3 [17]. 
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Figure 5.24: Adsorption enthalpy at zero coverage for N2, O2, CH4, C2H6, and C3H8 on Cu–abtc 

(hatch pattern) and Cu–hbtc (solid fill).   

For the gases like O2, CH4, C2H6, and C3H8, the enthalpy of adsorption on Cu–hbtc is slightly 

higher than that on Cu–abtc. However, in the case of N2, the enthalpy of adsorption for Cu–abtc 

is somewhat more compared to Cu–hbtc (shown in Figure 5.24). 

5.7 Prediction of Binary Selectivity using IAST 

To understand the affinity of HN–NH over N=N in the framework on the binary selectivity for 

gas mixture, selectivities of various binary mixtures are calculated using IAST. At 294 K, the 

variation in CO2 selectivity over N2 with pressure for 20% CO2 in the binary mixture is shown in 

Figure 5.25. The CO2 selectivity over N2 is significantly higher on Cu–hbtc than on Cu–abtc.  
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Figure 5.25: Variation of CO2 selectivity over N2 for Cu–abtc (open symbol) and Cu–hbtc 

(closed symbol). CO2 mole fraction in all binary mixtures is 20%; lines are drawn as a guide to 

the eyes. 

 

Figure 5.26: Effect of temperature on CO2 selectivity (for 20% molar composition of CO2) over 

N2 for Cu–abtc (open symbol) and Cu–hbtc (closed symbol), at 1 bar; lines are drawn as a guide 

to the eyes. 
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Figure 5.27: Effect of temperature on CO2 selectivity (for 20% molar composition of CO2) over 

CO (green) and CH4 (yellow) for Cu–abtc (open symbol) and Cu–hbtc (closed symbol) at 1 bar; 

lines are drawn as a guide to the eyes. 

In addition, the effect of temperature on selectivity is also studied (shown in figure 5.26 and 

figure 5.27). CO2 selectivity over N2 (Figure 5.26) for a binary gas mixture (20% of CO2 at 1 bar) 

decreases with an increase in temperature. This decrease is attributed to the decline in 

electrostatic forces of CO2 over N2. Similar behavior is also observed for CO2 selectivity over 

CH4 and CO (Figure 5.27). However, CO2 selectivity over CO and CH4 does not change 

appreciably since both gases have polarity; Thus, decrease in selectivity with increasing 

temperature will be smaller for a polar pair than that for a polar–nonpolar pair adsorbates. 

5.8 Summary 

This work demonstrates adsorption characteristics various adsorbents to understand the affinity 

of the HN–NH group presented in Cu–hbtc over N=N in Cu–abtc MOFs. In both compounds, 

significant accessible metal sites are present. Due to the accessible metal sites present in the 

framework, CO loading increases progressively with pressure until gas molecules occupy metal 

TH-3063_136107025



124 
 

sites (up to 2.5 molKg-1 for Cu–hbtc and 2.0 molKg-1 for Cu–abtc). After that, CH4 showed 

preferentially more adsorption capacity due to more polarizability. Type–I isotherm was 

observed for all gases, and a modified Virial model was used for polar gases (CO2, CO), and the 

Langmuir model was used for less–polar gases (O2, N2, CH4, C2H6, C3H8). Fitting parameters 

were utilized to calculate enthalpies of adsorption. An increase in adsorption enthalpy is 

observed with loading, attributed to lateral interactions. The CO2 selectivity over N2 increases 

significantly with an increase in pressure. However, the CO2 selectivity over N2 for compound 

Cu–hbtc is more than compound Cu–abtc due to the strong affinity of functional group and 

framework adsorbate interactions. 
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CHAPTER 6 

Selective Gas Adsorption on HKUST–1 Derivatives: Cu–

BTC Versus Cu–(bromo)BTC Versus Cu–(iodo)BTC 

In this chapter, the adsorption isotherms of CO2, CH4, CO, and N2 on Cu–BTC, Cu– 

(bromo)BTC, and Cu–(iodo)BTC were evaluated at three different temperatures viz. 294, 317, 

and 356 K and a wide range of pressures.  Similar to the previous chapter, the effect of 

functional groups presented in the framework is investigated on the adsorption characteristics of 

HKUST-1 derivatives. This work explains the affinity of functional groups, changes in pore 

structure, and adsorption selectivity by inserting halogen functional groups into the frameworks. 

6.1 Background 

The concept of reticular synthesis, which permits families of isostructural crystals to be produced 

by altering ligand length and functionality, is one of the most intriguing aspects of MOFs [1, 2]. 

Some of the widely studied isostructural families are IRMOFs [3], UIO–66 [4–6], and MIL–53 

[7, 10], etc. However, little work has been done to modify the H3BTC organic ligand for 

functionalizing Cu–BTC to optimize its properties for gases adsorption [11–13], separation [8, 9, 

14, 15], drug delivery [17], ion exchanging [20], catalysis [21] and micro sensing [16, 22]. 

Cu–BTC is a well-studied material made up of Cu2+ metal clusters linked to a 1,3,5–

benzenetricarboxylate (H3BTC) organic linker, resulting in a three-dimensional structure with 

open metal sites. The resultant structure features big cavities with octahedral cages with a pore 
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diameter of 9 Å. Several studies revealed that Cu–BTC having good thermal stability does not 

suffer crystal structure damage during the adsorption and desorption cycles.  

The adsorption equilibria of several gases on Cu–BTC frameworks up to saturation pressures 

showed heterogeneity in structure due to the presence of open metal sites in prior studies [18, 

19]. In this chapter, we showed the effect of functionalization by comparing the gas adsorption 

properties of Cu–BTC versus Cu–(bromo)BTC versus Cu–(iodo)BTC over a wide range of 

temperatures and pressure. We have chosen four industrially important gases for comparative 

study of CO2, CH4, CO, and N2 adsorption on these frameworks, i.e., Cu–BTC, Cu–

(bromo)BTC, and Cu–(iodo)BTC. 

 

Figure 6.1: Organic linkers used to synthesize Cu–BTC, Cu–(bromo)BTC, and Cu–(iodo)BTC. 

 

Figure 6.2: Framework structure of Cu‒BTC (Brown: metal, red: oxygen, black: carbon, white: 

oxygen). Redrawn from CCDC deposition 943008. 
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6.2 Characterization of Frameworks Synthesized 

Cu–BTC, Cu–(bromo)BTC, and Cu–(iodo)BTC frameworks were synthesized by the procedure 

reported in the literature  and already discussed in chapter 4, section 4.2.3‒4.2.5. The synthesized 

samples were analyzed using powder XRD, Thermogravimetric, and BET Surface area analysis. 

6.2.1 Powder X-Ray Diffraction (PXRD) 

The PXRD patterns for the synthesized MOFs are shown in Figure 6.3. Cu–BTC, Cu–

(bromo)BTC, and Cu–(iodo)BTC frameworks have nearly identical XRD patterns, indicating 

that all three compounds are iso-structural. 

 

Figure 6.3: Powder X-ray diffractogram of Cu–BTC (blue), Cu–(bromo)BTC (red), and Cu–

(iodo)BTC (green). 

6.2.2 Thermogravimetric Analysis (TGA) 

TGA patterns for all the materials are depicted in Figure 6.4. All the samples possessed high 

thermal stability. The first weight loss step is observed at around 400 K corresponds to the loss 

of moisture and other volatile solvents. However, for Cu–BTC, minimal weight loss is observed 
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compared to Cu–(bromo)BTC and Cu–(iodo)BTC (The moisture and volatile solvent content in 

the materials are widely different). The weight loss between the temperature range of 400 to 580 

K is quite steady for all the samples. The second weight loss in the range of 580–635 K is 

happened due to the decomposition of the tricarboxylates linker in the MOF. The activation 

temperature for all the samples are fixed at 444 K based on thermogravimetric profiles. 

 

Figure 6.4: TGA analysis of compound Cu–BTC (blue), Cu–(bromo)BTC (red), and Cu–

(iodo)BTC (green) at a heating rate of 5 K min-1 under the flow of Argon. 

6.2.3 Surface Area and Pore Volume Analysis 

N2 adsorption isotherms of the samples at 77 K are shown in Figure 6.5. Samples were activated 

prior to isotherm measurement at 444 K under vacuum. The N2 loading per unit gram for the 

synthesized MOFs is followed as Cu–BTC >Cu–(bromo)BTC>Cu–(iodo)BTC. The resultant 

surface area and pore volume are given in Table 1. 
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Figure 6.5: N2 adsorption (closed symbol)  and desorption (open symbol) of Cu–BTC (blue), 

Cu–(bromo)BTC (red), and Cu–(iodo)BTC (green) at 77 K. 

Table 6.1: BET surface area and pore volume of Cu–BTC, Cu–(bromo)BTC, and Cu–

(iodo)BTC. 

MOF  Surface area  Pore volume 

  m2g-1  cm3g-1 

Cu–BTC  1663  0.75 

Cu–(bromo)BTC  1558  0.89 

Cu–(iodo)BTC  1307  1.01 

 

6.3 Adsorption Isotherms 

The adsorption isotherms of Cu–BTC, Cu–(bromo)BTC, and Cu–(iodo)BTC were evaluated 

gravimetrically on four industrially important gases CO2, CH4, CO, and N2 at temperatures of 

294, 317, 356 K. The isotherm are typically followed Type–I. 
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6.3.1 CO2 Isotherms 

Amongst all the studied gases, the adsorption capacity of CO2 is found highest (shown in Figure 

6.6). The adsorption capacities for CO2 on Cu‒BTC, Cu‒(bromo)BTC and Cu‒ (iodo)BTC are 

found to be 5.2, 4.15 and 4.88 mol kg-1 respectively at 1 bar and 294 K. However, CO2 uptakes 

are lower than Co‒DOBDC (6.7 mol kg-1) [23], Ni‒DOBDC (6.9 mol kg-1) [24] and 

Mg/DOBDC (7.57 mol kg-1) [8] and significantly higher than MOF‒5 (1.0 mol kg-1) [25], Zn‒

DABCO (2.0 mol kg-1) [25], Ni‒DABCO (2.0 mol kg-1) [26], MIL‒53 (Al) (2.3 mol kg-1) [16], 

MIL‒47 (2.5 mol kg-1) [16] and MIL‒101 (2.8 mol kg-1) [27]. CO2 with higher polarity and 

polarizability is primarily responsible for these maximum absorption capacities. 
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Figure 6.6: CO2 isotherms of Cu–BTC, Cu–(bromo)BTC, and Cu–(iodo)BTC MOFs. Symbols 

are experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 6.2. 

6.3.2 N2 Isotherms 

The adsorption capacities of N2 on Cu‒BTC, Cu‒(bromo)BTC, and Cu‒(iodo)BTC are found to 

be 0.18, 0.30, and 0.25 mol kg-1 respectively at 1 bar and 294 K (shown in Figure 6.7). N2 is 

relatively non–polar with a low quadrupole moment attributed to lower adsorption capacities 

than other studied gases. However, these uptake capacities are lower than Mg‒DOBDC (1.1 mol 

kg-1) [9] and Ni‒DOBDC (1.02 mol kg-1) [24], Zeolite 13X (0.8 mol kg-1) [28] and comparable 

to MIL‒53 (Al) (0.20 mol kg-1) [29]. 
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Figure 6.7: N2 isotherms of Cu–BTC, Cu–(bromo)BTC, and Cu–(iodo)BTC  MOFs. Symbols 

are experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 6.3. 

6.3.3 CO Isotherms 

The CO loading at 1 bar and 294 K (shown in Figure 6.8) is 1.43, 1.09, and 1.77 mol kg-1 for 

Cu‒BTC, Cu‒ (bromo)BTC, and Cu‒(iodo)BTC respectively. These CO uptakes are quite less 

compared to Ni–DOBDC (5.9 mol kg-1) [30] and much higher than MIL–53(Al) (0.3 mol kg-1) 

[29] and silicalite (0.27 mol kg-1) [31], IRMOF–1 (0.58 mol kg-1) [32], and IRMOF–3 (0.6 mol 

kg-1) [32]. 
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Figure 6.8: CO isotherms of Cu–BTC, Cu–(bromo)BTC, and Cu–(iodo)BTC MOFs. Symbols 

are experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 6.4. 

6.3.4 CH4 Isotherms 

The adsorption isotherms of CH4 on Cu–BTC, Cu–(bromo)BTC and Cu–(iodo)BTC are 9.5, 7.0 

and 6.8 mol kg-1 respectively at 294 K, 35 bar and shown in Figure 6.9. However, these values 

are lower compared to NOTT–109 (11.16 mol kg-1) [33] and NOTT–101 (12.77 mol kg-1) [33]. 

