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I 

Abstract 

 

The use of natural gas in place of coal offers a method to effectively reduce greenhouse gas 

emissions. Adsorption processes, specifically, pressure swing adsorption (PSA), offers an 

energy efficient method to perform bulk removal of CO2 from high pressure sour natural 

gas. 

 

A selection of zeolitic imidazolate frameworks (ZIFs) were chosen and evaluated using 

PSA process simulation. ZIFs -8, -14 and -71 were synthesised and gas adsorption 

isotherms measured. Using these isotherms, process simulation over a range of feed 

conditions from 15 %mol to 35 %mol CO2 at 100 bar(a) and 303 K, process performance 

metrics including CO2 and CH4 purity and recovery were observed. Considering CH4 is the 

saleable product, it was decided that its purity target of 98 %mol could not be compromised, 

and was thus set as a requirement. Using a 9 step, 3 bed PSA cycle, ZIF-14 was not able to 

meet this CH4 purity requirement; however, ZIF-8 and ZIF-71 were able to meet it while 

achieving CO2 purities of 24 – 45 %mol with good recovery (89 – 96 %mol), and CH4 

recoveries of 48 – 34 %mol. 

 

A thorough investigation of the adsorption properties and thermodynamics of the ZIF 

adsorbents was also carried out. It was known that ZIF-8 demonstrated a structural 

transition upon adsorption; based on this work, it is quite likely that such transitions are 

also taking place in ZIF-14 and ZIF-71, however, definitive experimental evidence of this 

is required such as in-situ X-ray diffraction. Some artefacts seen in the adsorption 

isotherms of ZIF-71 were found to correlate with the adsorbate liquid phase surface 

tension. It was also found that these ZIF adsorbents deteriorated over time, contrary to 

existing claims in the literature. During the thermodynamic analysis, it was found that 

temperature invariant properties such as the differential enthalpy of adsorption were 

affected by temperature, and this was attributed to the structural transition. It was also 

found that the adsorbed phase was not ‗liquid like‘ at low loadings, but was at higher 

loadings. A published method (osmotic potential) was used in evaluating the 

thermodynamics of the structural transition, and it was found that this method was 

inconsistent and inconvenient when multiple isotherms are used. An alternative method 
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based on van ‗t Hoff plots was proposed and better results were observed, however, 

further application of this method is required to confirm its general applicability. 

 

In order to form a more general view on the topic, the literature was reviewed for high 

pressure adsorption isotherms of CO2 and CH4. These adsorbents, in addition to the ZIF 

adsorbents synthesised in this work, and a family of zeolite-Y adsorbents for which 

adsorption isotherms were measured for, were evaluated for process performance using a 

simple PSA model. It was found that ZIF-71 was most often the best performing 

adsorbent over the range of conditions investigated. The adsorbents were evaluated over a 

range of process conditions such that the output could be used as an adsorbent screening 

method. Feed temperature, pressure, and desorption pressure were all varied for feed 

compositions of 10 %mol and 30 %mol CO2. This finding implied that ZIF-71 should be 

investigated further for high pressure CO2/CH4 separations, with the belief that a more 

advanced PSA cycle could be developed or used to give better performance than was 

found earlier in this work. It was originally thought that the bed void fraction would be a 

significant limitation for high pressure separations. It was found, however, that the void 

fraction of the adsorbent bed did not have as great an influence as was imagined, although 

minor gains in CO2 purity and CH4 recovery could be found. Finally, a range of model 

adsorbents/isotherms were made in order to uncover the key adsorbent properties that 

result in good process performance. It was found that adsorbents with either a moderate 

loading, low heat of adsorption and low selectivity or low loading, moderate heat of 

adsorption and high selectivity yielded the best results. The unexpected outcome of this 

finding was that these characteristics align very well with ZIF-71. 

 

A range of future work was also recommended. ZIF-71 should be investigated further in 

different PSA cycles, and high pressure binary adsorption data should also be measured to 

investigate the true effects of multicomponent adsorption as they are currently unknown. A 

series of experiments were also suggested to confirm findings regarding the adsorption 

properties of the ZIF adsorbents, including in-situ X-ray diffraction for the suspected 

structural transitions of ZIF-14 and ZIF-71, and isotherm measurements using a wider 

variety of adsorbates regarding the suggested surface tension related phenomenon in ZIF-

71. A selection of adsorbent development tasks were also recommended including, post-

synthesis modification of the ZIF adsorbents in an effort to tune adsorption properties, 
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further investigation into an adsorbent called ZSM-25 for which adsorption properties are 

not well known at the time of writing, and a hierarchical LTA-FAU adsorbent was also 

suggested. Regarding the separation process, it was speculated that a hybrid PSA-

membrane based separation process may offer enhanced process performance, with the 

PSA system helping to overcome issues such as membrane plasticisation and the 

membrane system increasing the attainable CO2 purity and CH4 recovery.  

 

  



IV 

 

  



V 

Declaration 

 

This is to certify that: 

1) the thesis comprises only my original work towards the PhD except where 

indicated in the Preface, 

2) due acknowledgement has been made in the text to all other material used, 

3) the thesis is fewer than 100,000 words in length, exclusive of tables, maps, 

bibliographies and appendices 

 

 

 

__________________________ 

David Danaci, 

May, 2018 

 

  



VI 

  



VII 

Preface 

 

Aspects of this thesis have been published elsewhere as follows: 

 

Journal publications 

Danaci D., Singh R., Xiao P., Webley P.A., ―Assessment of ZIF materials for CO2 capture 

from high pressure natural gas streams‖, Chemical Engineering Journal 280 (2015) 486 – 493. 

 

 

 

  



VIII 

  



IX 

Acknowledgements 

 

Firstly, to my primary supervisor, Prof. Paul A. Webley, thank you for your continuous 

support, sage advice, and the opportunity for useful discussions given your numerous other 

commitments. Thank you for giving me the opportunity to work within your research 

group to experience and learn things which I would not have otherwise. 

 

To my additional supervisors, Dr. Ranjeet Singh and Dr. Penny Xiao, thank you for the 

valuable discussions and guidance throughout my work; and specifically to Ranjeet for 

performing the X-ray diffraction and SEM analysis for me. 

 

Consequently, we acknowledge the use of the SEM facilities at the Monash Centre of 

Electron Microscopy (MCEM); and the use of the XRD facilities at Monash University, 

Clayton. 

 

Thank you to the CO2CRC for the providing the funding for this research, my stipend, 

and the opportunity to attend a number of internal conferences that facilitated 

conversation with other CO2CRC researchers and members. I would also like to 

acknowledge the Particulate Fluids Processing Centre (PFPC), and the Melbourne School 

of Engineering via its Melbourne Abroad Travelling Scholarship (MATS) for providing 

financial assistance to attend the 6th International FEZA conference in Germany. 

 

Thank you to Leslie Gamel at the Science Faculty Technical Workshop at the University of 

Melbourne for his apparently limitless glassblowing skills, and repairing broken glassware in 

record time. 

 

Thank you to Ms. Annmaree Sharkey and Ms. Louise Baker at the Department of 

Chemical Engineering for all of your assistance with becoming acquainted with the 

university, and navigating its mass of on-going administration. Also thank you to Kerrie 

McArthur, Janine Tickle and Stephen Beard at the Melbourne School of Engineering for 



X 

assisting with infrastructure and safety related issues, and dealing with the logistics of 

chemical and gas orders. 

 

Thank you to the Department of Chemical Engineering for giving me the opportunity to 

tutor and teach at various levels. This helped keep my chemical engineering skills refreshed, 

allowed me to improve my teaching methods, and meet a number of interesting people. 

 

Thank you to my friends, Kahlil Desai, Sian Harrick, Samantha Ho, Teresa La, and Jessica 

Vovers for listening to my incessant complaints on seemingly never ending matters, 

offering good conversation, and providing company on many enjoyable occasions.

 

  



XI 

Table of Contents 

 

Abstract ............................................................................................................................................... I 

Acknowledgements ......................................................................................................................... IX 

Table of Contents ........................................................................................................................... XI 

List of Tables ................................................................................................................................. XV 

List of Figures ............................................................................................................................. XVII 

1 INTRODUCTION ................................................................................................................. 1 

1.1 Global warming and climate change ............................................................................. 1 

1.2 Carbon capture and storage ............................................................................................ 3 

1.3 Carbon capture technologies .......................................................................................... 4 

1.4 Adsorption for natural gas .............................................................................................. 5 

1.5 Thesis outline .................................................................................................................... 7 

2 LITERATURE REVIEW ...................................................................................................... 9 

2.1 Overview ........................................................................................................................... 9 

2.2 Adsorbents and adsorption ............................................................................................. 9 

2.2.1 Separation mechanisms ......................................................................................... 12 

2.2.2 Measurement techniques ...................................................................................... 36 

2.2.3 Characterisation methods ..................................................................................... 50 

2.3 CO2 separations for natural gas applications .............................................................. 81 

2.3.1 Adsorption in natural gas ...................................................................................... 81 

2.3.2 Alternative technologies ........................................................................................ 83 

2.3.3 Challenges faced by adsorption technologies .................................................... 85 

2.3.4 Process evaluation criteria .................................................................................... 86 

2.3.5 Applications for recovered CO2 .......................................................................... 87 

2.4 Reported materials ......................................................................................................... 89 

2.5 Adsorption unit operations ........................................................................................... 96 

2.5.1 PSA cycles ............................................................................................................... 96 



XII 

2.5.2 Existing PSA processes for CO2/CH4 separation ........................................... 101 

2.5.3 Other considerations ........................................................................................... 104 

2.5.4 Performance metrics ............................................................................................ 105 

2.6 Influence of other components.................................................................................. 109 

2.6.1 Water ...................................................................................................................... 109 

2.6.2 Other hydrocarbons ............................................................................................ 110 

2.6.3 Light gases ............................................................................................................. 110 

2.6.4 Sulphur compounds ............................................................................................ 111 

2.6.5 Mercury .................................................................................................................. 112 

2.7 Scope .............................................................................................................................. 114 

3 MATERIALS, METHODS and INSTRUMENTATION .......................................... 115 

3.1 Synthesis of ZIF materials .......................................................................................... 115 

3.1.1 Synthesis of ZIF-8 ............................................................................................... 115 

3.1.2 Synthesis of ZIF-14 ............................................................................................. 115 

3.1.3 Synthesis of ZIF-71 ............................................................................................. 116 

3.2 Preparation of zeolite Y (USY) samples ................................................................... 117 

3.2.1 Commercial USY powders ................................................................................. 117 

3.3 Characterisation methods ............................................................................................ 118 

3.3.1 X-ray diffraction ................................................................................................... 118 

3.3.2 Thermogravimetric analysis ................................................................................ 118 

3.3.3 Surface area and porosity characterisation ....................................................... 118 

3.3.4 Volumetric gas isotherm measurement ............................................................ 120 

3.3.5 Gravimetric isotherm measurements ................................................................ 122 

3.3.6 Scanning Electron Microscopy (SEM) ............................................................. 124 

3.3.7 Fourier Transform Infrared (FT-IR) Spectroscopy ........................................ 124 

3.4 PSA simulation ............................................................................................................. 125 

4 APPLICATION of ZIFs -8, -14 and -71 for CO2/CH4 SEPARATION .................. 127 

4.1 Introduction .................................................................................................................. 127 



XIII 

4.2 Results and discussion ................................................................................................. 132 

4.2.1 Synthesis ................................................................................................................ 132 

4.2.2 Characterisation .................................................................................................... 132 

4.2.3 Adsorption isotherms .......................................................................................... 142 

4.2.4 PSA simulation ..................................................................................................... 148 

4.3 Summary ........................................................................................................................ 156 

5 ADSORPTION THERMODYNAMICS of ZIFs -8, -14 and -71 ............................. 157 

5.1 Introduction .................................................................................................................. 157 

5.2 Adsorption isotherms .................................................................................................. 158 

5.2.1 Comparison across materials .............................................................................. 158 

5.2.2 Comparison across gases .................................................................................... 180 

5.2.3 Interim summary (isotherm data) ...................................................................... 184 

5.3 Calculation methods and discussion .......................................................................... 187 

5.3.1 Limiting properties .............................................................................................. 187 

5.3.2 Differential adsorption thermodynamics ......................................................... 189 

5.3.3 Immersional thermodynamic properties .......................................................... 196 

5.3.4 Thermodynamics of structural transition ......................................................... 198 

5.3.5 The thermodynamic factor ................................................................................. 201 

5.4 Results and discussion ................................................................................................. 203 

5.4.1 Limiting properties .............................................................................................. 203 

5.4.2 Differential adsorption properties ..................................................................... 207 

5.4.3 Solution thermodynamics ................................................................................... 217 

5.4.4 Supplementary investigations ............................................................................. 229 

5.4.5 Framework flexibility ........................................................................................... 238 

5.5 Summary ........................................................................................................................ 256 

5.5.1 Summary of adsorption thermodynamics ........................................................ 257 

6 EVALUATION of ADSORBENTS and INFLUENCE of PROCESS VARIABLES . 

  ................................................................................................................................................ 267 



XIV 

6.1 Introduction .................................................................................................................. 267 

6.2 Evaluation method ....................................................................................................... 269 

6.3 Results and discussion ................................................................................................. 274 

6.3.1 Limitations of the simple model ........................................................................ 274 

6.3.2 Known adsorbents ............................................................................................... 276 

6.3.3 Model adsorbents ................................................................................................. 304 

6.4 Summary ........................................................................................................................ 324 

7 SUMMARY and FUTURE WORK ................................................................................. 327 

7.1 Summary ........................................................................................................................ 327 

7.2 Future work ................................................................................................................... 331 

Bibliography ................................................................................................................................... 335 

 

 

  



XV 

List of Tables 

 

Table 1.1 - Typical composition range of a natural gas source [13] .......................................... 6 

Table 2.1 - Properties of some common adsorbates [31] ......................................................... 13 

Table 2.2 – Physical property parameters for the Horvath-Kawazoe equation .................... 62 

Table 2.3 – Summary of materials evaluated in the existing literature for CO2/CH4 

separation without ‗complete data‘ categorised by adsorbent type. ........................................ 92 

Table 2.4 – Summary of existing publications available with simulated adsorption data for 

CO2/CH4 separations. .................................................................................................................... 94 

Table 2.5 – Summary of existing publications with high pressure adsorption data measured 

at least two temperatures for CO2/CH4 separation. .................................................................. 94 

Table 2.6 – Step sequencing of 2 bed-4 step Skarstrom cycle indicating the state of each 

bed during each stage of the cycle. ............................................................................................... 99 

Table 2.7 – Valve states (0 = Off, 1 = On) for the Skarstrom cycle over one cycle. ......... 100 

Table 3.1 – Values of constants for CO2 and CH4 for the PRSV EOS ................................ 124 

Table 4.1 – Morphological summary of the studied ZIFs ...................................................... 127 

Table 4.2 – Dual-site Langmuir fit parameters for CO2 and CH4 on ZIF-8, -14 and -71. The 

units of m are mol·kg-1, b0 – kPa-1 and H – kJ·mol-1. .............................................................. 145 

Table 4.3 – Step times and pressure for the various combinations of adsorbent and feed 

CO2 concentration. Time values are in seconds, and pressures are in bar. .......................... 151 

Table 4.4 – PSA performance results for ZIF-8, -14 and -71 over the range of feed CO2 

concentrations investigated. ........................................................................................................ 152 

Table 4.5 – Loading of CO2 and CH4 on ZIF-14 at 100 bar and 303 K over the range of 

feed mixtures investigated and the respective selectivities. ..................................................... 153 

Table 5.1 – Pressure ranges (kPa) at which the suspected adsorbed phase transition occurs 

for argon and methane on ZIF-8 and ZIF-14 at selected temperatures. ............................. 167 

Table 5.2 – Comparison of the temperature ranges for which isotherm anomalies were 

observed and corresponding physical properties. .................................................................... 169 

Table 5.3 – Summary of isotherms displaying a flattened region and corresponding 

saturated liquid surface tension. .................................................................................................. 175 

Table 5.4 – Relationship between pressure, amount adsorbed and pressure ratio for flat 

segment start and end points in ZIF-71. ................................................................................... 177 

Table 5.5 – physical property constants used in Equation 5.19 ............................................. 193 

Table 5.6 – ideal gas heat capacity constants used in Equation 5.23..................................... 194 



XVI 

Table 5.7 – volumetric unit cell information used in Equation 5.38 ..................................... 202 

Table 5.8 – Resulting internal energy and entropy change for the type-I structural 

transitions of ZIF-8, -14 and -71 from the osmotic potential method. ................................ 241 

Table 5.9 – Resulting internal energy and entropy change for the type-II structural 

transitions of ZIF-8 and -71 from the osmotic potential method. ........................................ 242 

Table 5.10 – Resulting internal energy and entropy change for the type-III structural 

transitions of ZIF-8 from the osmotic potential method. ...................................................... 245 

Table 5.11 – Determined H and S of the type-I structural transitions using the van ‗t 

Hoff plot method based on the transition pressure. ............................................................... 247 

Table 5.12 – Compensated values of H and S of the type-I structural transitions using 

the van ‗t Hoff plot method. ....................................................................................................... 248 

Table 5.13 – Comparison of the temperatures at which the free energy is zero using the van 

‗t Hoff plot method and the osmotic potential method. ........................................................ 250 

Table 5.14 – Determined H and S of the type-II structural transitions using the van ‗t 

Hoff plot method. ......................................................................................................................... 251 

Table 5.15 – Compensated values of H and S of the type-II structural transitions using 

the van ‗t Hoff plot method. ....................................................................................................... 251 

Table 5.16 – Determined H and S of the type-III structural transitions using the van ‗t 

Hoff plot method. ......................................................................................................................... 253 

Table 5.17 – Compensated values of H and S of the type-III structural transitions using 

the van ‗t Hoff plot method. ....................................................................................................... 253 

Table 6.1 – List of materials evaluated in this work for high pressure natural gas separations 

with their corresponding number and original data reference. .............................................. 271 

Table 6.2 – Selected adsorbents for which results will be shown in the main body of this 

chapter ............................................................................................................................................ 276 

Table 6.3 – Simple model physical property input parameters for adsorbents 7 and 17 ... 277 

Table 6.4 – Simple model physical property input parameters for adsorbents 15 and 34 . 278 

Table 6.5 – Simple model physical property input parameters for adsorbents 21 and 31 . 279 

Table 6.6 – Possible interpretations of γ for various scenarios .............................................. 302 

Table 6.7 – Scenarios investigated using model single-site Langmuir isotherms and the 

corresponding legend entry name .............................................................................................. 304 

 

  



XVII 

List of Figures 

 

Figure 2.1 – A simplified comparison of a non-porous and porous adsorbent .................... 10 

Figure 2.2 – Adsorption isotherm types as designated by the IUPAC ................................... 14 

Figure 2.3 – Graphical depiction of Knudsen diffusion through a pore ................................ 27 

Figure 2.4 – Graphical representation of surface diffusion ...................................................... 29 

Figure 2.5 – Graphical depiction of activated diffusion ............................................................ 30 

Figure 2.6 – Schematic representation of volumetric adsorption apparatus. Showing 

calibrated and dead volumes (left) and total volume (right). .................................................... 37 

Figure 2.7 – Illustration of force balance on sample in a gas environment. .......................... 41 

Figure 2.8 – Schematic representation of gravimetric apparatus showing the operation of 

the suspension balance in the first position (left) and second position (right). ..................... 42 

Figure 2.9 – Schematic representation of breakthrough measurement apparatus showing 

the key required elements. ............................................................................................................. 48 

Figure 2.10 – An illustration of the increasing thickness layer and the relationship between 

pore radius (Rp), and the Kelvin radius (Rk) from monolayer adsorption to multilayer 

adsorption and then sudden pore filling. ..................................................................................... 55 

Figure 2.11 – Illustration of a wetting fluid (left) and non-wetting fluid (right) on a given 

surface. .............................................................................................................................................. 68 

Figure 2.12 – Selectivity as a function of total pressure for CO2 over CH4 on Zeolite 13X at 

298 K with a 15 %mol CO2 mixture. .............................................................................................. 86 

Figure 2.13 – Number of citations per year of scientific articles containing key words ―CO2 

capture‖ and ―adsorbent‖ over the last 25 year period. ............................................................ 89 

Figure 2.14 – Schematic representation of the Skarstrom PSA system .................................. 99 

Figure 2.15 – Showing the equilibrium and mass transfer zone (MTZ) over the bed length.

 ......................................................................................................................................................... 105 

Figure 4.1 – Topology of SOD zeolite framework .................................................................. 128 

Figure 4.2 – Topology of ZIF-8 framework (SOD analogue) ............................................... 128 

Figure 4.3 – Topology of ANA zeolite framework ................................................................. 129 

Figure 4.4 – Topology of ZIF-14 framework (ANA analogue) ............................................. 129 

Figure 4.5 – Topology of RHO zeolite framework ................................................................. 129 

Figure 4.6 – Topology of ZIF-71 framework (RHO analogue) ............................................ 129 

Figure 4.7 – ZIF-8 ‗narrow pore‘ structure, ligands pointing towards the pore aperture 

(under vacuum) ............................................................................................................................. 130 



XVIII 

Figure 4.8 – ZIF-8 ‗large pore‘ structure, ligands pointing perpendicular to the pore 

aperture (with adsorbate loading) ............................................................................................... 130 

Figure 4.9 – PXRD pattern of ZIF-8 (blue) and simulated XRD pattern (red) .................. 133 

Figure 4.10 – PXRD pattern of ZIF-14 (blue) and simulated XRD pattern (red) .............. 133 

Figure 4.11 – PXRD pattern of ZIF-71 (blue) and simulated XRD pattern (red) .............. 134 

Figure 4.12 – SEM image of ZIF-8 sample .............................................................................. 135 

Figure 4.13 – SEM image of ZIF-14 sample ............................................................................ 135 

Figure 4.14 – SEM image of ZIF-71 sample ............................................................................ 136 

Figure 4.15 – Thermogravimetric curves (above) and differential thermogravimetric curves 

(below) for ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue). .................................................. 137 

Figure 4.16 – FT-IR spectrum of ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) over the 

low frequency range ...................................................................................................................... 138 

Figure 4.17 – FT-IR spectra of ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) over the 

high frequency range .................................................................................................................... 139 

Figure 4.18 – N2 isotherms at 77 K for ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) on 

linear axis (left) and logarithmic axis (right) .............................................................................. 140 

Figure 4.19 – Comparison of N2 isotherms at 77 K for the ZIF-14 sample used in this 

work (green) and the ZIF-14 sample synthesised by an alternative procedure for 

confirmation (dark blue) .............................................................................................................. 141 

Figure 4.20 – Intermediate pressure isotherms for CO2 (left) and CH4 (right) on ZIF-8. ........ 

 ......................................................................................................................................................... 142 

Figure 4.21 – Intermediate pressure isotherms for CO2 (left) and CH4 (right) on ZIF-14 ....... 

 ......................................................................................................................................................... 142 

Figure 4.22 – Intermediate pressure isotherms for CO2 (left) and CH4 (right) on ZIF-71 ....... 

 ......................................................................................................................................................... 143 

Figure 4.23 – High pressure isotherms for ZIF-8 measured at 303 K ................................. 144 

Figure 4.24 – High pressure isotherms for ZIF-14 measured at 303 K ............................... 144 

Figure 4.25 – High pressure isotherms for ZIF-71 measured at 303 K ............................... 145 

Figure 4.26 – ZIF-8 isotherm data for CO2 (left) and CH4 (right) with DSL fits shown. ........ 

 ......................................................................................................................................................... 146 

Figure 4.27 – ZIF-14 isotherm data for CO2 (left) and CH4 (right) with DSL fits shown. ...... 

 ......................................................................................................................................................... 146 

Figure 4.28 – ZIF-71 isotherm data for CO2 (left) and CH4 (right) with DSL fits shown. ...... 

 ......................................................................................................................................................... 147 



XIX 

Figure 4.29 – Differential enthalpies of adsorption for CO2 (left) and CH4 (right) on ZIF-8 

(red), ZIF-14 (green) and ZIF-71 (blue) .................................................................................... 148 

Figure 4.30 – 9 step PSA cycle used in this work (F – feed, E – exhaust, PE – pressure 

equalisation, P – CO2 product) ................................................................................................... 150 

Figure 4.31 – High pressure ZIF-14 isotherms and CH4 isotherm for ZIF-71 measured at 

303 K for comparison. ................................................................................................................. 153 

Figure 4.32 – High pressure isotherms of ZIF-8 and ZIF-71 expressed on a volumetric 

basis for the purposes of comparison. ....................................................................................... 154 

Figure 5.1 – argon isotherms on ZIF-8, linear absolute axis .................................................. 159 

Figure 5.2 – argon isotherms on ZIF-8, log relative axis ........................................................ 159 

Figure 5.3 – methane isotherms on ZIF-8, linear absolute axis ............................................. 160 

Figure 5.4 – methane isotherms on ZIF-8, log relative axis ................................................... 160 

Figure 5.5 – carbon dioxide isotherms on ZIF-8, linear absolute axis.................................. 162 

Figure 5.6 – carbon dioxide isotherms on ZIF-8, log relative axis ........................................ 162 

Figure 5.7 – nitrogen isotherms on ZIF-8, linear absolute axis ............................................. 163 

Figure 5.8 – nitrogen isotherms on ZIF-8, log relative axis ................................................... 163 

Figure 5.9 – argon isotherms on ZIF-14, linear absolute axis ................................................ 165 

Figure 5.10 – argon isotherms on ZIF-14, log relative axis .................................................... 165 

Figure 5.11 – methane isotherms on ZIF-14, linear absolute axis ........................................ 167 

Figure 5.12 – methane isotherms on ZIF-14, log relative axis ............................................... 167 

Figure 5.13 – carbon dioxide isotherms on ZIF-14, linear absolute axis ............................. 168 

Figure 5.14 – carbon dioxide isotherms on ZIF-14, log relative axis ................................... 168 

Figure 5.15 – nitrogen isotherms on ZIF-14, linear absolute axis ......................................... 170 

Figure 5.16 – nitrogen isotherms on ZIF-14, log relative axis ............................................... 170 

Figure 5.17 – argon isotherms on ZIF-71, linear absolute axis ............................................. 171 

Figure 5.18 – argon isotherms on ZIF-71, log relative axis .................................................... 171 

Figure 5.19 – methane isotherms on ZIF-71, linear absolute axis ........................................ 172 

Figure 5.20 – methane isotherms on ZIF-71, log relative axis ............................................... 172 

Figure 5.21 – carbon dioxide isotherms on ZIF-71, linear absolute axis ............................. 173 

Figure 5.22 – carbon dioxide isotherms on ZIF-71, log relative axis ................................... 173 

Figure 5.23 – nitrogen isotherms on ZIF-71, linear absolute axis ......................................... 174 

Figure 5.24 – nitrogen isotherms on ZIF-71, log relative axis ............................................... 174 

Figure 5.25 – hydrogen isotherms on ZIF-71, linear absolute axis ....................................... 178 



XX 

Figure 5.26 – hydrogen isotherms on ZIF-71 at 50 K, initially measured (red) and repeated 

(green) ............................................................................................................................................. 178 

Figure 5.27 – argon isotherms at 84 K for ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) 

on linear pressure axis .................................................................................................................. 180 

Figure 5.28 – argon isotherms at 84 K for ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) 

on log pressure axis....................................................................................................................... 180 

Figure 5.29 – methane isotherms at 91 K for ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) 

on linear pressure axis .................................................................................................................. 181 

Figure 5.30 – methane isotherms at 91 K for ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) 

on log pressure axis....................................................................................................................... 181 

Figure 5.31 – carbon dioxide isotherms at 160 K for ZIF-8 (red), ZIF-14 (green) and ZIF-

71 (blue) on linear pressure axis .................................................................................................. 182 

Figure 5.32 – carbon dioxide isotherms at 160 K for ZIF-8 (red), ZIF-14 (green) and ZIF-

71 (blue) on log pressure axis ...................................................................................................... 182 

Figure 5.33 – nitrogen isotherms at 70 K for ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) 

on linear pressure axis .................................................................................................................. 182 

Figure 5.34 – nitrogen isotherms at 70 K for ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) 

on log pressure axis....................................................................................................................... 182 

Figure 5.35 – Comparison of powder diffraction patterns of the as synthesised ZIF-8 

sample and following the series of isotherm measurements in this work. ........................... 183 

Figure 5.36 – Comparison of powder diffraction patterns of the as synthesised ZIF-14 

sample and following the series of isotherm measurements in this work. ........................... 183 

Figure 5.37 – Comparison of powder diffraction patterns of the as synthesised ZIF-71 

sample and following the series of isotherm measurements in this work. ........................... 184 

Figure 5.38 – Henry constant van ‗t Hoff plots for ZIF-8 ..................................................... 204 

Figure 5.39 – Henry constant van ‗t Hoff plots for ZIF-14 ................................................... 204 

Figure 5.40 – Henry constant van ‗t Hoff plots for ZIF-71 ................................................... 204 

Figure 5.41 – Henry constant van ‗t Hoff plots for hydrogen on ZIF-71 ........................... 204 

Figure 5.42 – Limiting enthalpies of adsorption for ZIF-8, -14 and -71 from van ‗t Hoff 

plots. ................................................................................................................................................ 206 

Figure 5.43 – Limiting entropies of adsorption for ZIF-8, -14 and -71 from van ‗t Hoff 

plots. ................................................................................................................................................ 206 

Figure 5.44 – Differential enthalpies of adsorption on ZIF-8 for argon, methane, carbon 

dioxide and nitrogen ..................................................................................................................... 209 



XXI 

Figure 5.45 – Differential enthalpies of adsorption on ZIF-8 calculated using selected 

isotherms for argon (77 – 90 K) and nitrogen (70 – 90 K) .................................................... 209 

Figure 5.46 – Differential enthalpies of adsorption on ZIF-14 for argon, methane, carbon 

dioxide and nitrogen ..................................................................................................................... 211 

Figure 5.47 – Differential enthalpies of adsorption on ZIF-71 for argon, methane, carbon 

dioxide, hydrogen and nitrogen .................................................................................................. 211 

Figure 5.48 – Differential entropies of adsorption on ZIF-8 for argon, methane, carbon 

dioxide and nitrogen ..................................................................................................................... 213 

Figure 5.49 – Differential entropies of adsorption on ZIF-14 for argon, methane, carbon 

dioxide and nitrogen ..................................................................................................................... 213 

Figure 5.50 – Differential entropies of adsorption on ZIF-71 for argon, methane, carbon 

dioxide, hydrogen and nitrogen .................................................................................................. 215 

Figure 5.51 – Differential Gibbs energy of adsorption on ZIF-8 at 298 K for argon, 

methane, carbon dioxide and nitrogen ...................................................................................... 216 

Figure 5.52 – Differential Gibbs energy of adsorption on ZIF-14 at 298 K for argon, 

methane, carbon dioxide and nitrogen ...................................................................................... 216 

Figure 5.53 – Differential Gibbs energy of adsorption on ZIF-71 at 298 K for argon, 

methane, carbon dioxide, hydrogen and nitrogen .................................................................... 216 

Figure 5.54 – Surface potential during argon adsorption at 77 K ......................................... 218 

Figure 5.55 – Surface potential during methane adsorption at 91 K .................................... 218 

Figure 5.56 – Surface potential during carbon dioxide adsorption at 170 K ....................... 219 

Figure 5.57 – Surface potential during nitrogen adsorption at 70 K ..................................... 219 

Figure 5.58 – Enthalpy of immersion of ZIF-8 during argon, methane, carbon dioxide and 

nitrogen adsorption on linear axes ............................................................................................. 221 

Figure 5.59 – Enthalpy of immersion of ZIF-8 during argon, methane, carbon dioxide and 

nitrogen adsorption on log axes.................................................................................................. 221 

Figure 5.60 – Enthalpy of immersion of ZIF-14 during argon, methane, carbon dioxide and 

nitrogen adsorption on linear axes ............................................................................................. 222 

Figure 5.61 – Enthalpy of immersion of ZIF-14 during argon, methane, carbon dioxide and 

nitrogen adsorption on log axes.................................................................................................. 222 

Figure 5.62 – Enthalpy of immersion of ZIF-71 during argon, methane, carbon dioxide, 

hydrogen and nitrogen adsorption on linear axes .................................................................... 222 

Figure 5.63 – Enthalpy of immersion of ZIF-71 during argon, methane, carbon dioxide, 

hydrogen and nitrogen adsorption on log axes ........................................................................ 222 



XXII 

Figure 5.64 – Entropies of immersion of ZIF-8 during argon, methane, carbon dioxide and 

nitrogen adsorption on linear axes ............................................................................................. 225 

Figure 5.65 – Entropies of immersion of ZIF-8 during argon, methane, carbon dioxide and 

nitrogen adsorption on log axes.................................................................................................. 225 

Figure 5.66 – Argon, methane and nitrogen isotherms on ZIF-8 at 100 K ......................... 225 

Figure 5.67 – Entropies of immersion of ZIF-14 during argon, methane, carbon dioxide 

and nitrogen adsorption on linear axes ...................................................................................... 226 

Figure 5.68 – Entropies of immersion of ZIF-14 during argon, methane, carbon dioxide 

and nitrogen adsorption on log axes .......................................................................................... 226 

Figure 5.69 – Argon, methane and nitrogen isotherms on ZIF-14 at 100 K....................... 227 

Figure 5.70 – Entropies of immersion of ZIF-71 during argon, methane, carbon dioxide, 

hydrogen and nitrogen on linear axes ........................................................................................ 228 

Figure 5.71 – Entropies of immersion of ZIF-71 during argon, methane, carbon dioxide, 

hydrogen and nitrogen on log axes ............................................................................................ 228 

Figure 5.72 – Argon, methane and nitrogen isotherms on ZIF-71 at 100 K....................... 228 

Figure 5.73 – Theoretical differential entropy of adsorption of argon at 84 K compared to 

the differential entropy of adsorption ........................................................................................ 231 

Figure 5.74 – Theoretical differential entropy of adsorption of methane at 91 K compared 

to the differential entropy of adsorption ................................................................................... 231 

Figure 5.75 – Theoretical differential entropy of adsorption of carbon dioxide at 160 K 

compared to the differential entropy of adsorption ................................................................ 231 

Figure 5.76 – Theoretical differential entropy of adsorption of nitrogen at 70 K compared 

to the differential entropy of adsorption ................................................................................... 231 

Figure 5.77 – Theoretical entropy of condensation of nitrogen at 70 K compared to the 

differential entropy of adsorption on ZIF-71 calculated using 65 – 75 K isotherms. 

Logarithmic abscissa. .................................................................................................................... 232 

Figure 5.78 – Theoretical entropy of condensation of nitrogen at 70 K compared to the 

differential entropy of adsorption on ZIF-71 calculated using 65 – 75 K isotherms. Linear 

abscissa. .......................................................................................................................................... 232 

Figure 5.79 – Inverse thermodynamic factor vs. adsorbed argon concentration at 84 K... 235 

Figure 5.80 – Comparing adsorbed phase concentration and bulk fluid density for argon at 

84 K................................................................................................................................................. 235 

Figure 5.81 – Inverse thermodynamic factor vs. adsorbed methane concentration at 91 K

 ......................................................................................................................................................... 235 



XXIII 

Figure 5.82 – Comparing adsorbed phase concentration and bulk fluid density for methane 

at 91 K ............................................................................................................................................ 235 

Figure 5.83 – Inverse thermodynamic factor vs. adsorbed carbon dioxide concentration at 

160 K .............................................................................................................................................. 236 

Figure 5.84 – Comparing adsorbed phase concentration and bulk fluid density for carbon 

dioxide at 160 K ............................................................................................................................ 236 

Figure 5.85 – Inverse thermodynamic factor vs. adsorbed nitrogen concentration at 70 K

 ......................................................................................................................................................... 237 

Figure 5.86 – Comparing adsorbed phase concentration and bulk fluid density for nitrogen 

at 70 K ............................................................................................................................................ 237 

Figure 5.87 – Classification of isotherm transition types ........................................................ 238 

Figure 5.88 – Change in Helmholtz energy for type-I transitions over temperature for ZIF-

8 (filled points) and linear regressions used to determine U and S (dashed lines). ........ 240 

Figure 5.89 – Change in Helmholtz energy for type-I transitions over temperature for ZIF-

14 (filled points) and linear regressions used to determine U and S (dashed lines). ...... 240 

Figure 5.90 – Change in Helmholtz energy for type-I transitions over temperature for ZIF-

71 (filled points) and linear regressions used to determine U and S (dashed lines). ...... 240 

Figure 5.91 – Graphical representation of the calculated U and S of the observed type-I 

structural transitions for ZIF-8, -14 and -71. ............................................................................ 241 

Figure 5.92 – Change in Helmholtz energy for type-II transitions over temperature for 

ZIF-8 (filled points) and linear regressions used to determine U and S (dashed lines). 242 

Figure 5.93 – Change in Helmholtz energy for type-II transitions over temperature for 

ZIF-71 (filled points) and linear regressions used to determine U and S (dashed lines).