Although these values are comparable to Co–DOBDC (8.4 mol kg-1) [34], Ni–DOBDC (8.6 mol 

kg-1) [34], MIL–53 (Al) (8.4 mol kg-1) [29] and higher than Zeolite 13X (3.3 mol kg-1)[35]. 
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Figure 6.9: CH4 isotherms of Cu–BTC, Cu–(bromo)BTC, and Cu–(iodo)BTC MOFs. Symbols 

are experimental data at 294 K (●), 317 K (■), and 356 K (▲); lines are fits obtained using 

Langmuir isotherm parameters from Table 6.5. 

6.4 Isotherm Modeling 

The accuracy of the models is mostly determined by the independent variables in the equation, 

Langmuir equation is fitted for all experimental data which basically used for homogeneous 

surfaces. In this case, the Langmuir model is well-fitting statistically, indicating that all sites are 

similarly energetic with no lateral interaction. Langmuir equation is 
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𝑁 =
𝑁𝑚𝑎𝑥𝛽𝑓

1 + 𝛽𝑓
 

6.1 

Where N (mol kg-1) is the amount adsorbed, f (bar) is the fugacity, Nmax (mol kg-1) is the 

saturation capacity, β (mol kg-1 bar-1) is Henry's constant. Saturation capacity is considered to be 

independent of temperature, and Henry's constant is expressed by 

𝛽 = 𝛽(0)exp⁡(𝛽(1) 𝑇⁄ ) 6.2 

Where T is temperature in K. The two parameters β(0) and β(1) are related to entropy and enthalpy 

of adsorption at zero loading, respectively. 

Table 6.2: Fit parameters of Langmuir isotherm of CO2. 

Parameters Cu–BTC Cu–(bromo)BTC Cu–(iodo)BTC 

Nmax, mol kg-1 16.4258 11.1506 13.6459 

β(0), bar-1 2.2E-05 6.4E-05 4.8E-05 

β(1) , bar-1 2990.148 2668.639 2777.421 

 

Table 6.3: Fit parameters of Langmuir isotherm of N2. 

Parameters Cu–BTC Cu–(bromo)BTC Cu–(iodo)BTC 

Nmax, mol kg-1 3.2218 9.8299 5.3898 

β(0), bar-1 8.0E-04 1.2E-03 2.0E-04 

β(1) , bar-1 1196.343 885.0715 1586.416 

 

TH-3063_136107025



144 
 

Table 6.4: Fit parameters of Langmuir isotherm of CO. 

Parameters Cu–BTC Cu–(bromo)BTC Cu–(iodo)BTC 

Nmax, mol kg-1 10.3081 7.16 7.6894 

β(0) , bar-1 3.11E-05 3.0E-05 9.35E-05 

β(1) , bar-1 2455.943 1751.174 2876.562 

 

Table 6.5: Fit parameters of Langmuir isotherm of CH4. 

Parameters Cu–BTC Cu–(bromo)BTC Cu–(iodo)BTC 

Nmax, mol kg-1 12.471 9.5038 9.7411 

β(0), bar-1 4.66E-05 5.0E-04 1.0E-04 

β(1) , bar-1 2262.666 1516.304 1924.127 

 

6.5 Effect of the functionality on the framework 

To understand the exact effect of functionalization in the frameworks, formula weight is 

eliminated; the adsorption capacities are converted from mol kg-1 to molecules unitcell-1. 

Interestingly, for CO2, CO and CH4, the trend of adsorption capacities is followed in decreasing 

order Cu‒(iodo)BTC>Cu‒BTC>Cu‒(bromo)BTC. For N2, the trend is followed as Cu‒

(bromo)BTC>Cu‒(iodo)BTC>Cu‒BTC. In case of CO2, CO, and CH4 the adsorption, 

polarizability of functional groups drives the adsorption capacity. In case of for N2, the surface 

area and pore size of structure are the responsible for possible adsorption. 
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Figure 6.10: Adsorption Isotherms of (a) CO2, (b) CO, (c) CH4, and (d) N2 on Cu‒BTC (▲), 

Cu‒(bromo)BTC (●), and Cu‒(iodo)BTC (■) at 294 K; adsorption capacities compared in 

molecules/unit cell. 

6.6 Effect of physical properties of gases 

The adsorption isotherms of Cu‒(bromo)BTC evaluated on CO2, CO, CH4, and N2 at 294 K are 

shown in Figure 6.11. Due to the presence of open metal sites [19] in frameworks, electrostatic–

dispersion interactions are observed. The adsorption capacity for CO2 is higher than other studied 

gases due to more polarity and polarizability and for is lowest for N2 due to low polarity and 

polarizability. However, in case of CO which having dipole moment is more adsorbed at lower 
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pressures than CH4 due to electrostatic interactions. After CO has occupied open metal site, 

dispersion interaction takes over, and CH4 has a higher adsorption capacity than CO due to its 

higher polarizability. Similar kind of interactions were observed for Cu‒BTC and Cu‒(iodo)BTC 

(shown in Figure 6.12). 

 

Figure 6.11: Due to the presence of open metal sites in framework, CH4 isotherm overtake over 

CO; CO2 (■), CH4 (▲), CO (●), and N2 (♦) at 294 K for Cu‒(bromo)BTC; adsorption capacities 

compared in molecules/unit cell. 
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Figure 6.12: Due to the presence of open metal sites in the framework, CH4 isotherm overtake 

over CO; CO2 (■), CH4 (▲), CO (●), and N2 (♦) at 294 K for (a) Cu‒BTC and (b) Cu‒

(iodo)BTC; adsorption capacities compared in molecules/unit cell. 

6.7 Henry's Constants and Adsorption Enthalpy 

The enthalpies of adsorption were calculated from the fit parameters using the Langmuir 

equation 

𝛥ℎ𝑎𝑑𝑠 = −𝑅
𝜕(ln 𝑓)

𝜕(1 𝑇⁄ )
|
𝑁

= −𝑅𝛽 
6.3 

Where R is the gas constant in kJ mol-1K-1. 

 

Figure 6.13: Variation of adsorption enthalpy at zero coverage on Cu‒BTC versus Cu‒ 

(bromo)BTC versus Cu‒(iodo)BTC. 

From the enthalpy of adsorption data for CO2, CO, CH4, and N2, it is possible to evaluate the Cu‒

BTC derivatives for adsorbent regeneration and gas separation application. The enthalpy of 

adsorption for CO2 and CH4 is shown highest for Cu‒BTC (24.9 and 18.8 kJ/mol respectively) 
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followed by Cu‒(iodo)BTC (23.1 and 16.0 kJ/mol) and Cu‒(bromo)BTC (22.2 and 12.6 kJ/mol) 

respectively. Interestingly for CO and N2, Cu–(iodo)BTC (23.9 and 13.2 kJ/mol) is shown the 

highest, followed by Cu–BTC (20.4 and 9.9 kJ/mol) and Cu‒(bromo)BTC (14.6 and 7.4 kJ/mol) 

respectively. Thus, in both cases, the enthalpy of adsorption is governed by the polarizability of 

bigger functional groups, whereas electrostatic interactions play an important role in CO 

adsorption. However, for N2 lowest enthalpy observed due to low polarity and polarizability. 

Enthalpy differences are observed between CO2 and N2, i.e. (H(CO2)‒H(N2)) ~ ‒9.9 kJ/mol 

for Cu‒(iodo)BTC and approximately equal for Cu‒(bromo)BTC and Cu‒(iodo)BTC ~ ‒15.0 

kJ/mol. These data are indicator for Cu‒BTC and Cu‒(bromo)BTC which are more selective for 

CO2 over N2 than Cu‒(iodo)BTC. 

6.8 Prediction of Binary Selectivity using IAST 

Selectivities of various binary mixes are determined using IAST to understand the affinity of 

functional groups offered in the framework on the binary selectivity for gas mixture. At 294 K, 

the variation in CO2 selectivity over N2 with respect to the mole fraction of CO2 is shown in 

Figure 6.14. At a lower mole fraction of CO2, the selectivity of CO2 is high for Cu‒BTC over 

Cu‒(bromo)BTC and Cu‒(iodo)BTC. As mole fraction of CO2 increases, the selectivity 

decreases. At CO2 mole fraction of 0.2 (i.e., 20% of CO2 in binary mixture of CO2/N2), the 

selectivity of CO2 over N2 is approximately 6 times more for Cu‒BTC over Cu‒(bromo)BTC 

and 3 times more over Cu‒(iodo)BTC. Thus, Cu‒BTC is more selective for CO2 in CO2/N2 

binary mixture. 
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Figure 6.14: Variation of CO2 selectivity over N2 for Cu‒BTC (▲), Cu‒(bromo)BTC (●), and 

Cu‒(iodo)BTC (■). CO2 at 294 K and 1 bar; lines are drawn as a guide to the eyes. 

At 294 K and 1 bar, the variation in CO2 selectivity over CH4 is shown in Figure 6.15. The 

selectivity of CO2 over CH4 is significantly more for Cu‒(iodo)BTC over Cu‒BTC and Cu‒

(bromo)BTC and no selectivity is observed in between Cu‒BTC and Cu‒(bromo)BTC. 

 

Figure 6.15: Variation of CO2 selectivity over CH4 for Cu‒(iodo)BTC (■) over Cu‒BTC (▲) 

and Cu‒(bromo)BTC (●). CO2 at 294 K and 1 bar; lines are drawn as a guide to the eyes. 
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6.9 Summary 

This work is evaluated about adsorption of CO2, CO, CH4 and N2 carried out over a wide range 

of pressures and three different temperatures on Cu‒BTC, Cu‒(bromo)BTC, and Cu‒(iodo)BTC. 

For all gases Type–I isotherm is observed. The adsorption capacity of CO2 is high  due to more 

polarity and polarizability followed by CH4, CO, and N2. However, at lower pressure range, CO 

having more adsorption capacity than CH4 due to electrostatic interaction of CO with open metal 

sites presented in frameworks. After CO molecules occupy an open metal site, dispersion 

processes take over, and CH4 exhibits stronger adsorption due to its higher polarizability. In 

addition, the enthalpy of adsorption for CO2 and CH4 is shown highest for Cu‒BTC followed by 

Cu‒(iodo)BTC and Cu‒(bromo)BTC respectively. However, for CO and N2, the enthalpy of 

adsorption is observed for Cu‒(iodo)BTC followed by Cu‒BTC and Cu‒(bromo)BTC 

respectively. Therefore, in both the cases enthalpy of adsorption is governed by polarizability of 

bigger functional groups, whereas electrostatic interactions plays an important role in CO. 

Selectivities of various binary mixtures are calculated using IAST. At 294 K and 1 bar, for Cu–

BTC, CO2 selectivity over N2 significantly higher than Cu‒(bromo)BTC and Cu‒(iodo)BTC and 

such selectivity decreases with increase in CO2 mole fraction. 
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CHAPTER 7 

A Comparative Study of Effect of Functionality on CO2, 

CH4, CO, and N2 Adsorption in UiO–66 Derivatives 

In this chapter, the adsorption characteristics of CO2, CH4, CO, and N2 are measured on UiO–66 

MOF derivatives. To know the affinity of various functional groups on gas adsorption, numerous 

functional groups from simple to complex such as –H, –NH2, –NO2, –COOH, and –(COOH)2  are 

introduced. This work focuses on a comparative study of the effect of functional groups in the 

framework over unfunctionalized UiO–66 MOF. In addition, the role of functional groups over 

selectivity also can be understood by this work. 

7.1 Background 

Adsorption and separation of gases play an important role in industrial applications such as 

carbon capture from flue gas, natural gas sweetening, and CO2 separation from CO [1]. Several 

important factors are considered while choosing an adsorbent for adsorption and separation 

processes. The adsorbent must possess high uptake capacity, stability, easily generable, stable in 

the presence of process conditions and high selectivity [2]. However, there are still a number of 

issues with MOFs in terms of stability. One MOF that has been successfully synthesized with 

many organic linkers with different functional groups and exhibited exceptional properties such 

as thermally stable, moisture stable, low cost, and good adsorption properties (UiO–66 (UiO = 

University of Oslo) [3]. Significant research work is reported in the literature on UiO–66, UiO–

66–NH2, UiO–66–NO2, UiO–66–COOH, and UiO–66–(COOH)2 [4–8, 11–16, 19]. 
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The family of UiO–66 MOF is comprised of Twelve BDC linkers coordinated with metal atoms 

of the Zr6O4(OH)4 cluster with one of their carboxylate groups. The resultant structure exhibited 

good porosity with octahedral and tetrahedral cages with a pore opening of 9 Å and 7 Å. Similar 

isostructural MOFs with the same metal atoms with varying functional groups in organic linker 

is studied as IRMOF [20, 21] (IRMOF = isoreticular MOF) and DMOF [22–24] (DMOF = 

DABCO MOF). A significant change was observed in the adsorption capacities of these MOFs 

by introducing polar functional groups such as amino, nitro, alkoxy, and nitro functional groups 

[20] and other non-polar naphthyl functional groups [25, 26]. 