 ......................................................................................................................................................... 242 

Figure 5.94 – Change in Helmholtz energy for type-III transitions over temperature for 

ZIF-8 (filled points) and linear regressions used to determine U and S (dashed lines). 244 

Figure 5.95 – van ‗t Hoff plot of transition pressures for type-I transitions of ZIF-8 with 

linear regressions shown (dashed lines) ..................................................................................... 246 

Figure 5.96 – van ‗t Hoff plot of transition pressures for type-I transitions of ZIF-14 with 

linear regressions shown (dashed lines) ..................................................................................... 246 

Figure 5.97 – van ‗t Hoff plot of transition pressures for type-I transitions of ZIF-71 with 

linear regressions shown (dashed lines) ..................................................................................... 247 



XXIV 

Figure 5.98 – Compensated H on a mass basis for the type-I structural transitions of ZIF-

8 as a function of temperature. ................................................................................................... 249 

Figure 5.99 – Compensated H on a mass basis for the type-I structural transitions of ZIF-

14 as a function of temperature. ................................................................................................. 249 

Figure 5.100 – Compensated H on a mass basis for the type-I structural transitions of 

ZIF-71 as a function of temperature. ........................................................................................ 249 

Figure 5.101 – van ‗t Hoff plot of transition pressures for type-II transitions of ZIF-8 with 

linear regressions shown (dashed lines) ..................................................................................... 250 

Figure 5.102 – van ‗t Hoff plot of transition pressures for type-II transitions of ZIF-71 

with linear regressions shown (dashed lines) ............................................................................ 250 

Figure 5.103 – Compensated H on a mass basis for the type-II structural transitions of 

ZIF-8 as a function of temperature. ........................................................................................... 252 

Figure 5.104 – Compensated H on a mass basis for the type-II structural transitions of 

ZIF-71 as a function of temperature. ........................................................................................ 252 

Figure 5.105 – van ‗t Hoff plot of transition pressures for type-III transitions of ZIF-8 with 

linear regressions shown (dashed lines) ..................................................................................... 253 

Figure 5.106 – van ‗t Hoff plot of transition pressures for type-III transitions of ZIF-71 

with linear regressions shown (dashed lines) ............................................................................ 253 

Figure 5.107 – Compensated H on a mass basis for the type-III structural transitions of 

ZIF-8 as a function of temperature. ........................................................................................... 254 

Figure 5.108 – Compensated H on a mass basis for the type-III structural transitions of 

ZIF-71 as a function of temperature. ........................................................................................ 254 

Figure 6.1 – 3-step cycled used in the simple PSA model (F – feed, E – exhaust, P – CO2 

product) .......................................................................................................................................... 267 

Figure 6.2 – isotherms used for adsorbent 7, Sutcliffe Speakman Carbons coal based AC 

for CO2 (solid) and CH4 (dashed) at 273.15 K (red), 303.15 K (green) and 333.15 K (blue)

 ......................................................................................................................................................... 277 

Figure 6.3 – isotherms used for adsorbent 17, CuZn impregnated BPL carbon for CO2 

(solid) and CH4 (dashed) at 273.15 (red), 303.15 (green) and 333.15 K (blue) .................... 277 

Figure 6.4 – isotherms used for adsorbent 15, MIL-101 for CO2 (solid) and CH4 (dashed) at 

273.15 K (red), 303.15 K (green) and 333.15 K (blue) ............................................................ 278 

Figure 6.5 – isotherms used for adsorbent 34, ZIF-71 for CO2 (solid) and CH4 (dashed) at 

273.15 K (red), 303.15 (green) and 333.15 K (blue) ................................................................ 278 



XXV 

Figure 6.6 – isotherms used for adsorbent 21, silicalite for CO2 (solid) and CH4 (dashed) at 

273.15 (red), 303.15 K (green) and 333.15 K (blue) ................................................................ 279 

Figure 6.7 – isotherms used for adsorbent 31, HSZ385-K for CO2 (solid) and CH4 (dashed) 

at 273.15 K (red), 303.15 K (green) and 333.15 K (blue) ....................................................... 279 

Figure 6.8 – CH4 purity over adsorption pressure, 10 % CO2 and 303 K feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 281 

Figure 6.9 – CH4 purity over adsorption pressure, 30 % CO2 and 303 K feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 281 

Figure 6.10 – CH4 recovery over adsorption pressure, 10 % CO2 and 303 K feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 282 

Figure 6.11 – CH4 recovery over adsorption pressure, 30 % CO2 and 303 K feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 282 

Figure 6.12 – CO2 purity over adsorption pressure, 10 % CO2 and 303 K feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 283 

Figure 6.13 – CO2 purity over adsorption pressure, 30 % CO2 and 303 K feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 283 

Figure 6.14 – CO2 recovery over adsorption pressure, 10 % CO2 and 303 K feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 284 

Figure 6.15 – CO2 recovery over adsorption pressure, 30 % CO2 and 303 K feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 284 

Figure 6.16 – CO2 working capacity over adsorption pressure, 10 % CO2 and 303 K feed, 

1.2 bar(a) desorption ..................................................................................................................... 285 

Figure 6.17 – CO2 working capacity over adsorption pressure, 30 % CO2 and 303 K feed, 

1.2 bar(a) desorption ..................................................................................................................... 285 

Figure 6.18 – Bed temperature swing over adsorption pressure, 10 % CO2 and 303 K feed, 

1.2 bar(a) desorption ..................................................................................................................... 286 

Figure 6.19 – Bed temperature swing over adsorption pressure, 30 % CO2 and 303 K feed, 

1.2 bar(a) desorption ..................................................................................................................... 286 

Figure 6.20 – CH4 purity over feed temperature, 10 % CO2 and 100 bar(a) feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 288 

Figure 6.21 – CH4 purity over feed temperature, 30 % CO2 and 100 bar(a) feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 288 

Figure 6.22 – working selectivity over feed temperature, 10 % CO2 and 100 bar(a) feed, 1.2 

bar(a) desorption ........................................................................................................................... 289 



XXVI 

Figure 6.23 – working selectivity over feed temperature, 30 % CO2 and 100 bar(a) feed, 1.2 

bar(a) desorption ........................................................................................................................... 289 

Figure 6.24 – CH4 recovery over feed temperature, 10 % CO2 and 100 bar(a) feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 290 

Figure 6.25 – CH4 recovery over feed temperature, 30 % CO2 and 100 bar(a) feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 290 

Figure 6.26 – CO2 purity over feed temperature, 10 % CO2 and 100 bar(a) feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 291 

Figure 6.27 – CO2 purity over feed temperature, 30 % CO2 and 100 bar(a) feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 291 

Figure 6.28 – CO2 recovery over feed temperature, 10 % CO2 and 100 bar(a) feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 292 

Figure 6.29 – CO2 recovery over feed temperature, 30 % CO2 and 100 bar(a) feed, 1.2 bar(a) 

desorption ...................................................................................................................................... 292 

Figure 6.30 – CO2 working capacity over feed temperature, 10 % CO2 and 100 bar(a) feed, 

1.2 bar(a) desorption ..................................................................................................................... 293 

Figure 6.31 – CO2 working capacity over feed temperature, 30 % CO2 and 100 bar(a) feed, 

1.2 bar(a) desorption ..................................................................................................................... 293 

Figure 6.32 – CH4 purity over blowdown pressure, 10 % CO2, 100 bar(a) and 303 K feed

 ......................................................................................................................................................... 295 

Figure 6.33 – CH4 purity over blowdown pressure, 30 % CO2, 100 bar(a) and 303 K feed

 ......................................................................................................................................................... 295 

Figure 6.34 – CH4 recovery over blowdown pressure, 10 % CO2, 100 bar(a) and 303 K feed

 ......................................................................................................................................................... 296 

Figure 6.35 – CH4 recovery over blowdown pressure, 30 % CO2, 100 bar(a) and 303 K feed

 ......................................................................................................................................................... 296 

Figure 6.36 – CO2 purity over blowdown pressure, 10 % CO2, 100 bar(a) and 303 K feed

 ......................................................................................................................................................... 297 

Figure 6.37 – CO2 purity over blowdown pressure, 30 % CO2, 100 bar(a) and 303 K feed

 ......................................................................................................................................................... 297 

Figure 6.38 – CO2 recovery over blowdown pressure, 10 % CO2, 100 bar(a) and 303 K feed

 ......................................................................................................................................................... 298 

Figure 6.39 – CO2 recovery over blowdown pressure, 30 % CO2, 100 bar(a) and 303 K feed

 ......................................................................................................................................................... 298 



XXVII 

Figure 6.40 – CO2 working capacity over blowdown pressure, 10 % CO2, 100 bar(a) and 

303 K feed ...................................................................................................................................... 299 

Figure 6.41 – CO2 working capacity over blowdown pressure, 30 % CO2, 100 bar(a) and 

303 K feed ...................................................................................................................................... 299 

Figure 6.42 – temperature swing in bed over blowdown pressure, 10 % CO2, 100 bar(a) and 

303 K feed ...................................................................................................................................... 300 

Figure 6.43 – temperature swing in bed over blowdown pressure, 30 % CO2, 100 bar(a) and 

303 K feed ...................................................................................................................................... 300 

Figure 6.44 – ideal selectivity, 10 % CO2, 100 bar(a) and 303 K feed .................................. 301 

Figure 6.45 – ideal selectivity, 30 % CO2, 100 bar(a) and 303 K feed .................................. 301 

Figure 6.46 – binary selectivity over blowdown pressure, 10 % CO2, 100 bar(a) and 303 K 

feed .................................................................................................................................................. 302 

Figure 6.47 – binary selectivity over blowdown pressure, 30 % CO2, 100 bar(a) and 303 K 

feed .................................................................................................................................................. 302 

Figure 6.48 – working selectivity over blowdown pressure, 10 % CO2, 100 bar(a) and 303 

K feed ............................................................................................................................................. 303 

Figure 6.49 – working selectivity over blowdown pressure, 30 % CO2, 100 bar(a) and 303 

K feed ............................................................................................................................................. 303 

Figure 6.50 – CH4 purity over adsorption pressure for model Langmuir isotherms, 10 % 

CO2, 303 K feed and 1.2 bar(a) desorption............................................................................... 305 

Figure 6.51 – CH4 recovery over adsorption pressure for model Langmuir isotherms, 10 % 

CO2, 303 K feed and 1.2 bar(a) desorption............................................................................... 305 

Figure 6.52 – CO2 purity over adsorption pressure for model Langmuir isotherms, 10 % 

CO2, 303 K feed and 1.2 bar(a) desorption............................................................................... 305 

Figure 6.53 – CO2 recovery over adsorption pressure for model Langmuir isotherms, 10 % 

CO2, 303 K feed and 1.2 bar(a) desorption............................................................................... 305 

Figure 6.54 – Φ over adsorption pressure for selected model Langmuir isotherms, 10 % 

CO2, 303 K feed, 1.2 bar(a) desorption ..................................................................................... 308 

Figure 6.55 – CH4 purity over blowdown pressure for model Langmuir isotherms, 10 % 

CO2, 100 bar(a) and 303 K feed ................................................................................................. 312 

Figure 6.56 – CH4 recovery over blowdown pressure for model Langmuir isotherms, 10 % 

CO2, 100 bar(a) and 303 K feed ................................................................................................. 312 

Figure 6.57 – CO2 purity over blowdown pressure for model Langmuir isotherms, 10 % 

CO2, 100 bar(a) and 303 K feed ................................................................................................. 312 



XXVIII 

Figure 6.58 – CO2 recovery over blowdown pressure for model Langmuir isotherms, 10 % 

CO2, 100 bar(a) and 303 K feed ................................................................................................. 312 

Figure 6.59 – CH4 purity over void fraction for model Langmuir isotherms, 10 % CO2, 10 

bar(a) and 303 K feed ................................................................................................................... 318 

Figure 6.60 – CH4 purity over void fraction for model Langmuir isotherms, 10 % CO2, 100 

bar(a) and 303 K feed ................................................................................................................... 318 

Figure 6.61 – CH4 recovery over void fraction for model Langmuir isotherms, 10 % CO2, 

10 bar(a) and 303 K feed ............................................................................................................. 319 

Figure 6.62 – CH4 recovery over void fraction for model Langmuir isotherms, 10 % CO2, 

100 bar(a) and 303 K feed ........................................................................................................... 319 

Figure 6.63 – Φ over void fraction for model Langmuir isotherms, 10 % CO2, 10 bar(a) 

and 303 K feed .............................................................................................................................. 320 

Figure 6.64 – Φ over void fraction for model Langmuir isotherms, 10 % CO2, 100 bar(a) 

and 303 K feed .............................................................................................................................. 320 

Figure 6.65 – CO2 purity over void fraction for model Langmuir isotherms, 10 % CO2, 10 

bar(a) and 303 K feed ................................................................................................................... 321 

Figure 6.66 – CO2 purity over void fraction for model Langmuir isotherms, 10 % CO2, 100 

bar(a) and 303 K feed ................................................................................................................... 321 

Figure 6.67 – CO2 recovery over void fraction for model Langmuir isotherms, 10 % CO2, 

10 bar(a) and 303 K feed ............................................................................................................. 322 

Figure 6.68 – CO2 recovery over void fraction for model Langmuir isotherms, 10 % CO2, 

100 bar(a) and 303 K feed ........................................................................................................... 322 

 

 

 



1 

1 INTRODUCTION 

 

1.1 Global warming and climate change 

There has been an increase in worldwide energy demand since the industrial revolution, 

and exponential growth since the 1950s [1]. This growth is also predicted to continue in to 

the future [2,3], with the main drivers being developing nations. Although there has been 

some reduction in fossil fuel usage in OECD nations, this is being offset by fossil fuel 

consumption in developing countries [3], resulting in a net fossil fuel consumption 

increase. 

The combustion of fossil fuels emits a wide range of pollutants including, but not limited 

to; CO2, SOX and NOX, with CO2 being the major component. Aside from contributing to 

the production of acid rain, these gases are also considered greenhouse gases; as they result 

in an overall heating effect analogous to greenhouse. These gases, among others, are able to 

absorb infrared energy emitted by the earth which is then released. The absorption and re-

emission of this infrared energy contributes to an overall increase in the atmospheric and 

global temperatures; as this energy does not escape the atmosphere. This change in global 

temperatures and their resulting consequences is deemed climate change. 

The most recent IPCC report on climate change [4] contains no doubt that the higher than 

expected increase in concentration of these gases in the atmosphere since the 1950s is the 

main contributor to climate change. Consequently, it is also deemed anthropogenic climate 

change as the change is directly attributable to the actions of humans. 

Many ill-fated consequences of climate change are both observed and proposed [5], and 

there is little doubt in the scientific community that action needs to be taken. There are 

many community groups that are endorsing a full changeover to renewable energy sources 

such as wind energy, solar PV and hydroelectricity. Although technologically feasible, it is 

not possible to enact these changes in the short time frame that they propose; 

consequently, a multi-faceted approach is necessary over the coming years in order to 

mitigate the effects of climate change. 

One of the approaches in mitigating CO2 emissions is by fuel switching. This is where 

(predominantly) coal fired power stations replace their fuel source with natural gas. This 

becomes viability; as on a unit of energy produced basis, natural gas fired power stations 
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release less CO2 to the atmosphere than both coal and oil fired stations [6,7]. This is not a 

simple exercise, as gains in efficiency will not be seen unless coal fired boilers are either 

retrofitted or replaced with boilers more suitable to natural gas. Furthermore, in order to 

gain the optimum efficiencies, the expansion turbines must be replaced; this is rarely 

economical for retrofitting. The main driver for fuel switching will be the desire to reduce 

CO2 emissions in order to meet various CO2 emissions reductions targets.  

Increases in the prevalence of fuel switching will increase the demand for natural gas, in 

addition to any indigenous growth. Although new supplies are being uncovered on a 

regular (yet infrequent) basis, the majority of the global reserves are present in nations [2] 

where supply security could be of concern. Assuming there are no supply chain issues, 

there are currently sufficient reserves to meet 54 years of global production [2]; this is also 

with the assumption that demand does not increase into the future, which is well 

established [3] that it will. 

In order to complement the diminishing supplies of conventional natural gas, other natural 

gas sources will need to be investigated. Unconventional sources of natural gas include, 

sour natural gas, shale gas, coal seam gas and biogas. These are deemed unconventional as 

they typically contain higher amounts of impurities which must be removed prior to the 

transport and use of the gas. For many years, these resources have not been exploited 

primarily due to the higher costs incurred for purification, in conjunction with the 

availability of low cost, high quality natural gas. 

One of the impurities present in these sources of gas, in higher than normal amounts, is 

CO2. Typically, small amounts 1 – 3 %v/v of CO2 is present in the high quality, conventional 

natural gas when it is drawn from the wellhead. In these unconventional sources, amounts 

of 30 %v/v are not uncommon, and >50 %v/v has been reported [8]. The CO2 (and other 

contaminants) must be removed from the gas for a number of reasons, primarily for the 

transport of the gas onshore, and before the cryogenic processing of the gas. 

There are large deposits of this gas in south-east Asia, specifically in Brunei, Indonesia, 

Malaysia, Taiwan and Vietnam [8]. In addition, there are gas basins located in north and 

north-western Australia, specifically the Bonaparte and Carnarvon basins, that contain gas 

with CO2 concentrations of 1.6 – 34 and 0.2 – 16 %mol respectively [9]. The Carnarvon 

basin contains over 44,000 PJ of recoverable resources [10]; construction of the Gorgon 

project is almost complete at the time of writing which aims to recover these resources. 
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There are little developments in the Bonaparte basin, most likely due to the higher CO2 

content of the gas. 

In the instance of conventional natural gas, the CO2 is removed by chemical (amine) 

scrubbing, and is released to the atmosphere. Aside from the increasing concerns around 

the release of CO2 to the atmosphere, there are other disadvantages associated with amine 

scrubbing. The amine solutions are environmentally unfriendly themselves, losses of amine 

are experienced during operation, and the amine is corrosive towards the process 

equipment. 

One possible measure for the abatement of these CO2 emissions is carbon capture and 

storage (CCS).  

 

1.2 Carbon capture and storage  

Carbon capture and storage (or sequestration) is a technological system which can be, and 

is used, for the abatement of carbon dioxide emissions to the atmosphere. The first stage 

of the system revolves around the acquisition of a CO2 stream of suitable purity. This CO2 

stream is then transported to a suitable underground storage site; ideally, the capture site 

and the storage site would be in close proximity, however, this is rarely the case, so 

compression and transport is considered the second stage of the system. The final stage of 

the system is the sequestration of the, now supercritical CO2, to an underground storage 

site. 

The main body responsible for CCS research in Australia is the Cooperative Research 

Centre for Greenhouse Gas Technologies (CO2CRC). They have been in operation since 

2003 under the Australian Government‘s Cooperative Research Centre (CRC) program; 

they spawned from the Australian Petroleum CRC which was established in 1991, making 

it one of the first CRCs ever established. The CRC program is an avenue for researchers 

and industry to collaborate on matters of importance to Australia. The work undertaken in 

this study is a CO2CRC project, and is consequently funded by the program. 

The primary alternative to CCS is carbon capture and utilisation (CCU), whereby the CO2 

is converted into useful products, such as methanol or DME. This work focuses on the 

capture aspect of CCS, applying it to CO2 separation from high pressure natural gas 

streams. 
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1.3 Carbon capture technologies 

Methods used to separate CO2 from other gases are broadly deemed, ‗carbon capture 

technologies‘. There are three main categories in which carbon capture technologies are 

applied in the CCS system, post-combustion capture, pre-combustion capture and oxy-fuel 

combustion. 

Oxy-fuel combustion is not a CO2 separation technology; research in this area centres on 

the production of low cost oxygen that can be used to combust a variety of fuels. This then 

results in a flue gas that is predominantly water and CO2, the treatment of which for 

transport and storage is relatively simple. Hence, this still meets the overall objective of 

obtaining a CO2 stream of adequate purity suitable for storage. 

Pre-combustion capture is concerned with the removal of CO2 from syngas. A syngas is 

generated by some means, usually steam reforming of methane. The syngas at this point is 

a mixture of CO, CO2, H2 and H2O (excess steam); this mixture then undergoes a water-gas 

shift reaction, where the CO is converted to CO2. As this process occurs at pressure, the 

H2O can be condensed relatively easily, resulting in a stream of CO2 and H2. The CO2 is 

then separated from this stream leaving a H2 rich stream; when this is combusted as fuel 

later on, the primary emissions are H2O. 

Post-combustion capture (PCC) is garnering the most attention, as it has the highest 

potential of the three schemes to have a noticeable impact worldwide. This is where CO2 is 

separated from a flue gas, usually from N2, H2O and any remaining O2. The primary 

advantage to this approach is that it can be retrofitted to existing CO2 point sources 

without significant modification to the existing plant. 

The work in this study focuses on the separation of CO2 from high pressure natural gas 

streams. Although this does not fall into one of the three main categories discussed above, 

it is still of interest to the CO2CRC. As mentioned earlier, the increased demand for 

natural gas in conjunction with diminishing reserves is calling for lower quality natural gas 

sources to be exploited. From a CO2 capture perspective, an alternative to the energy 

intensive amine scrubbing procedure currently employed, should make the development of 

these lower quality gas reserves more promising. 

There are a few alternative technologies that are available to substitute amine scrubbing 

process. Specifically, membrane based technologies, cryogenic separation, alternative 

absorbent based scrubbing and adsorption based technologies. All of these technologies 

are being researched within the CO2CRC, and globally, for their suitability to this 
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application. Of these alternatives mentioned, membrane based technologies are the most 

widely implemented for CO2 separation, and as of 2008, occupy approximately 5 % of the 

CO2 separation market from natural gas [11]. One of the more recent installations is a 27.8 

million m3 per day throughput in Spain [12], however, the plant is currently not operational 

due to other factors. 

The primary advantage to membrane processes over amine scrubbing is that there is no 

energy input required for regeneration, making it a more economical process. The same 

reasoning can apply to pressure swing adsorption (PSA), where the adsorbent material is 

regenerated by reducing the pressure. As this work is targeting high pressure natural gas 

feeds, a large pressure swing can be accomplished without any external energy input. In the 

instance of low pressure feeds, a useful pressure swing can only be accomplished via 

vacuum pumps, however, on a large scale this can be energy intensive. 

 

1.4 Adsorption for natural gas 

Separations based on adsorption are performed in a packed bed arrangement where a solid 

adsorbent is employed. In the simplest case, a binary gas mixture is passed through the bed 

and one of the components is selectively adsorbed to the material, resulting in a purified 

gas at the outlet. If continuous operation is required, when the bed is saturated, the feed is 

switched to a clean bed and the saturated bed is regenerated; ready for the next cycle. 

The most common use for adsorption in the natural gas industries is for dehydration of the 

gas prior to cryogenic processing. This is also one of the few cases where the operation of 

the process is as described above, albeit using a temperature swing in place of a pressure 

swing. In most other cases, the processes are more intricate to accommodate for non-

idealities of the process, and limitations inherent to the adsorbent material. 

There is little evaluation of recently developed and formerly reported materials, as the 

current drive in adsorbent research is towards the reporting of novel materials. In most 

cases, the decision for a suitable application of an adsorbent is not based on sufficient 

experimental data; in such cases, the true utility of an adsorbent can be overstated. We aim 

to evaluate adsorbents at representative pressures and over a range of temperatures in 

order to make a more refined judgement of the material‘s performance. There will 

unfortunately be some concessions made in terms of the components investigated; this will 

be discussed further in the main body of this work. A typical composition range of natural 

gas can be found below in Table 1.1.  
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Table 1.1 - Typical composition range of a natural gas source [13] 

Species 
Composition 

%mol 

Methane 75 – 99 

Ethane 1 – 15 

Propane 1 – 10 

n-butane 0 – 2 

i-butane 0 – 1 

n-pentane 0 – 1 

i-pentane 0 – 1 

Hexane 0 – 1 

C7+ 0 – 0.1 

  

Nitrogen 0 – 15 

Carbon dioxide 0 – 30 

Hydrogen sulphide 0 – 30 

Helium 0 – 5 

  

In some instances, in addition to the compounds listed in Table 1.1, the gas may also 

contain trace amounts of carbonyl sulphide and cyclic and aromatic hydrocarbons. In most 

cases, the gas also contains a small amount of mercury, usually less than 1 mg/m3, and is 

almost always saturated with water. 
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1.5 Thesis outline 

This work will not focus on other natural gas sources such as biogas, coal seam gas (coal 

bed methane), shale gas, abandoned coal mine gas or methane hydrates. It will instead 

concentrate on the suitability of existing adsorbents for CO2 capture from high pressure 

natural gas in cases where amine scrubbing is not economically favourable; normally CO2 

concentrations above 10 %mol. 

The work in this thesis is presented as follows; chapter 2 is a literature review which 

encompasses the existing work in this field. This is then followed by a discussion of the 

experimental methods used for this work in chapter 3. The following chapters, 4, 5 and 6, 

present and discuss the work performed and results gathered on the topic. The final 

chapter, 7, presents the conclusions formulated and discusses the future work requirements 

in this area. 
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2 LITERATURE REVIEW 

 

2.1 Overview 

The existing literature is reviewed over a range of topics pertaining to the adsorptive 

separation of CO2 from high pressure natural gas. This chapter outlines the fundamentals 

and theory around adsorption, including the possible separation mechanisms, adsorption 

measurement techniques and adsorbent characterisation. Then, CO2 separation for natural 

gas is discussed including the place of adsorption in natural gas, the alternative 

technologies, the challenges of using adsorption technology, the ideal requirements of the 

separation process and potential applications for the separated CO2. Reported adsorbents 

for CO2/CH4 separations are overviewed, and then adsorption unit operations are 

discussed including information about PSA cycles, existing cycles for CO2/CH4 separation, 

general considerations about PSA, and the metrics that can be used to judge a cycle‘s 

performance. Finally the influences of other components that may be present in the crude 

natural gas are discussed and the scope of this work is addressed. 

 

2.2 Adsorbents and adsorption 

Clays, sand and charcoal were used by the ancient Egyptians as a medical treatments, for 

water purification and for removing oils from wool [14]. Unbeknownst to them at the time, 

this was adsorption in action. The first systematic research began in 1773 by Carl Scheele 

who reported adsorption of air on charcoal [15], which also tied in to his work on the 

discovery of oxygen and the dispute around phlogiston theory [16].  

In a general sense, adsorption is a phenomenon whereby molecules, atoms or ions, in the 

gas or liquid phase adhere to a solid surface (the adsorbent). In the case of physical 

adsorption (physisorption), it is governed by electrostatic forces and van der Waals‘ 

interactions. The alternative to physisorption is chemical adsorption (chemisorption); this is 

where the adsorbate participates in a chemical reaction with the surface.  

Any solid surface can act as an adsorbent; however, adsorbents of importance are usually 

solids that contain internal porosity. As adsorption occurs only on the surface, adding 

porosity can increase the amount of surface available for adsorption. Figure 2.1 shows a 

simplified representation of this; if we consider the drawing on the left a solid cylinder with 
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unit length, and a radius of 5 units, the surface area available for adsorption is only the 

external surface area (indicated by the dashed blue line), which equates to 188 square units. 

On the right hand side, the cylinder is now bored through with smaller cylinders, 

representing simplified pores, of unit radius. The total surface area is now composed of the 

walls of the smaller cylinders as well as the external surface area. The red hexagon, of 

radius 2 units, is used to determine the packing of the pores – this hexagonal packing 

arrangement of circles was determined to have a packing density of 0.9069. Using this 

information, a cylinder of same external dimensions will have an area of 331 square units. 

This is an increase of 1.8 times, with a subdivision of only 5 times; it is not uncommon for 

the pore size to external diameter ratio to be in excess of 1000. On a mass basis, however, 

this is amplified even further as the addition of pores reduces the density of the adsorbent. 

 

Figure 2.1 – A simplified comparison of a non-porous and porous adsorbent 
 

Non-porous adsorbents also exist, such as graphitised carbon black [17], quartz/sand [18], 

metal complexes [19] and metal oxides [20]. Although they may be suitable for specific 

applications, they are not usually employed on a large scale, due to the sheer amount of 

adsorbent required as a consequence of their low capacity. 

Pore sizes are subdivided into three main categories; macropores, those greater in diameter 

than 50 nm, micropores, those smaller in diameter than 2 nm, and mesopores being the 

ones of intermediate size [21]. This is the most popular scheme used to date; there have 

also been some other proposed schemes [22,23] which have not yet gained traction. The 

proposal by Mays is to classify pores based on the S.I. unit scheme, and Zdravkov 
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proposes a scheme that is more in line with the different adsorption mechanisms in 

different pore sizes. 

Pores are rarely perfect cylindrical channels as theorised above, they can be interconnected, 

tortuous and of non-uniform diameter along the length. Adsorbents can also contain voids 

which may or may not be connected to the surface by pores. 

If a clean adsorbent is exposed to a gas in a container of fixed volume and temperature, the 

pressure of the system will decrease. This suggests that the gas molecules are adsorbing to 

the surface spontaneously, this corresponds to the ∆G† of this process being negative (< 0). 

Furthermore, once the molecules in the gas phase adsorb to the surface, they have less 

translational freedom; corresponding to a negative ∆S also. As per the definition of the 

Gibbs‘ free energy (Equation 2.1), this establishes adsorption as an exothermic process. 

 

Δ Δ ΔG H T S   Equation 2.1 
 

The immediate implications of this are that the adsorption capacity for a given adsorbent at 

equilibrium will decrease with an increasing temperature. The explicit value of this ∆H, 

termed the heat of adsorption, can be used as an indicator to determine whether the 

adsorption taking place is physisorption or chemisorption. The general guideline is that, 

values lower than -50 kJ per mole of gas adsorbed are indicative of chemisorption [24,25]. 

Chemisorption is somewhat undesirable; as a significant amount of energy must supplied in 

order to reverse the chemical reaction that has taken place. 

This value of -50 kJ/mol is a general guideline; in the work by Denayer [26] there are many 

examples of heats of adsorption for physisorption that are well beyond this value. Other 

factors such as adsorption entropy and enhanced interactions between the adsorbate and 

the adsorbent walls in smaller pores can also lead to decreased (more negative) heats of 

adsorption. Hence, the heat of adsorption is also an overall or net measure of the 

thermodynamics of the adsorbent-adsorbate system. Methods for determining the heat of 

adsorption will be discussed later in section 2.2.3.3.1; however, there are some points, 

which may be useful for the following section regarding the heat. There are many ways to 

express the adsorption enthalpy; however, the most common is the isosteric heat of 

                                                 
† Officially, the Helmholtz free energy (∆F) should be used as the described process is isometric and isothermal. 
The Gibbs‘ free energy would be applied in instances where the process is isobaric and isothermal. However, 

the use of ∆F would then culminate in a change in internal energy (∆U) term of the gas phase, which is not 
commonly referred to in the field of adsorption. 
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adsorption [27]. It is usually expressed as a function of adsorbate loading and for a pure gas 

on a homogenous adsorbent, the heat of adsorption is constant [28]. For a heterogeneous 

surface, the heat of adsorption decreases with increased loading and this is due to the gas 

preferentially adsorbing to the higher energy sites at lower pressures [28]. Mathematically, 

the isosteric heat of adsorption can be extrapolated to zero loading and this is termed, the 

isosteric heat of adsorption at zero loading, the differential heat of adsorption at zero 

coverage, or similar [29] and this value represents the interaction energy of the adsorbate 

with the most energetic sites. 

 

2.2.1 Separation mechanisms 

Adsorption can be used to separate mixtures of gases (or liquids); the underlying principle 

being that one component will adsorb in higher amounts to the adsorbent, resulting in a 

raffinate stream; and when the adsorbent is regenerated and the adsorbed species are 

recovered, an extract stream. The desired product can vary between the raffinate and 

extract depending on the application. There are three mechanisms by which separations 

based on adsorption can take place; namely, equilibrium separations, kinetic separations, 

and molecular sieving. 

 

2.2.1.1 Equilibrium separations 

An equilibrium separation is where the adsorbate size is much smaller than the channels 

(pores) of the adsorbent, such that there are no diffusional limitations. The governing 

influences on the amount adsorbed are the intermolecular forces and physical properties of 

the adsorbent-adsorbate pair. The gas species that has greater interactions with the 

adsorbent adsorbs in higher amounts, and is removed from the mixture.  

Table 2.1 shows a range of common gas species and their corresponding electrostatic 

properties and physical properties; the dipole moment is the overarching electrostatic 

interaction, followed by the quadrupole moment. The polarisability is a physical property 

with units of volume; it can be thought of the volume around the molecule that is able to 

be influenced by electric fields [30]. Therefore, molecules with higher polarisabilities are 

able to be more easily influenced by existing fields – resulting in stronger interactions with 

the surface and therefore higher adsorbed amounts.  
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Table 2.1 – Properties of some common adsorbates [31] 

Species 
σ 

[Å] 
Dipole Moment 

[D] 
Quadrupole Moment 

[D·Å] 
Polarisability 

[Å3] 

He 2.55 - - 0.205 

Ar 3.54 - - 0.396 

N2 3.64 - 1.52 1.74 

CO2 3.30 - 4.30 2.91 

CH4 3.76 - - 2.59 

H2O 2.64 1.85 - 1.45 

NH3 2.90 1.47 - 2.10 

 

As per any other equilibrium process, the driving force is chemical potential. There are two 

parameters at our disposal which easily influence the chemical potential, and those are 

temperature and pressure. Equilibrium adsorption data is most commonly reported at a 

constant temperature as a function of pressure, and this is deemed an isotherm [15]. The 

pressure taken is the pressure at which the system has achieved equilibrium, and is hence 

termed the ‗equilibrium pressure‘. Officially, fugacity should be used; however, there is only 

a significant difference at high pressures and/or low temperatures [32].  

 

2.2.1.1.1 Equilibrium pure component isotherms 

Isotherms are typically measured experimentally, although, there has been a recent drive to 

determine them by computer simulation techniques; this will be discussed later in section 

2.2.2. For the purposes of adsorbent characterisation, the shapes of isotherms are classified 

under 6 ‗types‘, I through VI [33]. The original work in this area by Brunauer [34] discussed 

only 5 types and the 6th was added later. Aligizaki [35] claims that the type VI isotherm was 

first reported by Joyner [36], however, this work contains no such discussion. The first 

report of a stepped type VI isotherm seems to be that of Ballou [37], followed by Singleton 

[38] and then Corrin [39] with valuable discussion provided by Clark [40]. 
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Figure 2.2 – Adsorption isotherm types as designated by the IUPAC 
 

Figure 2.2 shows the 8 isotherm types as designed by the IUPAC [41] in 2015; isotherm 

types I(a) and IV(b) were newly added to the standard in 2015. Type I isotherms are 

generally indicative of microporous adsorbents with small external surface areas relative to 

the internal surface area. The amount adsorbed approaches a limit due to the micropore 

volume. Type I(a) isotherms are characterised by their very steep uptake, generally 

indicative of microporous adsorbents having pores smaller than ≈1 nm [41]. Type II 

isotherms are usually obtained with non-porous and macroporous materials. The shape 

arises due to further layers of adsorption beginning prior to the full completion of the 

earlier layers. Type III isotherms have traditionally been rare, and indicate low adsorbate-

adsorbent interactions. The example provided by Do [42] is the adsorption of water on 

charcoal; as the charcoal surface is hydrophobic, there are low interactions with the surface 

at low relative pressures. 

Up to this point, only adsorption isotherms have been discussed. Once an adsorption 

isotherm is measured, the pressure can be then reduced while recording the remaining 

amount adsorbed. This is deemed a desorption isotherm. If the desorption isotherm lies on 

top of the adsorption isotherm, it is classified as a reversible isotherm. Isotherm types I, II 

and III are such reversible isotherms. Any difference between the desorption and 

adsorption isotherms is called hysteresis. 

Type IV(a) isotherms display this adsorption hysteresis and it comes about due to the 

adsorbate condensing in mesopores. The plateau at high relative pressures is due to the 
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uptake being limited by pore volume of the porous solid. The adsorption branch of a 

porous material with a type IV isotherm will have the same shape as a non-porous material 

with the same surface area which displays a type II isotherm. In addition to that 

relationship between type II and IV isotherms, the inflection point (or knee) in type II and 

IV isotherms at low relative pressure is generally taken as the point at which the first 

adsorption layer is essentially completed. Type IV(b) isotherms are characteristic of 

mesoporous materials whose pore size is less than ≈4 nm [41]. 

In the same way that type II and IV isotherms are related, type III and V isotherms are also 

related. A type V isotherm would be displayed by a porous material that has low adsorbent-

adsorbate interactions. The hysteresis and plateau at high relative pressure are due to 

similar reasons as type IV isotherms. It should be noted that isotherm types IV and V can 

only be obtained if the temperature of the system is subcritical for the given adsorbate as 

capillary condensation is not possible under supercritical conditions. 

Rouquerol [15] provides further subdivisions of types I through V, and the reader is 

directed to chapter 13 of her book for further information if desired; these subclasses are 

rarely referred to in published literature. 

True type VI isotherms are relatively uncommon and represent layer by layer adsorption on 

a highly uniform surface; the shape of the steps is also a function of temperature and the 

specific adsorbent-adsorbate pair [15]. The adsorption of noble gases on graphitised carbon 

black at low temperatures displays this behaviour, as measured by Singleton and then by 

Corrin. 

For the purposes of analysis, it is sometimes necessary to define experimentally measured 

isotherms mathematically. Isotherm types I through V have their respective mathematical 

derivations in the work by Brunauer [34], which are all based on their earlier work [43]. Do 

also discusses these models in his book [42], and there is a more recent treatment of these 

isotherms from a thermodynamics perspective by Khalfaoui [44]. There are few theoretical 

models for type VI isotherms, most likely due to their infrequency; Pera-Titus [45] and 

Yahia [46] both propose models for type VI isotherms from a thermodynamic basis. 

Of these, the most commonly used currently is the Brunauer, Emmett and Teller, or B.E.T. 

equation. From their earlier work published in 1938 [43], the B.E.T. equation (Equation 

2.2) is used currently for the calculation of adsorbent surface area, which will be discussed 

later section 2.2.3.1, and is also used to model the adsorption of vapours on some surfaces 

[47–49]. The parameter v is the volume of gas adsorbed at pressure p, p° is the saturated 
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vapour pressure of the adsorbate at temperature T, and R is the universal gas constant. Vm 

is the volume of gas required to fully complete one layer of adsorption, and c is a constant 

related to the difference in energy between the adsorption energy of the first layer and the 

heat of liquefaction of the adsorbate at temperature T. 
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 Equation 2.2 

 

Another of the first models still in use today, is the Langmuir isotherm [50]. It is derived on 

a kinetics basis whereby at equilibrium, the rate of adsorption of molecules from the bulk 

phase to the surface is equal to the rate of desorption of molecules to the bulk phase. The 

modern form [42] is shown in Equation 2.3. Where θ is the fractional coverage of the 

surface, ranging between 0 and 1, and b is the affinity or Langmuir constant and is 

reflective of how strongly a molecule interacts with the surface. The Langmuir constant is 

composed of b∞, which is a factor that takes into account the rate constant of desorption, 

the tendency of molecules to ‗stick‘ to the surface and the molecular weight of the 

adsorbate. Q is the heat of adsorption which is equal to the activation energy of desorption, 

R – the universal gas constant and T the system temperature. This Langmuir isotherm 

model is only applicable to type I isotherms, and as such, historically, the type I isotherm 

was termed the Langmuir isotherm. Currently, the IUPAC does not recommend the 

interchanging of these terms [33]. 

In his original derivation, Langmuir made some assumptions with regard to the nature of 

the adsorbed state. Namely, the surface of the adsorbent is uniform, only a single layer of 

gas molecules adsorb to the surface and there are no interactions between adsorbed 

molecules on the surface. All of these conditions are essentially impossible to be met, 

however, in some cases of chemisorption the model is better applicable [15]. 
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Equation 2.3 

 

These theoretical models are based on parameters with direct physical interpretations; 

however, adsorption on real surfaces rarely occurs under such strict conditions for which 
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these isotherm types are obtained. Under circumstances normally encountered on a day to 

day basis, semi-empirical and empirical isotherm models can be more useful. 

There are a range of isotherm models available, all of which are not addressed here. A 

discussion around some of the most commonly used ones is presented below, but the 

reader is directed to specific adsorption texts [15,42,51,52] for further information if 

desired. Furthermore, although directed towards liquid phase adsorption, the publication 

by Foo [53] is fairly thorough and still applicable to gas phase adsorption with the 

substitution of liquid phase concentration to gas phase pressure. 

The Sips equation, or the Langmuir-Freundlich equation, is one of the regularly used 

isotherm models. It is a modification of the existing Freundlich equation to address the 

problem of limitless adsorption with increasing pressure [54]. The equation in its modern 

form is adapted from Do [42] and is shown as Equation 2.4 with q representing the 

amount adsorbed at pressure P, qs, the saturation loading, b, the adsorption affinity 

parameter, and a new empirical parameter n. 
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Equation 2.4 

 

The resemblance of Equation 2.4 to the Langmuir isotherm can be seen, hence the 

moniker, Langmuir-Freundlich. The model reduces to the Langmuir isotherm when n is 

equal to 1, however, n is normally greater than 1 [42]. It is also possible to have the Sips 

equation a function of temperature; this is desirable, as it is more useful to also model the 

temperature effects on adsorption. This is somewhat rare in the published literature as it 

adds degrees of complexity to the numerical fitting of the experimentally measured 

isotherms. The modified parameters of the Sips equation required to make it a function of 

temperature are shown in Equation 2.5 and Equation 2.6. The parameters b and n are 

relative to a reference temperature T0, hence, b0 and n0 are the adsorption affinity constant 

and n parameter at T0, α is a constant parameter and E is the energy of adsorption. In the 

case of the Sips isotherm, the energy of adsorption is equal to the heat of adsorption at half 

surface coverage [42]. The form of Equation 2.6 is empirical and the choice by Do of this 

form is for the purposes of simplicity. It is possible to have the saturation loading, qs, also a 

function of temperature, however this is not particularly common; the reader is directed to 

Do‘s book if this modification is of interest. 
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Equation 2.6 

 

Another commonly used model is the Tóth equation (Equation 2.7). It is also an empirical 

equation and was developed to address the primary issue of the Sips model, specifically, it 

is not thermodynamically consistent at low pressures [42].  Where q is the adsorbed 

amount at pressure P, qs, the saturation loading, b, the adsorption affinity parameter and t 

is an empirical parameter, much like the n parameter of the Sips equation. 
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Equation 2.7 

 

As per the Sips equation, b and t can be expressed as a function of temperature. Again, qs 

could also be expressed as a function of temperature, however this is rare. In fact, the 

expression of t as a function of temperature is also rare. Equation 2.8 and Equation 2.9 

show the b and t parameters as a function of temperature; b0, T0 and α are all as per the 

Sips equation. In the case of the Tóth isotherm, the energy of adsorption, E, is equal to the 

heat of adsorption at zero loading and t0 is the value of the t parameter at reference 

temperature T0. 
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Equation 2.9 

 

The empirical parameters in the Sips and Tóth equation, n and t respectively, are said to 

indicate the degree of homogeneity of the adsorption surface. At a value of 1, both 

equations reduce to the Langmuir isotherm which assumes a homogenous adsorption 
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surface [50]. It can therefore be argued that the further these values deviate from 1, the 

more heterogeneous the surface is [42]. 

One theoretical model however, which still finds use today, is the dual-site Langmuir 

model. It was first described by Langmuir himself in an effort to model the presence of 

more than one kind of adsorption site [50]. In the original work there is no limit to the 

number of different sites, however, as discussed by Mathias [55], negligible advantage is 

observed when more than two sites are employed. The dual-site Langmuir model is 

discussed by Malek [56] and Ritter [57] amongst others in its modern day form, and that is 

shown in Equation 2.10. This model is perhaps one of the most common in use today; the 

primary advantage is that it can describe the adsorption isotherm as both a function of 

temperature and pressure with some physical meaning. The parameter n1 and b1 are the 

saturation capacity and affinity parameter respectively for adsorption site 1, and 

correspondingly n2 and b2 for site 2. The affinity parameter, which represents the free 

energy of the adsorption site, is composed of b0, the pre-exponential factor or adsorption 

entropy of the adsorbate for a given site, E, the adsorption energy for a given site, R – the 

universal gas constant, and T, the system temperature. 
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Equation 2.10 

 
In the case of the isotherm models that have been presented as a function of temperature, 

equilibrium adsorption isotherms measured at multiple temperatures are used in 

numerically fitting the data to obtain the unknown parameters. Ideally, the same number of 

isotherms as degrees of freedom should be used; however, a minimum of 3 is normally 

accepted. 

 

2.2.1.1.2 Equilibrium multicomponent isotherms 

Up to this point, pure component adsorption and isotherms have been discussed. There 

are methods to experimentally determine the adsorption isotherms of gas mixtures, and 

these will be discussed later in section 2.2.2. In some cases however, the measurement of 

these is not convenient or available, and it is necessary to predict the adsorption of 
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individual components from a mixture for the adequate design of a separation process 

based on adsorption [58]. As first discussed by Klosky [59], the requirement to establish 

individual adsorbed amounts from mixtures is valid, as a competition exists for adsorption 

sites when there are multiple components present in the gas phase. Although their gas 

phase analysis methods seem questionable by today‘s standards, the first attempt at 

quantitative mixed gas isotherm measurements seems to have been by Richardson [60] who 

investigated the binary adsorption of CO2 and N2O on charcoal. Over approximately the 

next decade, the first theoretical prediction of multicomponent adsorption was proposed 

by Markham [61] based on the Langmuir isotherm; and this eventually became known as 

the extended Langmuir isotherm. 

Since this time, a number of other theoretical models have become available including the 

Adsorbed Solution Theory [62] which is available in  its full form as the Real Adsorbed 

Solution Theory (RAST) and in the simplified form as the Ideal Adsorbed Solution Theory 

(IAST), Nitta‘s method [63] and an expansion of the existing potential theory [64,65], on 

which the Dubinin-Radushkevitch (DR), and Dubinin-Ashtakov (DA) isotherms are based. 

Although not previously mentioned, the DR and DA isotherms find their primary use in 

determining the micropore volume of adsorbents, which will be addressed later in section 

2.2.3.2.2. Other models, although not as prominent include the Cook and Basmadjian 

model [66], the Lewis model [67], and possibly the first multicomponent model, Hill‘s 

equation [68]. 

 

The most prevalent in the literature is likely the IAST. In the original work by Myers [62], 

the ideal adsorbed solution was considered as a special case scenario. The adsorption 

solution theory was based on the idea that an adsorbed fluid mixture could be defined in 

the same was as a fluid mixture with analogous variables. This culminated in Equation 2.11 

which defines the equilibrium between the adsorbed phase and the gas phase for multiple 

components [62]. 

 

 i i i iP y P π γ x     Equation 2.11 

 

For component i, P is the total system pressure, y is the mole fraction in the gas phase, γ is 

the activity coefficient and x is the adsorbed phase mole fraction. P°(π) is the pure 

component equilibrium pressure that corresponds to spreading pressure, π. 
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Spreading pressure is a thermodynamic variable, and similar to other thermodynamic 

variables, it cannot be measured directly. It is the reduction in surface energy of the 

adsorbent that arises due to adsorption of fluids on the surface [69]. It can be calculated by 

integration of the adsorption isotherm (Equation 2.12), where n(P) represents the pure 

component adsorption isotherm, and P° is some equilibrium pressure at which the 

spreading pressure would like to be determined. 
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Equation 2.12 

 

Equation 2.11 was derived by Myers with the assumptions that temperature and spreading 

pressure remain constant during the mixing of both components on the surface. The 

adsorption of a pure component at a given temperature and pressure results in some 

spreading pressure; the adsorption of two components, each with equal spreading 

pressures, does not result in twice the spreading pressure. This is due to spreading pressure 

being an intensive variable, i.e. one that does not depend on the magnitude of the system. 

This is in the same way that mixing a saturated liquid and saturated vapour of a given 

component at the same temperature does not double the enthalpy of the system. The 

assumption that the spreading pressure remains constant during mixing is the fundamental 

basis of the adsorbed solution theory. 

The inclusion of the activity coefficient in Equation 2.11 renders this the RAST model. In a 

real fluid solution, the volume of a mixture is not equal to the sum of its parts and the 

activity coefficient takes into account this incongruity. If the activity coefficient is assumed 

to be unity, this represents an ideal solution and the consequence of this is the volume of 

the mixture is assumed to be the sum of its parts, thence, thermodynamic parameters such 

as enthalpy do not change upon mixing. With this change, Equation 2.11 now becomes 

Equation 2.13, which is the ideal adsorbed solution (IAS) model. 

 

 i i iP y P π x    Equation 2.13 

 

The similarities of Equation 2.13 to Raoult‘s law can be seen; for vapour-liquid equilibrium, 

Myers [62] suggests that P°(π) can be thought of as ―the pure adsorbate vapour pressure for 

component i at the temperature T and spreading pressure π of the mixture.‖ 
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As the spreading pressure remains constant upon mixing, a rearrangement of Equation 

2.13 can be substituted in to Equation 2.12, which for a multicomponent system can be 

solved in order to determine the composition of the adsorbed phase mixture based on pure 

component isotherms. For a binary system it simplifies to the following case (Equation 

2.14).  
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Equation 2.14 

 

In this case as the total system pressure, Pt, can be defined, and so can the composition of 

the gas phase; the variables x1 and x2 can be solved for with the constraint that sum of x1 

and x2 is one. There is no limit to the number of components this can be extended to; 

Equation 2.14 could be solved for n components with the following mass balance 

constraint. 
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The amount adsorbed can then be determined by Equation 2.15. Where nt is the total 

amount adsorbed and n°(π) is the amount adsorbed of pure component i at spreading 

pressure π. The individual adsorbed amounts of components 1 and 2 can then be 

determined by Equation 2.16. 
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Equation 2.15 

  

i t in n x   Equation 2.16 

 

The reliability of the IAST is heavily dependent on the ideality of the adsorbed phase. In 

the examples provided by Myers [62] there was shown to be good agreement between the 

experimental data and the proposed model. In more recent works by Myers [70], Talu [71], 

Hu [72] and Yun [73] it has been established that this is rarely the case, and that adsorbed 

phase ideality is only achieved in specific cases. 

This then suggests that the RAST model should be used. In the original work by Myers, 

they state that it is difficult to determine the activity coefficients experimentally with useful 
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accuracy and according to Talu and Zweibel, the activity coefficients are essentially 

impossible to determine experimentally with the condition that the spreading pressure 

remain constant, as is the basis for the AST models. Talu, as well as Yun both present 

methods to determine the adsorbed phase activity coefficients based on experimental data 

with reasonable accuracy. The RAST is rarely used in practice as it adds a degree of 

difficulty and further ambiguity in the determination of the mixed component adsorption 

equilibria. 

 

An alternative model that negates the need for assumptions around spreading pressure or 

the determination of activity coefficients is the extended Langmuir model. It was first 

proposed by Markham [61] as an extension of the original Langmuir isotherm described 

earlier in this chapter. They applied their theory to mixtures of O2 and CO and O2 and CO2 

on silica and found it suitable for their system. The derivation is based on a kinetics 

approach, with the rate of adsorption based on the fraction of surface not occupied by 

either component 1 or 2. The result of this is displayed as Equation 2.17, the resemblance 

to Equation 2.3 can be seen, the main difference being the inclusion of the b2P2 term in the 

denominator. The addition of this term accounts for the occupancy of adsorption sites by 

component 2, disallowing the adsorption of component 1; and this is the primary premise 

of the extended Langmuir model.  
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Equation 2.17 

 

The corresponding equation for component 2 is shown in Equation 2.18. As per the AST 

models, there is no restriction to the number of components this can be applied to, and the 

generic form of the Langmuir equation is shown in Equation 2.19. The total amount 

adsorbed is then simply the sum of the individual component amounts adsorbed. 
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Equation 2.18 
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Equation 2.19 

 

The original drawbacks with the standard Langmuir isotherm still remain with regard to the 

assumptions made in its derivation, however, in most practical situations, issues related to 

the IAST and RAST can be avoided by the use of this model. 

As per the pure gas isotherm case, there is also a dual site Langmuir equivalent of the 

extended Langmuir model. This concept was first introduced by Myers [70] and further 

discussed by Mathias [55] and the generic form is shown in Equation 2.20 where m is the 

saturation loading for site 1 or 2 for component i. In order for this model to be 

thermodynamically consistent, the saturation loading for site 1 (and site 2) must be the 

same for all components [70]. 
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Equation 2.20 

 

This family of extended Langmuir isotherms for mixed gas adsorption are used in a 

commercially available adsorption process simulator, Aspen Adsorption [74]; both AST 

models are also included in the software, however, a pressure limit of 10 bar is imposed for 

the IAST. 

In a more recent work by Ritter [57], he discusses the application of the extended dual site 

Langmuir model, which he terms the dual process Langmuir model. The key issue 

addressed is the way the gas molecules interact with sites 1 and 2. If both gases find site 1 

the high affinity site, then their adsorbent-adsorbate free energies correlate in a positive 

fashion and this case is described by Equation 2.20. If each gas finds the alternate site as 

the high energy site this is deemed a negative correlation, and for a binary system this can 

be represented by Equation 2.21 and Equation 2.22. For the purposes of clarity, sites 1 and 

2 have been assigned as sites A and B respectively in this case. Ritter advises in 

contradiction to Myers [70] that, although it would be thermodynamically inconsistent, the 

saturation loadings do not necessarily have to be equal, and the flexibility that arises from 

this outweigh the resulting minor discrepancies [57]. 
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Equation 2.22 

 

If the gas molecules are of similar size and have similar adsorption affinities then this will 

most likely lead to the positive correlation case. The only official way to determine which 

correlation is taking place is to compare both cases with experimental data; however, if data 

were available, a predictive model wouldn‘t be necessary. In most cases, an intuitive 

approach is required; and in cases of applying this method for the simulation and design of 

adsorption processes, the format of the equation is usually that of Equation 2.17 not 

Equation 2.21 and therefore the values must be manually assigned in the appropriate 

fashion from the pure component dual site Langmuir isotherms. 

 

Even though there have been improvements in this area since the first multicomponent 

adsorption isotherms were developed, theoretical predictions of multicomponent 

adsorption data is not ideal and much work is still required to be undertaken in this area. 

Do attributes this to factors such as a lack of experimentally measured multicomponent 

isotherm data and that the adsorbent surface is too complex to model well [42]. It would be 

remiss of adsorption process designers to neglect the effects of multicomponent 

adsorption, and theoretical models such as the extended Langmuir and the AST provide 

some level of compensation for these factors in the absence of experimentally measured 

multicomponent data. 

 

2.2.1.1.3 Equilibrium separations summary 

Thermodynamics are the fundamental basis for all processes; and the factors that govern 

equilibrium adsorption and models are consequently the basis for all adsorptive processes. 

Adsorbate-Adsorbent interactions are the overarching mechanism, and they are the 

foundations on which equilibrium based separations are undertaken. 

The disadvantage with equilibrium separations is that both components adsorb in non-zero 

amounts, as it is not possible for a component to have zero interaction with the solid 
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surface; thus, the maximum purity and recovery of the components is compromised. This 

has not prevented the implementation of equilibrium based separations on an industrial 

scale however; the production of O2 and N2 from air utilise Li-LSX [75], and the 

purification of hydrogen from syngas utilises Ca-A [75]. Both of these materials when used 

in this context operate in the equilibrium separation regime. 

 

2.2.1.2 Kinetic separations 

Kinetic separations exploit differences in diffusivities of the gas molecules through the 

pores of the adsorbent to the adsorption site. Given sufficient time for the molecule to 

arrive at the adsorption site, all of the factors that govern equilibrium separations apply, as 

these are the fundamental adsorption interactions. The effect of time can be exploited in a 

way similar to residence time in a reactor vessel; the time that the gas molecules are 

exposed to the adsorbent can be adjusted such that only the faster diffusing gas will have 

time to adsorb. This concept is the basis of kinetic separations. 

When the pores are much larger than the gas molecules, there are no diffusional limitations 

and the separation will operate in the equilibrium separation regime. When the adsorbate 

molecules are of similar size to the pores, diffusional limitations can begin to influence the 

adsorption properties. In most circumstances, the ‗kinetic diameter‘ of the molecules is 

used as a metric for the adsorbate size. 

The kinetic diameters that are quoted in a variety of sources and that are used in the 

description and analysis of gas separation work are generally based on work initially carried 

out by Hirschfelder [76]. These values gained popularity following their publication by 

Breck [77] and there has since been discussion as to what these values represent and how 

applicable they are. The issue is that these values determined by Hirschfelder were done so 

using experimental second virial coefficient data that were fit to the Lennard-Jones 

potential. The reason why this is concerning is because viscosity data should be used to 

determine the diameter using the kinetic theory of gases (Equation 2.23) [78], hence, kinetic 

diameter.  
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These issues are discussed thoroughly in a fairly recent work by Matteucci [79] and I refer 

the reader to their work for further details if desired. In recent work by Mehio [80], who 

used quantum mechanical calculation methods to determine the diameters of the gas 

molecules, they found that there was a good correlation between the ‗kinetic diameters‘ 

reported by Breck and the values they determined. They conclude by supporting the use of 

the values publicised by Breck for the purposes of describing size based phenomena in gas 

separations.  

Based on the difference between the pore size and the adsorbate size, there are three main 

diffusion or mass transport schemes that could occur within the adsorbent. When the pore 

diameter is large relative to the gas molecule, Knudsen diffusion usually takes place. If the 

pore diameter is below a particular critical diameter (varies with adsorbate size), then 

activated diffusion takes place, and the mechanism that operates between these two 

regimes is surface diffusion. 

 

2.2.1.2.1 Diffusion Mechanisms 

The simplest diffusion mechanism through pores is Knudsen diffusion, it occurs when the 

pore diameter is smaller than the mean free path of the molecules. The mean free path is 

the average distance a molecule will travel before colliding with another molecule. During 

Knudsen diffusion, the gas molecules are transported by colliding with the pore walls, 

depicted by Figure 2.3. It usually occurs between 10 and 500 Å [81], however, this is a 

general guideline. 

 

 

Figure 2.3 – Graphical depiction of Knudsen diffusion through a pore 
 

The mean free path (λ) can be determined by Equation 2.24 [82], where kB is the 

Boltzmann constant, T the temperature, P – pressure, and d the diameter of the gas 

molecule. 
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   Equation 2.24 

 

Once, the mean free path is determined it can be used to determine the Knudsen number 

(Equation 2.25), where dp is the average pore diameter. If the Knudsen number (Kn) is > 

10 then Knudsen diffusion is prominent, if Kn < 0.1, collisions between gas molecules 

dominate and this results in molecular diffusion and viscous flow being dominant. If 0.1 < 

Kn < 10, then all three mechanisms are present [82]. 
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The Knudsen diffusivity for component i can then be determined by Equation 2.26 [82], 

where Mi is the molar mass of component i. 
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  Equation 2.26 

 

Noting Equation 2.26, at a given temperature and pore size, the diffusivity of a given 

component is proportional to its molar mass. Hence, a mixture of gases could be separated 

based on Knudsen flow as the heavier component would diffuse slower. 

As the pore size reduces, the diffusion regime transitions to surface diffusion; Thornton 

and Ruthven both have pictorial representations of diffusion regimes [81,83]. This scheme 

involves the transfer of adsorbed molecules from one adsorption site to another across the 

surface, depicted in Figure 2.4. This action is composed of two steps, desorption of the 

molecule from the surface and the jump from one site to the other; in order for this to 

occur successfully, an energy barrier (activation energy) must be overcome. 
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Figure 2.4 – Graphical representation of surface diffusion 
 

One of the earlier expressions describing surface diffusion was by Gilliland [84] and is 

shown as Equation 2.27. It was developed from experimental data on a variety of gases 

including SO2, NH3 and CO2. Ds is the surface diffusivity, Q – the heat of adsorption, R is 

the universal gas constant and T is the system temperature. Gilliland assumed in their work 

that the energy barrier to be overcome is linearly proportional to the heat of adsorption, 

and ‗a‘ is the constant of proportionality. D0 is a pre-exponential factor that takes into 

account the frequency and distance travelled of the jumps. D0 and ‗a‘ must be determined 

from experimental data. Do [42] mentions that D0 is the diffusion coefficient at infinite 

temperature and zero loading, however, this is solely a theoretical observation. 
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 Equation 2.27 

 

The implication of Equation 2.27 is that molecules which are more strongly adsorbed are 

less mobile. As the pore size continues to reduce, the interactions between the adsorbed 

molecule and the surface increases; hence, as the pore size approaches the molecular size, 

surface diffusion becomes increasingly difficult. This effect can be exploited for kinetic 

based separations; an adsorbent can be selected with a corresponding pore size which 

results in the slower diffusion of one component relative to the other. Another feature of 

surface diffusion is that it varies with adsorbate loading [42]. Carman found that the surface 

diffusion increases rapidly once an adsorbed monolayer is complete [85], and they attribute 

this to adsorbate-adsorbate interactions being easier to overcome than adsorbate-adsorbent 

interactions. 
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As the pore size reduces further and approaches the adsorbate size, the passage of the 

adsorbent through the aperture becomes problematic. The interactions between the 

opening and the adsorbate become stronger, to the point where repulsive intermolecular 

forces dominate [86]. Consequently, sufficient activation energy must be supplied to the 

adsorbate in order to overcome this barrier. This is where the label, activated or activation 

diffusion arises. Typically, this is supplied as thermal energy (Figure 2.5). 

 

 

Figure 2.5 – Graphical depiction of activated diffusion  
 

As mentioned earlier, surface diffusion also requires an energy barrier to be overcome in 

order to occur. This makes surface diffusion a form of activated diffusion, however, the 

energy barrier for surface diffusion is the jump from one site to another, not due to size 

based constrictions [81]. 

A general representation of activated diffusion is Equation 2.28 [86]. DA is the diffusion 

coefficient for activated diffusion, D0 is a pre-exponential factor that takes into account the 

length and velocity of the jump taken through the pore, and the frequency at which 

adsorbate molecules encounter the pore and ∆H0 is the enthalpy of activation at 

temperature T. As per surface diffusion and the ‗b‘ interaction parameters present in the 

equilibrium isotherms, the form of the equation is the typical Arrhenius/Van ‗t Hoff type. 
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Examples of this phenomenon can be found in the literature, for example, Emmett 

reported that the adsorption of N2 at 200 K was higher than 78 K on chabazite [87], and 

Breck found similar behaviour for N2 and Ar on zeolite 4A [88]. A more recent example of 

such behaviour also on chabazite, is in the work by Shang [89]; CO2 was able to be 

adsorbed however, N2 and CH4 were not below a temperature of 333 K. Both chabazite 

and zeolite 4A have small pore openings and are therefore contenders to display this kind 

of activated diffusion. 

 

2.2.1.2.2 Porous transport 

The preceding section described the underlying fundamental mechanisms of transport 

through porous materials. These are useful in understanding the various methods by which 

adsorbate molecules diffuse through porous materials; however, they do not describe the 

amount of adsorbate passing through, i.e. the flux. 

One of the first and simplest descriptors of this is Fick‘s law, Equation 2.29. For species A, 

J is the flux with units of mass flow per unit area, D is the diffusivity or diffusion constant 

and dc/dx is the concentration gradient in the x direction. As it is only a function of x, 

Fick‘s law only applies for one dimensional systems and also a uniform concentration 

profile in the radial direction of the pore. 
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   Equation 2.29 

 

Any of the aforementioned diffusion constants in section 2.2.1.2.1 can be substitute for the 

diffusivity in Equation 2.29; the result being the diffusive flux due to that particular 

mechanism. 

In addition to flux due to molecular diffusion, when the pores become sufficiently large, 

viscous flow can also take place. Viscous flow is caused by a pressure difference driving 

force; no separation is achieved by this mechanism as it is bulk flow of the mixture, like 

flow of fluids through pipes. 

Equation 2.30 [42] shows the relationship for the flux due to viscous flow, where r is the 

radius of the pore, µ the viscosity of the fluid and dP/dz the pressure gradient along the 
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length of the pore. P is the total pressure, R the universal gas constant and T the system 

temperature. 
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 Equation 2.30 

 

In reality, many transport mechanisms operate simultaneously (and multicomponent) and 

there are some models which were developed to take this into account; namely, the 

Advective-Diffusive Model, Maxwell-Stefan Model and the Dusty Gas Model. The Mean 

Transport-Pore Model is also available, and shares many similarities to the Dusty Gas 

Model (DGM), I refer the reader to the chapter by Šolcová [90] for  further information 

regarding the Mean Transport-Pore Model. 

Of these, the DGM is the one of the most thorough, and due to the improvement in 

computing power since its development [91], has become one of the most commonly used. 

The Advective-Diffusive Model works well only for dilute gases and is one-directional, the 

Maxwell-Stefan Model corrects for these issues, however, it does not take into account the 

collisions between the adsorbate and the adsorbent [82]. 

The DGM does take these collisions into account by modelling the solid as a third phase 

with large particles that have no momentum and the gases move between these particles. 

The disadvantage to the DGM is that it does not take into account the pore size 

distribution of the solid, so it is argued that it has limited physical significance [58]. 

The DGM takes the form of Equation 2.31 [82]; where the subscripts i and j represent 

components i and j respectively, y is the gas phase mole fraction, J the molar flux, Dij the 

binary diffusivity, Di,K the Knudsen diffusivity of component i, Pt the total system pressure, 

R the universal gas constant, T the system temperature and µg the viscosity of the gas. If 

the adsorbent is considered a spherical particle, then Equation 2.31 can be reduced to a 

simpler form which is only a function of r. The work by Todd [92] can be referred to for 

this representation. 

The permeability factor, k0, has been described by Kast [93] and is shown as Equation 2.32. 

It is a lumped term to take into account the pore texture, and is determined experimentally; 

where εp is the porosity, τp the tortuosity of the pores, dp the average pore diameter and η 
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the dynamic viscosity of the gas. The works by Kast and Todd [93,94] describe 

experimental methods by which it can be obtained. 
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The DGM is a special case of the Maxwell-Stefan Model (MSM), so the MSM will not be 

addressed here. However, I refer the reader to Do‘s book [42] which contains a thorough 

description of the MSM and its formulation in chapter 8. 

 

2.2.1.2.3 Adsorption kinetics 

The discussions up to now have encompassed the transport of the gas through the porous 

material (to the adsorption site); also referred to as intraparticle diffusion. Another factor 

which plays a part in kinetic separations is the adsorption kinetics, i.e. the rate at which the 

molecules from the gas phase adsorb to the solid.  

Unlike the other areas of adsorption addressed up to this point, there are few models that 

are in common use that describe adsorption uptake kinetics. The one most commonly used 

is the linear driving force (LDF) model. First described in 1947 by Glueckauf [95] for the 

purposes of liquid phase chromatography, it is a first order rate equation and in its modern 

form, is shown as Equation 2.33 [96]. It is sometimes referred to as a pseudo-first-order 

rate equation as it is a function of loading, rather than gas/liquid phase concentration as 

regular reaction rate kinetics would be expressed in [97]. Equation 2.33 is the form the 

model takes when the adsorption kinetics are being determined by a constant pressure 

experiment; however, experimentally, adsorption kinetics are more commonly carried out 

under constant volume conditions for which there is an alternate form of the equation, 

Equation 2.34. C is the concentration of the adsorbate on the solid (loading), C0 is the 

initial loading and C∞ is the equilibrium loading; kL is the LDF mass transfer coefficient and 

t is time. In the constant volume scenario, the inclusion of α in Equation 2.34 is to take 

into account the reducing pressure in the volume as adsorption proceeds. The explanation 
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by Sircar [96] is that it represents the fraction of adsorbate introduced to the volume that is 

adsorbed during the process to achieve C∞. 
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 Equation 2.34 

 

In both cases, the RHS as a function of time is numerically fit to the LHS for the best fit of 

kL. The LDF model has been used to describe rates of adsorption on a variety of 

adsorbate-adsorbent combinations [98–101], hence, it has wide reach and application. 

It was also found by Reid [102,103] that the LDF best applied when the limiting mass 

transfer was at the pore entrance, i.e. if the adsorbate is small in comparison to the pore 

size and can enter freely, the LDF model did not apply very well; furthermore, if there were 

significant restrictions at the pore entrance, the LDF also did not hold well. 

Another limitation to the LDF is that if the adsorption-desorption process is fast, one of 

the model assumptions become invalid. It was assumed in the development on the model 

that the rate of adsorption at the surface of the particle is the approximately the rate of 

average rate of adsorption within the whole particle volume. During fast adsorption-

desorption processes, the diffusional limitations within the particle volume result in the 

rates of adsorption at the surface and within the volume becoming different [104]. 

These limitations aside, it is still one of the most popular models and for adsorption 

processes. Sircar found that the intricacies of adsorption kinetics which the LDF model 

does not model well are not significant overall [96]. There are many kinetic processes 

taking place at various stages, and they are averaged out over the integration of the whole 

system and lumped into one factor. 

Another model which may be applicable in certain scenarios is the quadratic driving force 

(QDF) model. Developed in 1953 by Vermeulen for liquid phase adsorption, is an 

empirical model and is shown as Equation 2.35 [105]. Where y is the fractional uptake, ∆Θ 

is non-dimensionalised time and y* is the equilibrium value of y for an adsorbate 

concentration of x in the gas/liquid phase.  

 



35 

 

2 2

ΔΘ 2

dy y y

d y

 
  Equation 2.35 

 

This form of the equation is not very useful, so the modern day form is shown as Equation 

2.36 [96] for the constant pressure scenario, their work can be referred to for the constant 

volume formulation if desired. The parameters are as per the LDF above; however, there is 

an introduced parameter β, for clarity which takes into account the initial loading on the 

adsorbent and kQ is the QDF mass transfer coefficient. 
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There are limited examples of the QDF model in use [106,107], likely due to the added 

complexity without significant advantage. 

 

2.2.1.2.4 Kinetic separations summary 

For any complex system the accurate modelling of the mass transport occurring is difficult, 

and this is also the case for adsorption. As discussed briefly in the preceding section, there 

are some options available to the researcher and engineer to account for this phenomenon. 

Although many of the options presented (and available) are not exact, and require some 

form of experimental corroboration they are in most cases satisfactory. 

The main use for currently for kinetic based separations is the production of N2 from air 

using carbon molecular sieve (CMS). In these materials, the pore size of the carbon can be 

controlled, and is such that the N2 molecules diffuse much slower through the adsorbent 

[58]. As the air is moving through the adsorption vessel, the N2 does not have sufficient 

time to adsorb and is collected as a purified product at the outlet. The O2 which diffuses 

much faster is adsorbed, and is collected as product when the adsorbent is regenerated. 
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2.2.1.3 Molecular Sieving 

Molecular sieving is a separation mechanism whereby adsorbate molecules are excluded on 

the basis of size. Unlike kinetic separations where if given sufficient time, molecules may 

adsorb, or in the case of activated diffusion, given sufficient energy, adsorbate molecules in 

the case of molecular sieving cannot be admitted to the adsorbent. 

Zeolites are sometimes referred to as molecular sieves as they were the first adsorbents to 

demonstrate this behaviour, discovered by Barrer in 1945 [77]. 

As the exclusion mechanism is a physical one, the size of the pore opening and the size of 

the adsorbate molecules are the establishing factors. As discussed previously, the adsorbate 

sizes are discussed based on kinetic diameters; however, in the case of a linear molecule 

such as CO2, it is statistically possible that a molecule could enter the pore system axially 

rather than longitudinally.  

The method of determination of the pore size is also open to question, for instance, the 

pore opening of one particular adsorbent, ZIF-8, was determined to be 3.4 Å by means of 

crystallography and atomic van der Waals radii [108], however, benzene with kinetic 

diameter 5.85 Å [31] was able to be adsorbed into the structure [109]. Such cases are 

generally the exception rather than the convention. 

The primary implementation of this industrially is the dehydration of natural gas [110]. 

Potassium exchanged zeolite A has a pore aperture of approximately 3 Å, hence, water 

molecules (2.64 Å) are able to enter the structure and become adsorbed whereas the larger, 

more valuable molecules such as CH4 (3.8 Å) and C2+ are not able to be adsorbed. 

 

2.2.2 Measurement techniques 

The importance of adsorption isotherms and adsorption rates in describing and 

understanding the properties of adsorbents should be apparent from the preceding section. 

Hence, the appropriate determination of these is paramount. There are two classes of 

measurement technique which are the most common for isotherm measurement, 

specifically, volumetric/manometric measurements and gravimetric measurements. There 

are a number of techniques based on other mechanisms which include oscillometry, 

capacitance and optical spectroscopy; however, these techniques are less common. 
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2.2.2.1 Volumetric isotherm measurement 

The volumetric based methods are the most common, likely due to their ease of operability 

and ease of automation [52]. The basis of this method is to measure the change in pressure 

of a calibrated volume at constant temperature, Figure 2.6 shows a simplified 

representation of volume based measurement techniques. As the pressure and temperature 

of the calibrated volume can be measured, the number of moles of gas in that volume can 

also be determined. Once the valve is opened, the gas flows to the sample tube and the 

reduction is pressure is measured. A mass balance can then be undertaken for the 

difference in the number of moles in the calibrated volume – and this difference is the 

adsorbed amount. 

As the sample tube is not filled completely with adsorbent, there is a volume associated 

with the sample tube which is not capable of adsorbing gas and this is termed the ‗dead 

volume‘; it is assumed that the walls of the equipment and sample tube do not adsorb a 

significant amount of adsorbate [52]. This dead volume needs to be accounted for, as a 

portion of the pressure reduction in the calibrated volume will be a result of gas occupying 

the dead volume, rather than adsorption. In order to do this, the calibrated volume is filled 

with helium which is then expanded in to the sample tube volume; an assumption key to 

these measurements is required at this point, which is that helium does not adsorb to the 

sample, and that any pressure reduction in the volume is purely due to the helium 

occupying dead volume in the system [15,52]. Using this change in pressure, a volume 

balance can be carried out; the number of moles of helium in the system is constant, and 

the combined calibrated and dead volumes can be determined using Boyle‘s law. 

 

Figure 2.6 – Schematic representation of volumetric adsorption apparatus. Showing 
calibrated and dead volumes (left) and total volume (right). 
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Given the overall simplicity of the apparatus, it is relatively straightforward to achieve 

computer controlled automation. In fact, all of the volumetric adsorption apparatus 

commercially available today are automated, including the data collection. In conjunction 

with remote computer control software, this enables experiments to be controlled from any 

location with internet access. Furthermore, given the ease of availability of the 

components, in-house designs are also successfully used [111–113].  