The objective of this work is study the effect of functionality by comparing the gas adsorption 

properties in UiO–66, UiO–66–NH2, UiO–66–NO2, UiO–66–COOH, and UiO–66–(COOH)2 

over a wide range of temperature and pressure. Four industrially important gases with a wide 

range of polarity and polarizability such as CO2, CO, CH4, and N2 have chosen for comparative 

gas adsorption study on these frameworks. In addition, the enthalpy of adsorption is also 

calculated for each material respect to adsorbate. Finally, IAST is performed to find the potential 

separation of CO2/N2, CO2/CH4, and CO2/CO mixture for targeted applications including carbon 

capture, natural gas sweetening, steam reforming, coal gasification, and partial oxidation of 

hydrocarbons, etc. 

 

Figure 7.1: Organic linkers used for synthesizing UiO–66 derivatives. 
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Figure 7.2: Crystal structure of UiO–66 MOF (Twelve BDC linkers coordinate to the metal 

atoms of the cluster with one of their carboxylate groups). 

7.2 Characterization of Frameworks Synthesized 

UiO–66 derivatives were synthesized as per the procedure reported in the literature in chapter 4, 

section 4.2.6–4.2.10. The synthesized samples were characterized using various techniques such 

as thermogravimetric, powder XRD, and BET surface area analysis. 

7.2.1 Powder X-Ray Diffraction (PXRD) 

The powder XRD patterns for UiO–66, UiO–66–NO2, UiO–66–NH2, UiO–66–COOH, and UiO–

66–(COOH)2 are shown in Figure 7.3. The XRD peaks are almost identical, indicating that all 

the compounds are isostructural in nature. 
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Figure 7.3: Powder X-ray diffractogram of UiO–66 (red), UiO–66–NO2 (brown), UiO–66–NH2 

(blue), UiO–66–COOH (yellow) and UiO–66–COOH)2 (green). 

7.2.2 Thermogravimetric Analysis (TGA) 

Thermograms of UiO–66, UiO–66–NO2, UiO–66–NH2, UiO–66–COOH, and UiO–66–(COOH)2 

are shown in Figure 7.4. The temperature was ramped from 300 to 1100 K with a heating rate of 

5 K min-1, and the measurements were performed under argon atmosphere. The initial weight 

loss step is observed at 363 K corresponds to the removal of solvent (methanol) and moisture for 

UiO–66 and UiO‒66–COOH MOFs. The final weight loss step is occurred at 800 K due to total 

decomposition and subsequent collapse of the framework. In case of UiO–66–NH2, UiO–66–

NO2, and UiO–66–(COOH)2, total three weight loss steps are seen in Figure 7.4. The first weight 

loss step up to 363 K is relatively rapid, and corresponds to the removal solvent (methanol) and 

moisture. The second weight loss is due to detachment of bonded DMF molecules. The third and 

final weight loss step is observed due to the decomposition and collapse of the framework at 750 

K. 
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Figure 7.4: TGA analysis of UiO‒66 (red), UiO‒66‒NO2 (brown), UiO‒66‒NH2 (blue), UiO‒

66‒COOH (yellow), and UiO‒66‒(COOH)2 (green). 

7.2.3 Surface Area and Pore Volume Analysis 

N2 adsorption isotherms of the all samples at 77 K are shown in Figure 7.5. Samples were 

activated prior to isotherm measurement at 423 K under vacuum. The N2 loading per unit gram is 

followed as UiO‒66>UiO‒66‒NH2>UiO‒66‒COOH>UiO‒66‒NO2>UiO‒66‒(COOH)2. The 

surface area and pore volume calculated from these isotherms are given in Table 7.1. 
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Figure 7.5: N2 adsorption isotherms at 77 K on UiO‒66 (○), UiO‒66‒NH2 (□), UiO‒66‒NO2 

(×), UiO‒66‒COOH (◊), and UiO‒66‒(COOH)2 (Δ). 

Table 7.1: BET surface area and pore volume of UiO–66 derivatives used in this chapter. 

MOF  Surface area  Pore volume 

  m2g-1  cm3g-1 

UiO–66  1460  0.79 

UiO–66–NH2  1192  0.68 

UiO–66–NO2  706  0.47 

UiO–66–COOH  654  0.53 

UiO–66–(COOH)2  547  0.28 

 

7.3 Adsorption Isotherms 

Adsorption isotherms of CO2, CH4, CO, and N2 were measured on UiO–66, UiO–66–NH2, UiO–

66–NO2, UiO–66–COOH, and UiO–66–(COOH)2 MOFs. The isotherms were modeled to get 

insights into adsorption. For all measured gases, the Virial domain [ln(f/N)  vs.  N] Plot is used 

to analyze the experimental data.  

7.3.1 CO2 Isotherms 

Adsorption isotherms of CO2 on all samples at 294, 317, and 356 K are shown in Figure 7.6. All 

isotherms exhibits Type–I isotherm; it means UiO–66 MOF derivatives are microporous in 

nature. Among the studied temperatures, the highest uptake capacity is observed at 294 K 

followed by 317 K and 356 K. At 294 K and 1 bar pressure, CO2 uptakes for UiO–66–(COOH)2, 

UiO–66–COOH, UiO–66–NH2, UiO–66, and UiO–66–NO2 are 1.91 mol kg-1, 1.90 mol kg-1, 
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1.83 mol kg-1, 1.42 mol kg-1 and 1.14 mol kg-1 respectively. These values are comparable to Zn–

DABCO (2.0 mol kg-1) [30], Ni–DABCO (2.0 mol kg-1) [30] and higher than MOF–5 (1.0 mol 

kg-1) [21]. However, these uptakes are lower than compare of Zn–DOBDC (4.6 mol kg-1) [21], 

Cu–BTC (5.8 mol kg-1) [31], Co–DOBDC (6.7 mol kg-1) [32], Ni–DOBDC (6.9 mol kg-1) [33] 

and Mg–DOBDC (7.57 mol kg-1) [9]. 
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Figure 7.6: CO2 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒66‒COOH, and UiO‒

66‒(COOH)2 MOFs. Symbols are experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Virial isotherm parameters from Table 7.2. 
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Figure 7.7: CO2 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒66‒COOH, and UiO‒

66‒(COOH)2 MOFs in the Virial domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using the Virial isotherm parameters from Table 7.2. 

7.3.2 CH4 Isotherms 

The adsorption isotherms of CH4 on UiO‒66 derivatives MOFs at three different temperatures 

are shown in Figure 7.8. In contrast to CO2, CH4 loading on UiO‒66 MOFs are comparable to 

that on Cu–abtc/Cu–hbtc MOFs (studied in the chapter 5) over the entire range of pressure and 

temperature. The adsorption capacities for UiO‒66, UiO‒66‒NH2, UiO‒66‒COOH, UiO‒66‒ 

(COOH)2, and UiO‒66‒NO2 were 5.0 mol kg-1, 4.3 mol kg-1, 3.4 mol kg-1, 3.0 mol kg-1 and 2.8 

mol kg-1 respectively at 294 K temperature and 35 bar pressure. All these uptakes are 

significantly lower than Cu‒BTC (11.38 mol kg-1) [34], NOTT‒109 (11.16 mol kg-1) [35], Co‒

DOBDC (8.4 mol kg-1) [34], Ni‒DOBDC (8.6 mol kg-1) [34], MIL‒53 (Al) (8.4 mol kg-1) [36], 

Mg‒DOBDC (9.82 mol kg-1) [34]. However, CH4 adsorption capacities of UiO‒66‒COOH, 

UiO‒66‒ (COOH)2, UiO‒66‒NO2 can be comparable to Zeolite 13X (3.3 mol kg-1)[37]. 
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Figure 7.8: CH4 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒66‒COOH, and UiO‒

66‒(COOH)2 MOFs. Symbols are experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Virial isotherm parameters from Table 7.3. 
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Figure 7.9: CH4 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒66‒COOH, and UiO‒

66‒(COOH)2 MOFs in the Virial domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Virial isotherm parameters from Table 7.3. 
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7.3.3 CO and N2 Isotherms 

CO isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒66‒COOH, and UiO‒66‒(COOH)2 

MOFs are shown in Figure 7.10. For CO, at 294 K and 1 bar, uptake is varies in between 0.15 

mol kg-1 to 0.2 mol kg-1. However these uptakes are significantly lower than Cu‒BTC (1.4 mol 

kg-1) [31], IRMOF‒1 (0.58 mol kg-1) [38] and IRMOF‒3 (0.6 mol kg-1) [38] and Zeolite 13X 

(1.17 mol kg-1) [39]. Similarly for N2, shown in Figure 7.12, at 294 K and 1 bar, uptake is varied 

in between 0.1 mol kg-1 and 0.15 mol kg-1. These adsorption capacities are significantly lower 

than Mg‒DOBDC (1.1 mol kg-1) [10] and Ni‒DOBDC (1.02 mol kg-1) [33], Zeolite 13X (0.8 

mol kg-1) [40] and approximately comparable to MIL‒53 (Al) (0.20 mol kg-1) [36]. 
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Figure 7.10: CO isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒66‒COOH, and UiO‒

66‒(COOH)2 MOFs. Symbols are experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Virial isotherm parameters from Table 7.4. 
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Figure 7.11: CO isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒66‒COOH, and UiO‒

66‒(COOH)2 MOFs in the Virial domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Virial isotherm parameters from Table 7.4. 
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Figure 7.12: N2 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒66‒COOH, and UiO‒

66‒(COOH)2 MOFs. Symbols are experimental data at 294 K (●), 317 K (■), and 356 K (▲); 

lines are fits obtained using Virial isotherm parameters from Table 7.5. 
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Figure 7.13: N2 isotherms of UiO‒66, UiO‒66‒NH2, UiO‒66‒NO2, UiO‒66‒COOH, and UiO‒

66‒(COOH)2 MOFs in the Virial domain. Symbols are experimental data at 294 K (●), 317 K 

(■), and 356 K (▲); lines are fits obtained using Virial isotherm parameters from Table 7.5. 

7.4 Isotherm Modeling 

The adsorption isotherms for all measured gases CO2, CH4, CO, and N2, the Virial model [41] 

was used up to two virial coefficients to fit the experimental data. 

 
ln (

𝑓

𝑁
) = 𝑏𝑁 + 𝑐𝑁2 − ln⁡(𝛽)⁡ 

7.1 

Where N (mol kg-1) is the amount adsorbed, f (bar) is the fugacity, β (mol kg-1 bar-1) is 

temperature dependency of Henry’s constant, and b, c are virial parameters 

𝑏 = 𝑏(0) +
𝑏(1)

𝑇
 

7.2 

𝑐 = 𝑐(0) +
𝑐(1)

𝑇
 

7.3 
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 𝛽 = 𝛽(0)exp⁡(𝛽(1) 𝑇⁄ ) 7.4 

Where β(0) and β(1) are related to entropy and enthalpy of adsorption at zero loading, respectively, 

and T is the temperature in K. 

Table 7.2: Fit parameters of Virial isotherm of CO2. 

Parameters UiO-66 UiO-66-

NH2 

UiO-66-

NO2 

UiO-66-

COOH 

UiO-66-

(COOH)2 

β(0)×104, mol kg-1bar-1 7.97 4.78 8.83 8.37 8.88 

β(1), K -2676.71 -1568.37 -2902.83 667.052 -3060.77 

b(0), mol-1 kg 0.3021 1.45 0.9142 0.5762 0.5274 

b(1), mol-1 kg K 9.3235 -368.52 -11.7824 45.3355 -18.75 

c(0), mol-2 kg2 -0.0563 -0.1687 -0.292 0.0462 -0.08 

c(1), mol-2 kg2 K 12.9484 47.6007 73.67 13.4031 27.95 

 

Table 7.3: Fit parameters of Virial isotherm of CH4. 