There are factors which influence the accuracy of volumetric measurements, some of 

which can be taken into account and others which are a shortcoming of this method. The 

first is that, at low temperatures helium can adsorb to the samples [52] and this influences 

the dead volume measurement; in the cases of adsorbents with very small pores, the helium 

can become entrapped which then influences the amount adsorbed. In terms of inaccuracy 

in the dead volume, Keller reports that the rate of this adsorption can be quite slow, up to 

months in some cases, and the time that the adsorbent is exposed to the helium in this case 

is much shorter. For helium entrapment, the best method to correct for this is to reactivate 

the sample prior to isotherm measurement [41]. Activation is a procedure to clear the 

adsorbent of any previously adsorbed material, usually under vacuum and elevated 

temperature. An alternative to this is to measure the dead volume once the isotherm 

measurement is complete [15], then the presence of helium will not adversely affect the 

isotherm measurement. This alternative requires the outgassing (vacuum applied at ambient 

temperature) of the sample to remove the adsorbate which is in the dead volume and that 

which is adsorbed. It is possible that not all of the adsorbed material is removed during this 

process; however, the errors are not usually large. 

Another factor which should be considered is the amount of sample/adsorbent that is 

required. In order to have an accurate measurement of the amount adsorbed, the pressure 

change of the total volume should be large enough to be accurately measureable. In cases 

where the uptake of the adsorbent is very low, requiring one gram of adsorbent is not 

unusual [52]. Unfortunately, for novel samples the uptake is not known a priori and the 

measurement may need to be repeated. 

In terms of adsorption on the walls of the equipment as mentioned earlier, blank 

experiments without any adsorbent in the system can be carried out [52]. This will then 

give an indication of the total error of the measurement including surface adsorption and 

measurement errors. 
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Another issue is thermal transpiration; this is a phenomenon where if two volumes at 

different temperatures are connected by a tube the pressure in each of the volumes will be 

different. The effect is more pronounced at low pressures and as the difference in 

temperature between the two vessels increases. It arises due to Knudsen diffusion 

limitations under those conditions, resulting in unequal pressures. In the case of volumetric 

isotherm measurements, it is not uncommon that the sample is at cryogenic temperatures 

and the pressure transducer is at room temperature. An empirical correction for this has 

been developed [114] and is shown as Equation 2.37. P2 is the pressure measured by the 

transducer (mmHg), P1 is the actual pressure at the sample, T2 the temperature (K) at the 

transducer and T1 at the sample; σ is the kinetic diameter (Å) and di is the diameter (mm) of 

the connecting tube. If pressure units aside from mmHg are desired, a conversion factor 

should be included in the X term. 
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The final correction required for volumetric measurements is to account for the non-

ideality of the gas phase. Any established method could be used to determine the 

compressibility of the gas phase; however, one of the most common is to use the second 

virial coefficient, likely due to the ease of use. This method is shown in Equation 2.38 and 

it, along with others can be found in chapter 4 of Poling [115]. Z is the compressibility at 

temperature, T (K) and pressure, P (Pa). B is the second virial coefficient, ω is the acentric 

factor, Tc (Pa) and Pc (Pa) are the critical temperature and pressure respectively and Tr is 

the reduced temperature. There is an additional term for polar molecules, B2, which is not 

shown here however, Poling can be seen for further information on this term. The B2 term 

is heavily empirical, and should be used after careful thought. 
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Under particular conditions, very low and high pressures specifically, accurate 

determination of the compressibility becomes difficult as accurate equations of state for 

every adsorptive are not available. Furthermore, for reduced temperatures less than 0.7, this 

method using the second virial coefficient becomes proportionally less accurate in 

comparison to the more thorough equation of state methods [115]. 

 

The simplicity and ease of use of modern volumetric adsorption apparatus renders them 

the most popular. They are not without their drawbacks however, the most pressing being 

the amount of adsorbent required in some cases to ensure a reliable result. This has not 

inhibited their uptake in the adsorption community however. 

 

2.2.2.2 Gravimetric isotherm measurement 

The primary alternative to volumetric isotherm measurement is gravimetric measurement. 

The mechanism here involves measuring the mass of the sample as adsorbate is introduced. 

With modern microbalances a resolution of 1 µg is possible, and as the uptake is measured 

directly, this resolves the sample mass issue encountered with volumetric apparatus. 

Although simple on the surface, there are intricacies involving gravimetric measurements 

which are not encountered in volumetric measurements. As the adsorbent is always 

surrounded by gas, the balance measures the difference between the weight force and 

buoyancy force of the sample (Figure 2.7). It is not uncommon for the buoyancy force to 

become greater than the weight force arising from the sample and adsorption; resulting in 

negative readings. 
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Figure 2.7 – Illustration of force balance on sample in a gas environment. 
 

The buoyancy force is a function of the sample volume, which cannot be determined 

exactly, so approximations of this are required. Aside from the volume of the sample itself, 

the volume of the balance components, including the sample holder and suspension system 

also contribute to the volume on which the buoyancy forces act. A procedure analogous to 

the dead volume determination for volumetric measurements is carried out. 

Again, making the assumption that the helium does not adsorb to the sample, the volume 

of the sample and balance components (Vs) can be determined by introducing helium to 

the adsorption chamber and recording the mass readings. Using Equation 2.39 the volume 

of the system can be determined by fitting a linear regression to the measured (or apparent) 

mass (Ω) as a function of the gas density (ρg). Due to the assumption that the sample does 

not adsorb helium, ms is the actual mass of the sample and balance components. The 

gradient is the volume of the sample (opposite sign), and the intercept can be interpreted as 

the mass of the system if it were under vacuum. 

 

 Ω ,s g sm ρ P T V  
 Equation 2.39 

 

In the earlier iterations of gravimetric adsorption apparatus, the density would be calculated 

from equations of state, or published data. Since the development [116] of the magnetic 

suspension balance which incorporates a sinker of known mass and volume, the density of 

the gas can be measured in-situ (Figure 2.8). This negates this extra step of interpolation 

which may induce further errors. 
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Figure 2.8 – Schematic representation of gravimetric apparatus showing the 
operation of the suspension balance in the first position (left) and second position 

(right). 
        

 

In the first position (MP1), the mass of the balance suspension and sample are measured as 

the sink rests on a platform. In the second position (MP2), the suspension is lifted to also 

include the mass of the sinker. As the precise mass and volume of the sinker are known, 

the density of the gas can be calculated based on the measured/apparent mass of the sinker 

using Equation 2.40. 

 

 

sinker sinker sinker

sinker

sinker

sinker

Ω

Ω MP2 MP1

MP2 MP1

g

g

m ρ V

m
ρ

V

  

 

 


 
Equation 2.40 

 

Furthermore, as the density of the gas can be measured accurately, and as the temperature 

of the adsorption chamber can also be measured; equations of state can be used to 

determine the gas pressure at very low and very high pressures [52] where accurate 

calibration of pressure transducers over such a large range may be problematic. 

Up to this point, the procedures described for volumetric and gravimetric isotherm 

measurement result in what is known as the Gibbs‘ excess adsorbed amount, surface excess 

amount or in most cases, ‗amount adsorbed‘. The implication of this is that the volume of 

the adsorbed amount is not taken into account; for the derivation and further information 
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with regard to this matter, chapter 1 of Keller [52] and chapter 2 of Rouquerol [15]. For 

most volumetric measurements, the volume of the adsorbed amount is negligible in 

comparison to the volume of the system, so it can be neglected [15]. At high temperatures, 

where the volume of the gas phase is less, or at high pressures, where the volume of the 

adsorbed amount (adsorbed phase volume) can be significant, it should be taken into 

consideration. For gravimetric measurements, this manifests itself by contributing to the 

buoyancy of the sample, and at high pressures, can be significant. If the adsorbed phase 

volume is taken into account in the isotherm determination, the result can be distinguished 

from the alternative by deeming it the ‗absolute amount adsorbed‘, or ‗absolute loading‘. 

In order to determine the adsorbed phase volume, the density of the adsorbed phase must 

be established. This is the primary obstacle that must be overcome; there is no definitive 

method which will yield an ‗exact‘ result. It is neither a gas nor a liquid; therefore there is 

much perplexity with this matter. This is likely the reason why excess isotherms are more 

popular in the literature than absolute isotherms.  

One of the simplest approaches is to assume that the adsorbed phase is similar to a liquid 

and use the liquid phase density of the component. If possible, the saturated liquid density 

should be used at the measurement temperature, otherwise, the liquid density at the triple 

point should be used [117]. 

Another method, proposed by Ozawa [118] is to model the adsorbed phase as a 

―superheated liquid‖. The adsorbed phase density (ρads) at temperature T can then be 

calculated by Equation 2.41, where ρBP is the density at the normal boiling point, TBP. This 

method avoids the assumption that the adsorbed phase is a liquid, which, other issues 

aside, cannot apply if the isotherm is measured above the critical temperature of the fluid. 
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 Equation 2.41 

 

The method proposed by Do [119] has the best theoretical footing. He begins by assuming 

that the isotherm must follow an established isotherm, such as those described in section 

2.2.1.1.1. The equations are modified to include the adsorbed phase density and volume as 

a variable; the experimental data is then numerically fit to the model. The primary benefit 

of this approach is that the adsorbed phase density becomes a function of pressure, as each 

experimental data point has a corresponding adsorbed phase density. The disadvantage of 
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this approach is that, although the results may be mathematically correct, physical 

inconsistencies may arise. For example, with increasing pressure, a higher volume with a 

lower density may be fit for an experimental point, which will give the desired result 

mathematically, however it is nonsensical. 

Another method similar to this, the adsorbed volume mapping or AVM method [120] 

involves fitting a sequence of points instead of the whole isotherm. The absolute isotherm 

is then built over many iterations, based on the result of the previous iteration. Aside from 

sensitivities in the numerical determination, another limitation is that it can only be carried 

out at very high pressures (several MPa). They propose extrapolation methods in cases 

where high pressure data is not available; however, this adds further uncertainty to the 

determination.  

Following this development, the same authors proposed a simpler method [121,122]. Based 

on the definition of the absolute adsorbed amount, Equation 2.42, when the excess 

adsorbed amount (nex) is equal to zero, the average volume of the absolute amount 

adsorbed (Vads) can be determined directly from the gas phase density (ρg) at that pressure 

and temperature. Again, very high pressure data is required for this approach and the same 

extrapolation techniques offered in their complex method.  

 

abs ex g adsn n ρ V    Equation 2.42 

 

Hence, when an absolute isotherm is reported, the precise details as to how the density and 

volume of the adsorbed phase was determined should be included. 

Once the density of the adsorbed phase is determined, the absolute amount adsorbed can 

be determined by Equation 2.43. Where Ω (g) is the reading of the balance, m0 (g) is the 

initial mass which is comprised of the clean adsorbent and balance components, mabs (g) is 

the mass due to absolute adsorption, ρg (g/cm3) is the density of the gas phase, Vs (cm3) is 

the volume of the system as determined by the helium measurement and Vabs (cm3) is the 

volume of the adsorbed phase and ρA is the density of the adsorbed phase. 
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 0Ωabs g s absm m ρ V V     Equation 2.43 

 

The conversion of excess to absolute loading for high pressure gravimetric measurements 

is likely the most persistent issue in this field. There are also other issues associated with 

gravimetric measurements [52], which although are able to be overcome, limit the 

popularity of gravimetric isotherm measurements. 

The first is that, for each sample, the volume must be determined in a separate experiment. 

This seems straightforward; however, it is time consuming. The sample must first be 

activated using a heater or furnace attachment in-situ, once cooled; a thermal jacket is 

attached to maintain the temperature while the measurement is being undertaken and 

finally, the sample must be reactivated in-situ prior to the first isotherm measurement. 

Hence, there is a reasonable amount of sample preparation, and the measurement of a 

single isotherm can take three days. 

Another issue is with thermal equilibrium. For volumetric measurements, the sample is in 

direct contact with the chamber or tube which is in a thermal bath. In the case of 

gravimetry, the sample is suspended in the chamber and the heat transfer between the 

thermal jacket and the sample is compromised; especially under vacuum conditions. Hence, 

whenever adsorbate is introduced, and prior to starting the measurement, thermal 

equilibrium may take some time to be achieved. 

Gravimetric adsorption apparatus are fairly complex equipment items, and automation of 

the whole measurement procedure is not possible. Even if some level of automation is 

available, progress should be checked regularly by an experienced user [52]. Furthermore, 

they are quite sensitive in their handling, and all users may not have positive experiences 

when undertaking measurements. 

 

Finally, there is a short piece by Kiefer [123] which contains some historical aspects of 

volumetric and gravimetric measurements. If the reader is interested about the evolution of 

adsorption measurements over time, I refer you to their work.  
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2.2.2.3 Other isotherm measurement methods 

The techniques to be discussed in this section have been grouped as they are not 

commonly used in the wider adsorption community. This is due their reliance on in-house 

custom made apparatus; limiting their wider uptake. 

One such method, oscillometry, involves measuring the natural frequency of oscillation of 

a rotating disk filled with adsorbent [124]. As the adsorbed amount increases, the mass of 

the pendulum increases, and the oscillation frequency reduces. An example of isotherms 

measured using this technique can be seen in Rave [125]. As there are no buoyancy effects, 

the capacities measured are inherently higher in comparison to gravimetric measurements; 

the authors conclude by stating that further calibration experiments and testing are required 

to guarantee the accuracy of this method. This method was then combined with gravimetry 

in a later work [126] with a reasonable outcome. 

Another method involves measuring the impedance of the adsorbent. The adsorbent is 

packed, essentially as a capacitor, and as the adsorbed amount increases the dielectric 

properties of the adsorbent change [127]. This change in capacitance is then measured as a 

change in impedance of the overall ‗circuit‘. This change in capacitances comes about as 

the gas molecules adsorb to the surface; the presence of additional molecules which can be 

polarised increase the capacitance of the system. Works by Rubel, and Caldararu both 

demonstrate [128,129] the use of this method for adsorption measurements. The work by 

Staudt [130] contains theoretical discussion, as well as a comparison of the method to 

established methods. 

Lastly, a method which has been popular in the field of chemisorption, FT-IR based 

measurements. FT-IR spectra have been used as characterisation methods in the field of 

catalysis [131], and more recently, sometimes in combination with other methods such as 

temperature programmed desorption [132,133]. This method is also extended to gas 

adsorption [134–139], as adsorbed species will have their corresponding IR absorption 

peaks; the peak area can then related to the amount adsorbed of the species. The work by 

Rege [140] can be seen for a demonstration of this method; binary adsorption data of H2O 

and CO2 was obtained for two materials. 

Unlike the two previous methods, adsorption measurements based on FT-IR have 

reasonable uptake in the community. Many of the components required to construct an 

apparatus capable of these measurements are commercially available, which is 

advantageous. Distinct to oscillometry measurements, FT-IR techniques can also be used 
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to determine adsorption kinetics and transport properties [141], and unlike impedance 

based measurements, multicomponent adsorption data can also be determined.  

 

Isotherm measurements rely on the inference of other physical properties. Measuring 

changes in volume or mass are the most common techniques used today; however, any 

technique available which can measure changes in other physico-chemical properties 

(NMR, UV-Vis, EPR etc.) could be used to determine adsorption isotherms. 

 

2.2.2.4 Rates of adsorption 

Adsorption rate (kinetics) measurements are required in order to determine the transport 

properties discussed in section 2.2.1.2. With modern instrumentation and computing, the 

procurement of this data has been somewhat simplified. 

In most cases, this data can be collected simultaneously with isotherm data. For instance, in 

the case of volumetric isotherm measurements, the pressure could be recorded 

electronically at specified time intervals until equilibrium were attained. The pressure-time 

data can then be converted to loading-time data treating each point as if each point were an 

equilibrium data point. The same applies to gravimetric methods, where the mass can be 

recorded as a function of time. 

If the adsorption kinetics is very rapid, even computer based recording methods may not 

be fast enough to capture the first 5 – 10 seconds in sufficient detail; let alone manual 

recording methods. If computer based recording methods are not available, a small number 

of vendors still offer strip chart recorders at the time of writing which may assist with the 

data collection. For investigation of rapid kinetics, in-house custom made apparatus 

specifically for that purpose such as the one described by Todd [94] are recommended. 

Of the alternative isotherm measurement techniques discussed, impedance based 

techniques as well as FT-IR techniques can be used to determine adsorption kinetics. In the 

case of impedance, the capacitance can be measured at a specific frequency as a function of 

time; the same applies to FT-IR, once the absorption band is known, that wavenumber can 

be monitored as a function of time. 

The limiting factor here is the data collection; once the uptake data as a function of time is 

collected, the methods described in section 2.2.1.2.3 can be applied. 
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2.2.2.5 Breakthrough measurements 

A breakthrough measurement involves packing the adsorbent in a column and monitoring 

the outlet gas concentration over time while feeding a known concentration gas mixture. 

Figure 2.9 shows a basic schematic and applications of this method can be seen in the 

following references [142–145]. It is a useful tool, and can be used to uncover information 

relating to adsorption kinetics, multicomponent adsorption and competitive adsorption 

behaviour. The most common use, however, is to obtain adsorption kinetics parameters. 

 

 

Figure 2.9 – Schematic representation of breakthrough measurement apparatus 
showing the key required elements. 

 

The flow rate and pressure should be measured at both the inlet and outlet; the 

composition should be measured at the outlet, however, if a pre-calibrated gas mixture is 

not used for the feed, the inlet composition should also be measured. The outlet pressure 

should be regulated by means of a back-pressure regulator in order to prevent expansion of 

the gas. It is undesirable if the pressure drop is large as the resulting velocity change will 

influence the result. 

If it is desired to keep the adsorbent as close to isothermal as possible, the inlet gas flow 

rate should be high enough to remove the heat released due to adsorption [42]. Alternatives 

include submerging the column in a temperature controlled liquid bath, or a fan forced 

oven. This is not absolutely necessary however, as methods do exist to analyse the data 

from non-isothermal experiments [145–147]. 
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The deconvolution of the data must then be undertaken. Ruthven [148] presents a 

thorough discussion in chapters 8 and 9 of his book; one particular method, moments 

analysis [145,148,149], will be presented here. The most popular alternative method 

involves fitting the measured experimental data to a model of the process as a function of 

time. There are a number of concerns with this method, as the breakthrough time 

predicted by the model rarely matches the experimental data without tribulation. 

Specifically, inaccurate isotherm data, delays due to piping and bed voidage, measurement 

delays and heat loss [145] all contribute to this difference as the models do not account for 

these factors. Consequently, the experimental data is shifted about the time axis while 

numerically fitting the rate constant to make both curves correspond. 

The method of moments removes the factor of time from the analysis, and the rate 

constant can be obtained directly from the result. The full derivation will not be shown 

here, however, the work by Webley [145] can be referred to for further information. 

In the first step, the experimental data should be normalised to range between zero and 

one (ynorm). Equation 2.44 is then used to find the centre of the breakthrough data, also 

called the first moment; tstoich is the time value at which the centre is located, tinf is the final 

time value and t0 is the initial time value of the data range considered. The breakthough 

data is then shifted by this amount (t‘), and the broadness is determined by Equation 2.45. 

This is the second moment (µ2), and is related to the variance of the data around the centre. 

If it is assumed that the linear driving force model applies, the value of the second moment 

can be directly used to determine the overall mass transfer coefficient (kLDF) by using 

Equation 2.46.  
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The linear driving force (LDF) model combines all mass transfer resistances into a lumped 

mass transfer coefficient. In many cases, the LDF model is sufficient [96], however if it is 
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necessary to obtain the component resistances, further experiments are required. 

Breakthrough curves should be measured at a minimum of three different inlet gas 

flowrates and a plot of the second moment against gas velocity can be produced; section 

8.5 of Ruthven [148] discusses this procedure. The slope of this linear plot will yield the 

axial dispersion coefficient and the intercept will give the total mass transfer resistance. If 

the experiments are then carried out with at least two particle sizes, the intracrystalline and 

film diffusion coefficients may also be determined [148]. 

 

2.2.3 Characterisation methods 

Adsorbent characterisation is necessary to both comparing adsorbents, and as a mechanism 

to understand or describe the adsorption properties. There are a variety of techniques that 

are available for this purpose [15,42,51], a selection of which will be discussed here. 

 

2.2.3.1 Surface area 

A popular metric that is used to compare adsorbents is surface area, reported in square 

meters per gram (m2g-1). It is an abstract quantity that is inferred from gas adsorption 

isotherms and should be used only as a guideline rather than an absolute value.  

The procedure involves fitting the measured isotherm to a model whereby one of the 

parameters is the volume of gas adsorbed in a single layer (monolayer). This volume of gas 

is then converted to number of molecules, and the area that one molecule occupies is used 

to calculate the total surface area of the monolayer. 

The two isotherm models used are the Langmuir isotherm and the B.E.T. isotherm. The 

Langmuir isotherm is usually only applicable to chemisorption as it only models one layer 

of adsorbed molecules. However, in the case of purely microporous materials where 

multiple layers may not be able to form, and capillary condensation is not possible, it may 

be applied to physisorption [150]. The measured isotherm data (type I) can be fit to the 

Langmuir isotherm depicted in Equation 2.47, where P is the pressure, q is the total 

amount adsorbed, qm is the monolayer capacity and b is the affinity parameter. A plot of 

P/q against P will yield a line with gradient 1/qm from which the surface area can be 

determined. 

 



51 

1

1 1

1

m

m

m m

q b P
q

b P

b P

q q b P

b P

q b P q b P

 


 

 


 


 

   

 

 

1

m m

P P

q q b q
 


 Equation 2.47 

 

The application of the Langmuir model for determining surface area is limited to particular 

cases, namely type I isotherms. Even in cases where the equation is able to model the 

isotherm accurately, it does not guarantee that the result is reliable; an insight in to the 

adsorption mechanism in the pores is necessary. 

The alternative approach is to use the B.E.T. model; it is the most popular method to 

evaluate surface areas of adsorbents. In the original work [43], it was determined that the 

isotherm model should be fit to the measured data in the relative pressure range between 

0.05 to 0.35. The linear form of the B.E.T. isotherm is shown as Equation 2.48; where p is 

the equilibrium pressure, p° the saturated vapour pressure, q the amount of gas adsorbed, 

qm the adsorbed amount of the monolayer and c is a constant related to the heat of 

adsorption and enthalpy of vapourisation of the adsorbate. 

The left hand side should be plotted against the relative pressure (commonly B.E.T. plot) 

and a linear regression of the data in the relative pressure range recommended will yield 

slope S, and intercept I. 
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 Equation 2.48 

 

These can then be used to determine the monolayer adsorbed volume vm and the constant 

c by using Equation 2.49 and Equation 2.50. A criterion of the B.E.T. method is that the 

value of ‗c‘ must be greater than 0, negative values of ‗c‘ are mathematically and physically 

impossible (Equation 2.2). 
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   Equation 2.50 

 

Once the amount adsorbed in a monolayer is determined, it can be converted to the 

surface area by Equation 2.51. Where qm is the amount adsorbed in the monolayer (per 

gram of sample), NA is the Avogadro constant and Ax is the average cross sectional area 

occupied by each molecule. 

 

B.E.T. m A xS q N A    Equation 2.51 

 

The cross sectional area is a function of many parameters, the choice of adsorbate and the 

measurement temperature are the prime factors. The most common isotherms used for 

surface area determinations are nitrogen at 77.36 K (77 K); the temperature is maintained 

by filling the insulated dewar with liquid nitrogen. The other factor which plays a role is the 

adsorbent; the adsorbed cross sectional area is also a function of the adsorbate-adsorbent 

interactions, for the case of N2 at 77 K, the routine value taken is 0.162 nm2 per molecule 

[15]. The fact that liquid nitrogen is readily available has contributed to the popularity of 

this method, however, there is a drawback associated with it. As nitrogen has a quadrupole 

moment, the orientation of the nitrogen molecule on the surface is dependent on the 

surface chemistry [41] and this can cause significant deviation from the 0.162 nm2 per 

molecule value, with B.E.T. surface areas being overestimated by up to 20 % [151]. 

The recommended conditions to overcome this problem are to use argon at 87.30 K (87 

K). As argon is a monoatomic gas, it does not suffer the same problem with quadrupole 

interactions. The popularity of this method is limited by the easy access of liquid argon as a 

thermal bath fluid; the alternative is to use a cryostat which is even less commonplace in 

many research laboratories. The cross-sectional area taken for argon at 87 K is normally 

0.142 nm2 per molecule [41]. Argon should not be used at 77 K (liquid nitrogen bath) as 

this is below its triple point temperature; the properties of the adsorbed phase are unknown 

and in doubt under those conditions. 

With modern apparatus, B.E.T. surface area measurements using nitrogen and argon can 

be achieved down to 1 m2/g [150]. This is not universal and should be evaluated on a case 

by case basis; those experienced and familiar with their own apparatus should impose a 
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corresponding reliability limit (ca. 5 – 15 m2/g). In cases where low surface areas are to be 

determined, krypton is used at 77 K. There are a number of issues associated with this, the 

triple point of Kr is 115.35 K, and as per Ar at 77 K, the state of the adsorbed phase 

cannot be defined well and as a result the p° is not well defined. These drawbacks aside, it 

is one of the only tools available for everyday analysis of low surface area materials [41]. 

Normally p° is taken as 350 Pa (2.63 mm. Hg) [41] and the cross sectional area is taken as 

0.202 nm2 per molecule [150]. The advantage in using krypton lies in the very low p°, as 

there is a very small amount of gas in the dead volume in comparison to N2 and Ar, small 

changes in pressure due to adsorption on low surface area materials are more easily 

detected. Consequently, surface areas down to 0.05 m2/g can be measured [150]. 

These are the most common experimental conditions used, however, the works by 

McClellan [152] and Livingstone [153] can be seen for an overview of adsorbed cross 

sectional areas for a variety of adsorbents and adsorbates at various temperatures. 

Another technique used for highly microporous materials is to use CO2 at 0 °C; this can be 

necessary, as at cryogenic temperatures there are significant diffusional limitations for other 

adsorbates. Under these conditions, there is still a defined saturation pressure for CO2 

(3485.14 kPa), and the cross sectional area is normally taken as 0.210 nm2 per molecule 

[150]. The downside is that CO2 has strong interactions with the adsorbent, even stronger 

than N2, so the use of CO2 for adsorbents with polar surfaces is not recommended [41]. 

Furthermore, special care must be taken for microporous materials. The B.E.T. theory was 

originally developed for mesoporous and non-porous materials (type II and IV isotherms); 

consequently, many of the assumptions used in its development do not apply for 

microporous adsorbents [154]. This is most apparent when fitting the measured data to 

Equation 2.48; the relative pressure range from 0.05 to 0.35 is often non-linear. In order to 

determine a suitable relative pressure range for reproducible results, there are a number of 

points that should be followed when determining the B.E.T. area of microporous materials. 

The following procedure [41,154] is commonly described as the Rouquerol method or 

Rouquerol transform.  The foremost is that the ‗c‘ value should not be negative; this can 

eliminate large portions of the B.E.T. plot. Secondly, a plot of n·(p° - p) against p/p° 

should be produced, and a p/p° range should be selected where the function is 

continuously increasing. Thirdly, once the monolayer capacity is determined, that adsorbed 

amount should correspond to a p/p° on the adsorption isotherm which is within the 

selected range. Finally, the determined value of ‗c‘ should be substitute in to the B.E.T. 
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equation (Equation 2.48), with n = nm, and p/p° should be calculated. The value of p/p° 

from this step, and that of the third criteria should be within close agreement of each other 

(within 10 %). 

 

2.2.3.2 Pore size distributions 

Another property of porous materials is their pore size distribution (PSD). These, like the 

surface area are derived from experimental isotherm measurements. They can be used as an 

indicator as to whether a given adsorbent will display activated diffusion or molecular 

sieving for a given adsorbate. They are also useful in determining the portion of the sample 

that is either microporous or mesoporous. Macropores can also be gauged to a certain 

degree, however, other methods are recommended for very larges pores.  The technique of 

determining pore size distributions, pore volumes and surface areas is termed porosimetry. 

 

2.2.3.2.1 Mesopore distributions 

The determination of PSDs of mesoporous materials relies on the phenomenon of 

capillary condensation. This is when a bulk fluid in the vapour phase condenses at a 

pressure lower than the equilibrium vapour pressure due to confinement effects (capillary 

condensation). Such confinement effects occur in porous materials, as there are increased 

van der Waals forces between the molecules. The prevailing description of this effect is 

based on the Kelvin equation (Equation 2.52), which in turn is derived from the Young-

Laplace equation [155,156]. P and P° are the equilibrium and saturation vapour pressures 

respectively; γ is the surface tension, vl is the molar volume of the liquid adsorbate, both at 

temperature T; R is the universal gas constant and rK is the (Kelvin) radius. 
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 Equation 2.52 

 

In the experimental setting, all variables aside from r are either known or can be measured; 

hence, rK can be determined. The definition of the radius, rK, is not straight forward. As 

adsorption proceeds, molecules adsorb to the pore walls reducing the effective radius 

(Figure 2.10). Hence, the pressure (and radius) at which the condensation occurs is not the 

actual radius of the pore; it is termed the Kelvin radius. 
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Figure 2.10 – An illustration of the increasing thickness layer and the relationship 
between pore radius (Rp), and the Kelvin radius (Rk) from monolayer adsorption to 

multilayer adsorption and then sudden pore filling. 
 

In order to account for this, empirical correlations have been developed to describe the 

thickness of the adsorbed layer (thickness curves). These can then be used to calculate the 

pore radius based on the Kelvin radius. As per surface area measurements, the most 

common experimental conditions for PSD determination are using N2 at 77 K; aside from 

ease of availability, multiple parameters can then be determined from one experimental 

measurement. 

There are a variety of thickness curves available; one of those is the Halsey [157] thickness 

curve. The name only applies to the general form of the equation (Equation 2.53), the 

constants (A, B and C) should be solved for based on experimental data and can vary from 

case to case. One of the earlier values for A, B and C were 4.3, 5 and 3 respectively; these 

values were derived from N2 adsorption at 77 K on non-porous silica gel [158]. The value 

of A was changed later on to its most commonly used current value of 3.54 [159,160]; this 

was based on experimental measurements on alumina and assumptions around the packing 

of the adsorbed N2 molecules.  
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Another popular thickness curve is the Harkins-Jura [161] equation (Equation 2.54), with 

the parameters A and B being determined by de Boer [162] for an alumina material. These 

are the most commonly used values today, with A being 13.99 and B being 0.034. 
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 Equation 2.54 

 

A thickness curve (Equation 2.55) based on titanium dioxide, barium sulphate and alumina 

is proposed by Broekhoff and de Boer [163]. The motivation for this was due to the 

Harkins-Jura equation not being able to predict the adsorption on these materials over a 

suitably wide range of pressures. Unlike the others presented so far, this must be 

numerically solved for t given a relative pressure. 
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 Equation 2.55 

 

One thickness curve (Equation 2.56) derived specifically for use on carbons is proposed by 

the ASTM [164]. It is based on a carbon black material, and is in common use for carbon 

type materials. 
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 Equation 2.56 

 

It should be noted that these thickness curves in use today are based on a small selection of 

adsorbents which are not of significant technical importance. The applicability of these 

thickness curves is compromised for adsorbents which do not possess similar surface 

properties to the adsorbents for which they were derived. Consequently, it is not 

appropriate to compare PSDs of chemically different adsorbents using the same PSD 

method; there is no such limitation when comparing across a family of similar adsorbents. 
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With the information presented up to this point, it is possible to determine the radius of a 

cylindrical pore in which the adsorbate will condense at a given relative pressure. Our 

interest however, is to obtain a distribution of pore sizes present in the adsorbent. A variety 

of numerical methods exist for the calculation of pore size distributions based on the 

Kelvin equation and thickness curves; these are deemed ‗classical methods‘. One of the 

earliest methods is the one proposed by Barrett, Joyner and Halenda [165] and remains the 

most popular classical method in use to this date; their work can be seen for a step by step 

description of the calculation method (BJH method). In summary, the desorption isotherm 

is used starting from high relative pressure to calculate the amount adsorbed at each pore 

size. They recommend the application of their method up to pore sizes of 30 nm, which 

for nitrogen at 77 K corresponds to a relative pressure of 0.967. If the adsorption isotherm 

has not reached a plateau by this pressure, then pores of larger size will be excluded from 

the distribution. They claim that although pores greater than 30 nm do exist in some 

samples, the number is small in comparison to the number of smaller pores and therefore 

unimportant. 

A common modification to the BJH method is the Faaβ (Faass) correction [166], it is 

commonly referred to as the Faas correction incorrectly. Faass found in his work that the 

pre-existing gas adsorption techniques were not correlating with other pore size 

determination techniques on porous glass samples. It was then uncovered that this is likely 

due to multilayer adsorption; upon a reduction in pressure, gas is evolved due to the 

evaporation of condensed liquid as well as from exposed adsorbed multilayers which have 

previously had condensed liquid removed. The existing techniques did not account for this, 

and Faaβ modified the calculation of the adsorbed layer thickness to overcome this 

problem. His thesis can be seen for full details, and the computational procedure required 

undertaking this correction. Many of the commercially available adsorption apparatus are 

paired with characterisation software which has this functionality inbuilt. 

An alternative to the BJH method is the Dollimore and Heal or DH method [158]. The 

DH method is an extension of the BJH method to avoid issues related to desorption from 

the condensed phase (core or Kelvin radius) and the multilayers (adsorbed layer thickness), 

the same issues which the Faaβ correction is designed to overcome for the BJH method. In 

the original work [158], a pore size range of 100 Å to 7 Å is considered. The original 

publication, and chapter 3 of Gregg [167] can be seen for a thorough description of the 

model. In cases where the BJH model with Faaβ correction is not available, the DH 

method is a suitable alternative. 
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There is a method developed by Pierce [168], which although has some shortcomings in 

comparison to the BJH with Faaβ correction method and the DH method, it is a much 

simpler method which can be undertaken manually. Chapter 8 of Lowell [155] and chapter 

10 of Orr [169] both contain examples of how to generate a pore size distribution using 

this method. It could be a swift approach to generate a PSD if characterisation software 

was not to hand. The aforementioned methods are based on cylindrical pores, however, 

this method makes the assumption of slit pores; i.e. pores are composed of parallel plates 

with some spacing. 

There are a number of other methods which have not been discussed here. They do not 

have significant popularity for a variety of factors including complexity, inaccuracy or 

unreliable assumptions. The reader is directed to Schull [170], Cranston and Inkley [171] 

and Oulton [172] for further information. 

 

2.2.3.2.2 Micropore distributions 

As per mesopore PSDs, there are a variety of micropore distributions also available. The 

separation between these is required as the theory behind the development of mesopore 

distributions does not apply to adsorption in micropores. As the micropores are more 

confined, there are much stronger interactions that take place negating many of the 

assumptions in mesopore analysis. 

A disadvantage to N2 isotherms at 77 K is that, diffusional limitations can be experienced 

in small pores. Consequently, methods based primarily around the adsorption of CO2 at 0 

°C have been developed for the characterisation micro- and ultramicroporous materials. 

One such method is the Dubinin-Radushkevich (DR) method. It is one of the earlier 

methods and is based on Polanyi‘s theory which states that for Tr ≤ 0.8, the adsorbed 

phase can be considered fully as a liquid and work must be applied (Equation 2.57) to 

compress the vapour from the equilibrium adsorption pressure (P) to the saturation 

pressure (P°) [155]. 
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 Equation 2.57 
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Dubinin and Radushkevich observed that if an adsorption isotherm was plotted against this 

work term instead of relative pressure, the isotherms resembled one half of a Gaussian 

distribution (Equation 2.58). Where V is the amount adsorbed, V0 the (micropore) pore 

volume, E0 the adsorption potential and K is a constant to account for the pore size 

distribution. 

 

 2

0 0expV V K E     Equation 2.58 

 

As stated, there is no mechanism to account for differences in adsorbate-adsorbent 

interactions. Dubinin introduced the affinity constant, β, to account for the affinities of 

different adsorbates to a given surface [155]. The work by Polanyi, Dubinin and 

Radushkevich is mainly empirical and therefore many parameters are determined by fitting 

experimental data. Wood [173] has prepared a review on the various methods which have 

been proposed to determine β; the value is relative to a reference adsorbate, normally 

benzene, as a ratio of the liquid molar volume of the adsorbate to the liquid molar volume 

of Benzene [173]. 

Combining these factors, the Dubinin-Radushkevich isotherm is formed, and is shown as 

Equation 2.59 in its most convenient form [174]. 
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 Equation 2.59 

 

A plot of ln(V) against [ln(P°/P)]2 should yield a straight line, with the intercept being the 

natural log of the total micropore volume. Care should be taken with the units used; the 

volume of gas adsorbed is normally expressed at STP, and this should be converted to the 

saturated liquid volume at the measurement temperature. The slope of the line is related to 

the characteristic energy, E0 by the affinity parameter, β. The term β·E0 is referred to as E, 

which is the characteristic adsorption potential for an adsorbent-adsorbate pair. 