Parameters UiO-66 UiO-66-

NH2 

UiO-66-

NO2 

UiO-66-

COOH 

UiO-66-

(COOH)2 

β(0)×104, mol kg-1bar-1 4.15 5.62 6.20 3.04 6.55 

β(1), K -951.746 -1472.9 -1532.07 -663.555 -1752.97 

b(0), mol-1 kg 1.4822 1.74 1.8212 -1.1547 1.8534 

b(1), mol-1 kg K -377.853 -416.308 -360.198 376.017 -421.836 

c(0), mol-2 kg2 -0.1548 -0.2725 -0.5478 0.647 -0.3021 

c(1), mol-2 kg2 K 47.0063 81.6541 155.4473 -160.596 109.662 
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Table 7.4: Fit parameters of Virial isotherm of CO. 

Parameters UiO-66 UiO-66-

NH2 

UiO-66-

NO2 

UiO-66-

COOH 

UiO-66-

(COOH)2 

β(0)×104, mol kg-1bar-1 5.12 5.89 5.83 3.61 6.85 

β(1), K -988.74 -1282.0 -1174.02 -598.644 -1556.53 

b(0), mol-1 kg 3.1665 2.7322 3.5667 0.342 2.3546 

b(1), mol-1 kg K -869.18 -704.103 -885.42 -173.55 -574.5 

c(0), mol-2 kg2 -1.0641 -0.9239 -1.7493 0.8933 -0.8034 

c(1), mol-2 kg2 K 318.5448 273.1076 518.657 -236.775 260.8166 

 

Table 7.5: Fit parameters of Virial isotherm of N2. 

Parameters UiO-66 UiO-66-

NH2 

UiO-66-

NO2 

UiO-66-

COOH 

UiO-66-

(COOH)2 

β(0)×104, mol kg-1bar-1 4.55   6.08 5.67 3.51 6.80 

β(1), K -738.95 -1246.67 -1011.33 -487.299 -1438.55 

b(0), mol-1 kg 3.2574 2.2531 4.1455 2.4676 2.5209 

b(1), mol-1 kg K -884.796 -548.067 -1062.44 -586.083 -626.796 

c(0), mol-2 kg2 -0.8206 -0.5914 -1.9459 0-0.3797 -0.6547 

c(1), mol-2 kg2 K 246.115 174.8051 585.4791 117.6848 220.4058 
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7.5 The effect of organic linker functionality 

The adsorption characteristics of CO2, CH4, CO, and N2 are measured on UiO–66, UiO–66–NH2, 

UiO–66–NO2, UiO–66–COOH, and UiO–66–(COOH)2. For all studied gases, Type–I isotherm 

is observed. The adsorption capacity is enhanced due to introduction of polar and complex 

functional groups such as –H, –NH2, –NO2, –COOH, and –(COOH)2. These groups are also 

helped to reduce free volume, which have a negative impact on adsorption. At low pressure 

region, MOF functionality is played a dominant role, whereas at saturation pressure level pore 

volume of the MOF is responsible for more uptake capacity. 

On CO2 adsorption: Since this work focuses on CO2 adsorption, it can be observed two distinct 

effects of pure CO2 adsorption with respect to organic linker functionalization. At the low-

pressure region, the CO2 uptake (shown in Figure 7.14) is improved by the introduction of polar 

functional groups, and such improvement is more pronounced for functional groups with larger 

polarity. This kind of consistent behavior is observed for reported IRMOFs [20, 21]. The main 

reason is that at pressures up to 1 bar (low-pressure region), larger functional group that provides 

optimized pore diameter, therefore CO2 molecules in the pores are tightly attached, attributing to 

the interactions between CO2 molecules and functionalized framework. The CO2 uptake in the 

MOFs at a specific temperature is in the same order as the respective polarity of the functional 

groups. The highest adsorption is found for UiO–66–(COOH)2 and followed by UiO–66–COOH, 

UiO–66–NO2, UiO–66–NH2 and UiO–66 at  three different temperatures viz., 294 K, 317 K, 356 

K, at low pressure region. 
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Figure 7.14: Adsorption isotherms of CO2 at 294 K on UiO–66 (●), UiO–66–NH2 (■), UiO–66–

NO2 (×), UiO–66–COOH (), and UiO–66– (COOH)2 (▲). 

As with substantial increment of pressure up to saturation (30 bar) levels, the advantage of the 

polar functional groups becomes less evident, and the highest uptake capacity was followed with 

respect to the pore volume of the MOF. The highest up take is observed for UiO-66 followed by 

UiO–66–NH2, UiO–66–COOH, UiO–66–NO2 and UiO–66–(COOH)2 at 294 K and 30 bar. 

Similar loading capacities are also observed at temperature of  317 K and 356 K. 

On CH4 adsorption: In CH4 adsorption at 294 K, a low-pressure region (shown in Figure 7.15), 

CH4 adsorption is improved by functionalization. The highest uptake is observed for UiO–66– 

(COOH)2 and followed by UiO–66–NH2, UiO–66–COOH, and UiO–66. This subtle difference is 

mainly driven by the polarity of functional groups presented in the framework. The order of 

uptake at the low-pressure region is approximately equaled to UiO–66–(COOH)2 and UiO–66–

NH2 and then followed by UiO–66–COOH and UiO–66. In contrast to CO2 adsorption, the 

lowest uptake is seen for UiO–66–NO2 in entire region of low pressure, attributes to small pore 
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collapse in framework. However, as pressure is reached to 60 bar, improvement in adsorption is 

observed. At high pressure region, gas uptake capacities are reached to saturation due to pore 

volume of MOF. The order of uptake at 294 K is highest for UiO–66 and followed by UiO–66–

NH2, UiO–66–COOH, UiO–66–NO2, and UiO–66–(COOH)2. 

 

Figure 7.15: Adsorption isotherms of CH4 at 294 K on UiO–66 (●), UiO–66–NH2 (■), UiO–66–

NO2 (×), UiO–66–COOH (), and UiO–66–(COOH)2 (▲). 

On CO and N2 adsorption: In CO and N2 adsorption at 294K are shown (Figure 7.16 and Figure 

7.17 respectively), at the low-pressure region, UiO–66 and UiO–66–NH2 showing approximately 

equal uptake capacities, which have higher uptakes, followed by UiO–66–COOH, UiO–66–

(COOH)2 and UiO–66–NO2. UiO–66–NO2 showing the lowest entire region of adsorption same 

as in CH4 adsorption. As with increase in saturation pressure, the highest uptake is found for 

UiO–66 and followed by UiO–66–NH2, UiO–66–COOH, UiO–66–(COOH)2, and UiO–66–NO2. 

Similar kind of trends are also observed at 317 K and 356 K. At the low-pressure region, polar 

gasses (CO2) and polar functional groups more evident for polar–polar strong interaction.  
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On the other hand, non–polar and polar interactions are weaker in the case of CH4, CO, and N2 

adsorption. 

 

Figure 7.16: Adsorption isotherms of CO at 294 K on UiO–66 (●), UiO–66–NH2 (■), UiO–66–

NO2 (×), UiO–66–COOH (), and UiO–66–(COOH)2 (▲). 

 

Figure 7.17: Adsorption isotherms of N2 at 294 K on UiO–66 (●), UiO–66–NH2 (■), UiO–66–

NO2 (×), UiO–66–COOH (), and UiO–66–(COOH)2 (▲). 
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7.6 Henry’s Constants and Adsorption Enthalpy 

Henry’s constant is a measure of interaction between the adsorbate and the solid surface of the 

adsorbent. Henry’s constant at 294 K for all the studied gases is plotted are shown in Figure 7.18. 

It is observed that at Henry’s region of low pressure for polar gases such as CO2, the values are 

significantly higher than the rest of the studied gases. In case of CO (polar gas in nature), due to 

negligible unsaturated metal sites presence in framework, it is showing less henry’s constant 

value than CH4 which has higher polarizability. In case of CH4, CO and N2, Henrys constant is 

become insensitive. 

 

Figure 7.18: Henry’s constant at 294 K as a function of the polarizability of the adsorbate for the 

UiO–66–(COOH)2 adsorbent. 

The enthalpies of adsorption on UiO–66, UiO–66–NH2, UiO–66–COOH, UiO–66–NO2, and 

UiO–66–(COOH)2 for CO2, CH4, CO, and N2 are calculated using the model fit parameters. 
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Figure 7.19: Variation of enthalpy of adsorption of CO2 on UiO–66 (●), UiO–66–NH2 (■), UiO–

66–COOH (×), UiO–66–NO2 (), and UiO–66– (COOH)2 (▲). 

 

Figure 7.20: Variation of enthalpy of adsorption at zero coverage of N2 on UiO–66 (red), UiO–

66–NH2 (blue), UiO–66–COOH (yellow), UiO–66–NO2 (brown), and UiO–66–(COOH)2 

(green). 
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In case of CO2, the enthalpy of adsorption at zero coverage (shown in Figure 7.19) is varied in 

between 20.0–26.0  kJ mol-1 for UiO–66, UiO–66–NH2, UiO–66–NO2, and UiO–66–(COOH)2 

MOFs. However, it is 5.5 kJ mol-1 for UiO–66–COOH; such low value is mainly governed by 

less isosteric heat of adsorption. The order of enthalpy of adsorption at zero coverage for CO2 is 

followed as UiO–66–(COOH)2>UiO–66–NO2>UiO–66–NH2>UiO–66>UiO–66–COOH and thus, 

attributing to the polarity of functional groups presented in the framework. As CO2 loading 

increases, the effect of functional groups becomes less effective, so enthalpy gradually decreases 

with an increase in CO2 loading. However, in the case of UiO–66–COOH, the enthalpy of 

adsorption gradually increases to a rise in CO2 loading. These calculated enthalpies of adsorption 

at zero loading (-Δhads,0) for CO2 on the studied MOFs (∼4.4–26.0 kJ mol-1) is considerably 

lower than MIL–53 [17], MIL–100[42] and MIL–101 [42], Cu–BTC [31], M/DOBDC[43] and 

slightly higher than to large pore MOF like IRMOF–3 [18]. Here, we can understand the two 

factors by the introduction of more complex functional groups to the linkers: one is as enthalpy 

factor that increases the interactions between the framework and CO2, contributing positively to 

the CO2 uptake, and the other is which reduces the free volume of the material (for N2, hads,0 

shown in Figure 7.20).  

7.7 Prediction of Binary Selectivity using IAST 

To understand the functionalization in the framework on the binary selectivity in the gas mixture, 

selectivities of various binary mixtures are calculated using IAST. At 294 K, the variation in CO2 

selectivity over N2 with pressure for 20% CO2 in the binary mixture is shown in Figure 7.21. The 

CO2 selectivity over N2 gradually increased as sites are progressively filled. However, in the case 

of UiO–66–NO2, it progressively decreases the selectivity. The selectivity of CO2 over N2 

following order is UiO–66–(COOH)2>UiO–66–COOH>UiO–66–NH2>UiO–66> UiO–66–NO2 
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at saturation level reached. In CO2 selectivity over CO (shown in Figure 7.22), UiO–66–

(COOH)2 shows ~2.2 times more selective over unfunctionalized UiO–66. In the case of UiO–

66–COOH and UiO–66–NH2 is ~2 fold more selective over UiO–66. Initially, for UiO–66–

COOH and UiO–66–NO2 having more selective over UiO–66, as gradually pressure increases 

the selectivity is decreased, for UiO–66– (COOH)2 is a small increment in selectivity and 

whereas in UiO–66 and UiO–66–NH2 does not change appreciably. 

 

Figure 7.21: Variation of CO2 selectivity over N2 for UiO–66 (●), UiO–66–NH2 (■), UiO–66–

COOH (), UiO–66–NO2 (×), and UiO–66–(COOH)2 (▲); CO2 mole fraction in all binary 

mixture is 20%; lines are drawn as a guide to the eyes. 
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Figure 7.22: Variation of CO2 selectivity over CO for UiO–66 (●), UiO–66–NH2 (■), UiO–66–

COOH (), UiO–66–NO2 (×), and UiO–66–(COOH)2 (▲). CO2 mole fraction in all binary 

mixtures is 20%; lines are drawn as a guide to the eyes. 

 

Figure 7.23: Effect of temperature on CO2 selectivity (for 20% molar composition of CO2) over 

N2 for UiO–66 (●), UiO–66–NH2 (■), UiO–66–COOH (), UiO–66–NO2 (×), and UiO–66– 

(COOH)2 (▲); lines are drawn as a guide to the eyes. 
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In addition, the effect of temperature on selectivity is also calculated (shown in Figure 7.23). 

CO2 selectivity over N2 for a binary gas mixture (20% molar composition of CO2 at 1 bar) 

decreases with an increase in temperature. From Figure 7.23, two kinds of trends can observe, 

(1) the larger affinity of functional groups means the quicker decrease of selectivity with 

increasing in temperature; (2) at a lower temperature, the larger the difference in selectivity in 

different functionalized UiO–66 MOFs and such difference may disappear at high temperature. 

This indicates that the modification of MOFs by introducing functional groups into the linkers is 

more effective under low-temperature conditions. This strategy may not be beneficial when used 

for high-temperature applications. 

7.8 Summary 

This work demonstrates organic linker functionality on adsorption characteristics of CO2, CH4, 

CO, and N2 over a wide range of pressure and three different temperatures. Through linker 

functionalization, introducing more polar and complex functional groups such as –NH2, –NO2, –

COOH, and –(COOH) can improve the adsorption capacity. It also reduces the free volume may 

negatively contribute to adsorption. In low-pressure regions, polar functional groups play a 

dominant role, whereas at saturation level reaches pore volume, and free space available can be 

attributed to more adsorption. CO2 adsorption at low pressure follows the order UiO–66–

(COOH)2>UiO–66–COOH>UiO–66–NO2>UiO–66–NH2>UiO–66 with adsorption enthalpies 

varies ranging between 5.5 and 26.0 kJ mol-1. The selectivity of CO2 over CH4, CO, and N2 in 

presence of larger and complex functional groups results in sudden decrease in selectivity with 

an increase in temperature; such difference is observed more at lower temperatures and could be 

negligible at higher temperatures. Therefore, MOFs should be designed in such a way as to 

increase affinity for targeted gases adsorption caused by complex polar functional groups at 
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lower pressure, and such influence may disappears as pressure increases. The linker functionality 

is also more evident at lower temperatures, and such influence decreases with an increase in 

temperature due to interaction between framework and adsorbate. 
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CHAPTER 8 

Conclusions and Future Scope 

This chapter summarizes the major inferences drawn from the research work presented in this 

dissertation and recommendations for further extension of this work in the future. 

8.1 Conclusions 

The main objective of this work was to systematically investigate the effect of the functionality 

on adsorption characteristics of selected MOFs. MOFs from various categories were chosen 

based on industrial applications that must possess low cast, high uptake capacity, be easily 

generable, stability in the presence of process conditions, and selectivity. Accordingly, Cu–

abtc/Cu–hbtc MOFs are studied in the first part exhibits photo–chromatic nature, binding modes, 

and geometrical configuration of four carboxylic groups on the ligand increases the thermal 

stability and rigidity of the MOF. The next two parts study focuses on the effect of the 

functionality on adsorption characteristics of Cu–BTC and UiO–66 derivatives. Various 

industrially important gases (viz. CO2, CO, CH4, N2, C2H6, C3H8, and O2) were chosen to 

represent a wide range of polarity and polarizability. The adsorption measurements were 

correlated with the physical properties of gases. To get an insight into adsorption, isotherms were 

modeled to find Henry’s constant and enthalpy of adsorption. The major accomplishments in this 

work were summarized in the following sections. 
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8.1.1 Affinity of functional group HN–NH in Cu–hbtc over N=N in Cu–abtc 

The adsorption characteristics of Cu–abtc and Cu–hbtc were evaluated by measuring adsorption 

isotherms over selective industrially important gases covering a wide range of polarity and 

polarizability, viz. CO2, CO, CH4, N2, C2H6, C3H8, and O2. This work systematically 

demonstrated adsorption characteristics of Cu–abtc and Cu–hbtc to understand the affinity of 

functional group HN–NH presented in Cu–hbtc over N=N in Cu–abtc.  In both compounds, 

significant accessible metal sites are present. Due to accessible metal sites present in the 

framework, CO loading increases progressively with pressure until sites are occupied by gas 

molecules (up to 2.5 mol kg-1 for Cu–hbtc and 2.0 mol kg-1 for Cu–abtc). After that, CH4 showed 

preferentially more adsorption capacity due to more polarizability. To best our knowledge, the 

loading capacity of C2H6 and C3H8 on Cu–hbtc was 7.5 mol kg-1and 8.7 mol kg-1, respectively, is 

the highest loading capacity ever measured on MOFs 294 K and 1 bar. For all measured gases, 

Type–I isotherm were observed, and a modified Virial model was used for polar gasses (CO2, 

CO), Langmuir model used for less–polar gasses (O2, N2, CH4, C2H6, C3H8). Fitting parameters 

were utilized to calculate enthalpies of adsorption. An increase in adsorption enthalpy is 

observed with loading, attributed to lateral interactions. The CO2 Selectivity over N2 increases 

significantly with an increase in pressure. However, the CO2 selectivity over N2 for compound 

Cu–hbtc is more than compound Cu–abtc due to the strong affinity of functional group and 

framework adsorbate interactions.  
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8.1.2 A comparative study of gas adsorption on Cu-BTC versus Cu-(bromo)BTC versus 

Cu-(iodo)BTC 

Cu–BTC is one of the most widely studied MOFs which is comprised of Cu2+ metal clusters 

coordinated to 1,3,5-benzenetricarboxylate (H3BTC) organic linker. Although Cu–BTC has been 

well studied, limited work has been done to modify the H3BTC ligand to functionalize Cu–BTC 

to optimize its properties for gas adsorption applications. This work evaluated adsorption 

characteristics of CO2, CO, CH4, and N2 was carried out over a wide range of pressures and three 

different temperatures on Cu–BTC, Cu–(bromo)BTC, and Cu–(iodo)BTC. For all gases, Type–I 

isotherm were observed. CO2 shown more adsorption capacity due to more polarity and 

polarizability, followed by CH4, CO, and N2 having low polarizability. However, CO showed 

more adsorption capacity at a lower pressure range than CH4 due to the electrostatic interaction 

of CO and open metal sites presented in frameworks. After CO molecules occupy the open metal 

sites, dispersion effects dominate, and CH4 shown more adsorption due to more polarizability. In 

addition, the enthalpy of adsorption for CO2 and CH4 shown highest for Cu–BTC followed by 

Cu–(iodo)BTC and Cu–(bromo)BTC, respectively. However, for CO and N2, Cu–(iodo)BTC 

was shown highest, followed by Cu–BTC and Cu–(bromo)BTC. Therefore, in both cases, the 

enthalpy of adsorption is governed by the polarizability of bigger functional groups. In contrast, 

electrostatic interactions play an important role in CO. Selectivities of various binary mixtures is 

calculated using IAST. At 294 K, for Cu–BTC, 0.2 mole fraction of CO2 selectivity over N2 is 

significantly more than Cu–(bromo)BTC and Cu–(iodo)BTC and decreases with an increase in 

CO2 mole fraction. 
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8.1.3 Effect of functionality (functional groups: –H, –NH2, –NO2, –COOH, –(COOH)2) on 

adsorption characteristics of UiO–66 derivatives 

This work demonstrated organic linker functionality of UiO–66 derivatives on adsorption 

characteristics of CO2, CH4, CO, and N2. Through linker functionalization, introducing more 

polar and complex functional groups such as –NH2, –NO2, –COOH, and –(COOH)2 can improve 

the adsorption capacity. It also reduces the free volume may negatively contribute to adsorption. 

In a low-pressure region, polar functional groups play a dominant role, whereas at saturation 

level reaches pore volume, and free space can be attributed to more adsorption. CO2 adsorption 

at low pressure follows the order UiO–66–(COOH)2>UiO–66–COOH>UiO–66–NO2>UiO–66–

NH2>UiO–66 with adsorption enthalpies varies ranging between 5.5 to 26.0 kJ mol-1. The 

selectivity of CO2 over CH4, CO, and N2 showing that introducing larger and complex functional 

groups means a sudden decrease in selectivity with an increase in temperature; such difference is 

more at lower temperatures and could be negligible at higher temperatures. Therefore, MOFs 

should be designed in such a way as to increase the adsorption capacity by introducing complex 

polar functional groups at lower pressure, and such influence may disappear as pressure 

increases.  
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8.2 Recommendation for Future Works 

This work presents a systematic and detailed investigation to understand the adsorption 

characteristics of different categories of MOFs. There are undoubtedly several areas that merit 

further research attention. 

 Although Cu–abtc and Cu–hbtc MOFs showed good uptake capacities for lower alkanes, 

these MOFs are susceptible to humid and oxygen environments. It would be interesting to 

improve the stability by subtle changes in organic ligand or with zirconium metalation.  

 Cu–BTC MOF having the disadvantage of being hydrophilicity while exposed to 

moisture. Either functionalization or multivariate metal synthesis can improve the 

stability of MOF. 

 In UiO–66, known for moisture stable and thermally stable up to 800 K. By introducing  

complex functional groups improved the adsorption capacity at low-pressure region. 

However, it resulted reduction of free volume, and decrease in adsorption capacity was 

observed at higher pressure. So to get optimal uptake capacity and selectivity, functional 

groups has to be chosen accordingly. 
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APPENDIX: A 

Detail of the MOF activation procedure followed for 

adsorption measurements 

Table A. Details of activation temperature and time used for different MOFs. 

MOF Temperature (K) Activation Time 

(hours) 

Cu‒abtc 443 3 

Cu‒hbtc 443 3 

Cu‒BTC 443 3 

Cu‒(bromo)BTC 443 3 

Cu‒(iodo)BTC 443 3 

UiO‒66 423 3 

UiO‒66‒NH2 423 3 

UiO‒66‒NO2 423 3 

UiO‒66‒COOH 423 3 

UiO‒66‒(COOH)2 423 3 

 

 

 

 

 

 

TH-3063_136107025



198 
 

APPENDIX:B 

Excess Adsorption Isotherm Data on Studied MOFs 

Table B1. Adsorption isotherm data of CO2 on Cu‒abtc and Cu‒hbtc. 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒abtc CO2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.15 0.45 0.14 0.21 0.48 0.30 

0.21 0.63 0.20 0.31 0.79 0.49 

0.44 1.24 0.43 0.63 1.02 0.62 

0.71 1.88 0.69 0.99 2.14 1.24 

1.17 2.93 1.02 1.41 4.08 2.19 

2.01 4.45 2.04 2.59 7.88 3.71 

3.97 6.95 4.01 4.38 11.78 4.86 

7.70 9.06 7.79 6.43 15.49 5.65 

11.25 9.99 11.54 7.55 19.13 6.20 

14.78 10.55 15.12 8.23 24.77 6.91 

18.05 10.88 18.57 8.68 28.52 7.44 

22.73 11.40 23.49 9.10 32.95 7.95 

26.40 11.77 27.31 9.39     

29.95 12.03 31.23 9.72     

Cu‒hbtc CO2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.04 0.18 0.15 0.31 0.41 0.35 

0.07 0.30 0.21 0.44 0.71 0.60 

0.15 0.61 0.43 0.86 1.00 0.83 

0.21 0.87 0.70 1.37 2.01 1.62 

0.41 1.64 1.01 1.96 4.02 3.05 

0.67 2.58 2.03 3.60 7.80 5.16 

1.02 3.69 3.94 5.90 11.62 6.66 

1.99 6.03 7.68 8.62 15.34 7.71 

3.92 8.91 11.53 10.06 18.93 8.46 

7.76 11.33 15.09 10.82 24.05 9.21 

11.31 12.23 18.54 11.33 28.66 9.73 

14.79 12.70 23.31 11.77 32.74 10.37 

18.07 12.97 27.68 12.20     

22.54 13.21 31.39 12.55     

26.55 13.64         

29.95 13.81         
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Table B2. Adsorption isotherm data of CO on Cu‒abtc and Cu‒hbtc 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒abtc CO 

0.00 0.00 0.00 0.00 0.00 0.00 

0.40 0.26 0.39 0.16 0.43 0.10 

0.68 0.39 0.69 0.25 0.68 0.14 

1.01 0.54 1.02 0.33 1.02 0.19 

2.05 0.94 2.09 0.59 2.02 0.34 

4.01 1.57 4.07 1.02 4.06 0.61 

8.02 2.49 8.09 1.73 8.11 1.10 

11.91 3.16 12.08 2.30 12.06 1.51 

15.93 3.70 16.07 2.75 16.03 1.89 

19.86 4.14 20.03 3.13 20.09 2.21 

25.65 4.65 25.97 3.59 26.02 2.62 

36.06 5.36 36.56 4.26 36.81 3.23 

50.76 6.02 51.32 4.89 51.90 3.88 

69.71 6.57 71.20 5.40 72.53 4.61 

Cu‒hbtc CO 

0.00 0.00 0.00 0.00 0.00 0.00 

0.41 0.53 0.42 0.32 0.44 0.17 

0.73 0.80 0.68 0.44 0.71 0.22 

1.00 1.02 1.12 0.65 1.03 0.30 

2.03 1.62 2.05 1.03 2.06 0.52 

4.15 2.52 4.06 1.69 4.04 0.91 

8.14 3.63 8.08 2.64 8.03 1.56 

12.09 4.40 12.13 3.36 12.06 2.11 

15.98 4.99 16.07 3.92 15.67 2.57 

19.91 5.43 19.97 4.37 20.14 2.99 

25.49 5.98 25.73 4.91 25.76 3.44 

36.20 6.74 36.35 5.67 36.60 4.18 

50.20 7.35 50.98 6.36 49.22 4.84 

65.20 7.76 66.66 6.90 67.82 5.75 
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Table B3. Adsorption isotherm data of N2 on Cu‒abtc and Cu‒hbtc 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒abtc N2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.69 0.18 0.66 0.12 0.68 0.11 

1.02 0.27 1.02 0.18 1.01 0.15 

2.05 0.53 2.07 0.35 2.04 0.25 

4.06 0.99 4.11 0.68 4.06 0.47 

8.05 1.76 8.08 1.24 8.10 0.86 

12.04 2.38 12.08 1.73 12.10 1.18 

15.98 2.89 16.03 2.15 16.13 1.49 

19.95 3.32 19.93 2.50 20.09 1.76 

25.88 3.84 25.67 2.96 26.05 2.16 

36.10 4.54 35.76 3.60 36.60 2.73 

51.53 5.21 51.87 4.33 52.64 3.25 

71.22 5.75 72.57 4.85 73.51 3.95 

101.23 6.28 103.47 5.59 105.84 4.85 

Cu‒hbtc N2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.68 0.16 0.77 0.14 0.68 0.09 

1.04 0.24 1.07 0.19 1.02 0.13 

2.04 0.48 2.08 0.35 2.03 0.23 

4.05 0.92 4.08 0.66 4.08 0.43 

8.02 1.69 7.99 1.22 8.08 0.80 

12.04 2.35 12.12 1.73 12.06 1.15 

16.00 2.90 15.95 2.16 16.10 1.47 

19.65 3.34 19.89 2.56 20.15 1.74 

25.46 3.92 25.36 3.04 25.81 2.15 

35.88 4.78 36.62 3.85 36.68 2.78 

50.83 5.57 51.46 4.56 52.29 3.38 

69.82 6.19 70.10 5.20 72.43 4.30 

97.94 6.75 99.42 6.03 103.74 5.15 
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Table B4. Adsorption isotherm data of CH4 on Cu‒abtc and Cu‒hbtc 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒abtc CH4 

0.00 0.00 0.00 0.00 0.00 0.00 

0.42 0.38 0.41 0.22 0.68 0.22 

0.73 0.64 0.68 0.37 1.03 0.31 

1.03 0.90 1.02 0.52 2.11 0.60 

2.09 1.64 2.04 1.01 4.08 1.07 

4.00 2.72 4.08 1.82 8.24 1.92 

8.00 4.23 7.98 3.00 11.87 2.52 

11.74 5.12 11.87 3.83 15.96 3.10 

15.60 5.78 15.64 4.43 19.70 3.51 

19.35 6.23 19.51 4.90 25.54 4.05 

24.81 6.72 24.93 5.42 35.14 4.64 

33.96 7.27 34.46 6.07 49.60 5.31 

47.10 7.74 48.29 6.67 67.84 5.93 

62.85 8.15 65.47 7.20 84.79 6.71 

76.85 8.73 80.29 7.72     

Cu‒hbtc CH4 

0.00 0.00 0.00 0.00 0.00 0.00 

0.22 0.16 2.04 1.06 1.05 0.31 

0.42 0.29 4.18 1.89 2.02 0.54 

0.69 0.49 8.07 3.17 4.02 1.00 

1.03 0.72 12.06 4.19 7.92 1.83 

2.03 1.37 15.60 4.91 11.84 2.56 

4.01 2.53 19.31 5.52 15.74 3.19 

7.88 4.26 22.70 6.00 19.61 3.71 

11.80 5.50 34.28 7.11 25.30 4.37 

15.56 6.34 47.02 7.74 35.15 5.23 

19.27 6.95 64.85 8.46 48.38 6.04 

24.57 7.59 76.47 8.94 66.62 6.78 

34.02 8.41     81.75 7.62 

46.74 9.01         

62.08 9.44         

76.00 9.89         
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Table B5. Adsorption isotherm data of C2H6 on Cu‒abtc and Cu‒hbtc 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒abtc C2H6 

0.00 0.00 0.00 0.00 0.00 0.00 

0.05 0.47 0.08 0.35 0.22 0.41 

0.08 0.70 0.15 0.64 0.42 0.78 

0.14 1.29 0.22 0.96 0.69 1.28 

0.23 2.10 0.42 1.87 1.02 1.86 

0.41 3.66 0.68 2.94 2.00 3.28 

0.70 5.24 1.02 4.05 3.95 4.94 

1.04 6.22 1.99 5.80 7.73 6.32 

2.01 7.43 3.93 7.06 11.46 6.87 

3.92 8.28 7.69 7.93 14.85 7.14 

7.55 8.87 11.20 8.28 18.95 7.43 

10.96 9.14 14.53 8.47     

14.17 9.27 18.00 8.62     

17.61 9.34         

Cu‒hbtc C2H6 

0.00 0.00 0.00 0.00 0.00 0.00 

0.05 0.43 0.05 0.25 0.15 0.35 

0.09 0.92 0.08 0.43 0.21 0.48 

0.15 1.60 0.16 0.80 0.42 0.93 

0.22 2.36 0.23 1.13 0.69 1.49 

0.40 4.20 0.41 2.01 1.01 2.14 

0.68 6.20 0.68 3.29 2.01 3.93 

1.03 7.51 1.00 4.64 3.92 6.04 

2.05 9.06 1.99 6.90 7.77 7.79 

4.03 10.02 3.96 8.52 11.49 8.56 

7.68 10.71 7.71 9.57 15.00 8.96 

11.10 10.99 11.30 10.03 18.42 9.24 

14.24 11.11 14.63 10.29     

17.20 11.27 17.83 10.44     
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Table B6. Adsorption isotherm data of C3H8 on Cu‒abtc and Cu‒hbtc 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒abtc C3H8 

0.00 0.00 0.00 0.00 0.00 0.00 

0.04 3.37 0.04 1.23 0.04 0.33 

0.07 5.22 0.07 2.52 0.08 0.67 

0.14 6.03 0.14 4.17 0.14 1.30 

0.23 6.43 0.22 5.15 0.21 1.94 

0.42 6.80 0.43 5.91 0.40 3.47 

0.69 7.04 0.70 6.32 0.67 4.60 

1.02 7.21 1.02 6.56 1.02 5.23 

1.97 7.43 1.99 6.89 1.99 5.93 

3.79 7.61 3.83 7.15 3.88 6.41 

6.18 7.70 6.34 7.30 6.52 6.95 

Cu‒hbtc C3H8 

0.00 0.00 0.00 0.00 0.00 0.00 

0.04 4.75 0.04 1.48 0.05 0.56 

0.07 6.48 0.07 3.04 0.09 0.97 

0.17 7.62 0.13 5.31 0.15 1.66 

0.23 7.86 0.22 6.64 0.22 2.49 

0.41 8.29 0.43 7.45 0.40 4.29 

0.68 8.55 0.70 7.79 0.69 5.73 

1.00 8.73 1.01 8.03 1.03 6.46 

1.96 8.99 2.00 8.40 2.01 7.28 

3.78 9.20 3.86 8.68 3.94 7.83 

6.20 9.29 6.37 8.84 6.54 8.14 
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Table B7. Adsorption isotherm data of O2 on Cu‒abtc and Cu‒hbtc 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒abtc O2 

0.00 0.00 0.00 0.00 0.00 0.00 

1.13 0.22 1.00 0.15 8.05 0.96 

2.10 0.40 1.98 0.30 12.07 1.32 

4.06 0.77 4.03 0.59 16.00 1.64 

8.08 1.47 7.97 1.11 20.11 1.95 

11.98 2.08 11.98 1.60 25.91 2.44 

15.92 2.64 15.82 2.03 36.58 3.19 

19.83 3.15 19.50 2.43     

25.53 3.80 25.80 3.05     

36.00 5.09 36.17 4.14     

Cu‒hbtc O2 

0.00 0.00 0.00 0.00 0.00 0.00 

1.00 0.24 1.03 0.20 1.04 0.20 

2.03 0.49 2.03 0.38 2.05 0.31 

4.08 0.96 4.11 0.73 4.14 0.54 

8.09 1.83 8.08 1.37 8.09 0.96 

11.94 2.58 12.03 1.98 12.11 1.37 

15.93 3.30 15.99 2.52 16.04 1.76 

19.77 3.90 20.23 3.07 20.01 2.12 

25.66 4.70 25.80 3.72 26.04 2.64 

35.79 5.83 36.03 4.78 36.30 3.58 
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Table B8. Adsorption isotherm data of CO2 on Cu‒BTC derivatives 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒BTC CO2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.05 0.35 0.05 0.18 0.06 0.08 

0.12 0.87 0.13 0.47 0.14 0.19 

0.47 3.10 0.52 1.73 0.67 0.89 

0.74 4.63 1.07 3.39 1.07 1.39 

0.91 5.20 1.56 4.66 1.58 2.02 

1.67 7.91 2.20 6.11 2.24 2.77 

2.23 9.37 2.87 7.32 2.98 3.55 

2.89 10.55 5.01 9.96 5.19 5.38 

5.13 12.84 10.19 12.81 10.35 8.31 

10.09 14.58 16.17 14.03 16.55 10.17 

15.81 15.29 22.51 14.11 20.68 10.99 

22.99 15.60 30.86 14.35 24.59 11.40 

30.00 15.41     32.77 12.04 

Cu‒ 

(bromo)BTC 
CO2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.15 0.97 0.16 0.52 0.16 0.22 

0.21 1.31 0.23 0.69 0.22 0.30 

0.41 2.26 0.41 1.14 0.43 0.55 

0.70 3.31 0.68 1.73 0.68 0.82 

1.00 4.15 1.01 2.37 1.04 1.17 

2.01 6.04 2.03 3.88 2.04 2.05 

3.96 7.79 3.98 5.75 4.03 3.35 

7.74 9.11 7.80 7.57 7.90 5.25 

11.32 9.66 11.48 8.40 11.66 6.33 

14.73 9.98 15.03 8.93 15.29 7.05 

18.03 10.21 18.46 9.30 19.03 7.72 

21.67 10.41 22.30 9.65 23.10 8.09 

Cu‒ 

(iodo)BTC 
CO2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.10 0.79 1.02 4.10 0.40 0.60 

0.14 1.01 2.03 5.70 0.75 0.97 

0.21 1.45 4.01 7.71 1.02 1.30 

0.41 2.53 7.85 9.66 2.04 2.28 

0.66 3.67 11.54 10.63 4.02 3.83 

1.00 4.88 15.12 11.20 7.86 6.01 

2.01 7.23 18.47 11.64 11.75 7.51 

3.94 9.43 23.01 12.16 15.43 8.39 

7.72 11.05 27.43 12.78 19.05 9.14 

11.35 11.75     24.21 10.03 

14.79 12.17     28.58 10.86 

18.06 12.45         

22.68 12.79         

26.35 13.17         
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Table B9. Adsorption isotherm data of CO on Cu‒BTC derivatives 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒BTC CO 

0.00 0.00 0.00 0.00 0.00 0.00 

0.05 0.09 0.07 0.07 0.60 0.23 

0.12 0.21 0.13 0.12 1.08 0.39 

0.52 0.81 0.55 0.47 1.66 0.58 

1.04 1.43 1.06 0.84 2.45 0.82 

1.59 1.97 1.62 1.18 2.93 0.95 

2.26 2.51 2.27 1.58 5.37 1.54 

2.92 2.96 2.91 1.91 10.67 2.60 

5.28 4.15 5.32 2.93 17.35 3.56 

10.61 5.84 10.63 4.46 26.41 4.49 

17.22 6.81 17.28 5.67 43.12 5.63 

26.01 7.82 26.35 6.73 72.09 6.65 

42.50 9.10 41.68 7.70     

69.30 9.75 69.79 8.53     

Cu‒ 

(bromo)BTC 
CO 

0.00 0.00 0.00 0.00 0.00 0.00 

0.15 0.28 0.15 0.23 0.14 0.19 

0.21 0.36 0.22 0.27 0.21 0.24 

0.41 0.59 0.43 0.41 0.42 0.35 

0.69 0.83 0.69 0.55 0.68 0.45 

1.02 1.09 1.05 0.72 1.03 0.54 

2.03 1.68 2.02 1.12 2.04 0.77 

4.03 2.48 4.07 1.76 4.04 1.17 

8.00 3.50 8.08 2.63 8.05 1.84 

12.04 4.13 12.04 3.26 12.12 2.36 

16.03 4.61 16.05 3.77 16.10 2.88 

20.01 5.01 19.94 4.18 20.11 3.23 

24.47 5.32 24.54 4.58 24.68 3.56 

32.75 5.82 32.63 5.12 32.89 4.20 

43.94 6.37 43.72 5.80 45.21 4.77 

Cu‒ 

(iodo)BTC 
CO 

0.00 0.00 0.00 0.00 0.00 0.00 

0.04 0.83 0.08 0.18 0.03 0.06 

0.07 0.89 0.15 0.24 0.09 0.10 

0.15 0.98 0.20 0.28 0.15 0.13 

0.22 1.06 0.41 0.40 0.24 0.16 

0.43 1.27 0.71 0.57 0.42 0.21 

0.71 1.51 1.05 0.74 0.67 0.28 

1.05 1.77 2.00 1.15 1.06 0.37 

2.08 2.38 4.01 1.83 2.00 0.58 

4.11 3.21 8.02 2.77 4.07 0.99 

8.08 4.22 12.00 3.43 8.02 1.61 

12.06 4.90 15.91 3.94 12.04 2.10 

16.01 5.40 19.99 4.38 16.10 2.52 

19.96 5.78 25.84 4.85 20.07 2.91 

25.47 6.17 36.34 5.51 25.93 3.34 

35.78 6.74 51.53 6.12 36.52 3.96 

50.83 7.26 71.55 6.67 52.04 4.65 

70.19 7.68     72.53 5.28 
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Table B10. Adsorption isotherm data of CH4 on Cu‒BTC derivatives 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒BTC CH4 

0.00 0.00 0.00 0.00 0.00 0.00 

0.54 0.59 0.53 0.38 0.55 0.21 

1.06 1.07 1.06 0.72 1.07 0.39 

1.59 1.52 1.59 1.02 1.66 0.59 

2.25 2.02 2.26 1.39 2.27 0.79 

2.91 2.50 2.90 1.71 2.94 0.99 

5.28 4.04 5.24 2.77 5.35 1.62 

10.43 6.53 10.32 4.68 10.58 2.81 

16.66 8.10 16.47 6.35 17.08 3.97 

25.02 9.44 24.42 7.48 25.75 5.14 

39.78 10.38 38.02 8.79 41.53 6.53 

62.63 10.79 58.71 9.58 67.21 7.60 

83.06 11.04 76.67 9.86 92.11 8.04 

Cu‒ 

(bromo)BTC 
CH4 

0.00 0.00 0.00 0.00 0.00 0.00 

0.74 0.63 0.70 0.54 0.74 0.45 

1.01 0.84 1.03 0.69 1.01 0.51 

2.05 1.46 2.03 1.11 2.09 0.79 

4.07 2.43 4.09 1.81 4.04 1.21 

7.89 3.76 7.99 2.84 7.98 1.95 

11.77 4.71 11.87 3.74 12.00 2.60 

15.57 5.39 15.76 4.33 15.92 3.13 

19.36 5.90 19.45 4.82 19.82 3.62 

24.83 6.53 23.84 5.35 24.24 4.16 

30.53 6.96 30.92 6.24 31.94 4.97 

44.42 7.52 45.54 6.93 45.24 5.98 

59.93 7.98 61.71 7.12 59.67 6.50 

71.96 8.28 75.96 7.41 73.99 6.68 

Cu‒ 

(iodo)BTC 
CH4 

0.00 0.00 0.00 0.00 0.00 0.00 

0.20 0.20 1.03 0.82 0.44 0.21 

0.45 0.42 2.02 1.23 0.73 0.29 

0.68 0.61 4.09 1.95 1.00 0.37 

1.03 0.85 7.99 3.04 2.05 0.64 

2.03 1.46 11.83 3.88 4.04 1.11 

4.00 2.46 15.68 4.55 8.02 1.88 

7.93 3.95 19.49 5.06 11.93 2.50 

11.75 5.00 24.52 5.60 15.81 3.00 

15.56 5.72 34.46 6.41 19.65 3.46 

19.29 6.20 48.23 7.09 25.38 4.01 

24.68 6.75 65.59 7.67 35.21 4.78 

33.96 7.40     49.73 5.56 

47.27 7.92     68.29 6.08 

63.23 8.48         
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Table B11. Adsorption isotherm data of N2 on Cu‒BTC derivatives 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

Cu‒BTC N2 

0.00 0.00 0.00 0.00 0.00 0.00 

1.24 0.18 1.91 0.21 1.91 0.18 

1.96 0.27 2.64 0.27 2.64 0.25 

1.98 0.27 3.57 0.35 3.57 0.32 

2.65 0.36 3.63 0.36 3.63 0.34 

3.38 0.44 4.44 0.42 4.44 0.41 

3.97 0.50 4.63 0.44 4.63 0.43 

4.51 0.56 5.69 0.52 5.69 0.52 

5.05 0.61 6.40 0.58 6.40 0.58 

5.81 0.69 7.79 0.67 7.79 0.67 

6.52 0.75 8.36 0.70 8.36 0.70 

7.10 0.80 8.38 0.71 8.38 0.71 

7.82 0.86 9.56 0.79 9.56 0.79 

8.02 0.88         

8.14 0.89         

8.57 0.92         

9.59 1.00         

Cu‒ 

(bromo)BTC 
N2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.70 0.23 0.69 0.18 0.70 0.14 

1.01 0.30 1.01 0.24 1.03 0.20 

2.03 0.55 2.07 0.43 2.04 0.37 

4.06 1.01 4.07 0.74 4.04 0.58 

8.04 1.66 8.06 1.29 8.10 1.02 

12.06 2.27 12.09 1.75 12.11 1.40 

16.07 2.73 16.04 2.16 16.08 1.71 

20.72 3.25 19.98 2.53 20.61 2.09 

25.69 3.83 25.31 3.07 25.48 2.53 

34.39 4.51 34.17 3.66 34.48 3.15 

49.56 5.35 50.07 4.66 50.73 4.16 

69.47 6.09 70.21 5.49 71.08 5.11 

Cu‒ 

(iodo)BTC 
N2 

0.00 0.00 0.00 0.00 0.00 0.00 

1.02 0.25 1.02 0.22 1.03 0.14 

2.02 0.46 2.04 0.37 2.02 0.22 

4.03 0.82 4.10 0.62 4.03 0.38 

8.03 1.36 8.11 1.03 8.05 0.66 

12.02 1.77 12.09 1.37 12.10 0.92 

15.99 2.11 16.04 1.65 16.11 1.12 

19.95 2.39 20.03 1.91 20.12 1.32 

25.83 2.72 25.99 2.22 26.12 1.55 

36.10 3.22 36.26 2.67 36.60 1.92 

51.46 3.68 51.59 3.13 52.43 2.41 

71.01 4.13 71.93 3.63 73.07 2.75 
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Table B12. Adsorption isotherm data of CO2 on UiO‒66 derivatives 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

UiO‒66 CO2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.24 0.43 0.24 0.27 0.43 0.29 

0.44 0.70 0.43 0.43 0.72 0.39 

0.72 1.05 0.71 0.65 1.04 0.50 

1.05 1.42 1.04 0.87 2.05 0.83 

2.04 2.34 2.04 1.47 4.03 1.38 

3.97 3.73 4.02 2.44 7.90 2.31 

7.70 5.76 7.80 3.91 11.63 3.09 

11.30 7.31 11.47 5.06 15.37 3.75 

14.74 8.44 15.01 6.02 19.22 4.38 

18.12 9.30 18.50 6.85 24.26 5.22 

22.70 10.40 23.44 7.89     

UiO‒66‒

NH2 
CO2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.05 0.17 0.05 0.09 0.06 0.04 

0.10 0.30 0.09 0.14 0.11 0.07 

0.16 0.46 0.17 0.24 0.18 0.11 

0.24 0.63 0.25 0.34 0.25 0.15 

0.44 1.01 0.47 0.58 0.45 0.25 

0.72 1.43 0.73 0.83 0.73 0.39 

1.04 1.83 1.03 1.09 1.03 0.53 

2.02 2.79 2.04 1.77 2.08 0.93 

3.97 4.11 4.00 2.76 4.10 1.56 

7.71 5.81 7.83 4.11 7.90 2.47 

11.30 6.91 11.50 5.08 11.71 3.19 

14.76 7.60 15.02 5.78 15.40 3.76 

18.08 8.05 18.50 6.33 19.03 4.25 

26.50 8.60 26.23 7.40 26.10 5.01 

UiO‒66‒

NO2 
CO2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.06 0.17 0.06 0.08 0.23 0.11 

0.10 0.25 0.12 0.15 0.44 0.18 

0.19 0.40 0.18 0.20 0.73 0.27 

0.26 0.49 0.25 0.26 1.03 0.35 

0.47 0.72 0.44 0.40 2.05 0.59 

0.74 0.95 0.71 0.56 4.02 0.91 

1.02 1.14 1.09 0.73 7.92 1.37 

2.00 1.60 2.04 1.07 11.71 1.69 

4.00 2.20 4.01 1.55 15.46 1.94 

7.76 2.86 7.79 2.13 19.08 2.15 

11.34 3.23 11.51 2.52 24.21 2.40 

14.76 3.48 15.06 2.79     

18.08 3.65 18.51 2.99     

22.63 3.86 23.38 3.22     
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Contd. (Adsorption isotherm data of CO2 on UiO‒66 derivatives) 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

UiO‒66‒

COOH 
CO2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.04 0.22 0.04 0.19 0.04 0.17 

0.09 0.31 0.09 0.28 0.09 0.25 

0.16 0.52 0.16 0.49 0.16 0.42 

0.24 0.72 0.24 0.69 0.24 0.56 

0.44 1.17 0.44 1.01 0.44 0.82 

0.73 1.61 0.73 1.34 0.73 1.13 

1.02 1.90 1.03 1.62 1.02 1.42 

2.05 2.70 2.05 2.33 2.05 2.13 

3.97 3.59 3.97 3.25 3.97 2.84 

7.71 4.76 7.71 4.21 7.71 3.72 

11.31 5.39 11.31 4.78 11.31 4.25 

14.76 5.73 14.76 5.10 14.76 4.61 

18.06 6.00 18.06 5.29 18.06 4.80 

22.01 6.18 22.01 5.51 22.01 5.01 

UiO‒66‒

(COOH)2 
CO2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.05 0.22 0.06 0.12 0.05 0.04 

0.09 0.35 0.10 0.19 0.09 0.07 

0.17 0.61 0.17 0.30 0.16 0.11 

0.25 0.81 0.26 0.44 0.23 0.15 

0.45 1.20 0.42 0.64 0.48 0.29 

0.71 1.57 0.73 0.97 0.75 0.43 

1.02 1.90 1.05 1.22 1.04 0.55 

2.00 2.60 2.06 1.81 2.10 0.95 

4.03 3.43 4.01 2.51 4.09 1.47 

7.77 4.26 7.84 3.32 7.96 2.14 

11.32 4.73 11.50 3.81 11.68 2.59 

14.77 5.03 15.04 4.15 15.43 2.92 

18.03 5.25 18.51 4.40 18.93 3.17 

22.62 5.48 23.50 4.68 24.07 3.49 
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Table B13. Adsorption isotherm data of CO on UiO‒66 derivatives 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