For adsorbent surfaces which are highly heterogeneous, the DR equation does not produce 

a linear plot in many instances. In order to overcome this, Astakhov proposed a general 

form of the equation (Equation 2.60) which is known as the Dubinin-Astakhov (DA) 

equation. All parameters are as per the DR equation, except the exponent n has been 
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included to better linearise the data; it does not have any apparent physical significance 

[174]. In this case, the exponent n is fit to achieve the best linearisation of the data after 

which the intercept and slope are interpreted as per the DR equation. 
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 Equation 2.60 

 

From the DA equation, a pore size distribution can be obtained. The most commonly used 

method is based on the work by Medek [175], however chapter 4 of Do [42] can be seen 

for a theoretical derivation. The pore size distribution developed by Medek is shown in 

Equation 2.62; the parameter k is an empirical constant which for CO2 on a carbon based 

adsorbent at 0 °C is 3.145 kJ·nm3 [175]. The characteristic energy, E, is calculated from the 

slope (M) of the linear regression of the DA equation by using Equation 2.61. Chapter 4 of 

Wilcox [176] can be seen for a worked example if desired. 
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 Equation 2.62 

 

It should be noted that as this method is based on an assumption of a Gaussian 

distribution of pores, only a single average pore size peak is determined; this may not be 

suitable in all cases. 

The use of the DR or DA equation for determining the pore volume of microporous 

materials is popular as this cannot be achieved with the same methods used for mesopore 

distributions in some cases. This is the established method for carbon based adsorbents, 

however, for non-carbonaceous adsorbents it is not recommended to use CO2 [41]; as 

these methods require the adsorbate to be sub-critical (defined relative pressure), there are 

a limited number of adsorbates which can be used at non-cryogenic temperatures. 

One of the most popular pore size distributions methods for microporous materials is the 

Horvath-Kawazoe (HK) method [177]. It is a semi-empirical method with a statistical 

mechanics basis describing fluids confined in slit shaped pores [155]. It is based on the 



61 

work by Evertt and Powl [178] who calculated the energy potentials of some noble gases 

(Ar, Kr and Xe) between an adsorbate molecule and two planes (slit like pores) of 

adsorbent molecules (carbon). Equation 2.63 shows the Horvath-Kawazoe pore size 

distribution model, their original work [177] can be seen for the derivation. As per the 

other methods, a sub-critical isotherm is required to be measured. 
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 Equation 2.63 
Where:  
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NA is Avogrado‘s constant, Na the number of adsorption sites per unit area of adsorbent 

and Ns is the number of adsorbate molecules per unit area of adsorbent surface; R is the 

universal gas constant and T is the temperature. There are also a number of terms to be 

considered; d0 is a mean molecular diameter with da being the diameter of the adsorbate 

molecule and ds the diameter of the adsorbent (surface) molecule and σ is the distance 

between the two molecules at zero interaction energy; As and Aa are the Kirkwood-Müller 

[179] constants for the adsorbent and adsorbate respectively, these represent the attractive 

forces between the molecules – me is the mass of an electron, c the speed of light, α the 

polarisabilities and χ the magnetic susceptibilities of the respective molecules. 

The term Na·Aa+Ns·As is an interaction parameter which includes the physicochemical 

properties of the adsorbent and adsorbate. In their original work [177], values of Na 

(3.845·1015 molec./cm2) and Ns (6.7·1014 molec./cm2) for carbon and nitrogen at 77 K are 

provided; as well as the required physical property parameters. A selection of parameters 

for different adsorbates and adsorbents is presented in Table 2.2 compiled from a range of 

references [177,180,181]. Gil and Grange [182] also discuss a method by which the total 

interaction parameter can be estimated from the adsorption isotherm data if physical 

property data is unavailable for a  given adsorbent-adsorbate pair. 
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Values for CO2 can be obtained by derivation; however, given no experimental 

confirmation, the use of the HK method with CO2 should be used with caution. Using the 

van der Waals‘ method outlined in chapter 3 of Garg [183], a vdW diameter of CO2 can be 

calculated as 3.23 Å. Assuming spherical molecules (circular cross section) with this 

diameter, 3.051·1018 molecules of CO2 per m2 can be obtained with each molecule 

occupying 1.412·10-28 m3; this gives a volume per unit area of 4.307·10-10 m3/m2. Using the 

liquid phase molar volume of CO2 at the desired temperature, the density (Na) can be 

determined. At 0 °C, a value of 5.465·1018 molecules/m2 is obtained and 4.187·1018 

molecules/m2 at 25 °C. The polarisability (α) and magnetic susceptibility (χ) can be 

obtained from the CRC handbook [184] with values of 2.91·10-24 cm3 and 3.487·10-29 cm3 

respectively. 

 

Table 2.2 – Physical property parameters for the Horvath-Kawazoe equation 

 
Diameter 

(d) 

Polarisability 

(α) 

Magnetic 

Susceptibility 

(χ) 

Density 

(N) 

 [Å] [cm3] [cm3] [molec./m2] 

Adsorbates     

N2 3.0 1.46·10-24 2.00·10-29 6.70·1018 

Ar 3.4 1.63·10-24 3.25·10-29 8.52·1018 

CO2 3.2 2.91·10-24 3.49·10-29 5.47·1018 

Adsorbents     

Carbon 3.4 1.02·10-24 13.5·10-29 3.84·1019 

Aluminosilicate 2.76 
2.5·10-24 1.3·10-29 

1.31·1018 

Aluminophosphate 2.60 1.48·1018 

 

Once the appropriate values for the constants have been determined, Equation 2.63 

becomes a function only of ‗l‘ and the measured isotherm can then be converted to an 

amount adsorbed against pore width – the derivative of which is the pore size distribution. 

As mentioned, the original HK method was derived on a carbon adsorbent, and is hence 

most suited towards carbon ‗slit‘ pores. This limits the usefulness of this method to such 

materials; there are others of industrial and technical importance which cannot be reliably 

evaluated by this method.  A modification for cylindrical pores was developed by Saito and 

Foley [180], the interactions between the adsorbate and the adsorbent wall is still taken as 

the Everett and Powl potential [178] used in the original HK method. The details with 

regard to the treatment of the curved surface can be seen in their work. The HK method 
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with the Saito-Foley modification for cylindrical pores is shown as Equation 2.64. The 

variables are as per the original HK method, with some additions; rp is the radius of the 

pore and α and β are coefficients (see below), where α0 and β0 (k = 0) are equal to one 

[180]. 
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 Equation 2.64 
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The Saito-Foley modification was developed on a range of zeolites using Argon as the 

adsorptive. Cylindrical pores are a feature of many different adsorbents, and given the 

appropriate physical constants can be obtained, the HK method with Saito-Foley 

modification is a commonly used micropore pore size distribution method. 

Another modification to the original HK method is the Cheng-Yang [181] modification. 

This extends the HK method to spherical pores; the term spherical pores refer to any 

adsorbent which is composed of a significant portion of large cavities within the pore 

system. These are common to some zeolite materials (which are the examples provided in 

their work), as well as more recently developed materials such as metal organic frameworks 

(MOFs). Equation 2.65 shows the HK method with the Cheng-Yang modification for 

spherical pores, the terms are as per the original HK method with some added terms for 

clarity. Please note the difference of da (diameter of adsorbate) in the denominator of the εa 

expression. 
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Where:  
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In the same work, Cheng and Yang [181] proposed a correction to the original HK 

assumptions. The original work [177] assumed that the micropore region (low pressure) 

region of the isotherm was linear. This is not the case in many instances, and the Cheng-

Yang correction modifies this to a Langmuir isotherm assumption. Their work can be seen 

for the resulting equations and discussion. It is advised that this correction be applied if 

available in the isotherm analysis software being used, or if undertaking this calculation 

manually. 

It should be noted that if the adsorbent material is composed of a combination of different 

pore types (slit, cylindrical or spherical), the analysis may be unreliable. In another work, 

Saito and Foley [185] found that the resulting pore size distributions are also sensitive to 

variations in the constants used, specifically the magnetic susceptibility – if suitable values 

cannot be determined or obtained, the resulting distribution should not be considered as 

absolute. There are also some assumptions in the HK and related methods which 

compromise the accuracy. Namely, pore filling occurs discontinuously at a specified 

pressure for a given pore size, the fluid in the pore behaves like the bulk fluid and that the 

density of the adsorbed fluid is constant  with position in the pore [155]. These drawbacks 

aside, the HK method is so far the most thorough (and most popular) classical method for 

determining pore size distributions of micropores which can be determined without the aid 

of computer software; chapter 4 in Yang [186] and 6 in Do [42] contain thorough 

discussions on the HK methods if the reader is interested in further information.  
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2.2.3.2.3 Modern methods 

The methods presented in the preceding sections can only evaluate single pore size ranges 

(mesopores or micropores). It is not uncommon for an adsorbent to be comprised of both 

pore size ranges. Modern methods, such as density function theory (DFT) which is based 

on statistical mechanical methods, or computational methods such as Monte Carlo (MC) 

are able to produce a continuous pore size distribution over the micropore-mesopore 

range. These methods are deemed modern, or microscopic methods [155]. The strength of 

these methods lies in the fact that they are able to calculate the density of the adsorbed 

fluid as a function of position in a pore. 

The foundation of DFT methods were developed in the period from 1986 to 1989 [187–

190], however, the first practical application of this theory to develop a pore size 

distribution model was by Seaton in 1989 [190]. This would subsequently be known as a 

local DFT method; the limitations of their method is that a bimodal pore size distribution 

is assumed [190], and the interactions between the wall and the fluid (short range 

correlations) are not taken into consideration [189] which impacts results for small pores. 

In order to take these into account, the Non-Local Density Functional Theory (NLDFT) 

was proposed by Lastoskie [191]. Since that publication in 1993, the NLDFT method 

received significant attention – it is the most popular modern method to determine pore 

size distributions. As all molecular interactions are considered in the approach, it is 

necessary to generate a model (kernel) for each adsorbate-adsorbent pair; Neimark has 

been one of the leaders in this area [192–196]. The density function for a given adsorbent-

adsorbate pair and pore size is obtained by minimising Equation 2.66. Once the density 

function, ρ(r), is generated for a range of pore sizes, this is called the kernel. The density 

function for a given pore radius (r) is obtain when the grand potential function, Ω[ρ(r)] is at 

a minimum; F[ρ(r)] is the Helmholtz free energy of the bulk fluid which is comprised of an 

ideal gas term and the fluid-fluid interactions [15], µ is the chemical potential at a given 

temperature and pressure and Vext(r) is comprised of the external (solid-fluid) interactions. 

The work of Neimark [192] can be seen for further information with regard to the solution 

of this problem. 

 

       Ω extρ r F ρ r ρ r μ V r dr                Equation 2.66 
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This is also the primary downside to this approach – a reliable result which takes full 

advantage of this method can only be obtained if a suitable/matching kernel is available 

[155].  

 

The alternative to NLDFT is Monte Carlo (MC) simulation. Rather than solving analytical 

expressions as per DFT, MC methods generate the density function by means of computer 

simulation. In the case of a static adsorption experiment where the temperature, volume 

and pressure (chemical potential) are fixed for an equilibrium isotherm point, this is the 

scenario of the grand canonical ensemble. Hence, Grand Canonical Monte Carlo (GCMC) 

simulations are typically used for adsorption simulation. In GCMC simulations the 

molecules are manipulated randomly in three possible actions; a molecule could be 

randomly selected and moved, a new molecule inserted to a random position, or a 

randomly selected molecule removed. After each action, the potential of the system is 

recalculated, and if it higher than the previous state – the move is rejected; if the potential 

is lower, this configuration is saved. After many saved iterations have been accumulated the 

results are averaged to give the density (and other properties) of the fluid. The movement 

step is to simulate thermal equilibrium and the insertion and removal steps are included to 

simulate chemical equilibrium. One of the earlier works on this topic by Rowley [197] and 

chapters 4, 8 and 9 of Lowell [155] can be seen for detailed information if desired. 

Once the fluid density in the pore is evaluated over a range of bulk phase pressures, an 

adsorption isotherm can be generated with this data. This is then repeated for a range of 

pore sizes (a sample composed of a single pore size) and this set of calculated isotherms is 

called a kernel. Once a kernel is obtained from either NLDFT or GCMC, the procedure 

for determining the pore size distribution is identical. The process is based around the 

generalised adsorption isotherm (GAI), Equation 2.67 [155]. Where n(P/P°) is the 

experimentally measured adsorption isotherm, n(P/P°,w) is the calculated kernel and f(w) 

is the pore size distribution function. The pore size distribution function, f(w), is 

numerically fit such that the right hand side of Equation 2.67 matches the experimentally 

measured isotherm. In the case of slit pores, w is the pore diameter, however in the case of 

cylindrical or spherical pores, w would represent the radius. 
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The improvement of modern methods such as NLDFT and GCMC over classical methods 

is vast. The primary downside is that calculation procedures are not as straightforward as 

the classical methods; hence unless a range of suitable kernels are at hand, the 

determination of PSDs is not as easy as the classical methods. Aside from the literature 

referred to in this section, the review by Do [198] and the chapter by Gubbins [199] can be 

seen for a summary of DFT and GCMC pore size distribution methods. The full power of 

these methods will be realised when it is possible for a user to generate their own kernel for 

a given or novel adsorbent effortlessly and be able to determine a suitable pore size 

distribution. 

Due to the complicated interactions in micropores, accurate pore size distributions of 

microporous samples present some level of difficulty. The methods presented here are 

some of the most common methods used to evaluate microporosity and are also 

recognised by the international standard, ISO 15901-3 [200]. The limitations of each 

method should be recognised during their use in order to not overestimate their 

capabilities. 

 

2.2.3.2.4 Macropore analysis 

Macropores, those greater than 50 nm in diameter, are not possible to be analysed reliably 

by gas adsorption. For quick evaluation, taking Equation 2.52 and substituting the 

appropriate values for N2 adsorption at 77 K, a 50 nm ‗pore‘ would be uncovered at a 

relative pressure of 0.96. At higher pressures (and low temperature), the calculations used 

to determine the number of moles of gas in the gas phase become less accurate due to the 

assumptions used. Hence, it is not possible to very accurately determine the amount 

adsorbed in up to a relative pressure of 0.99 – which would be necessary to gauge pores of 

300 nm in diameter. Although it is theoretically possible to extend the range of the PSD 

methods (BJH, DFT and GCMC) to 300 nm, results above 100 nm are not normally taken 

as reliable. 

Consequently, another technique should be employed for the analysis of macropores and 

this is mercury (intrusion) porosimetry. This method was developed by Ritter in 1945 [201] 

and much of the work is still in practice today – the fundamental basis was first proposed 

by Washburn in 1921 [202]. 

The process is formed around the concept of wetting; a fluid is deemed to ‗wet‘ a surface if 

it spreads across a surface, conversely, if a droplet of a fluid remains stationary forms a 
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sphere like shape it is said to be non-wetting. The metric used to evaluate wetting is the 

contact angle (Figure 2.11), if the contact angle is less than 90 ° the fluid is deemed to be 

wetting the surface and greater than 90 ° is considered non-wetting. 

 

Figure 2.11 – Illustration of a wetting fluid (left) and non-wetting fluid (right) on a 
given surface. 

 

This is a core feature of mercury porosimetry, as a non-wetting fluid will not spontaneously 

enter a capillary (pore) unless external pressure is applied [155]. The experimental method 

is such that, pressure is applied to a mercury reservoir and the change in volume of the 

mercury is measured as the applied pressure is varied. The Washburn equation [202] 

(Equation 2.68) is used to relate the pore size and the applied pressure where P is the 

applied pressure, γ the surface tension, θ the contact angle and r the pore radius. Hence, a 

plot of volume of mercury absorbed to the sample against pore size can be generated; the 

derivative of this data would then give a pore size distribution. Chapters 11 and 18 of 

Lowell [155] as well as the original work by Ritter [201] can be seen for full description of 

the experimental method. Assuming cylindrical pores, a pressure range from 0.1 to 2000 

bar can gauge pore diameters between 150 µm to 7 nm [203]. Commercially available 

apparatus are capable of pressures up to 60 ksia which corresponds to a pore diameter of 

3.6 nm; this is considered an upper limit due to safety and design factors [204]. 

 

 2 cosγ θ
P

r

  
  Equation 2.68 

 

The primary concern with this method is the determination of the contact angle, θ. Ritter 

state in their work that mercury has a contact angle with many materials > 90 ° and that 

many measurements they have undertaken have resulted in a range from 135 to 142 ° [201]. 

They assumed a value of 140 ° as the average and this is still used in instances today [155] 

when experimental data of the actual value is not available. Methods by which the contact 
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angle can be determined are discussed in Lowell [155] and in Giesche [205]. Lowell also 

tabulates a range of values for a variety of materials compiled from various sources. One 

author, Good [206], recommended the use of 180 ° for all materials however this has not 

gained wide acceptance. If comparing pore size distributions across a family of chemically 

similar samples, the value of the contact angle that is chosen is not strictly important [155], 

the pore size distributions will all be scaled by the same magnitude but the peak shape and 

locations will not be affected. However, if absolute values are of importance, accurate 

values of the contact angle should be determined; the cosine of 140 ° is -0.766 and that of 

130 ° and 160 ° are -0.643 and -0.940 respectively; this presents a deviation from the 

assumed value (140 °) between -16 to +23 %. 

The other factor which needs to be considering during mercury porosimetry is related to 

the high pressures used. The samples under test may undergo elastic and sometimes plastic 

deformation [155,203]; elastic deformation can be accounted for if the compressibility of 

the solid is known, however, in the case of plastic deformation the results may become 

unreliable. The compressibility of the mercury and expansion of the sample cell and other 

components due to the high pressures can normally be accounted for with blank 

experiments [155,203]. 

It is also possible to ‗extend‘ pore size distribution data from gas adsorption with mercury 

porosimetry data. One example of this is by Joyner [207] whereby the upper range peak 

from nitrogen adsorption was matched with the lower range (high pressure) peak from 

mercury porosimetry. The contact angle was then used as a variable to obtain a better 

match between the two sets of data. Lowell has demonstrated [155] that mercury intrusion 

(increasing pressure) and extrusion (decreasing pressure) are thermodynamically the same 

process as gas adsorption and desorption; this could suggest a reasonable explanation as to 

the general success of this matching approach. 

Mercury porosimetry is a very popular method for the analysis of meso to macropore 

range. There are unfortunately increasing restrictions around the use and handling of 

mercury for safety reasons. There currently does not seem to a suitable replacement for 

mercury which fulfils the requirements of, non-wetting, liquid at room temperature and 

safer than mercury [208]. The report by Rouqerol et al. [208,209] also contains a good 

summary of the practicalities regarding mercury porosimetry. 
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The preceding section on porosity evaluation and characterisation is a mere summary of 

the work that has been carried out in this area. An outlook proposed by those more 

experienced is available [210] and one the key messages which I also desire to convey here 

is that, critical application of the various methods and analysis of the data is necessary for 

reliable interpretation of the results. The introduction of computer software has made the 

blind application of these methods more prevalent. The other concern is that the majority 

of methods are based on simple pore structures – significant advancements could be made 

in this area once it is possible to analyse complex pore structures more realistically. 

 

2.2.3.3 Adsorption thermodynamics 

As the fundamental basis for all processes, the thermodynamics of adsorption are also of 

importance. Aside from providing the definition and theory behind the adsorption process, 

adsorption thermodynamics can also be used to characterise and compare adsorbents. 

Adsorption is an equilibrium process between two phases, the solid adsorbent and the fluid 

adsorbate. Much of the work today on phase equilibrium thermodynamics is based on the 

original work by Gibbs [211,212], the first specific applications to adsorption were by E. 

Guggenheim [213], T. Hill [214–216] and D. Everett [217–219]. 

There are two main treatments of adsorption thermodynamics, classical equilibrium and 

solution. The classical equilibrium method is the most popular in the adsorption literature, 

the statistical mechanics approach of Hill has not gained significant popularity albeit one of 

the first treatments on the topic. 

 

2.2.3.3.1 Equilibrium thermodynamics 

If the adsorbent is considered to be (thermodynamically) inert, i.e. is not influenced by 

pressure, temperature or number of adsorbed molecules, then the bulk gas phase and the 

adsorbed phase are the only two phases that are in equilibrium; this is the basis for this 

approach. 

At equilibrium, the chemical potential of the adsorbed phase and gas phase are equal; 

assuming an ideal gas phase, this gives Equation 2.69 where µs is the chemical potential of 

the adsorbed phase, µg of the gas phase, µg° is the chemical potential of the gas phase at 

reference pressure P°, R the universal gas constant and T the temperature. 
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Applying the Gibbs-Helmholtz equation (Equation 2.70) to Equation 2.69 at constant 

adsorbate loading and recognising that for an ideal gas, the Gibbs energy (G) is equal to the 

chemical potential and the partial molar enthalpy (H̄ ) is independent of composition, this 

yields Equation 2.71. The differentiation of Equation 2.69 at constant loading is the 

definition [220] of the differential (or isosteric) heat of adsorption; it is the amount of 

energy that must be added or removed in order to change the amount adsorbed at fixed 

temperature and pressure. 
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The most convenient form of Equation 2.71 is shown as Equation 2.72. This allows the 

isosteric heat of adsorption to be determined from experimental isotherm data measured at 

at least 2 temperatures. 
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 Equation 2.72 

 

From the definition of the Gibbs energy, G = H – TS, and combining this with Equation 

2.69, an expression for the entropy change upon adsorption can be determined (Equation 

2.73). 
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The most convenient method to extract enthalpic and entropic data from adsorption 

isotherm data is by construction of a van‘t Hoff plot. Using the definition of the Gibbs 

energy, and the relationship between the Gibbs energy and the equilibrium constant 

(Equation 2.74), Equation 2.75 can be derived. It can be differentiated with respect to T 

which gives the van‘t Hoff equation (Equation 2.76).  
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 Equation 2.76 

 

The similarity of Equation 2.76 to Equation 2.72 can be seen which suggests that the 

pressure at constant loading is analogous to the ratio of the chemical potential of the 

products to the reactants (adsorbed phase to bulk phase). These can be combined to give 

Equation 2.77, for which a plot of ln(P) against 1/T can be generated – the slope of which 

is -∆H/R and the intercept ∆S/R. At least two isotherms are needed; however, as many as 

practicable should be used to reduce any errors. When repeated for a number of loading (q) 

values, a plot of the heat of adsorption as a function of loading can be produced; this is the 

most common method to report this data. 
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There are some instances where the plot produced using Equation 2.77 is non-linear. There 

are limited works available on this matter; however, one of the primary causes for this is 

that the enthalpy over the temperature range investigated is a function of temperature. It is 

normally assumed that the enthalpy is not influenced by temperature, however it has been 

shown [221] on zeolites that it can be. In the work by Grant [222], they develop a model 

assuming that the enthalpy is a linear function of temperature and obtain good agreement 

with their experimental data. Another reason for this behaviour may be based on 

diffusional limitations, specifically activated diffusion. We have observed this while 

undertaking other work, and such a proposal was also put forward by Ridha [223]. 

The fundamentals of this topic are summarised here, and the reader is directed to the 

following references [15,42,148,220] for further information if desired. Of particular note, 

Rouquerol [15] recommends that the heat of adsorption obtained from this method be 

referred to as the ‗differential enthalpy of adsorption‘. 

 

Another thermodynamic parameter which can be of importance is the Henry‘s constant. At 

the low pressure region, the amount adsorbed is linearly proportional to the pressure; very 

much in the same way as gas absorption into liquids. This is with the assumption that at 

low adsorbed amounts, there are minor to negligible interactions between the adsorbed 

molecules [15]. The Henry‘s constant can be used as a gauge for the affinity of a particular 

adsorbate to a given adsorbent; however, if determined at multiple temperatures it can be 

used to calculate the limiting enthalpy of adsorption. The limiting enthalpy of adsorption is 

a fundamental characteristic of an adsorbent-adsorbate pair; it is the enthalpy of adsorption 

when the amount adsorbed approaches zero. It can be argued that this could be obtained 

by extrapolating the plot obtained using Equation 2.77, however, the nature of the 

procedure can sometimes lead to unrealistic results. 

The adsorption isotherms may be represented by a virial expansion [224] shown as 

Equation 2.78, where n is the amount adsorbed at pressure P, Ai are the virial coefficients 

and m is the order of the polynomial. The experimental isotherm data is transformed such 

that a plot of ln(n/P) against n is produced; the virial coefficients are then numerically fit. 

When fitting the experimental isotherm data for the linear region, m is equal to one and the 

Henry constant (KH) can be determined by Equation 2.79. 
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In some instances, the virial plot of the experimental isotherm may be non-linear and 

reliable fitting of a complete linear region is not possible. There are some reports of this in 

the literature [102,223,224] and according to Rouquerol [15] it is not uncommon, especially 

for heterogeneous and microporous materials. As the aim is to obtain a reliable 

extrapolated value of A0 (n = 0), there is no restriction on using higher orders of the virial 

expansion for this purpose. The physical significance of the higher order coefficients are 

unclear though [15]. 

Once values of KH are determined for multiple temperatures, a van‘t Hoff plot (Equation 

2.75) of ln(KH) against 1/T can be produced. The limiting heat of adsorption (∆H0) and 

limiting entropy of adsorption (∆S0) can then be obtained. These ‗limiting‘ values are 

considered as the indicator of the gas-solid interactions [15].  

 

There are also experimental methods available to obtain heats or enthalpies of adsorption 

directly. Chapter 2 of Rouquerol [15] summaries these, and there are a range of published 

works utilising these methods [27,225–232]. These are based on calorimetric methods, 

either with a custom made or modified calorimeter; the advantage with these experimental 

methods is that the differential enthalpy of adsorption can be obtained directly without 

need of isotherm manipulation. 

 

2.2.3.3.2 Solution thermodynamics 

In the solution thermodynamics approach, the adsorbent is not considered inert. It is not 

so outlandish to claim so, as in the case when a clean adsorbent is exposed to gas of fixed 

temperature, pressure and chemical potential – the only variable that is capable of changing 

is the chemical potential of the adsorbent [233]. The surface of the adsorbent is analogous 

to a ‗solvent‘ in which the adsorbate molecules ‗dissolve‘ in. 

This is achieved by the incorporation of the surface potential; this is the chemical potential 

of the adsorbent relative to the clean adsorbent. The surface potential is zero when there is 

no adsorption; it is defined by Equation 2.80 [233] where Ga is the Gibbs energy of the 
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adsorbed phase, µi the chemical potential of component i, and ni
a is the number of moles 

of component i adsorbed. C represents the number of adsorbate components, and in the 

case of pure component adsorption, c is equal to one. 
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    Equation 2.80 

 

Differentiating Equation 2.80 and applying the definition (Equation 2.81) of the differential 

Gibbs energy of the adsorbed phase, an equation (Equation 2.82) similar to that of the 

Gibbs-Duhem equation for liquid mixtures is obtained. Under isothermal conditions and 

replacing the chemical potential with its relationship to fugacity, Equation 2.82 becomes 

Equation 2.83; once integrated with the condition that the surface potential is zero at zero 

pressure, Equation 2.84 becomes the function for a pure gas that relates experimental 

isotherm data to the surface potential. In the case of an ideal gas, the fugacity is identical to 

the pressure. Equation 2.84 can be rewritten with the inclusion of the molar volume (vm). 
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         Equation 2.84 

 

Equation 2.84, and the method by which it was derived, suggests that the chemical 

potential of the adsorbent is obtained by integrating the chemical potential of the gas 

phase. This is not unexpected as the gas phase is in equilibrium with the adsorbed phase, 

and the adsorbed phase with the adsorbent – implying that all of their chemical potentials 

are equal by definition. 

As a consequence of the solution thermodynamics approach, a variety of other functions 

can be derived. The integral functions are an example of this; the independent variables are 



76 

ones which can be controlled experimentally (temperature, pressure and gas phase 

composition). For single component adsorption, they are shown as Equation 2.85 through 

Equation 2.87, Myers [233] can be seen for the deviation of these functions if desired. The 

terms ∆Ga, ∆Ha, and ∆Sa represent the integral Gibbs energy, integral enthalpy and integral 

entropy respectively; they can also be divided by the amount adsorbed, na, in which case 

they become molar integral functions that are represented by the lowercase character. 
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For the integral functions, the terms which are not a function of the surface potential (Φ) 

are included to account for the isothermal compression of the gas between its reference 

state and the adsorption pressure [233]. They are a function of the fugacity (f) and gR, hR 

and sR which are the residual functions of the Gibbs energy, enthalpy and entropy 

respectively. In the case, or assumption of an ideal-gas, the fugacity can be replaced with 

pressure and the residual functions vanish. 

Although the integral functions may be of engineering importance, as they include the 

terms for the work required to compress the gas phase, the immersional functions 

(Equation 2.88 to Equation 2.90) are more related to the adsorption process [233] as these 

functions are a measure of the change in adsorbed phase relative to a (already) compressed 

gas and clean adsorbent. The functions ∆Gimm, ∆Himm and ∆Simm are the Gibbs energy of 

immersion, enthalpy of immersion and entropy of immersion respectively. Again, Myers 

can be seen for their derivation [233]. 
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At low pressures, the Poynting correction term, P·Vs can be neglected; in which case the 

Gibbs energy of immersion is equivalent the surface potential. Depending on the volume 

of the solid (Vs), the Poynting term may become significant at high pressures, in which case 

it should not be neglected. The volume of the solid would be taken as the inverse of the 

skeletal density, normally obtained by helium pycnometry. For example, a material with 

specific volume 0.001 m3/kg at a pressure of 1 MPa would have a contribution of 1 J/g in 

the Poynting term. If the adsorbed amount is low, this may not be an insignificant portion 

of the Gibbs energy of immersion. 

Although mentioned briefly in the derivation of the surface potential, this approach can be 

applied to multicomponent adsorption. The equations presented here are targeted towards 

single component adsorption, however, if the reader is interested in the multicomponent 

scenario they are cordially directed to Myers [233].  

 

2.2.3.3.3 Flexible adsorbents 

The methods outlined in section 2.2.3.3.1 assume a rigid adsorbent which is not influenced 

by pressure, temperature or adsorbed species. Until recently (in the scheme of adsorption 

research), this would not have presented a serious issue. There has been a surge in the 

development of novel adsorbents, some of which are not rigid and indeed have a variable 

structure [234–236]. Methods which incorporate the solution thermodynamics approach 

outlined in the preceding section have been developed in an effort to evaluate the 

thermodynamic properties of such flexible materials. Such materials generally display 

features in their isotherms which are not defined by the IUPAC classification. 

The development of methods for adsorption in non-rigid adsorbents seems to have 

originated with Shen [237] and Banaszak [238] with their work on adsorption in polymers. 

The first application of which we are interested in for this work is that by Coudert 

[239,240]. The total energy of the system which is comprised of the flexible adsorbent and 

the adsorbed fluid is given by the osmotic potential, Ωos (Equation 2.91) [239]. U is the 

internal energy, T the temperature, S entropy, all of the adsorbent, µads the chemical 
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potential of the adsorbed phase, Nads the amount adsorbed, P the externally applied 

pressure and V the unit cell volume of the flexible adsorbent. 

 

Ωos ads adsU T S μ N P V        Equation 2.91 

 

It can be observed in Equation 2.91 that the expression U + P·V - T·S is present. This is 

the definition of the Gibbs energy, so Equation 2.91 can be summarised in the following 

form; where Ghost is the Gibbs energy of the adsorbent and Ω is the grand canonical 

potential (constant µ, V and T) for the adsorbed phase. 

 

Ω Ωos hostG   Equation 2.92 

 

Using the definition of the Gibbs and Helmholtz energies, Ghost can be expanded in the 

following way: 
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Ω Ωos hostF P V     Equation 2.93 

 

Then using one of the fundamental relations of the grand canonical potential (Equation 

2.94) [239], Ω can be expressed by terms which are easily defined experimentally (Equation 

2.95) by further applying one of Maxwell‘s relations. 
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Equation 2.93 and Equation 2.95 can then be combined to give the complete expression of 

the osmotic potential (Equation 2.96) with only three parameters. Fhost – the Helmholtz 

energy of the clean adsorbent, Nads the amount adsorbed and vm the molar volume of the 

adsorbate in the bulk phase. 
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Nads is easily determined by adsorption apparatus and vm values can either be determined by 

equations of state or tabulated values. If an ideal gas phase is assumed, vm can be replaced 

by R·T/P. The Helmholtz energy of the host (Fhost) is a difficult parameter to determine 

both experimentally and theoretically by simulation. With the following treatment, the 

requirement for determining the relative Helmholtz energy of the adsorbent is not required 

to be determined. 

If during the adsorption process the adsorbent transforms from a given configuration to 

another, and if each configuration is assumed to be a ‗phase‘ of the adsorbent, then an 

equilibrium problem is formed. At the pressure at which the adsorbent changes phase (Peq), 

both phases are in equilibrium with each other; thus their thermodynamic potentials are 

equal, i.e. Ωos,1 = Ωos,2. Exploiting this feature, a ∆Fhost term can be derived (Equation 2.97), 

i.e. the difference in free energy between the two adsorbent phases – the information that 

is desired. 
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Additional, if isotherms are available at multiple temperatures, other thermodynamic 

properties such as the change in internal energy (∆Uhost) and change in entropy (∆Shost) can 

be obtained by using the definition of the Helmholtz energy (Equation 2.98) and making a 

plot of ∆Fhost against T. 

 

 Δ Δ Δhost host hostF T U T S    Equation 2.98 

 



80 

The term V in Equation 2.96 can be somewhat problematic. It represents the volume of 

the adsorbent and for crystalline materials this is well defined and can be determined by x-

ray diffraction. Problems arise for amorphous materials and for crystalline materials where 

the volume of the alternative phase has not yet been determined by crystallographic 

methods, this is a common occurrence. Coudert [240] has summarised the changes in 

volume of some common flexible adsorbents. In some cases, the changes in volume are 

negligible and the P·V term could be reasonably neglected (< 1 %), however, in the case of 

a popular flexible adsorbent, MIL-53 (Al), the change in crystal volume between the two 

phases is 40 %. In the work by Du [241] they have ignored the P·V term and if the volume 

of the other phase it not known, there may be no other choice than to exclude this term 

and be aware of possible inaccuracies. 

In instances where there are multiple transformations of the adsorbent, the analysis is 

carried out between adjacent phases; for instance between phases 1 and 2, and then 2 and 

3. The work by Coudert [239] can be seen for examples of applications of this method, and 

their method for single transitions has been adopted by others [241–248] in their own 

work. 
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2.3 CO2 separations for natural gas applications 

During the natural gas production process, the carbon dioxide naturally present in the gas 

field or well is required to be separated to meet product specifications and process 

operability. This is currently achieved by amine absorption. Here, the gas is fed through a 

process where the carbon dioxide and hydrogen sulphide react with amines in solution, and 

the desirable hydrocarbons continue through. 

These amines need to be regenerated in order to maintain their absorption capacity, and 

this is achieved by supplying energy in the form of heat to liberate the carbon dioxide and 

hydrogen sulphide. A typical process can consume in the order of 2.5 MJ/(std·m3 natural 

gas) however, some newer processes can consume as little as 0.86 MJ/(std·m3 natural gas) 

[249]. Other issues also exist with amine systems; which include corrosion and amine 

losses. Aqueous corrosion can exist due to the acidic nature of carbon dioxide and 

hydrogen sulphide when in solution. The amines can decompose to ammonia, hydrogen 

cyanide, oxygen and a range of organic acids and rich (acid gas loaded) amines are 

inherently corrosive [110]. Amine losses are predominantly due to entrainment (0.008 to 

0.048 g/(std·m3 natural gas), oxidation and irreversible reactions with carbon dioxide [110]. 

Furthermore, there will come a point when the solvent is no longer able to be regenerated 

well enough and will require disposal [249]. 

 

2.3.1 Adsorption in natural gas 

Adsorption processes are able to overcome two of these shortcomings. There are no 

chemicals that require careful handling and disposal and, in general, they consume less 

energy. Adsorption processes are currently used in the natural gas industries for the 

dehydration of the gas prior to cryogenic processing [110,250]. In this application the 

adsorbent is loaded into a vessel and the gas is passed through, the water is adsorbed and a 

dried gas is produced. Once the adsorbent becomes saturated with water, the wet gas feed 

is switched to a secondary vessel on standby in an effort to maintain continuous operation. 

The saturated bed is then regenerated by heating the adsorbent and vessel with hot dry gas. 

The vessel and adsorbent must then be left to cool prior to reintroducing the feed gas. This 

scheme of operation is known as temperature swing adsorption (TSA), the exothermic 

nature of adsorption is exploited to regenerate the adsorbent; during the design of the unit 

operation, the time for saturation of one vessel must be equal to or longer than the heating 

and cooling time of the secondary vessel. 
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Pressure swing adsorption (PSA) processes are more energy efficient than TSA processes, 

as they do not involve heating the whole bed to desorb the adsorbate. PSA processes use 

the total pressure as the driving force, as physisorption is both a function of and reversible 

with pressure.  PSA processes have a set of basic steps that can be engineered to operate in 

a given sequence or way to obtain the best performance of the adsorbent material. These 

steps include, bed pressurisation (introduce feed), high pressure adsorption (adsorb desired 

species), blowdown (clear feed), low pressure desorption (remove adsorbed species), 

pressure equalisation (high and low pressure beds are connected) and rinse (prepare 

column for feed) [251]. The duration, order, pressure and temperature of these steps can be 

altered to yield the best results. It is not uncommon to combine the feed and adsorption 

steps to one step, as well as the blowdown and desorption steps. What these steps involve 

and their consequences are elaborated further in section 2.5 of this report. 