UiO‒66 CO 

0.00 0.00 0.00 0.00 0.00 0.00 

0.44 0.07 1.05 0.13 1.05 0.09 

0.72 0.12 2.07 0.25 2.05 0.16 

1.02 0.17 4.06 0.45 4.09 0.28 

2.03 0.33 8.06 0.80 8.12 0.51 

4.05 0.62 12.05 1.10 12.13 0.72 

8.04 1.08 16.00 1.38 16.06 0.91 

12.00 1.46 19.95 1.62 20.11 1.08 

16.07 1.80 25.87 1.91 26.10 1.31 

19.79 2.06 37.43 2.39 37.65 1.67 

25.72 2.42         

32.78 2.77         

37.87 2.99         

UiO‒66‒

NH2 
CO 

0.00 0.00 0.00 0.00 0.00 0.00 

0.24 0.05 0.26 0.04 0.72 0.07 

0.43 0.09 0.44 0.06 1.11 0.10 

1.05 0.22 0.72 0.10 2.05 0.17 

2.03 0.40 1.05 0.14 4.09 0.30 

4.09 0.72 2.07 0.27 8.12 0.54 

8.04 1.19 4.18 0.50 12.09 0.74 

12.07 1.57 8.12 0.85 16.11 0.93 

15.94 1.87 12.11 1.15 20.14 1.09 

20.06 2.14 16.06 1.40 26.06 1.31 

25.75 2.45 20.01 1.61 34.14 1.56 

34.80 2.83 25.89 1.89     

UiO‒66‒

NO2 
CO 

0.00 0.00 0.00 0.00 0.00 0.00 

0.45 0.07 1.02 0.12 1.02 0.08 

0.72 0.10 2.08 0.21 2.06 0.13 

1.03 0.15 4.09 0.37 4.07 0.23 

2.07 0.28 8.06 0.61 8.19 0.41 

4.10 0.49 12.06 0.82 12.06 0.56 

8.10 0.82 16.05 0.99 16.09 0.68 

12.06 1.06 20.05 1.14 20.10 0.80 

15.95 1.26 25.91 1.33 26.00 0.94 

19.87 1.43 33.35 1.51 39.20 1.30 

25.72 1.64 39.34 1.65     

39.69 2.00         
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Contd. (Adsorption isotherm data of CO on UiO‒66 derivatives) 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

UiO‒66‒

COOH 
CO 

0.00 0.00 0.00 0.00 0.00 0.00 

0.72 0.15 0.72 0.13 0.72 0.11 

1.08 0.22 1.08 0.20 1.08 0.16 

2.05 0.39 2.05 0.36 2.05 0.28 

4.07 0.69 4.07 0.62 4.07 0.51 

8.08 1.14 8.08 1.00 8.08 0.87 

12.05 1.45 12.05 1.25 12.05 1.10 

15.98 1.71 15.98 1.46 15.98 1.29 

19.93 1.90 19.93 1.62 19.93 1.45 

25.79 2.13 25.79 1.85 25.79 1.60 

33.67 2.39 33.67 2.10 33.67 1.81 

UiO‒66‒

(COOH)2 
CO 

0.00 0.00 0.00 0.00 0.00 0.00 

0.24 0.05 0.24 0.03 1.07 0.08 

0.43 0.09 0.43 0.06 2.07 0.15 

0.71 0.15 0.71 0.10 4.10 0.27 

1.06 0.21 1.03 0.13 8.11 0.47 

2.08 0.38 2.05 0.25 12.07 0.64 

4.14 0.66 4.08 0.44 16.12 0.78 

8.05 1.04 8.06 0.75 20.24 0.91 

12.05 1.32 12.07 0.99 26.18 1.06 

15.96 1.53 16.11 1.18 35.76 1.27 

19.87 1.70 20.00 1.33     

25.71 1.91 25.88 1.52     

35.49 2.16 35.71 1.78     
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Table B14. Adsorption isotherm data of CH4 on UiO‒66 derivatives 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

UiO‒66 CH4 

0.00 0.00 0.00 0.00 0.00 0.00 

0.43 0.17 0.43 0.14 2.08 0.44 

0.70 0.27 0.71 0.21 4.07 0.68 

1.06 0.41 1.02 0.29 8.03 1.09 

2.04 0.73 2.09 0.53 11.96 1.44 

4.01 1.27 4.05 0.91 15.85 1.76 

7.91 2.10 8.05 1.54 19.64 2.04 

11.78 2.74 11.90 2.04 25.41 2.40 

15.57 3.25 15.71 2.46 32.44 2.80 

19.27 3.67 19.47 2.82 45.19 3.36 

24.73 4.18 25.06 3.28 62.06 3.91 

31.13 4.67 31.69 3.75 78.07 4.32 

43.07 5.34 44.05 4.36     

57.73 5.96 59.72 4.96     

71.88 6.58 74.69 5.46     

UiO‒66‒

NH2 
CH4 

0.00 0.00 0.00 0.00 0.00 0.00 

0.25 0.13 0.29 0.10 1.02 0.19 

0.43 0.22 0.45 0.15 2.10 0.34 

0.72 0.35 0.70 0.22 4.13 0.59 

1.06 0.49 1.03 0.32 8.10 0.99 

2.07 0.84 2.08 0.57 12.03 1.32 

4.11 1.38 4.09 0.95 15.80 1.59 

7.99 2.14 8.05 1.55 19.76 1.83 

11.81 2.68 11.99 2.01 25.47 2.15 

15.61 3.10 15.73 2.36 33.84 2.52 

19.37 3.44 19.55 2.67 47.97 2.96 

24.71 3.83 25.09 3.04 65.88 3.32 

32.32 4.25 33.03 3.46     

45.37 4.76 46.63 3.96     

61.24 5.22 63.43 4.40     

UiO‒66‒

NO2 
CH4 

0.00 0.00 0.00 0.00 0.00 0.00 

0.69 0.25 0.72 0.14 2.08 0.25 

1.06 0.34 1.03 0.20 4.10 0.42 

2.07 0.58 2.11 0.38 8.07 0.69 

4.09 0.94 4.10 0.64 11.97 0.90 

7.98 1.42 8.02 1.02 15.87 1.09 

11.85 1.75 11.92 1.31 19.67 1.26 

15.53 2.01 15.74 1.54 25.35 1.46 

19.37 2.22 19.49 1.74 32.99 1.67 

24.75 2.47 25.09 1.98 45.37 2.09 

31.30 2.71 32.27 2.22 62.40 2.59 

43.18 3.04 44.50 2.55     

57.93 3.41 59.78 2.95     
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Contd. (Adsorption isotherm data of CH4 on UiO‒66 derivatives) 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

UiO‒66‒

COOH 
CH4 

0.00 0.00 0.00 0.00 0.00 0.00 

0.53 0.26 0.53 0.21 0.53 0.18 

0.72 0.36 0.72 0.31 0.72 0.25 

1.05 0.48 1.05 0.41 1.05 0.38 

2.10 0.91 2.10 0.78 2.10 0.72 

4.09 1.34 4.09 1.20 4.09 1.12 

7.94 1.92 7.94 1.78 7.94 1.58 

11.81 2.27 11.81 2.17 11.81 1.95 

15.58 2.57 15.58 2.41 15.58 2.22 

19.35 2.81 19.35 2.61 19.35 2.40 

24.79 3.02 24.79 2.82 24.79 2.58 

32.54 3.31 32.54 3.01 32.54 2.78 

45.74 3.62 45.74 3.32 45.74 3.05 

61.92 3.97 61.92 3.60 61.92 3.32 

UiO‒66‒

(COOH)2 
CH4 

0.00 0.00 0.00 0.00 0.00 0.00 

0.24 0.13 0.23 0.08 0.25 0.06 

0.43 0.22 0.43 0.14 0.46 0.09 

0.72 0.36 0.72 0.22 0.71 0.12 

1.06 0.48 1.06 0.31 1.10 0.17 

2.09 0.81 2.08 0.54 2.08 0.30 

4.12 1.24 4.10 0.87 4.09 0.51 

8.00 1.74 8.05 1.32 8.07 0.84 

11.84 2.07 11.92 1.62 12.01 1.09 

15.63 2.32 15.91 1.86 15.95 1.29 

19.32 2.51 19.48 2.02 19.91 1.45 

24.74 2.72 24.95 2.24 25.46 1.65 

32.15 2.94 32.68 2.46 33.36 1.87 

45.58 3.22 46.69 2.75 47.79 2.14 

61.24 3.47 63.43 3.00 65.83 2.39 
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Table B15. Adsorption isotherm data of N2 on UiO‒66 derivatives 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

UiO‒66 N2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.70 0.09 0.70 0.07 1.04 0.09 

1.04 0.13 1.03 0.10 2.04 0.14 

2.07 0.25 2.07 0.19 4.08 0.24 

4.05 0.47 4.10 0.35 8.15 0.43 

8.08 0.85 8.07 0.63 12.16 0.60 

12.10 1.17 12.09 0.87 16.16 0.76 

16.04 1.44 16.05 1.09 20.16 0.91 

19.92 1.68 20.05 1.28 26.16 1.11 

25.79 1.99 25.99 1.55 33.49 1.32 

32.74 2.29 33.14 1.82 47.40 1.66 

46.47 2.77 46.94 2.24 66.13 1.99 

64.46 3.24 65.32 2.67 85.21 2.35 

82.38 3.60 84.01 3.00     

UiO‒66‒

NH2 
N2 

0.00 0.00 0.00 0.00 0.00 0.00 

1.03 0.14 1.08 0.13 1.09 0.07 

2.10 0.28 2.05 0.22 2.06 0.12 

4.06 0.50 4.09 0.38 4.09 0.23 

8.04 0.88 8.11 0.67 8.14 0.42 

12.04 1.20 12.09 0.91 12.15 0.58 

16.05 1.46 16.11 1.12 16.07 0.73 

19.99 1.68 20.09 1.31 20.14 0.87 

25.82 1.96 25.99 1.55 26.06 1.06 

34.27 2.29 34.42 1.83 34.99 1.28 

49.36 2.73 49.96 2.17 50.67 1.59 

68.82 3.13 69.79 2.59 70.66 1.89 

UiO‒66‒

NO2 
N2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.71 0.07 0.74 0.07 2.07 0.10 

1.03 0.10 1.04 0.09 4.08 0.18 

2.07 0.20 2.09 0.16 8.11 0.31 

4.08 0.36 4.08 0.27 12.14 0.43 

8.10 0.62 8.08 0.47 16.16 0.53 

12.01 0.81 12.09 0.64 20.17 0.62 

16.05 0.99 16.03 0.78 26.10 0.75 

19.94 1.13 20.06 0.90 33.36 0.89 

25.85 1.31 25.90 1.06 47.27 1.11 

33.12 1.49 33.40 1.23 66.33 1.46 

46.34 1.75 47.20 1.47 85.41 1.64 

64.52 2.01 65.45 1.75     

82.51 2.22 84.20 2.00     
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contd. (Adsorption isotherm data of N2 on UiO‒66 derivatives) 

MOF Gas 

At 294 K At 317 K At 356 K 

P 
Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 
P 

Amount 

adsorbed, N 

(bar) (mol kg-1) (bar) (mol kg-1) (bar) (mol kg-1) 

UiO‒66‒

COOH 
N2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.23 0.03 0.23 0.03 0.23 0.03 

0.42 0.06 0.42 0.05 0.42 0.05 

0.73 0.11 0.73 0.09 0.73 0.08 

1.05 0.15 1.05 0.13 1.05 0.11 

2.06 0.28 2.06 0.23 2.06 0.20 

4.07 0.50 4.07 0.42 4.07 0.37 

8.12 0.87 8.12 0.65 8.12 0.59 

12.18 1.11 12.18 0.92 12.18 0.78 

16.06 1.35 16.06 1.12 16.06 0.92 

19.98 1.55 19.98 1.26 19.98 1.05 

25.82 1.75 25.82 1.46 25.82 1.21 

34.39 2.00 34.39 1.71 34.39 1.41 

49.55 2.34 49.55 1.99 49.55 1.71 

68.82 2.65 68.82 2.25 68.82 1.95 

UiO‒66‒

(COOH)2 
N2 

0.00 0.00 0.00 0.00 0.00 0.00 

0.42 0.06 0.78 0.08 0.74 0.05 

0.70 0.11 1.02 0.10 1.02 0.06 

1.09 0.15 2.06 0.18 2.06 0.11 

2.08 0.28 4.08 0.33 4.08 0.20 

4.08 0.50 8.14 0.59 8.12 0.37 

8.06 0.83 12.08 0.78 12.05 0.50 

12.09 1.08 16.01 0.95 16.23 0.63 

16.01 1.28 20.15 1.10 20.15 0.74 

20.17 1.45 25.97 1.27 26.04 0.88 

25.82 1.64 34.10 1.47 34.47 1.04 

33.95 1.85 50.02 1.74 50.40 1.28 

49.30 2.14 69.66 1.98 70.79 1.51 

68.51 2.39 
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