It is not expected that PSA will be able to replace the amine absorption technology 

currently used in natural gas purification prior to liquefaction. If all shortcomings from a 

materials standpoint were addressed, the issue still remains that, as the adsorbent is packed 

in the column as beads, void spaces exist between the beads. Feed gas then remains 

trapped in these spaces, and is flushed out with the product gas on desorption. Hence, the 

ppm levels of CO2 required for liquefaction would not be able to be achieved. Attempts by 

other authors [252–255] demonstrate this to a certain extent. It seems that the most viable 

operation for adsorption would be bulk CO2 removal from sour gas fields and 

unconventional natural gas sources to enable transport of these gases for purification.  

Currently, gas sources where the carbon dioxide content of the reservoir is high (> 20 

%v/v), the resources are not recovered due to cost involved in separating the high levels of 

carbon dioxide using the current amine technology. The majority of the cost encountered 

from using amine technologies is the energy required to regenerate the solvent, and given 

the high amount of CO2, it is carried out more often. The natural gas industry would 

experience a benefit in these cases if adsorption technology were used, as the separation 

cost would be reduced and as an easier separation is achieved at higher levels of CO2. 

According to a prominent petroleum company, Total S.A. [256], and Rameshni [257], 

approximately 40 % of the world‘s natural gas resources are left unexploited due to their 

sour gas content. This is a vast amount of natural gas that has the opportunity to be sold 

given a cost effect separation method is devised. As with traditional natural gas sources, 

unconventional gas sources also display a wide, if not wider, range in variability of their 

compositions. The carbon dioxide content of some reservoirs in the United States is as low 
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as 0.1 %v/v, ranging up to 99.7 %v/v for a reservoir in Poland. The heavier hydrocarbon 

(C2+) content also varies significantly, from 0 to 70.5 %v/v for a reservoir in Germany [258]. 

Nitrogen content can be as high as 36 %v/v in some cases [259]. The pressure of the gases 

out of the well are significantly lower than traditional sources and can be as low as 300 – 

500 kPa [260], however, this work will only be looking at separating gases that are of 

reasonable pressure (> 50 bar). 

 

2.3.2 Alternative technologies 

Given the focus of this work has been narrowed to bulk acid gas removal to enable 

exploitation of sour gas fields, membrane based separations could also be used for this 

task, which they currently are in some instances. The basic premise of membrane 

separations is that the desired species should pass through the membrane (permeate), while 

the others should not (retentate). The permeate pressure is less than the feed pressure as it 

experiences resistance passing through the membrane, and the retentate pressure remains 

essentially the same as the feed pressure. An ideal membrane for this application would 

have a high permeance of CO2, and an infinite selectivity for CH4, i.e. blocking all CH4 

passage. There are two main types of membrane available for gas separation, organic and 

inorganic (or combinations of the two known as mixed matrix membranes). The organic, 

polymeric, membranes are commercially available and favourable on permeability, 

manufacturing and stability (physical, chemical and mechanical) fronts [261]. An issue 

encountered with membranes, however, is CO2 plasticisation. This is a phenomenon 

where, at pressure, CO2 is forced between the polymer chains that make up the membrane 

and cause swelling and gaps.  Depending on the polymeric material and membrane 

thickness, it can be induced with a CO2 partial pressure of < 4 bar [262] or in some cases 

the membrane can withstand up to 20 bar CO2 [263]. This presents a problem for use in 

sour gas fields, where it is quite reasonable to have 20 bar or greater CO2 partial pressure. 

The same plasticisation issue is also caused by H2S, with one author reporting a 16 % 

reduction in CO2-CH4 selectivity after exposure of 10 kPa partial pressure of H2S at 50 °C 

for 2 weeks [264]. There is recent research interest in improving this plasticisation 

performance for membranes, which, until an adequate solution is found, limit their use in 

high-pressure sour gas streams. In addition to what has been discussed here, a review by 

Scholes [265] and Baker [11] on this topic is available which also address other areas of 

membrane based separations for natural gas. These concerns aside, there are a number of 

industrial installations of membrane permeation processes for CO2 separation from natural 



84 

gas; the first being installed in 1972 with a capacity of 200 million std·ft3 of natural gas per 

day [110]. 

There are also a number of other technologies available; however, they are not as 

prominent as membrane separations. Rufford presents a good review on these [266] and 

Kohl [110] addresses a selection of these. An alternative which is distinct from both 

membrane and the traditional absorption style processes are low-temperature separations. 

There are two main classes of separation here; ones that operate above the triple point 

temperature of CO2 (-56.6 °C) and those that operate below that temperature. In the first 

case, the gas is cooled to a temperature between -56.6 °C and 0 °C at pressure and a 

number of vapour-liquid separations are carried out [267]. There do not seem to be any 

industrial implementations of this scheme in the natural gas industries; however, the 

alternative is in use. The second case is an extractive distillation technique, first patented by 

Holmes and Ryan [268]. The primary issue with this method is the solidification of CO2 as 

the operating temperature is below the triple point. This can result in a build-up of solids in 

process equipment which is undesirable. Methods were originally proposed, and later 

modified [269] to reduce the prevalence of this; heavier hydrocarbons are added in order to 

improve the solubility of CO2 in the condenser such that it remains in the liquid phase. 

The design and operation of the Holmes/Ryan process is described in section 16 of the 

GPSA Engineering Data Book [250]. An alternative approach which does not require the 

addition of other compounds is what is known as the Controlled Freeze Zone™ (CFZ™) 

technology. First patented in 1985 by an ExxonMobil division [270] the distillation process 

is divided in to three sections [271], the lower stripping section and upper rectification 

section are separated by a central freezing section (the CFZ™). The liquid CO2 from the 

first section is sprayed into the CFZ™ where it comes into contact with chilled vapour 

methane and freezes. The solid CO2 is then collected on a tray which is then left to melt 

before passing through to the lower rectification section. A similar approach is used by 

another vendor Cool Energy Ltd. [272] whose CryoCell® method was developed in 

conjunction with Shell Global solutions. 
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2.3.3 Challenges faced by adsorption technologies 

There are also challenges associated with adsorption processes at high pressure. In the case 

of water dehydration (which also occurs at pressure), there are adsorbents available which 

are highly selective to water due to its much smaller size than the other hydrocarbon 

molecules. In the case of CO2/CH4 separations, the size difference is 0.5 Å and such size 

based separations are not straightforward. A given adsorbent which completely rejects CH4 

usually presents diffusional limitations towards CO2. Diffusional limitations are undesirable 

in industrial separations as high mass transfer resistances increase the length of unusable 

bed [145]; this then results in larger vessels which are economically unfavourable, and there 

may also be spatial constraints. The most commonly encountered issue however, is loss of 

selectivity. As mentioned earlier, most adsorbents operate based in the equilibrium 

separation regime. As CO2 has stronger interactions with a given adsorbent than CH4, the 

uptake of CO2 becomes saturated at a much lower pressure than CH4. Hence, as the 

pressure continues to increase, the CH4 continues to increases while there is no change in 

the CO2 uptake. This is demonstrated in Figure 2.12 using data from Cavenati [273] on 

Zeolite 13X adsorbent; at a temperature of 298 K and 15 %mol CO2 the isotherms of CO2 

and CH4 are shown as a function of total pressure. The selectivity is then calculated by 

dividing the CO2 uptake by the CH4 uptake. The selectivity experiences an exponential 

decrease as the total pressure increases, from above three at low pressures to less than one 

at the higher pressures. It can also be seen that the CH4 loading surpasses the CO2 loading 

at higher pressures; as the aim of the process is to separate the CO2 from the CH4, this is 

undesirable.  

This effect can be explained by the mechanism of equilibrium separations as described in 

section 2.2.1.1. Comparing the physico-chemical properties of CO2 and CH4 (Table 2.1), a 

difference is that CO2 has slightly higher polarisability; however, the key difference is that 

CO2 possesses a quadrupole moment. This enhances the electrostatic interactions between 

CO2 and the adsorbent surface, and this typically reflected in the differential enthalpy of 

adsorption magnitudes of CO2 and CH4 for a given adsorbent. The consequences of this 

are that at a given temperature, the loading of CO2 will become saturated at a lower 

pressure while the loading of CH4 continues to increase beyond that pressure.  
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Figure 2.12 – Selectivity as a function of total pressure for CO2 over CH4 on Zeolite 
13X at 298 K with a 15 %mol CO2 mixture. 

 

If an engineering based solution is not able to overcome these issues, or a suitable 

adsorbent developed or found; the losses and inefficiencies of the adsorption process will 

make the process unviable for this application. 

 

2.3.4 Process evaluation criteria 

In order to determine the relative success of the process overall, there are a range of criteria 

with which the process is evaluated. The loss of valuable products (the hydrocarbons) 

should be kept to a minimum, i.e. the recovery of methane should be as high as possible. A 

benchmark of 95 %mol will be taken; the conventional amine technologies can achieve > 99 

%mol so these levels would be preferable. 

As mentioned earlier, the level of CO2 in the hydrocarbon stream should be ≤ 2 %mol 

which is the recommended pipeline specification of CO2 [110] in order to reduce corrosion 

of the pipeline. Hence, the purity of the CH4 stream should be ≥ 98 %mol. 

The specifications of the CO2 rich stream will vary depending on the intended use of the 

stream. The desired aim of this project is to sequester the CO2 in line with the CO2CRC 

mandate; this will require the purity of the CO2 stream to be a minimum of 95%. It is 

beneficial for this stream to have as high a pressure as possible for sequestration; energy 

must be expended in order to achieve the sequestration pressure of 110 bar. If the CO2 

stream were to be used for re-injection, the purity would not be as significant a concern. 

Any hydrocarbon material that was lost to the CO2 stream would be re-injected to the well 
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and re-processed later on. The consequence of this would be that, over time, the CO2 

concentration of the gas source will increase; this may have negative impacts on a process 

designed for a given feed specification. 

 

2.3.5 Applications for recovered CO2 

There are a number of uses for the concentrated CO2 that is separated from the methane. 

As previously mentioned, the CO2CRC prefers geological sequestration and storage of the 

CO2 as discussed in their other works [274–276]. In this scheme, the CO2 is compressed 

and pumped to supercritical conditions and stored in underground rock formations [277].  

The permanent storage of CO2 underground is a relatively new field, however, the injection 

of CO2 into underground formations is not so new. CO2 has been used for enhanced oil 

recovery (EOR) since 1972; CO2 is injected into predominantly oil reservoirs to reduce the 

viscosity and to maintain the reservoir pressure in an effort to recover as much of the oil as 

possible [278–280].  

There are also a number of chemical uses for CO2. Gaseous CO2 is used as a feedstock for 

two industrially important chemicals, urea and methanol [281]. It can also be used a feed to 

other chemicals in much lower quantities including salicylic acid, cyclic carbonates, acyclic 

carbonates, organic acids and carbamates [281]. Of these, methanol production using 

captured CO2 as a feedstock is a popular subject at this point. The methanol can then be 

used a feedstock to produce dimethyl ether (DME) [282], directly used in fuel cells 

[283,284] or as a feedstock to produce hydrocarbons in what is known as the methanol to 

olefins (MTO) process [285,286]. These three pathways comprise what is known as the 

methanol economy [287]; a proposed replacement for fossil fuels to reduce greenhouse gas 

emissions and the proposed solution for when the fossil fuel reserves are depleted. 

Liquid CO2 is also used for a variety of applications. As a liquid directly, it is used as a 

refrigerant and as freezing medium in the food industry [281]. The liquid CO2 can also be 

expanded in cylinders for use in fire extinguishers and compressed CO2 gas cylinders for 

scientific and welding applications [281].  Liquid CO2 can also be pressurised to the 

supercritical state and used as a solvent. Traditionally it has been used as a solvent to 

decaffeinate coffee, and to extract lipids from various sources in the food and 

pharmaceutical industries. Recently the use of supercritical CO2 for lipid extraction from 

algae is gaining popularity in preference to traditional solvents such as hexane; it can match 
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the level of lipid extraction, however, higher levels of other valuable compounds such as γ-

Linoleic acid [288] can be obtained. 

The purity of the CO2 required in these cases is variable. For sequestration the purity 

requirement is 95 %mol, as well as for EOR [289]. The purity requirements for use as a 

chemical feedstock will be variable; in the case of methanol for instance, as the CO2 source 

is currently derived from CH4 [290] the presence of CH4 will not be significantly 

detrimental to the process. In the other cases, a higher purity CO2 is required, in which case 

the 95 %mol CO2 will need to be purified using methods such as low-temperature 

distillation. 

The capital and operating costs for the separation of the CO2 are currently significant 

[291,292]. These costs will be lowered naturally overtime with the maturation of the 

technology and new developments in the separation technologies. Consequently, routes 

such as underground storage are not favourable industrially as there are no opportunities to 

recover the incurred costs. Many of the other uses present an avenue to offset or possibly 

recuperate the capture costs. 
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2.4 Reported materials 

The area of CO2 capture and sequestration has gained significant attention recently, and 

much of research has been focussed around the development of novel technologies, 

processes and capture materials. The number of citations for articles containing the key 

words ―CO2 capture‖ and ―adsorbent‖ is shown in Figure 2.13; the data used to generate 

the plots was obtained using the Web of Science™ tool [293]. It shows the exponential 

growth in the interest of scientific publications regarding adsorbents for CO2 capture. 

 

 

Figure 2.13 – Number of citations per year of scientific articles containing key 
words “CO2 capture” and “adsorbent” over the last 25 year period. 

 

Many of these works, however, are primarily concerned with the development of novel 

materials without undertaking sufficient work to characterise their true CO2 separation 

capabilities. 

Table 2.3 is a summary of the adsorption capacities available for various adsorbents. There 

is insufficient data in the publications that this data is from, either only one temperature is 

measured, or only low pressure isotherms are measured. This should serve as a summary of 

the adsorbents that have been evaluated for potential CO2/CH4 separations. Adsorption 

data derived from computer simulation methods is not presented in the table; however, a 

list of publications where it is available is presented in Table 2.4. There is a noticeable 

absence of high pressure adsorption data measured at least two temperatures (ideally three 

or more). The available data will be used later in Chapter 6 where their performance will be 

evaluated; the sources of this data is summarised in Table 2.5. 
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The requirement for complete data, specifically isotherms at multiple temperatures was 

outlined by Maring [294]. He determined that neglecting the thermal effects due to 

adsorption can in some cases, significantly influence the predicted performance of a given 

adsorbent. The requirement for data at the operation pressure was demonstrated by 

Webley and coworkers [295]; the extrapolation of experimentally measured low pressure 

data to high pressures significantly differed from the measured high pressure adsorption 

isotherm. 

The entries in Table 2.3 are categorised by adsorbent type. As the various kinds of 

adsorbent have not been addressed until now, a brief overview will be offered. Activated 

carbons are amongst the oldest known family of adsorbents. Activated carbons are named 

as so as the starting material is ‗activated‘ in some way to enhance the adsorption 

properties. One of the first adsorbents, charcoal, is wood that has been activated by 

combustion which introduces porosity into the wood. Other feedstocks for activated 

carbons include coal, rice husk, coconut shell, peat, polymers, biomass and any other 

material that has high carbon content. The starting materials are then carbonised in an 

oxygen free environment under high temperatures (> 500 °C), which introduces the 

porosity. The adsorption properties can be enhanced by further ‗activation‘ by chemical 

means including; steam treatment, CO2 pyrolysis, O3 oxidation, oxidation in air, oxidation 

by acids (HNO3, H2SO4 or H3PO4) and oxidation by bases (KOH, NaOH). Chemical 

oxidation can be undertaken either before or after the carbonisation step. The steps are 

selected and controlled to achieve the various desired properties of the final activated 

carbon adsorbent. As the carbonaceous material is carbonised, an irregular pore structure is 

formed that is composed from graphite like regions. The reader is directed to a selection of 

literature sources [296–298] for further information on activated carbons if desired. 

Zeolites are another family of adsorbents; unlike activated carbons they are crystalline and a 

composed of alumina and silica centres in varying proportions. The first zeolites discovered 

were naturally occurring minerals and synthetic zeolites did not become common place 

until the mid-20th century. A selection of synthetic zeolites sees production in very high 

volumes as they serve as catalysts in the petrochemical industry. The most popular zeolites 

used as adsorbents today are also commercially produced. Zeolites are synthesised by 

combining a silica source and an alumina source in alkaline media (pH > 8) under 

hydrostatic conditions at elevated temperatures. A distinct feature of zeolites, aside from 

the regular structures is their ion-exchange ability; as silicon and aluminium differ in 

valence by one, there are areas of charge deficiency in the zeolite framework. In order to 
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maintain charge neutrality, these anionic locations are compensated by a cation. Under 

aqueous conditions, these cations can be exchanged; this characteristic has been exploited 

for water treatment, however, the exchange of the cation can result in vastly different 

adsorption properties. As the cations can be of varying size and charge, they can influence 

the electrostatic characteristics of the adsorbent strongly. The number of cations can be 

controlled by the silicon to aluminium ratio of the zeolite; the lower the ratio (higher Al 

content), the greater the charge deficiency and hence number of compensating cations. 

Zeolites are not limited to silica/alumina structures, zeolites can be purely silicon, a 

combination of many metal elements (as in many natural minerals) and other elements such 

as boron, titanium, germanium, vanadium and iron can be incorporated into the 

framework. The various factors governing synthetic zeolite production can be modified to 

control the zeolite topology, morphology and adsorption properties. At the time of writing, 

there are 229 known zeolite framework topologies (structures), many of which have sub-

structures that are chemically different but retain the original topology. These chemically 

different varieties are all distinct adsorbents in their own right as they display differing 

adsorption properties. There is an international body overviewing the zeolite field, the 

International Zeolite Association [299] who are responsible for assigning names to and 

approving new frameworks. A range of sources have been selected on the topic of zeolites 

[77,300–303] that can be referred to for further information.  

Finally, the other primary category considered is metal-organic frameworks (MOFs), also 

known as porous coordination polymers. These materials are comprised of metal centres 

that are coordinated with organic ligands. Like zeolites, these form regular/crystalline 

frameworks and are synthesised hydro- or solvothermally. A range of metals have been 

used, including but not limited to, Zn, Co, Fe, Pr, Pb, Hg and Cd [304]; one of the most 

common organic ligands used is 1,4-benzenedicarboxylic acid (BDC), however, a range of 

bi- and tridentate carboxylic acids, azoles and diazoles (imidazoles) are also commonly 

used. There are innumerable possible structures with all of the metal and organic 

combinations available. Although there are many publications on the synthesis of MOFs, 

many of these possible structures are unknown and may not even be possible to synthesise. 

Known structures can also be converted to new structures via post-synthesis methods 

[305,306]. Unlike zeolites, there is no governing body, and this is somewhat evident in level 

of disorganisation in the cataloguing of known structures and publishing verified synthesis 

procedures. There are some databases now emerging [307,308] which may hopefully lead 
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to a more unified approach. A range of sources can be referred to for further information 

regarding metal-organic frameworks [235,309–315]. 

 

Table 2.3 – Summary of materials evaluated in the existing literature for CO2/CH4 

separation without „complete data‟ categorised by adsorbent type 

Adsorbent 
Capacity 

Ref. CO2 (P, T) 
mol/kg (bar, K) 

CH4 (P, T) 
mol/kg (bar, K) 

Zeolites    

Na-ETS-10 2.01 (0.96, 298) 0.76 (0.96, 298) 

[316] 

Ba-ETS-10 2.32 (0.96, 298) 0.65 (0.96, 298) 

Ba-ETS-4 2.12 (0.96, 298) 0.52 (0.96, 298) 

Ca/H-ETS-4 2.34 (0.96, 298) 0.28 (0.96, 298) 

Zn-ETS-4 2.08 (0.96, 298) 0.75 (0.96, 298) 

Ba-RPZ 1.31 (0.96, 298) 0.05 (0.96, 298) 

Ca/H-RPZ 1.92 (0.96, 298) 0.12 (0.96, 298) 

Zn-RPZ 1.87 (0.96, 298) 0.34 (0.96, 298) 

Erionite (ZAPS) 2.99 (0.24, 290) 0.53 (0.26, 290) 

[317] Mordenite (ZNT) 1.89 (0.23, 290) 0.34 (0.25, 290) 

Clinoptilolite (ZN-19) 1.74 (0.22, 290) 0.39 (0.25, 290) 

Zeolite β 1.76 (1, 303) 0.38 (1, 303) [318] 

Zeolite Rho 6.07 (8.6, 303) 1.09 (8.6, 303) [319] 

SINOPEC Zeolite 5A 5.06 (14, 298) 8.94 (100, 298) [320] 

UOP HiSiv-3000 1.41 (1.01, 298) 0.52 (1.02, 298) 

[321] 
Tosoh HSZ-980HOA 1.62 (1.01, 298) 0.39 (1.02, 298) 

Tosoh HSZ-890HOA 2.07 (1.01, 298) 0.69 (1.02, 298) 

Tosoh HSZ-390HUA 0.64 (1.01, 298) 0.19 (1.02, 298) 

Chemie Uetikon Na-ZSM-5 1.9 (0.71, 297) 0.73 (0.82, 296) 
[226] 

Linde Na-X 5.39 (0.68, 306) 0.61 (0.93, 304) 

Na-ZSM-5-30 2.9 (1.01, 313) 0.71 (1.01, 313) [322] 

H-β 1.76 (1, 303) 0.38 (1, 303) 
[323] 

Na-β 2.74 (1, 303) 0.64 (1, 303) 

Zeolite 13X 6.97 (4.21, 303) 1.83 (6.97, 303) [324] 

AlPO4-14 2.01 (1, 300) 0.31 (0.99, 300) [325] 

Zeox Co. Natural Chabazite 3.63 (1.2, 302) 0.97 (1.2, 302) 

[326] Sigma Aldrich Linde 4A 3.23 (1.2, 302) 0.54 (1.2, 302) 

Tosoh H+ Mordenite 1.86 (1.2, 302) 0.51 (1.2, 302) 

    

Silicas    

ASMS-3A 1.92 (9.83, 283) 0.05 (9.77, 283) [327] 

MCM-41-C22 0.72 (1.03, 298) 0.14 (1.12, 298) [328] 

Silicalite 1.4 (1.26, 314) 0.45 (0.98, 313) [225] 

TRI-PE-MCM-41 3.53 (1.21, 298) 0.09 (1.47, 298) [329] 
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Activated carbons    

Ordered mesoporous CMS 9.41 (23.6, 298) 4.45 (24.8, 298) [330] 

MeadWestvaco WV1050 14.1 (37.2, 303) 6.72 (59.9, 303) [331] 

Norit R1 Extra 11.3 (60, 298) 7.05 (57.5, 298) [332] 

Calgon Filtrasorb 400 8.92 (134, 318) 5.55 (133, 318) [333] 

Mesocarbon microbeads 17.9 (18, 298) 8.44 (18, 298) [334] 

Carbon molecular basket 0.48 (1.07, 298) 0.14 (1.07, 298) [335] 

PET-PH AC 2.55 (1, 298) 1.05 (1, 298) 
[336] 

Cork-PH AC 2.07 (1, 298) 0.83 (1, 298) 

Carbo Tech A35/4 10.5 (16.6, 293) 5.1 (16.9, 293) [337] 

„Activated Carbon‟ 7.55 (21.4, 303) 3.99 (17.5, 303) [338] 

„Activated Carbon‟ 4.15 (7.03, 303) 2.37 (6.94, 303) [324] 

Norit RB1 6.03 (8, 294) 3.41 (8, 294) [339] 

sOMC 2.01 (1.01, 298) 0.91 (1.02, 298) [340] 

Mast AC monolith 4.76 (5.84, 299) 2.98 (5.79, 299) [341] 

VR-93-M 3.74 (0.53, 298) 0 (0.53, 298) [342] 

    

MOFs    

Zn2(NDC)2(diPyNI) (1C') 5.45 (17.4, 298) 3.32 (17.5, 298) 

[343] 

Zn2(NDC)2(diPyNI)-Li (1C'-Li) 6.1 (16.9, 298) 3.29 (17, 298) 

Zn2(NDC)2(diPyNI) (1M') 3.69 (16.8, 298) 2.08 (17, 298) 

Zn2(NDC)2(diPyNI)-Li (1M'-Li) 3.13 (16.9, 298) 1.26 (17, 298) 

Zn2(TCPB)(DPG) (2') 4.53 (16.9, 298) 2.55 (17, 298) 

Zn2(TCPB)(DPG)-Li (2'-Li) 5.58 (16.9, 298) 3.34 (16.9, 298) 

MIL-96(Al) 5.14 (19.4, 303) 2.91 (19.1, 303) [344] 

CUK-1 3.9 (1, 298) 0.31 (1, 298) [345] 

La(BTB)H2O 9.22 (9.41, 273) 4.06 (9.46, 273) [346] 

MIL-53(Al) 2.89 (1.01, 303) 0.6 (1.01, 303) [347] 

MOF-5 10.9 (14, 298) 10.7 (100, 298) 
[320] 

MOF-177 9.02 (14, 298) 13.8 (100, 298) 

IRMOP-51 4.88 (0.97, 196) 1.11 (34.5, 298) 

[348] IRMOP-53 3.63 (0.97, 196) 0.76 (34.7, 298) 

MOP-54 3.89 (0.99, 196) 1.65 (34.7, 298) 

Amino-MIL-53(Al) 6.63 (28, 303) 2.46 (28, 303) [349] 

CNT@Cu3(BTC)2 13.52 (18, 298) 7.49 (18, 298) [350] 

ZIF-95 0.87 (1.08, 298) 0.27 (1.11, 298) 
[351] 

ZIF-100 0.96 (1.08, 298) 0.27 (1.13, 298) 

Cu-BTC 12.8 (15.3, 298) 4.59 (15.5, 298) [352] 

'Compound 2' 1.5 (1.01, 273) 0.8 (1.01, 273) [353] 

Cu(hfipbb)(H2hfipbb)0.5 0.65 (1.1, 298) 0.36 (1.1, 298) [354] 

MOF-508b 5.94 (4.51, 303) 1.96 (4.51, 303) [355] 

MIL-53(Al) 8.43 (9, 298) 2.54 (5.51, 298) [356] 

UMCM-1 23.5 (24.2, 298) 8.03 (24.2, 298) [357] 

UiO-66(Zr) 9.52 (59.9, 298) 6.93 (90.1, 298) [358] 

Mg-MOF-74 8.73 (1.06, 298) 1.11 (1.06, 298) [359] 
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Organic adsorbents    

PPF-2 3.71 (1.04, 295) 1.03 (1.04, 295) [360] 

'Compound 6' 7.17 (17.1, 298) 2.83 (17.1, 298) [361] 

 

 

Table 2.4 – Summary of existing publications available with simulated adsorption 

data for CO2/CH4 separations. 

Adsorbents Ref. 

MFI, MOR, ISV, ITE, CHA, DDR [362] 

IRMOF-1, Cu-BTC [363] 

COF-6, COF-102 [364] 

(6,6)CNT, (10,10)CNT [365] 

ZIF-68, ZIF-70 [366] 

UiO-66(Zr) [358] 

Cu-TDPAT [367] 

MFI, LTA, DDR, Cu-BTC, MIL-47(V), IRMOF-1, 
IRMOF-11, IRMOF-12, IRMOF-13, IRMOF-14 

[368] 

 

 

Table 2.5 – Summary of existing publications with high pressure adsorption data 

measured at least two temperatures for CO2/CH4 separation. 

Adsorbents Ref. 

CECA Zeolite 13X [273] 

Maxorb (Kansai Coke and Chemicals Co. Ltd.) [369] 

Norit R1 Extra 

[370] 
BPL Carbon (Calgon Co.) 

A10 fibre (A‟dall Co.) 

Activated Carbon A (Osaka Gas Co.) 

Coal based activated carbon (Sutcliffe Speakman Carbons Ltd.) [371] 

PCB activated carbon (Calgon Co.) [372] 

Zeolite β (Si:Al = 16) [373] 

Shirasagi MSC 3K-161 (Japan EnviroChemicals) [374] 

Takeda CMS-T3A [375] 

Bowen Basin Coal A activated carbon [376] 

COF-102 [377] 

Cu-BTC [378] 

HKUST-1 [379] 

Cu/Zn impregnated BPL carbon (Calgon Co.) [380] 

Na-Mordenite 
[381] 

H- Mordenite 

Bowie Natural Chabazite (Bowie Co.) [382] 

Silicalite [383] 

ZnDABCO [384] 
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As demonstrated by Table 2.3, there are a number of adsorbents for which complete 

adsorption data required to evaluate a material for CO2/CH4 separation at high pressure is 

not available. The data presented was collated at the time of writing as best as possible, 

however, it is likely that there are omissions given the vast number of publications in this 

area. Furthermore, hundreds, if not thousands of publications exist on the synthesis of 

novel adsorbents for which no adsorption data is measured. The listed publications in 

Table 2.5 show that the vast majority of adsorption data available at least two temperatures 

and at moderate-high pressures is on activated carbons. 

Adsorbents of note from Table 2.3 include VR-93-M [342] and ASMS-3A [327]. Both of 

these demonstrate excellent CO2/CH4 selectivity due to their negligible CH4 uptake at low 

pressure. VR-93-M is synthesised from a raw material (vacuum distillation residue), and via 

a method (pyrolysis) which may not yield reproducible results; ASMS-3A however, is 

synthesised by more controllable methods and should be investigated further for this 

application (high pressure and multiple temperatures) to confirm this performance. 
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2.5 Adsorption unit operations 

The selection of the adsorbent is one of the first steps in adsorption process design. The 

other is the choice of adsorbent regeneration method, temperature swing adsorption (TSA) 

or pressure swing adsorption (PSA). 

TSA is advantageous for situations where the strongly adsorbed component is the desired 

product, and the product can be recovered at high concentrations; conversely the 

adsorbent may become damaged over time with the constant temperature swings, and the 

vessel takes many hours to cool back to adsorption temperature following regeneration 

[148]. PSA is suited towards recovering the weaker adsorbed component at high purity and 

the time required to regenerate the adsorbent is much shorter, seconds to minutes instead 

of hours. In some instances very low pressures may be required to completely regenerate 

the adsorbent, in which case producing a vacuum (mechanical work) is less efficient than 

using heat directly [148,385]. 

 

2.5.1 PSA cycles 

The choice of PSA for this application is somewhat reinforced as the weakly adsorbed 

component (CH4) is desired at high purity. The other advantage to PSA is the shorter 

regeneration time; the amount of adsorbent required per vessel will be less than a TSA 

process and this reduces the size of the equipment (important for offshore installations) 

and capital costs. 

 

2.5.1.1 Cycle building blocks (steps) 

Adsorption processes are typically cyclic in order to maintain a continuous feed to the 

process. If a boundary is placed around the whole system, it would appear to be a 

continuous process; however, on the scale of an adsorption column it is semi-batch. 

Multiple vessels are arranged such that once the adsorbent in one vessel becomes saturated, 

the feed can be diverted to another column which has been regenerated and is awaiting 

feed. These states are referred to as ‗steps‘ and there are a range of fundamental steps that 

can be selected and arranged during PSA process design to optimise the performance. 

Pressurisation – this is where gas feed is introduced at the feed end of the bed and the less 

adsorbed species is enriched in composition at the product end [386]. This step also sets 

the maximum operating pressure of the process.  
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Adsorption – the raffinate at taken from the product end of the bed while maintaining 

constant column pressure [386]. This is achieved by maintaining the feed flow at the feed 

end of the bed. It is also possible to take the raffinate at a higher flow rate than the feed 

which will cause the bed pressure to decrease. This can lead to a high recovery of the 

raffinate species; however, the product pressure is reduced [386]. 

Blowdown – the bed pressure is reduced countercurrent to the feed direction to a specified 

low pressure; for PSA this is considered the desorption stage. Raffinate purity can be 

maintained as the strongly adsorbed species at the feed end will not contaminate the gas at 

the product end [386]. This step sets the lowest operating pressure of the process for 

superatmospheric pressure PSA processes. 

Evacuation – if the PSA process has a subatmospheric pressure minimum pressure, it is 

deemed vacuum swing adsorption (VSA). The evacuation step sets the minimum operating 

pressure for VSA processes; it can improve the purity of the extract product by removing 

the adsorbed species thoroughly, and it can also improve the purity of the raffinate product 

by clearing the bed to a better state than superatmospheric processes [386].  

Pressure equalisation (PE) – in situations where there are multiple adsorbent beds, the high 

and low pressure beds are connected through their product ends, or both feed and product 

ends and the pressure is left to equalise. This is particularly useful in VSA processes as it 

reduces the amount of mechanical work required to reduce the bed pressure [386]. The 

other effect of PE steps is that raffinate product at the top of the bed will be transferred to 

the other bed, resulting in a higher purity of the extract gas. This effect of shifting the 

raffinate gas improves the recovery of that species, in the case of hydrogen purification by 

PSA, the complex cycles that achieve the best performance have at least three PE steps 

[58]. 

Rinse – following the adsorption step, the bed can be rinsed with the strongly adsorbed 

species cocurrently. If the less adsorbs species also adsorbs in appreciable amounts to 

reduce the purity of the extract, the rinse step can improve the extract purity by moving the 

other species out of the bed [386]. The high purity extract product would need to be 

compressed back to the adsorption pressure which would require energy input. This step 

can also be referred to as heavy rinse, heavy reflux and in some cycles, product purge.  

There are also a number of modifications to the basic steps which can also be used to tune 

the cycle performance. 
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Product repressurisation – the raffinate is introduced at the product end of the bed and this 

concentrates the gases together present at the end of the bed; this can improve the purity 

and recovery of the raffinate product [386]. 

Cocurrent blowdown – the pressure of the bed can be reduced to an intermediate pressure 

from the product end of the bed prior to countercurrent blowdown. This improves the 

purity of the extract (strongly adsorbed) species and also the recovery of the raffinate [386]. 

This is achieved by clearing the void space in the adsorbent bed which is at the same 

composition as the feed and introducing the strongly adsorbed species into the void space 

[58]. 

Light rinse – opposed to heavy rinse, the weakly adsorbed component is used to rinse the 

bed countercurrently. This has the effects of increasing extract recovery (while 

compromising purity) and improving raffinate purity. In some cycles it is also referred to as 

waste gas purge. 

 

In order to maintain continuous flow through the process, the total feed time to a given 

vessel must be equal to or greater than the time required preparing another vessel to 

receive the feed gas. Therefore, as cycles increase in complication, and as further steps are 

added, the number of adsorption columns required to maintain constant feed flow also 

increases. This can be problematic from a number of perspectives; if retrofitting or 

commissioning in a confined location, the footprint of the unit operation becomes large 

and cumbersome. Furthermore, the capital costs will also increase even if there are no 

spatial constraints; capital costs can increase non-linearly as instrumentation, valves and 

piping required to direct the flow increase sharply as all vessels must be routed to all other 

vessels independently. Consequently, a balance must be achieved between the desired 

performance, capital costs and spatial constraints, which in some cases may not be able to 

be met. 

 

2.5.1.2 Common established cycles 

There is a range of existing PSA cycles which have gained popularity over time. One of the 

first is the Skarstrom cycle [387] whose first claim is to dry air without the requirement of 

external heating, and which can also be used to provide oxygen- and nitrogen-enriched 

products.  This cycle is comprised of two adsorption vessels synchronised between four 
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steps to ensure continuous feed. The steps are ordered, feed pressurisation (FP), 

adsorption (AD), countercurrent blowdown (BD) and countercurrent light rinse (LR). The 

process arrangement is shown in Figure 2.14, and the sequencing of the steps is shown in 

Table 2.6, and the valve operation sequence in Table 2.7. Step sequences and valve timings 

will not be shown for future cycles that are discussed, they are provided here as an example 

of how such information could be conveyed. 

 

 

Figure 2.14 – Schematic representation of the Skarstrom PSA system 
 

Table 2.6 – Step sequencing of 2 bed-4 step Skarstrom cycle indicating the state of 

each bed during each stage of the cycle. 

Timing 
(10ths of cycle time) 

1 2 3 4 5 6 7 8 9 10 

Bed 1 FP AD BD LR 

Bed 2 BD LR FP AD 
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Table 2.7 – Valve states (0 = Off, 1 = On) for the Skarstrom cycle over one cycle. 

Timing 
(10ths of cycle time) 

1 2 3 4 5 6 7 8 9 10 

Valve 1 1 1 0 0 

Valve 2 0 1 0 1 

Valve 3 0 0 1 1 

Valve 4 0 0 0 1 

Valve 5 0 1 0 0 

Valve 6 0 0 1 1 

Valve 7 1 1 0 0 

Valve 8 1 1 0 0 

Valve 9 0 1 1 1 

 

The Skarstrom cycle in this original form was able to achieve a recovery of 73 % with the 

water content being reduced from 3800 ppm to 1 ppm [386]. Except for small scale air 

drying applications, this cycle is not in use today. Another cycle filed at a similar time to 

Skarstrom‘s except granted a few years later was that of Guérin de Montgareuil [388]. This 

was an air separation cycle assigned to Air Liquide with significant flexibility allowing 

multiple beds (up to six) and a range of interconnects depending on the separation to be 

undertaken. It is a three step cycle consisting of feed pressurisation (with the outlet closed), 

cocurrent depressurisation with the outlet diverted to the feed end of the second bed, and 

an evacuation (vacuum) step taken from the mid-point of the bed. The recovery and purity 

of the air gases using this cycle was much higher than that of the Skarstrom cycle and this 

was attributed to the vacuum regeneration step [58]. 

High purity hydrogen is required as a feedstock in petrochemical plants and the source 

gases include fuel gas, coke oven gas and most commonly reformer off-gas. As H2 is one of 

the most weakly adsorbed gases, and the feed mixtures contain gases which are more 

strongly adsorbed, PSA processes are one of the most suitable for this application as the H2 

can be collected as the raffinate gas easily. The first installation in 1966 [58,389] was based 

on the design by Wagner [390] which is a four bed cycle consisting of one pressure 

equalisation step, the next iteration was a four bed cycle with two pressure equalisations 

steps by Batta [391] and this persisted as the main technology until 1976. The Batta process 

is a four bed, nine step cycle consisting of (i) adsorption, (ii) provide cocurrent pressure 

equalisation, (iii) cocurrent depressurisation, (iv) provide second cocurrent pressure 

equalisation, (v) countercurrent depressurisation, (vi) countercurrent product purge (light 

rinse), (vii) receive countercurrent second pressure equalisation, (viii) receive 

countercurrent first pressure equalisation and (ix) countercurrent repressurisation. This 
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cycle was able to provide a purity of 99.999 %mol and a recovery of 70 %mol [58] which was 

an improvement from the first iteration due to the inclusion of the second pressure 

equalisation step. As it was a four bed cycle, the number of pressure equalisations is limited 

to two if continuous feed is desired. In 1976 the POLYBED™ PSA system was developed 

[392]; this cycle comprised between seven to 10 beds with 11 steps, including three 

pressure equalisation steps, which resulted in recoveries of > 90 %mol at 99.999 %mol purity 

[389]. This was also one of the first high throughput cycles capable of 100,000 Nm3/hr of 

H2 produced and the number of beds is selected depending on the throughput required 

[389]. The reader is directed to the original work of Fuderer and Rudelstorfer [392] for the 

cycle organisation of the various bed configurations. One of the more recent and complex 

designs capable of high throughputs (> 110,000 Nm3/hr) while maintaining high purity and 

recovery is the 16 bed, 13 step cycle developed by UOP [393] with four pressure 

equalisation steps, derived from the work of Fuderer. 

Another of the most common applications for PSA, aside from H2 purification, is air 

separation. PSA is economical for small scale (< 40 tonnes per day) oxygen production for 

applications where a high purity (> 95 %mol) is not required [58]. This is achieved by 

selectively adsorbing the nitrogen on materials which demonstrate selectivity for N2 over 

O2 at the pressures of operation; most adsorbents in that pressure range show little to no 

selectivity for N2 [58]. The cycle used is the same as that for H2 purification, the four bed 

Batta cycle [391]. Purities up to 95 %mol and recoveries up to 60 %mol can be achieved [58]. 

The main difference is that a pretreatment bed is included to adsorb impurities such as CO2 

and H2O as they adsorb much more strongly than both N2 and O2 [58]. Some modern 

plants operate a VSA cycle, the advantages being that the same performance can be 

achieved with two beds instead of four and are economical up to 100 tonnes per day O2 

production [386]. 

As demonstrated by the developments in the H2 purification PSA (H2PSA) process, 

pressure equalisation steps are important in obtaining high raffinate recovery. As one of the 

aims in this work is to minimise the loss of valuable product (CH4), pressure equalisation 

steps should be incorporated in the PSA cycles that are investigated. 

 

2.5.2 Existing PSA processes for CO2/CH4 separation 

Adsorption has primarily existed in the natural gas industry for the purposes of gas 

dehydration, mercury and trace H2S removal. PSA for CO2/CH4 separations are 
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comparatively new, but there are small scale biogas separations based on PSA [394]. 

Although there have been a few reports on this, most applications are either demonstration 

scale or lab scale. One of the first patents on the bulk CO2 separation from natural gas was 

published in 1973 [395], it utilised a 3 bed-4 step cycling consisting of (i) adsorption (4 

minutes), (ii) countercurrent heavy rinse (2.5 minutes), (iii) countercurrent depressurisation 

(3 minutes), and (iv) repressurisation (2.5 minutes). A feature of this cycle is that the feed 

gas is heated to at least 150 °C (final temperature not specified), the feed gas contains 53 

%mol CO2, and 47 %mol CH4 at 32 °C and 69 bar(a). There is no specific of adsorbent aside 

from ‗zeolitic molecular sieves‘ nor is the ultimate performance of the cycle in terms of 

purity and recovery claimed. 

Another process for CO2/CH4 separation form landfill gas was patented in 1988 [396] 

whereby a TSA process was used to rid the landfill gas of impurities and then a bulk 

separation using PSA was carried out. It is a 4 bed-5 step process, there is an evacuation 

step specified between 50 – 300 mmHg, therefore it is a VSA process. The five steps are in 

the order (i) adsorption, (ii) cocurrent heavy rinse, (iii) depressurisation, (iv) evacuation, and 

(v) CH4 product repressurisation. The outlet gas during the cocurrent heavy rinse is 

recycled to a feed gas tank, such that any CH4 losses are minimised. This is a comparatively 

low pressure process with the feed gas at 5 bar(a) and 21 °C, the composition of the feed 

gas to the PSA was 42.5 %mol CO2 and 57.5 %mol CH4. A purity of 98.5 % was obtained for 

CO2 and 99 % for CH4 was obtained, a recovery of 99 % for both species was achieved. 

Zeolite 13X was used as the adsorbent. This work was also published in a scientific journal 

with some additional details and further explanation if of interest to the reader [397]. 

Updates to this cycle were patented in 1990 [398], specifically, the depressuriation gas was 

also recycled to the feed and a pressure equalisation step was added. Comparisons between 

the original patent in 1988 and this work were provided; the noticeable improvements 

include a reduction in the required vacuum flow rate by 10 %, and the recycle stream flow 

rate reduced by approximately half. There were no significant improvements in purity or 

recovery. The steps are arranged as follows, (i) adsorption, (ii) depressurisation, (iii) 

cocurrent heavy rinse, (iv) evacuation and (v) countercurrent CH4 product repressurisation. 

The work was extended in 1991 [399] to include potential other applications such as 

N2/CO2, H2/CH4 and O2/N2 separations. 

Two recent patents (2015) assigned to ExxonMobil present complex designs for PSA 

based separation of CO2 and H2S [400] with the second being an alternative equipment 
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design and cycle modifications [401]. Differences in terms of established PSA installations 

are vast, specifically, structured adsorbent is used, the cycle times are rapid (less than 1 

minute), and the equipment design is such that the PE steps can take place between 

secondary adsorption vessels specifically allocated to each primary adsorption bed. As to 

how the rapid cycle times can be achieved at the maximum claimed two billion standard 

cubic feet per day [400] with the existing control valve technology remains to be seen 

without operating many processes in parallel.  The primary embodiment of this work is 

briefly presented; a 14 bed-13 step cycle was able to purify feed gas containing 30 %mol acid 

gas, 70 %mol CH4 at 55 bar(a) to 94.5 %mol CH4 with a recovery of 98 % and the purity of 

the CO2 stream was 94 %; the throughput was 108 MSCFD (3.06 million Nm3/day). The 

cycle is arranged as follows; (i) adsorption (1.5 s), (ii) idle (0.25 s), (iii) provide first 

cocurrent PE (0.75 s), (iv) provide second cocurrent PE, (v) cocurrent purge with product 

from step 7 (0.75 s), (vi) idle(0.25 s), (vii) first countercurrent depressurisation (0.75 s), (viii) 

second countercurrent depressurisation (1.25 s), (ix) third countercurrent depressurisation 

(2.0 s), (x) idle (0.25 s), (xi) receive countercurrent second PE (0.75 s), (xii) receive 

countercurrent first PE (0.75 s) and (xiii) cocurrent feed repressurisation (0.50 s). Variants 

are also provided in the patent [400] whereby a more complicated cycle is used and a 

second PSA is added in series to improve the purity and recovery of both outlet streams. 

Another process which demonstrated commercial viability is the Molecular Gate® based 

on a titanium zeolite developed by Engelhard [402]. A commercial installation 

demonstrated the performance was adequate [403] however to the best of our knowledge, 

there have not been any further commercial installations for CO2/CH4 separations. The 

process operates based on a molecular sieving mechanism, the feed pressures are moderate 

(5 – 20 bar), and it is a VSA process. 

 

A 1 bed-4 step VSA cycle consisting of layered adsorbent (13X and carbon molecular 

sieve) was investigated by Cavenati [252,404]. The feed was a mixture of 60 %mol CH4, 20 

%mol CO2 and 20 %mol N2, at 2.5 bar(a) and 323 K. A CH4 purity and recovery of 86.0 %mol 

and 66.2 % respectively were obtained using the Skarstrom cycle and a vacuum pressure of 

10 kPa(a). The same feed composition with the same cycle was also investigated with 

purely 13X adsorbent [405], however, a feed pressure of 500 kPa(a) was opted for. A CH4 

purity and recovery of 87.6 %mol and 80.3 % were able to be obtained with 1.9 %mol CO2 in 

the CH4 product. It should be noted with this work that pure CH4 from a cylinder was used 
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during the purge step as a product storage tank was not available, this will artificially 

increase the CH4 product purity as > 99 %mol CH4 is being used for the purge rather than 

c.a. 70 – 80 %mol CH4. 

A VSA cycle for biogas separation was proposed by Pilarczyk [406]. It is a 4 bed-4 step 

cycle similar to that of the Skarstrom cycle except the light rinse step is replaced with a 

vacuum step. Carbon molecular sieve was used with a feed composition of 59 %v/v CH4 

and 41 %v/v CO2. Adsorption occurs at 5 bar, however the vacuum pressure or feed 

temperatures are not specified. A CH4 purity of 97 %v/v is able to be obtained as well as a 

CO2 purity of 96 %v/v, the recoveries are not specified. 

 

Cycles designed to separate CO2 from N2 (flue gas separations), N2 from air (O2 

production), and H2PSA (H2 from syngas) may also be considered for CO2/CH4 

separation as the aims of these cycles are similar. Namely, the more weakly adsorbed 

component is collected as a raffinate product while concentrating the other species in the 

extract. 

 

2.5.3 Other considerations 

A concept that is required to properly analyse adsorption processes is the mass transfer 

zone (MTZ) and the concentration front. The MTZ is the portion of the adsorption vessel 

that is limited by mass transfer during the adsorption step; i.e. the mass transfer resistance 

is such that the gas is not able to adsorb as fast as or faster than new gas is being fed in. 

This is demonstrated graphically in Figure 2.15. The concentration front (or profile) is the 

concentration of a given species along the length of the bed. The term concentration 

profile can apply during any stage of the PSA cycle, and it is convenient to describe the 

influence of a given step by how the concentration profile has changed. For instance, a 

countercurrent heavy rinse sharpens the concentration profile by moving the low 

concentration gas at the end of the bed closer to the saturated region of the bed. The 

length of the MTZ is an important factor to consider when designing an adsorption 

process. The adsorption columns should be of sufficient size such that the more strongly 

adsorbed component does not exit the bed (breakthrough) during the adsorption step. 

Further information about this topic can be found in the following works [145,250,386]. 
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Figure 2.15 – Showing the equilibrium and mass transfer zone (MTZ) over the bed 
length. 

 

Another issue to consider, which is rather critical, are the thermal effects of the bed arising 

from the adsorption process. As adsorption is exothermic, the temperature of the 

adsorbent increases as adsorption proceeds, which in turn heats the feed gas and reduces 

the adsorption capacity further along the bed. The reverse is also experienced during 

desorption stages, the adsorbent cools which then increases the capacity of the adsorbent 

at a given partial pressure. Temperature profiles of the adsorbent bed over time can be 

generated to observe these temperature effects; this effect is also known as the thermal 

wave, thermal front and occurs during non-isothermal or adiabatic adsorption. Both Yang 

[58] and Ruthven [386] discuss these issues further. The importance of considering these 

issues when evaluating an adsorbent was evaluated by Maring [294]. 

A final thought to consider, although somewhat divergent from the preceding topics is that 

although there is much research into adsorbent development, only a few in are commercial 

use today for adsorptive separations. Namely, zeolite X, zeolite A, activated carbon and 

activated alumina are the most popular. 

 

2.5.4 Performance metrics 

The most fundamental gauges of PSA performance are the purity and recovery of the 

desired species. In some cases, such as H2PSA, the purity and recovery of only one 

component (H2) is significant. In our case, the purity and recovery of CH4 and the purity of 
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CO2 are significant, and the recovery of CO2, although not crucial, serves as a gauge. These 

parameters are defined by Equation 2.99 to Equation 2.102. 
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Notaro et al. [407] proposed an ‗adsorption figure of merit‘ (AFM) (Equation 2.103) which 

takes into account the three factors which they believed to influence the system 

performance the most. The discussion here will be presented in terms of the components that are of 

interest in this work, however, where CO2 is mentioned, it is the more strongly adsorbed component and 

CH4 is the less strongly adsorbed component; it can be applied to any system if this convention is followed. 

The factors considered include the change in CO2 loading between the adsorption and 

desorption conditions (∆CO2), the selectivity at the adsorption conditions (αA) and the 

selectivity at the desorption conditions (αD). The subscripts A and D represent adsorption 

and desorption respectively, and C and M represent CO2 and CH4 respectively. The terms q 

and y are the loading and gas phase mole fraction respectively and α is evaluated separately 

at the adsorption and desorption conditions.  
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Another parameter, the ‗sorbent selection parameter for PSA‘ (S) (Equation 2.104) was 

proposed by Rege and Yang [408]. It however, only applies to isotherms that follow the 

single site Langmuir isotherm model and as such the versatility is limited. ∆q is the change 

in loading between the high and low operating pressures for components 1 and 2, qs is the 

saturation loading for components 1 and 2 from the Langmuir isotherm and b is the 

affinity constant for components 1 and 2 also from the Langmuir isotherm model. 
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 Equation 2.104 

 

The throughput can also be a useful measure; it is the mass of adsorbent required per mass 

of product gas produced, normally on a tonnes per day basis, i.e. 40 kg/TPDcCO2. Lower 

values signify smaller adsorbent vessels and adsorbent inventory and hence lower capital 

costs. 

Specific power is the total power requirements for the process including compression and 

vacuum work. The values are normally expressed on a tonnes per day captured (TPDc) 

basis, i.e. 5 kW/TPDcCO2. These values are directly proportional to the operating costs 

and therefore should be minimised. 

The TPDc measure is useful such that it normalises differences in cycle time and cycle 

productivity. Extensive properties such as power (kW) and mass (kg) are not easily 

compared between materials and cycles. 

Another parameter, although not commonly discussed or used is the exergetic efficiency of 

the process. Exergy is the maximum amount of useful work that can be extracted from a 

substance by a process if it is brought to equilibrium with its surroundings, the 

fundamentals of exergy and exergy analysis can be found in the monograph by Dincer 

[409] for instance, and there are also many applied examples in the scientific literature. The 

work in this area of applying exergy analysis methods to PSA was proposed by Banerjee 

[410,411]. The exergetic efficiency of a PSA process is given by Equation 2.105, where the 

term Exfeed is the exergy of the feed which includes the work of compression, and Exproduct 

is the exergy of the product that includes any compression or expansion to normalise the 

pressure to 1 atm. 
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product product
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feed feed

n Ex
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n Ex
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For comparing across different PSA cycles with different conditions, an overall efficiency 

term is may be more useful. This is given by Equation 2.106, where the net energy input is 

the difference between the energy of feed compression and energy of product expansion to 

1 atm [386]. In the case of VSA, the energy of product expansion is negative. 

 

product

Overall
Net energy input

Ex
η   Equation 2.106 

 

 

The design of adsorption systems is a complex task. Many interrelated factors must be 

considered and there is no single guideline on how that can be achieved without multiple 

iterations. A selected number of resources on PSA have been selected which can be 

referred to by the reader for further information if desired [58,148,386,412–418]. 
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2.6 Influence of other components 

There are a number of other components that can be present in the crude natural gas that 

may influence the performance of the process. 

 

2.6.1 Water 

Water in the liquid phase is particularly problematic as it can cause corrosion of the 

pipelines; this is amplified further if acid gases are also present. Therefore a bulk liquid 

separation is undertaken as one of the first steps out of the well. The dew point of the gas 

must also be reduced in order to prevent condensation of the vapour phase water 

downstream. This is normally achieved by cooling the gas and separating any liquid 

formed, a dew point of -8 °C is attained at the well by this method [13]. In some cases, this 

is not undertaken and process equipment and pipelines are constructed from corrosion 

resistant materials and a corrosion inhibitor is added to the stream [13].  

In terms of adsorption, the presence of water is a critical factor. Water is a small molecule 

with a strong permanent dipole; consequently it has stronger interactions with most 

adsorbents in comparison to CO2. Hence, in the presence of water vapour the adsorption 

capacity of CO2 will decrease, and as the interactions are strong more energy is required to 

remove the adsorbed water (higher temperatures or higher vacuum) [419–421]. Some 

adsorbents such as activated carbon are somewhat more hydrophobic in comparison to 

zeolites and in these cases the overall process can operate without significant penalty [422]. 

Aside from activated carbon, a category of MOFs, Zeolitic Imidazolate Frameworks (ZIFs) 

display excellent hydrophobicity [423,424], however, their performance in binary mixtures 

is not known.  

If the adsorption process is operating in a temperature swing mode, the adsorption beds 

could be sized appropriately in order to accommodate both the water vapour and CO2. As 

the bed will be regenerated with hot inert gas, both the water and CO2 can be removed. 

However, our aim is to operate under PSA conditions in order to obtain energy efficiencies 

over the existing amine process. In the works referred to earlier, and in another work by Li 

[425] where multiple adsorbents were used (one targeted towards water and another for 

CO2), the adsorbent is regenerated under vacuum conditions. The vacuum conditions used 

(< 10 kPa) are not particularly feasible; as the adsorption columns are large, multistage 

vacuum pumps will be required to achieve such vacuum on an industrial scale, the alternate 

option is to operate multistage steam ejectors which can achieve pressures < 1 mmHg. 
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These alternatives both require significant energy input which again negates the energy 

savings of PSA. 

 

2.6.2 Other hydrocarbons 

It is not uncommon for natural gas sources to have longer chain hydrocarbons (C2+). 

Some of these may be in the liquid phase from the well, in which case they are separated 

with the liquid phase water. These higher hydrocarbons have economic importance so once 

separated from the water they are sold as another product (liquid petroleum gas, or gas 

condensate). Vapour phase C2+ hydrocarbons may also need to be separated to prevent 

condensation in pipelines and downstream operations. The presence of condensed C2+ 

downstream presents problems for flow measurement devices and valves, and can also be 

corrosive towards polymeric materials [13]. Vapour phase higher hydrocarbons can be 

removed by TSA processes and is normally undertaken after the dehydration step. The 

streams from the bulk liquid phase separation, liquid product from the low-temperature 

dehydration are normally combined and the water and hydrocarbon products separated. 

The dehydration step undertaken at the well is fairly coarse; therefore, some water vapour 

is also adsorbed during the TSA process and the recovered stream is a mixture of higher 

hydrocarbons and water, which is then separated [13]. 

Much like water, high hydrocarbons are adsorbed in preference to CO2. Pore size 

limitations permitting, as the molecules are larger they are able to interact with a larger area 

of the surface; resulting in overall higher heats of adsorption [26]. Consequently, 

adsorbents display higher loadings for larger hydrocarbons than CO2 

[225,226,316,331,346,371,383]. Hence, much in the same way as water, the same 

approaches in the design of the process can be used to account for this. This would then 

yield a CO2 stream mixed with higher hydrocarbons which would require further 

separation. 

 

2.6.3 Light gases 

Light gases such as nitrogen and helium may also be present in the natural gas. These do 

not present a problem during the pipeline transport or processing of the gas as they are 

non-corrosive and also do not condense during the cryogenic processing of the gas. These 

components are nonetheless removed; nitrogen is removed as it lowers the heating value of 

the sales gas, in large amounts it can render the gas unusable and in lesser amounts reduces 
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the sales value. The helium is separated as it is a valuable co-product as it has excellent 

economic value due to the recent decision by the U.S. Government to sell the entirety of 

their helium reserves [426]; one of the world‘s largest producers, Air Products and 

Chemicals, Inc. also mentions the lack of supply gas as an additional factor in the price 

increases over the recent years [427]. 

Nitrogen is adsorbed more weakly than CO2, and helium even more so considering that it 

is assumed not to adsorb during isotherm measurements. Hence, these gases will pass 

through the bed and contaminate the methane product. This is not a significant 

consequence for the methane product as it is normally transported with these components 

to the central processing facility. As the adsorption column has some void space between 

the adsorbent particles, the N2 and He will also contaminate the CO2 during the desorption 

step. If the desired 95 %mol concentration of CO2 is able to be achieved, there are also no 

additional consequences for the CO2 product; however, further purification of the CO2 will 

be required if the CO2 purity becomes less than 90 %mol. 

 

2.6.4 Sulphur compounds 

There can also be a variety of sulphur compounds present in the gas. Hydrogen sulphide is 

normally the most common, and in some cases, elemental sulphur in the vapour phase can 

be copresent [13]. Other organic sulphur compounds such as carbonyl sulphide, carbon 

disulphide and mercaptans can also be present.  Hydrogen sulphide in the presence of 

water is corrosive, and can also contribute to stress corrosion cracking [110,13]; elemental 

sulphur can precipitate in downstream operations and cause plugging of pipelines and it is 

also corrosive in the presence of water [13]. Many of these sulphur compounds are also 

toxic. 

Currently, only the elemental sulphur is removed at the well as avoiding the precipitation 

and corrosion issues are paramount. The remaining sulphur compounds are then removed 

at a central processing facility, much in the same way that CO2 is removed at a central 

plant. Approximately 80 % of the world‘s large gas reserves contain 0.1 to 15 % H2S [428] 

and the Middle eastern region has some of the largest reserves of this high sulphur gas 

[429,430]. In cases of high H2S content, bulk separation may be required at the wellhead to 

prevent corrosion of the pipeline, longevity of downstream operations and for personnel 

safety. These bulk H2S separations are recently being carried out by membrane operations 

and a variety of other proprietary technologies based on solvents [429]. 
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H2S poses very similar problems to adsorption operations as water. It adsorbs very strongly 

and is not easily removed from the adsorbent; some adsorbents, specifically MOFs can also 

be destroyed upon H2S adsorption [431], and some adsorbents have been specifically 

developed for H2S adsorption (physisorption) [329,432]; the existing adsorption based 

technologies for removal of H2S rely on chemisorption, and the adsorbent is replaced after 

the bed is saturated [110]. As per water vapour, TSA and high vacuum may be able to 

regenerate the adsorbent; as the CO2 product will contain H2S, depending on the 

application and the respective local regulations, it may be necessary to further purify the 

CO2. If the adsorbent is not regenerated well, it is possible for the residual H2S to 

propagate through the bed over time and render the bed ineffective. 

 

2.6.5 Mercury 

Mercury is present in some natural gas wells, normally as elemental mercury, but also as 

various mercury compounds. Elemental liquid mercury can cause liquid metal 

embrittlement in mild steels and aluminium, to which it is also exceptionally corrosive. 

Mercury is also toxic, and is therefore removed. During the low temperature separation 

which is designed to reduce the dew point of the gas stream at the well, an appreciable 

amount of mercury is also removed [13]. The remaining mercury is reduced to levels below 

5 μg/m3 by adsorption using a commercially available sulphur impregnated carbon by 

Calgon Carbon Co. [110]; the adsorbent is replaced once the bed becomes saturated. Other 

adsorbents such as metal sulphide impregnated alumina and silver impregnated zeolite are 

also available [433]. 

Organic mercury species such as dimethyl- and diethylmercury, and ionic 

monomethylmercury+ species are present in the liquid phase and also adsorb in the same 

way that elemental mercury does, and present the same problems [433]. Inorganic mercury 

salts can also be present, and these are normally separated during the liquids separation 

stages as they naturally split to the liquid phase [433]. Elemental mercury and 

dimethylmercury are the prominent mercury compounds in natural gas, and aside from the 

fortuitous separation during the bulk dehydration stage, no further mercury removal is 

carried out until the gas reaches an onshore processing facility [433]. 

A reservoir in Germany was found to contain 5 mg/m3 of mercury [13], given this low 

concentration it is unlikely that there will be significant detriment to the adsorbent on a 

short time scale. In the case of zeolites, Jurng believes that the adsorption of mercury in the 
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vapour phase is negligible [434], and Markovs [435] has developed a TSA process for 

mercury removal which suggests that mercury is able to be desorbed successfully with 

temperature. The more pressing concern would be the adsorber vessels; as these are 

normally constructed from carbon steel, there would be embrittlement concerns over time 

if the vapour were to adsorb to the surface of the vessel. 

 

During the processing of the natural gas, the majority of operations are undertaken at a 

central processing facility that accepts feeds from a range of wells. Processing at the well is 

undertaken only when necessary, i.e. if the gas cannot be transported safely to the central 

location. Therefore, the number of extra processing steps needs to be minimised. 

The impurities which present the greatest concern to the PSA CO2 separation process are 

H2O and H2S. Water is almost unavoidable in natural gas and the best performance of the 

adsorbent and adsorption process will only be achieved if the gas is dehydrated using 

traditional TSA methods first. If H2S is also present, it can also be removed in the same 

process [110]. 
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2.7 Scope 

Based on the desire to reduce greenhouse gas emissions and to meet the increasing 

demands for energy, research into methods to economically purify acidic natural gas 

reserves have increased over the last decade. 

One area that has received the most attention is the development of adsorbents. Although 

adsorbents play an important role in PSA processes, the synthesis of many adsorbents are 

published without any effort of further investigation. 

 

This work will focus on the evaluation of a range of adsorbent materials and their 

performance in pressure swing adsorption processes for the separation of CO2 from 

natural gas. Specifically the following areas have been investigated in order to gain a better 

understand of their application to this area: 

 The evaluation of PSA performance of ZIF-8, -14 and -71 (chapter 4) 

 A comprehensive study of the adsorption thermodynamics of ZIF-8, -14 and -71 

(chapter 5) 

 A PSA performance evaluation comparing known adsorbents; and the 

comprehension of key adsorbent properties required for good process performance 

using model adsorbents (chapter 6) 
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3 MATERIALS, METHODS and INSTRUMENTATION 

 

The preparation of adsorbents, their methods of characterisation and the methods of PSA 

simulation undertaken for this work are presented in this section. 

 

3.1 Synthesis of ZIF materials 

The synthesis of the ZIF materials investigated, ZIF-8, ZIF-14 and ZIF-71 have been 

previously reported in the literature [424,436]. A pure product was not able to be obtained 

for ZIF-8 and ZIF-14, so some modifications were made to the reported procedure. ZIF-

71 was synthesised as described without modification. 

All the reagents were used as provided without further purification. 2-methylimidazole (99 

%), 2-ethylimidazole (98 %), 4,5-dichloroimidazole (98 %), zinc nitrate hexahydrate 

(reagent grade) and zinc acetate dehydrate (reagent grade) were obtained from Sigma-

Aldrich. Concentrated (37 %v/v) ammonia solution (analytical reagent grade), chloroform 

(analytical reagent grade) and methanol (analytical reagent grade) were obtained from 

Chem-Supply (Australia). Toluene (ACS grade) was obtained from Merck Chemicals (now 

Merck Millipore). 

 

3.1.1 Synthesis of ZIF-8 

For the synthesis of ZIF-8, 20 mmol (1.642 g) of 2-methylimidazole was dissolved in 160 

mL of methanol and 40 mL of concentrated ammonia solution in a glass beaker (solution 

A). Then, 10 mmol (2.975 g) of zinc nitrate hexahydrate was dissolved in 160 mL of 

methanol and 40 mL of concentrated ammonia solution in a glass bottle. Solution A was 

then added to the glass bottle and it was left stirring at room temperature for 24 hours. The 

solid was recovered by centrifugation and washed with methanol (three times) and dried in 

air at 393 K overnight to give a white solid product. 

 

3.1.2 Synthesis of ZIF-14 

For the synthesis of ZIF-14, 20 mmol (1.923 g) of 2-ethylimidazole was dissolved in 152 

mL of methanol, 40 mL of concentrated ammonia solution, 4 mL of toluene and 4 mL of 

chloroform to give solution A. Then, 10 mmol (2.975 g) of zinc nitrate hexahydrate was 
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dissolved in 160 mL of methanol and 40 mL of concentrated ammonia solution in a glass 

bottle. Solution A was then added to the glass bottle and it was left stirring at room 

temperature for 24 hours. The solid was recovered by centrifugation and washed with 

methanol (three times) and dried in air at 393 K overnight to give a white solid product. 

 

3.1.3 Synthesis of ZIF-71 

ZIF-71 was synthesised by dissolving 0.40 mmol (0.088 g) of zinc acetate dehydrate in 15 

mL of methanol in a glass bottle and then adding 1.6 mmol (0.2192 g) of 4,5-

dichloroimidazole dissolved in 15 mL of methanol and allowing it to stand for 24 hours 

without stirring at room temperature. The methanol was removed from the bottle by 

Pasteur pipette and the solid was solvent exchanged with 20 mL chloroform three times at 

24 hour intervals. The product was then recovered by centrifugation and dried at 323 K in 

air to give a solid white product. 
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3.2 Preparation of zeolite Y (USY) samples 

A range of ultra-stable zeolite Y (USY) samples were used during this work. The upcoming 

section describes their procurement and preparation. 

 

3.2.1 Commercial USY powders 

In order to investigate the influence of zeolite properties (Si:Al ratio, and cation) on 

adsorption, a range of powdered USY samples were prepared. HSZ-320HOA, HSZ-

350HUA, HSZ-385HUA and HSZ-390HUA were all obtained from Tosoh Corporation 

(Japan). All zeolites are in the protonated (H+) form with Si:Al ratios of 2.75, 5, 50 and 200 

respectively. 

 

3.2.1.1 Ion-exchange of commercial USY powders 

Lithium chloride, sodium chloride, potassium chloride, sodium hydroxide and potassium 

hydroxide were used as provided by Merck Chemicals (now Merck Millipore) all in their 

EMSURE® grade. Lithium hydroxide (UNILAB® grade) was used as provided by Ajax 

Finechem (Australia). 

A 1 M lithium chloride solution was prepared with deionised water and the pH adjusted to 

9 by adding a 0.1 M lithium hydroxide solution drop wise. The same procedure was 

employed in preparing sodium chloride and potassium chloride solutions and the pH was 

adjusted by using their respective hydroxides. 

A total of 12 samples were prepared by ion-exchanging the aforementioned four 

protonated form zeolites with the three ion-exchange solutions. Three grams of a given 

zeolite powder was mixed with 90 mL of an ion-exchange solution and stirred at room 

temperature for at least six hours. The solid was recovered by centrifugation and the ion-

exchange solution was replenished a further four times; following five ion-exchanges, the 

recovered zeolite was washed with 30 mL of deionised water per gram of zeolite three 

times. The solid was then dried overnight in air at 333 K. 
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3.3 Characterisation methods 

A variety of characterisation and analysis methods were used throughout this work and 

they will be presented here. 

 

3.3.1 X-ray diffraction 

For the purposes of confirming phase purity and crystallinity, powder X-ray diffraction was 

carried out on a PW 1140/90 diffractometer (Philips Analytical, Netherlands) using a step 

size of 0.02 ° and a scanning rate of 1 °/min with Cu-Kα radiation. The 2θ range was 

variable according to the needs for each sample; however, the useable range for the unit is 

3 – 90 °. 

 

3.3.2 Thermogravimetric analysis 

Thermogravimetric analysis was carried out on a TGA/SDTA851e (Mettler-Toledo 

GmbH, Switzerland) using 70 μL alumina crucibles. Depending on the application, a 

variety of atmospheres are available including N2, compressed air, CO2, He, and O2. The 

flow rate can be varied up to 100 mL/min. The maximum temperature attainable is 1273 K 

and the highest heating rate possible is 100 K/min. A blank is run prior to each experiment 

and subtracted in order to negate any buoyancy effects caused by changes in temperature. 

The N2 is boiled-off from liquid nitrogen (≥ 99.5 %mol) provided by BOC Limited 

(Australia). The compressed air is generated on site from ambient air and is filtered to 

remove particles and entrained oil. The CO2 (99.995 %mol), He (99.9990 %mol) and O2 

(99.9990 %mol) were used as provided by Coregas Pty. Ltd. (Australia). 

3.3.3 Surface area and porosity characterisation 

Characteristics such as surface areas and pore size distributions were carried out on an 

ASAP 2010 (Micromeritics Instrument Corporation, U.S.A.). Adsorption of N2 was 

undertaken at 77 K which was maintained with a liquid nitrogen bath. Samples were 

degassed prior to analysis under vacuum, for a minimum of 12 hours at the ultimate 

temperature. The ZIF samples were activated at 393 K, while the zeolite samples were 

activated at 623 K. The temperatures are maintained by an electric heating mantle (custom 

made by Glas-Col, U.S.A.). The temperature is ramped incrementally (50 K steps) to the 

ultimate temperature in order to prevent damage to the structure due to steam production 

from the adsorbed water as a result of a fast heating rate. 
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The ASAP 2010 operates on the traditional discontinuous volumetric adsorption method. 

This process was described in section 2.2.2.1. In summary, a known volume of gas is dosed 

into the sample tube and the pressure is monitored over time until equilibrium has been 

reached; the change in pressure of the gas phase is correlated to the amount adsorbed. The 

equilibrium criterion is based on the concept of an ‗interval time‘ whereby after a period of 

10 intervals, the pressure rate of change and average pressure are calculated for each time 

interval (6th onwards) using a window of 11 points (five before and after). When the rate of 

change is less than 0.01 % of the average pressure, it is considered that equilibrium has 

been achieved. If it has not been achieved, adsorption is allowed to proceed until the 

criterion is met. The user is able to adjust the length of the interval time, but not the cut-off 

value. In large pore materials where adsorption kinetics are not of concern, the default 

value of 5 s is normally sufficient, however, in the cases of smaller pores, or kinetically 

limited materials values such as 20 – 30 s are not uncommon. 

The helium free space measurement was performed after the N2 measurement to prevent 

helium entrapment in the adsorbents. The samples were evacuated under turbomolecular 

pump at room temperature overnight which prepared the samples sufficiently for the free 

space measurements. 

When determining the mass of the samples, the mass of the empty tube at ambient 

conditions (≈ 296 K) is measured while the tube is filled with air, however, the mass of the 

degassed sample is determined while the tube is filled with helium. In order to improve the 

accuracy of the mass determination, the helium free volume measured at room temperature 

is used to correct this difference. The density of air is taken as 0.001192 g/cm3 and helium 

as 0.0001646 g/cm3 at 296 K and 1 atm pressure, and by using the free volume, the mass 

of air and helium respectively can be calculated and the corrected mass determined.  

It is acknowledged that the skeletal volume of the sample will influence the result, as well 

as the humidity of the air; however, the variance due to this is negligible in comparison to 

the benefit gained by undertaking this correction. Other factors such as material synthesis, 

preparation, choice of adsorptive and calculation method can also influence surface area 

and porosity results in unintentional ways up to ±20 % [15]. 

Surface areas were determined using B.E.T. theory while applying the rules recommended 

by Rouquerol [154] in order to achieve consistent results. Section 2.2.3.1 can be referred to 

for further details about these. In summary, a selection of the data from the measured 

isotherm is fit to Equation 3.1 and the surface area can be determined from Equation 3.2 
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where σ is the cross-sectional area occupied by an adsorbent molecule, for N2 at 77 K it is 

taken to be 0.162 nm2/molecule. The requirement for the Rouquerol criteria is understood 

when selecting the data points to be fit. The originally recommended range of 0.05 ≤ p/p° 

≤ 0.30 is not applicable to many materials and the criteria propose a method by which to 

make an appropriate selection; specifically: 

 The fit of the data to Equation 3.1 should have a positive intercept. 

 nads·(p° – p) vs. p/p° should be continuously increasing in the range selected, if not 

the range should be adjusted. 

 The qm determined from the fit of Equation 3.1 should be within the p/p° range 

selected on the measured isotherm. 

Consequently, a fixed p/p° range cannot be specified here, however, the range will be 

noted in-text whenever necessary. 

 

 
1 1

1 m m

p p c p

q p p q c q c p

 
  

     
 Equation 3.1 

  

B.E.T. m AS q N σ    Equation 3.2 

 

There are a variety of pore size distribution methods available, the most common of which 

were described in section 2.2.3.2. A universal approach is also not possible here; therefore 

the applied method will be described in-text when employed. 

N2 (99.9990 %mol) and He (99.9990 %mol) were used as provided by Coregas Pty. Ltd. 

(Australia). Liquid nitrogen (≥ 99.5 %mol) was used as provided by BOC Limited 

(Australia). 

3.3.4 Volumetric gas isotherm measurement 

A range of equipment was used to measure gas isotherms for different aspects of the work; 

their operation will be described here. 

 

3.3.4.1 Intermediate pressure isotherms 

Adsorption isotherms were measured up to 7 bar(a) on the ZIF samples using an ASAP 

2050 (Micromeritics Instrument Corporation, U.S.A.). The principle of operation is 

identical to that of the ASAP 2010 as described in section 3.3.3 above. The equilibration 
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interval used for these measurements was 10 s. Isotherms for CO2 and CH4 were measured 

at approximately 273 K, 303 K, 313 K and 323 K. The temperatures were measured with a 

K-type thermocouple to ascertain the measurement temperature with better accuracy. The 

measurement temperature was maintained by a circulating thermostatic bath (Julabo 

GmbH, Germany) using ethylene glycol as the heat transfer fluid.  

The helium free space measurement was undertaken prior to the isotherm measurement as 

the likelihood of entrapment is low under these conditions. The samples were activated 

under vacuum at 393 K for a minimum of 6 hours prior to analysis. 

CO2 (99.995 %mol) and CH4 (99.95 %mol) were used as provided by Coregas Pty. Ltd. 

(Australia). The ethylene glycol (Thermal G fluid) was used as provided by Julabo GmbH 

(Germany). 

 

3.3.4.2 Low pressure isotherms 

In order to investigate the fundamental adsorption properties of the ZIF materials, 

isotherms for CO2, CH4, N2, and Ar were measured over a range of temperatures. In 

addition, H2 isotherms were also measured for ZIF-71. 

The isotherms were measured on a BELSORP-Max and the measurement temperature was 

maintained with a BELCryo cryostat, both provided by BELJapan Inc. (now MicrotracBEL 

Corp.). The BELSORP-Max is fitted with a 0.1 Torr transducer to improve accuracy in the 

low pressure range where the strongest adsorption interactions normally occur, and the 

BELCryo is a helium cryostat which is able to maintain the adsorption temperature from 

35 K to 473 K with an accuracy of 0.002 K. 

The samples were activated at 393 K under turbomolecular pump for 6 hours prior to the 

measurement and helium free space measurements were performed after the isotherm 

measurement to prevent helium entrapment.  

The BELSORP-Max also operates on the discontinuous volumetric procedure as per the 

ASAP 2010 and 2050, however, equilibrium is determined on a slightly different basis. The 

user can specify a time interval and the rate of change cut-off. For these measurements, a 

time interval of 300 s and cut-off of 0.3 % was used. Once 300 s has passed, the rate of 

change is checked every 1 s; for example, the rate of change between Pt=301 and Pt=1 must be 

less than 0.3 % of Pt=1. 
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CO2 (99.995 %mol), CH4 (99.95 %mol), N2 (99.9990 %mol), Ar (99.9990 %mol), H2 (99.9990 

%mol) and He (99.9990 %mol) were used as provided by Coregas Pty. Ltd. (Australia). 

 

3.3.5 Gravimetric isotherm measurements 

As the focus of this work is CO2/CH4 at pressure, high pressure isotherms were also 

measured on all of the materials investigated. These were measured on an IsoSORP® 

(Rubotherm GmbH, Germany) utilising their magnetic suspension balance. 

The operation and theory behind the gravimetric isotherm measurement method is 

presented in section 2.2.2.2. In this particular case a blank experiment (without sample) was 

run to ascertain the mass of the sample container and balance components – this is not 

required to be undertaken regularly as the components are made from specialised stainless 

steel, titanium and molybdenum alloys that are resistant to corrosion and also have low 

thermal expansion coefficients. 

Once the sample is introduced into the holder and the chamber sealed, the samples are 

activated under vacuum at their activation temperature. The temperature is maintained with 

an electric heater surrounding the chamber which has an operating range of 323 K to 773 

K. Ceramic insulating blocks are used to reduce heat loss to the environment and for 

personnel safety when the electric heater is in use. The ZIF materials were activated at 393 

K and the zeolite materials at 623 K. 

Once the sample is activated, a measurement is undertaken with helium to determine the 

volume of the sample and balance components. These were measured for each sample at 

303 K up to the pressure available, ca. 50 – 60 bar(a). At each pressure point, a fixed 

equilibrium time of 10 minutes was specified. 

Gas isotherms for CO2 and CH4 were measured at 293, 303 and 313 K and up to ca. 35 – 

45 bar(a) for CO2 and ca. 90 – 100 bar(a) for CH4. For each pressure point, a fixed 

equilibration time of 30 minutes was specified. 

The temperature of the sample chamber and suspended balance components were 

maintained by a circulating thermostatic bath (Julabo GmbH, Germany) with 

polydimethylsiloxane (PDMS) as the heat transfer fluid. The fluid passes through jackets 

which are in contact with the respective sections. The temperature of the external balance 

(Sartorius AG, Germany) is maintained by a circulating water bath (Ratek, Australia) at 298 

K (regardless of measurement temperature). 
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The measured mass values by the balance were converted to excess adsorbed amounts 

using the measured helium volume and the density of the gas phase. The density of the gas 

phase is measured in-situ using a sinker of calibrated mass (19.02594 g) and volume (4.2199 

cm3) and comparing that to the measured mass by the balance, this is described in section 

2.2.2.2 in further detail. 

The unit is equipped with two Druck pressure transmitters (GE Measurement and Control 

Solutions, Germany), 0 – 40 bar(a) and 0 – 500 bar(a) with the crossover occurring at 36 

bar. In the low pressure ranges, we have found the accuracy to be limited. Much better 

results are obtained when using the measured temperature and gas density in combination 

with an equation of state to calculate the gas pressure. The measurement chamber is 

equipped with a PT100 temperature probe (Jumo GmbH & Co. KG, Germany) and the 

accuracy of the probe in the temperature ranges that we are operating in is ±0.015 K. The 

accuracy of the balance over the weighing range is ±0.02 mg and the volume of the 

calibrated sinker is ±0.05 %. The Peng-Robinson Stryjek-Vera (PRSV) fluid package was 

used to calculate the pressure, and is reported to have an error of 0.544 % for CO2 over the 

temperature range 218 – 304 K and up to 3.7 % for CH4 above 290 K and up to 100 bar(a) 

pressure [437]. The error for CO2 at 318 K up to 17 MPa was determined to be up to 2 % 

[438]. In supercritical conditions, the error is proportional to pressure but inversely 

proportional to temperature. The PRSV EOS is presented as Equation 3.3, and the 

parameters used for CO2 and CH4 are presented in Table 3.1. Further discussion regarding 

the errors of isotherm measurement is presented in Appendix I. 
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Table 3.1 – Values of constants for CO2 and CH4 for the PRSV EOS 

 CO2 CH4 Ref. 

Tc (K) 304.12 190.56 

[115] Pc (bar) 73.74 45.99 

ω 0.225 0.011 

κ1 0.04285 -0.00159 [437] 

 

 

The CO2 (99.995 %mol), CH4 (99.95 %mol) and He (99.9990 %mol) were used as provided by 

Coregas Pty. Ltd. (Australia). Polydimethylsiloxane (Thermal H10 fluid) was used as 

provided by Julabo GmbH (Germany). 

 

3.3.6 Scanning Electron Microscopy (SEM) 

In some instances, particle sizes and morphologies were observed by SEM. The 

microscope used was a JSM-7001F FEGSEM (JEOL Ltd., Japan) using various degrees of 

magnification and accelerating voltage. The samples were sputter coated with platinum 

prior to observation using a Cressington 208HR sputter coater (Cressington Scientific 

Instruments Ltd., U.K.). Both facilities were used through the Monash Centre for Electron 

Microscopy at Monash University, Clayton, Australia. 

 

3.3.7 Fourier Transform Infrared (FT-IR) Spectroscopy 

FT-IR spectroscopy was undertaken on the ZIF samples. The spectrometer used was a 

Spectrum 100 (PerkinElmer Inc., U.S.A.) fitted with the Universal ATR (UATR) sampling 

accessory. The ATR crystal used was a diamond/ZnSe composite material, with the 

diamond being in contact with the sample. A background was run and subtracted 

automatically by the accompanying software. Spectra were recorded over a wavenumber 

range of 4000 to 550 cm-1.  
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3.4 PSA simulation 

Earlier in the work, an in-house rigorous PSA simulator, MINSA was used. Later, a simple 

PSA model developed in MATLAB was used for faster adsorbent evaluation and 

screening. 

Details with regard to the development of MINSA can be found in the following resources 

[92,439,440]. Specific details with regard to each set of simulations carried out will be 

described in their respective chapters. 
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4 APPLICATION of ZIFs -8, -14 and -71 for CO2/CH4 

SEPARATION 

 

4.1 Introduction 

Since their discovery in early 2006 [436], there have been many publications and 

innovations on zeolitic imidazolate frameworks (ZIFs). However, aside from the 

publication of Pérez-Pellitero et al. in 2010 [441], very little experimental data exists on the 

adsorption isotherms of CO2 and CH4. ZIFs can be classified as a variety of metal–organic 

framework (MOF), as they consist of metal centres linked by organic molecules and are 

named as such because their topologies mimic those of established zeolite structures. ZIFs 

traditionally utilise Zn or Co as the metal centre, however, a range of other metals, 

including, but not limited to Fe, Pr, Pb, Hg and Cd have been used [3]. In contrast to 

MOFs where a wide variety of organic molecules can be used as linkers, ZIFs are limited to 

imidazolate (Im) molecules, and their derivatives. 

The ZIFs studied in this work include ZIF-8 (SOD topology), ZIF-14 (ANA topology) and 

ZIF-71 (RHO topology).A summary of these ZIFs are presented in Table 4.1. Phan [304] 

provides an overview of the range of ZIF materials currently available. ZIFs 8, 14 and 71 

were chosen based on two main criteria, their pore apertures and their relative ease of 

synthesis and scale-up. 

 

Table 4.1 – Morphological summary of the studied ZIFs 

ZIF Linker Topology 
da 

[Å] 

dp 

[Å] 
Ref. 

ZIF-8 meIm SOD 3.4 11.6 

[108] ZIF-14 etIm ANA 2.2 2.2 

ZIF-71 dcIm RHO 4.2 16.5 

da – aperture diameter, dp – pore diameter 

meIM – 2-methylimidazole, etIm – 2-ethylimidazole, dcIm – 4,5-dichloroimidazole 

 

It should be noted that the aperture diameters do not necessarily restrict access only to 

molecules of smaller diameter, as larger molecules were found to adsorb on these materials. 

For example, Stepanov et al. [109], was able to adsorb benzene (kinetic diameter 5.85 Å) in 

ZIF-8, and in our current work, methane (kinetic diameter 3.8 Å), and nitrogen at 77 K 
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were observed to adsorb in ZIF-14. The aperture values reported in Table 4.1 are 

determined based on a crystal structure refinement with the superposition of the van der 

Waals radii for the atoms. However, it is now reasonably understood for ZIF-8 that the 

organic linkers, or the structure, are not fixed in a given orientation [442–445] and this 

results in a phenomenon known as ―gate-opening‖. Upon adsorbate uptake, the organic 

linkers ―swing‖ upon one axis, resulting in a change of structure and porosity; it is function 

of adsorbate, temperature, and pressure. 

Graphical representations of these structures are subsequently shown (Figure 4.1 through 

Figure 4.6), and any hydrogen atoms have been removed for clarity. The topologies SOD 

(Sodalite), ANA (Analcime) and RHO (Rho) are zeolite structures, and their structural 

topologies were obtained from the Database of Zeolite Structures [446]. The structural 

information of the ZIF materials were obtained from the work by Huang [436] and 

Banerjee [108]. 

 

  
Figure 4.1 – Topology of SOD zeolite 

framework 
Figure 4.2 – Topology of ZIF-8 

framework (SOD analogue) 
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Figure 4.3 – Topology of ANA zeolite 

framework 
Figure 4.4 – Topology of ZIF-14 

framework (ANA analogue) 
 

 

  
Figure 4.5 – Topology of RHO zeolite 

framework 
Figure 4.6 – Topology of ZIF-71 

framework (RHO analogue) 
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The work undertaken by Fairen-Jimenez [443] was able to determine the two ultimate 

forms of the ZIF-8 structure (narrow and large pore). This transition is not sudden, but 

rather a gradual change from the narrow pore form under vacuum to the large pore form 

as the adsorbed amount increases; these are shown in Figure 4.7 and Figure 4.8. It should 

be noted that the structure depicted in Figure 4.2 is the same as that in Figure 4.7. 

 

  
Figure 4.7 – ZIF-8 „narrow pore‟ 

structure, ligands pointing towards the 
pore aperture (under vacuum) 

Figure 4.8 – ZIF-8 „large pore‟ structure, 
ligands pointing perpendicular to the 

pore aperture (with adsorbate loading) 
 

The Zn–Zn distance in ZIFs is approximately twice the distance of the Si–Si distance in a 

zeolite of the same topology [447]. Consequently, the pore volume of a ZIF is larger than 

that of the corresponding zeolite which gives rise to an increased pure gas adsorption 

capacity. There are other advantages to ZIFs over zeolites which include minimal water 

adsorption [424,448] and according to simulation, ease of regeneration due to a low heat of 

adsorption [441]. The primary disadvantage of ZIFs is that their pore apertures cannot be 

modified as easily as their zeolite analogues. It is possible to modify the pore aperture and 

other adsorption characteristics of zeolites by extra-framework cation exchange or post 

synthesis modification. 

The vast majority of the available literature on ZIFs consists mainly of the synthesis 

procedure, crystal structure solution and occasionally a surface area determination. 

Recently, a range of publications [441,449] have reported a selection of adsorption 

isotherms for various gases, however, they are insufficient to conduct any process 

modelling. In addition, a recent publication by McEwen [450] compares the performance 
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of ZIF-8, 13X and BPL activated carbon, however, isotherms were only measured at one 

temperature. Judging a material‘s potential separation performance from a set of isotherms 

at a single temperature is generally unsuitable as the thermal effects during the process can 

be quite significant, as reported by Maring [294], and hence, with the currently available 

data, it is not possible to determine whether the selected ZIFs will be suitable for a given 

application. 

In comparison to their zeolite counterparts where the CO2 loading becomes saturated at 

low pressures, the continuously increasing loading of CO2 on ZIF-8 at low pressures [450] 

suggests that this family of materials would show good performance in high pressure 

separations such as those that we are interested in this work. Hence, it was decided to 

investigate this family of materials further for their suitability and performance in such a 

situation. Furthermore, we found very little evidence of the experimental evaluation of 

ZIFs for the purposes of natural gas separation in the existing literature. The work 

conducted McEwen [450] on the CO2–CH4 separation on ZIF-8 for the purposes of 

natural gas, are insufficient to draw any conclusions on this matter as the range of 

experimental data lends itself to low pressure biogas separations. The aim of this work is to 

investigate natural gas separations at high pressure using ZIF materials. The work 

undertaken by Li [451] and Pérez-Pellitero et al. [441], also involving ZIF materials for 

CO2–CH4 separations do not cover the aspects that are encompassed in this in this work. 

 

Here, we synthesised ZIFs -8, -14 and -71, characterised them by XRD, TGA, SEM, 

nitrogen adsorption and measured adsorption isotherms for CO2 and CH4. The 

performance of the ZIFs was investigated over a range of CO2 feed concentrations from 

15 – 35%mol with the feed pressure and temperature fixed at 100 bar and 303 K 

respectively. PSA performance over a range feed gas conditions was undertaken to evaluate 

the suitability of the three ZIFs for natural gas separation. 
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4.2 Results and discussion 

4.2.1 Synthesis 

For ZIFs -8 and -14, the original synthesis procedure [436] recommended the zinc source, 

ZnO, be dissolved in a ―minimum amount‖ of concentrated ammonia solution. This was 

not able to be achieved in the way that was described – so an alternative zinc source was 

opted for. Given many other MOFs are synthesised from nitrate sources, the ZnO was 

replaced with Zn(NO3)2. 

The reported procedure [436] for the synthesis of ZIF-14 recommended the use of 

benzene; being a restricted chemical and also difficult to obtain, it was desired to substitute 

this reagent. A range of alternatives were investigated, including cyclohexane, toluene, 

chloroform, xylene and the exclusion of this compound. These solvents in their pure forms 

did not result in a successful synthesis, nor did any of their respective mixtures aside from a 

toluene-chloroform mixture. The specific detail as to why this was the case was not 

investigated, nor was it within the scope of this work.  

The yield of ZIF-14 (≈20 %w/w Zn basis) was substantially less than that of ZIF-8 and ZIF-

71 (≈70 %w/w Zn basis). ZIFs -8 and -14 also demonstrated faster crystallisation than ZIF-

71, with the solutions becoming cloudy almost instantaneously after the combination of all 

reagents. 

The synthesis batches of all three the materials could be scaled up without concern so long 

as all reagents were kept in the same ratios. 

 

4.2.2 Characterisation 

4.2.2.1 X-Ray diffraction 

The diffraction patterns of the prepared samples are shown in Figure 4.9 through Figure 

4.11. There is good agreement between the simulated and experimentally obtained patterns, 

as well as with the literature [424,452]. The reference patterns were obtained from the 

crystallographic information files supplied by the Cambridge Crystallographic Data Centre, 

who in turn were provided the files from Huang [436] and Banerjee [108]. 
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Figure 4.9 – PXRD pattern of ZIF-8 (blue) and simulated XRD pattern (red) 
 

 

 

Figure 4.10 – PXRD pattern of ZIF-14 (blue) and simulated XRD pattern (red) 
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Figure 4.11 – PXRD pattern of ZIF-71 (blue) and simulated XRD pattern (red) 
 

There are observable anomalies in the experimental patterns at 2θ < 4°, and these are due 

to reflections from the sample holder. Although a low background holder was used, 

reflections are difficult to avoid especially at low values of 2θ. 
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4.2.2.2 Scanning electron microscopy 

Micrographs are presented below for ZIF-8 (Figure 4.12), ZIF-14 (Figure 4.13) and ZIF-71 

(Figure 4.14). There are no pressing findings from these results; the particle size of the 

ZIF-8 particles (plate like aggregates) are between 1 to 3 μm, ZIF-14 approximately 3.5 μm 

with sub-micron particles scattered throughout; and ZIF-71 between 1 and 2 μm. Given 

the fast crystallisation times, the small particle sizes are not unexpected; furthermore, the 

ZIF-8 and -14 particles do not seem of the highest quality, specifically the edges are not 

well defined. 

 

 

Figure 4.12 – SEM image of ZIF-8 sample 
 

 

Figure 4.13 – SEM image of ZIF-14 sample 
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Figure 4.14 – SEM image of ZIF-71 sample 
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4.2.2.3 Thermogravimetric analysis 

Thermogravimetric analysis was carried out (Figure 4.15) and it was determined that ZIF-8 

was stable in a nitrogen atmosphere up to 891 K. This is in agreement with TG curves 

provided in literature [452], a similar situation was encountered for both ZIF-14 [452] and 

ZIF-71 [424]; ZIF-14 showed stability up to 787 K and ZIF-71 was stable up to 719 K. 

The differential thermogravimetric curve shows that the mass loss for ZIF-71 was much 

more sudden than the other samples. 

 

 

Figure 4.15 – Thermogravimetric curves (above) and differential thermogravimetric 
curves (below) for ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue). 
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4.2.2.4 FT-IR analysis 

Although not a fundamental component of this work, an FT-IR spectrum for ZIF-14 has 

not been reported to date. This and the others for ZIF-8 and -71 are presented below in 

Figure 4.16 to Figure 4.17. The spectra have been split into low and high frequency ranges 

for the purposes of clarity. 

 

 

Figure 4.16 – FT-IR spectrum of ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) over 
the low frequency range 

 

The respective spectra for ZIFs -8, -14 and -71 display many of the peaks characteristic of 

their organic ligands; 2-methylimidazole, 2-ethylimidazole and 4,5-dichloroimidazole 

respectively [453]. Bands of note are 1300 – 1330 cm-1, which can be attributed to C-N-C 

bond stretching [454] and 553 cm-1 in Figure 4.16 which is the C-Cl bond in the organic 

ligand. Assignments for the peaks in the imidazole structures can be found in the work by 

Drolet, and Ryder [455,456]. The Far-IR work of Ryder, and Hu [456,457] on ZIF-8 both 

show the most interesting vibrations of the framework; namely Zn-N bonds and those 

associated with the rotations of the linker. It would be expected that these would also be 

seen for ZIF-14 and -71 if these measurements were to be carried out. 
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Figure 4.17 – FT-IR spectra of ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) over 
the high frequency range 

 

The primary difference here between the reference patterns [453] and the experimental 

spectra is that the broad peak in the range of 2300 – 3300 cm-1 is not observed. These 

bands are attributed to N-H bonds and their hydrogen bonding; as this peak is not present, 

this suggests that the imidazole ligands are fully deprotonated in the ZIF structures, as 

expected. The peaks in the region of 2800 – 3200 cm-1 in the experimental spectra are not 

present in the reference spectra as they are most likely masked by the broad N-H peak. 

These peaks are attributed to the C-H bonds in the imidazole structures. 

 

4.2.2.5 Surface area and porosity 

Nitrogen isotherms were measured at 77 K and these are shown in Figure 4.18. On first 

glance, all three isotherms show type I isotherm behaviour, typical of microporous solids. 

However, on closer inspection, the low pressure region of the isotherm data Figure 4.18 

shows that ZIF-8 exhibits type VI behaviour; ZIFs -14 and -71 also exhibit type VI 

behaviour, albeit less noticeably. Type VI isotherms are typically indicative of multilayer 

adsorption, however, in this case, that may not necessarily be the situation as was 

mentioned in section 4.1, with regard to the gas induced structural flexibility of the ZIF 

frameworks. 
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Figure 4.18 – N2 isotherms at 77 K for ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) 
on linear axis (left) and logarithmic axis (right) 

 

The B.E.T. surface area of ZIF-8 was found to be 1871 m2g-1 (0.005 < p/p° < 0.029), the 

values obtained by Liédana [458], Nune [459] and Park [447] can be matched if a variety of 

ranges are considered. The condensation present for ZIF-8 at p/p° > 0.95 is likely due to 

interparticle void space rather than any mesoporosity inherent to the material itself. 

Somewhat unexpectedly, the B.E.T. surface area for our ZIF-14 sample was found to be 

701 m2g-1 (0.02 < p/p° < 0.05), this is vastly different from the reported value of 29 m2g-1 

[436]. According to the pore aperture values cited in Table 4.1, neither ZIF-8 nor ZIF-14 

should adsorb nitrogen at any temperature. The adsorption of nitrogen, and other large 

molecules, by ZIF-8 can be reasonably explained by the rotation of the 2-methylimidazole 

linker about its axis, and this has been reported previously by Ania et al. [444]. It is then, 

arguably possible, that the same phenomenon exists in ZIF-14 (and 71), however, this does 

not explain the difference between the results obtained in this work and those of Huang et 

al [436]. It may be possible that the activation temperature of 373 K was insufficient to 

remove adsorbed solvent molecules and 393 K was, other factors such as the equilibrium 

criteria set in the measurement apparatus may have also influenced the results. The 

equilibrium interval time was set to 20 seconds for these experiments. The material 

synthesised here as ZIF-14 shows an agreement between the measured PXRD pattern, the 

simulated pattern and the experimental patterns of Huang [436], and Bennett [460], it is 

therefore surprising that such a significant difference has been observed. In a more recent 

publication by Sutrisno [461], an alternative synthesis procedure for ZIF-14 was employed. 

The synthesis procedure described there was followed without modification and the B.E.T. 
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surface area of that sample was found to be 649 m2g-1 (0.02 < p/p° < 0.05), the 

comparison is shown in Figure 4.19. This further suggests that the original sample 

synthesised and measured by Huang [436] presents some anomalies in terms of its nitrogen 

adsorption at 77 K. Interestingly, the same group in a later publication was able to obtain 

appreciable N2 adsorption (150 cm3STP·g-1) at 77 K [452], the synthesis mechanism was 

different, although the starting reagents were the same. 

 

 

Figure 4.19 – Comparison of N2 isotherms at 77 K for the ZIF-14 sample used in this 
work (green) and the ZIF-14 sample synthesised by an alternative procedure for 

confirmation (dark blue) 
 

The B.E.T. surface area of ZIF-71 was calculated to be 1025 m2g-1 (0.005 < p/p° < 0.01) 

this is slightly lower than the reported values of 1187 m2g-1 [424] and 1183 m2g-1 [462], 

however, it is higher than that of another reported value, 652 m2g-1 [449]. Again, these 

differences may be due to differences in calculation methods, activation procedures or 

measurement methods. 
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4.2.3 Adsorption isotherms 

Gas adsorption isotherms were measured for CO2 and CH4 for all three materials between 

273 K and 313 K, these are shown in Figure 4.20 to Figure 4.22. 

 

 

Figure 4.20 – Intermediate pressure isotherms for CO2 (left) and CH4 (right) on 
ZIF-8. 

 

 

Figure 4.21 – Intermediate pressure isotherms for CO2 (left) and CH4 (right) on 
ZIF-14 
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Figure 4.22 – Intermediate pressure isotherms for CO2 (left) and CH4 (right) on 
ZIF-71 

 

An inflection point can be seen in the CO2 isotherms for ZIF-8 (Figure 4.20) at 273 K, it is 

positioned approximately at 170 kPa and becomes less pronounced at higher temperatures 

and is shifted to higher pressures. Inflections in isotherms are generally correlated to 

changes in structure and such a phenomenon has already been reported for gases such as 

O2 and N2 at cryogenic temperatures [443,444], and for CO2 and CH4 at 273 K [442]. 

Furthermore, as this work is focussed on high pressure separations, high pressure 

isotherms were measured at 303 K to augment the moderate pressure data; these are 

shown in Figure 4.23 to Figure 4.25; the helium buoyancy measurements can be found in 

Appendix II. This is to ensure more reliable isotherm fitting of the high pressure region, 

rather than extrapolating the 7 bar data. 
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Figure 4.23 – High pressure isotherms for ZIF-8 measured at 303 K 
 

 

Figure 4.24 – High pressure isotherms for ZIF-14 measured at 303 K 
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Figure 4.25 – High pressure isotherms for ZIF-71 measured at 303 K 
 

The experimental data (excluding 273 K isotherms) were fit to the dual site Langmuir 

model by minimising the mean absolute percentage error (MAPE) (Equation 4.1) using 

MATLAB [463] where n is the total number of experimental points, E the experimentally 

measured value and M the modelled/predicted value. The determined fit parameters are 

shown in Table 4.2, and examples of the fits are shown in Figure 4.26 through Figure 4.28. 

 

1

100
MAPE

n
j j

j j

E M

n E


   Equation 4.1 

 

Table 4.2 – Dual-site Langmuir fit parameters for CO2 and CH4 on ZIF-8, -14 and -

71. The units of m are mol·kg-1, b0 – kPa-1 and H – kJ·mol-1. 

 
ZIF-8 ZIF-14 ZIF-71 

CO2 CH4 CO2 CH4 CO2 CH4 

m1 - 9.173 3.767 3.255 12.79 0.3081 

m2 12.32 0.1372 2.246 5.871 0.1458 5.630 

b0,1 - 4.521×10-07 7.042×10-12 6.639×10-08 5.296×10-07 7.251×10-07 

b0,2 7.153×10-08 4.521×10-07 1.879×10-09 1.903×10-08 1.000 4.063×10-07 

H1 - 16.14 46.03 23.88 16.59 23.67 

H2 23.21 16.14 35.65 19.64 50.00 16.57 

MAPE 46.37 11.32 5.640 1.872 2.086 1.471 
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Figure 4.26 – ZIF-8 isotherm data for CO2 (left) and CH4 (right) with DSL fits 
shown. 

 

 

Figure 4.27 – ZIF-14 isotherm data for CO2 (left) and CH4 (right) with DSL fits 
shown. 

 
 



147 

 

Figure 4.28 – ZIF-71 isotherm data for CO2 (left) and CH4 (right) with DSL fits 
shown. 

 

As indicated by the calculated MAPE values, the isotherm fit for ZIF-8 by the dual site 

Langmuir model is less precise than the other materials. This can be attributed to the heavy 

‗non-Langmuir‘ shape of the ZIF-8 isotherms, specifically the inflection. 

As a pure PSA cycle will be simulated, fit accuracy for the low pressure data is not 

particularly crucial, visual inspection of the fit at higher pressures for CH4 suggests that it 

will be suitable for the purposes of this work; however, the fit for CO2 cannot be improved 

unless an alternative isotherm model is used. The Sips isotherm with the ‗n‘ parameter as a 

function of temperature could be used; however, there is no physical value to what would 

appear to be a fortuitous occurrence and furthermore, such a fit cannot be accommodated 

in the PSA simulation software that is available for our use. 

 

4.2.3.1 Isotherm analysis and adsorption thermodynamics 

The isosteric heats of adsorption for all three materials were calculated based on the van‘t 

Hoff method [233]. The isotherm data measured up to 7 bar was fit with a shape 

preserving spline in MATLAB [463] and the smoothed isotherm data was used to calculate 

the isosteric heat of adsorption as a function of loading over the temperature range of 293 

to 313 K, which are shown in Figure 4.29. 
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Figure 4.29 – Differential enthalpies of adsorption for CO2 (left) and CH4 (right) on 
ZIF-8 (red), ZIF-14 (green) and ZIF-71 (blue) 

 

The differential enthalpy of adsorption at a loading between 0.3 and 1 mol·kg-1 for both 

CO2 and CH4 on ZIF-8 and ZIF-71 is approximately -18 kJ·mol-1, this suggests that the 

framework-gas interactions are weak and the gas loading and selectivity is purely a function 

of pore volume or available surface area. The results for ZIF-14 are not typically observed, 

however, the traditional explanation for such behaviour is that the adsorption initially 

occurs at the energetically favourable sites, which are exhausted at low coverage after which 

adsorbate–adsorbate interactions are stronger than the adsorbate-adsorbent interactions; 

hence, the heat of adsorption increases as loading increases [226]. The enthalpy of 

adsorption at zero loading may also be susceptible to experimental error, as the ASAP 2050 

is not equipped with a low pressure (1 torr) transducer. 

 

4.2.4 PSA simulation 

The performance of the three materials for the purposes of upgrading sour natural gas was 

evaluated over a range of scenarios, specifically; a feed CO2 concentration of 15 %mol, 25 

%mol and 35 %mol. Process parameters such as feed temperature and pressure remained 

fixed at 303 K and 100 bar respectively. The impact of impurities, such as H2S is currently 

not known, and hence would need to be investigated into the future. H2S can adsorb more 

strongly than CO2 in many cases, and this may present issues when operating this scheme 

industrially as the material may not be able to be easily regenerated between cycles. A 

recent publication [431] has found that ZIF-8 is stable in the presence of H2S, however, 

studies on the reversibility of the adsorption were not conducted. 
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Process simulations were carried out using an in-house PSA simulator, MINSA, previously 

described elsewhere [92,439,440]. The pure gas isotherm measurements were fit with the 

dual site Langmuir model, the determined parameters from the dual site Langmuir model 

are then used in the extended Langmuir model [464] to predict the binary gas loadings on 

the materials during the MINSA simulations. Given that the ZIF materials investigated 

here do not possess strongly energetic surfaces (discussed in section 4.2.3.1), we do not 

expect the predictions by the model to deviate significantly from the actual results. 

Unfortunately, data is not currently available on the binary gas adsorption properties of 

these materials. 

The pellet/bead density of the materials was estimated using the results of Wu et al. [465]. 

They found that upon compaction, the pellet density of MOF materials was between 80 

and 85 % of the crystal density. Opting for a conservative approach of 80 %, the pellet 

density for ZIF-8 was taken as 737 kg·m-3, ZIF-14 873 kg·m-3 and ZIF-71 924 kg·m-3. The 

crystal densities were taken from the aforementioned crystallographic information files in 

section 4.2.2.1. The bed voidage is assumed to be 0.37 (randomly close packed spheres). 

Experimental heat capacities of the materials were not available in the literature at the time 

of this work; however, a theoretical heat capacity for ZIF-8 has been determined by Hu et 

al. [466] and was found to be 2.088 J·g-1K-1. For this work we assumed that all three ZIF 

materials have the same specific heat capacities. 

As the aim of the process is to upgrade sour natural gas, enabling it for transport and 

processing, a methane purity of at least 98 %mol is desirable in order to feed this gas to an 

onshore processing facility where the gas would be further treated by conventional amine 

scrubbing prior to liquefaction. The recovered CO2 should be of sufficient purity for 

sequestration (>95 %mol) and another performance indicator is the methane recovery, this 

should be maximised to reduce saleable product losses. 

The cycle used in evaluating the material performance is a 3 bed, 9 step cycle developed by 

Xiao et al. [467]. The cycle consists of four features: adsorption, pressure equalisation, 

desorption and re-pressurisation. A detailed outline of the cycle can be found in their 

publication, however, a simple graphical representation in shown in Figure 4.30 over. The 

key difference is that the cycle in this work is operated in pressure swing adsorption (PSA) 

mode, rather than vacuum swing adsorption mode with the desorption pressure being 1 

bar. This has the clear advantage of avoiding capital expense of vacuum equipment even 

though some sacrifice in performance may occur. 
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Figure 4.30 – 9 step PSA cycle used in this work (F – feed, E – exhaust, PE – 
pressure equalisation, P – CO2 product) 

 

In order to investigate the performance of the ZIF materials over a range of conditions, the 

feed concentration of CO2 was varied between 15 %mol and 35 %mol and the step times were 

varied in order to maintain a common position of the mass transfer front at the end of the 

feed step (same approximate bed utilisation) between each material and each case; this 

ensures that a meaningful comparison can be obtained. The feed pressure and temperature 

was maintained at 100 bar and 303 K throughout the simulations, and the ultimate 

desorption pressure was fixed at 1 bar. The superficial velocity of the gas at the start of the 

bed during the feed step is 0.01 m·s-1, a low velocity is desired as it ensures a low pressure 

drop over the bed and the GPSA recommends a velocity between 0.015 and 0.025 m·s-1 

[250]. 

We have assumed in this work that the diffusion of gases through the ZIF materials was 

sufficiently fast, such that the separation is purely an equilibrium based separation. This 

was represented in the simulation by applying large rate constants to the LDF kinetics 

model that is utilised by the simulation software. The nitrogen isotherm at 77 K (Figure 

4.18) does not show any hysteresis or restriction in the materials at that temperature, 

suggesting that this assumption may not be completely invalid. Furthermore, the 

experiments at ambient temperature proceeded without any obvious delays. To the best of 

our knowledge, quantitative kinetics data on CO2 and CH4 at these conditions is not 

available on these materials. 
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4.2.4.1 PSA simulation results 

In terms of cycle design, the adsorption step time was varied in order to achieve the desired 

product purity, in our case, at least 98 %mol CH4 in the raffinate. Following this, the 

pressures for the pressure equalisation steps were adjusted such that the respective bed 

pressures were equal at cyclic steady state, and such that there would be no backflow 

during operation. This was repeated for each scenario, and the resultant step times and 

pressures are summarised in Table 4.3. 

 

Table 4.3 – Step times and pressure for the various combinations of adsorbent and 

feed CO2 concentration. Time values are in seconds, and pressures are in bar. 

Run Step I II III IV V VI VII VIII IX 

ZIF-8 
15 %mol 

Time 72 10 20 72 10 20 72 10 20 

Pressure 100 51 18 5 1 18 18 51 100 

ZIF-8 
25 %mol 

Time 64 10 20 64 10 20 64 10 20 

Pressure 100 52 18 5 1 18 18 52 100 

ZIF-8 
35 %mol 

Time 60 10 20 60 10 20 60 10 20 

Pressure 100 52 19 5 1 19 19 52 100 

ZIF-14 
15 %mol 

Time 

Was not able to achieve desired purity of 98 %mol CH4. 

Pressure 

ZIF-14 
25 %mol 

Time 

Pressure 

ZIF-14 
35 %mol 

Time 

Pressure 

ZIF-71 
15 %mol 

Time 67 10 20 67 10 20 67 10 20 

Pressure 100 54 20 5 1 20 20 54 100 

ZIF-71 
25 %mol 

Time 60 10 20 60 10 20 60 10 20 

Pressure 100 53 19 5 1 19 19 53 100 

ZIF-71 
35 %mol 

Time 55 10 20 55 10 20 55 10 20 

Pressure 100 53 19 5 1 19 19 53 100 

 

The results from the PSA simulations are summarised in Table 4.4. The purity of the CH4 

product in all cases is 98 %mol. The ‗CH4 recovery‘ is the amount of CH4 that is obtained as 

product relative to the amount of CH4 fed to the process, taking into account the re-

pressurisation of the adsorbent bed with CH4 product. The CO2 recovery is obtained in the 

same way as the CH4 recovery. The working selectivity is the ratio of the working capacity 

of CH4 to CO2; the working capacity is the taken as the difference in the amount adsorbed 

between the step immediately prior to depressurisation (2nd pressure equalisation) and the 

end of depressurisation. The ideal selectivity (Sads) is determined based on the component 
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loadings (Q) and their mole fractions (y) at the feed temperature and pressure (Equation 

4.2). 

 

42
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Table 4.4 – PSA performance results for ZIF-8, -14 and -71 over the range of feed 

CO2 concentrations investigated. 

 ZIF-8 ZIF-14 ZIF-71 

Feed [CO2] 

(%mol) 
15 25 35 15 25 35 15 25 35 

CH4 recovery [%mol] 46 40 34 - - - 48 41 34 

CO2 purity [%mol] 24 35 44 - - - 24 36 45 

CO2 recovery [%mol] 90 93 95 - - - 89 93 96 

BSF 
[kgads/TpdCO2captured] 

74 45 32 - - - 95 58 42 

Max. temperature swing 
[K] 

17 17 18 - - - 13 14 14 

Working selectivity 0.39 0.68 0.99 - - - 0.40 0.69 1.0 

Ideal selectivity 5.6 3.8 2.8 4.5 2.9 2.1 13 7.2 4.4 

 

The desired separation (98 %mol purity CH4 product) was not achieved with ZIF-14 at any 

of the investigated conditions. We believe that this is due to the poor selectivity at the feed 

conditions; these values are shown in Table 4.5. 
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Table 4.5 – Loading of CO2 and CH4 on ZIF-14 at 100 bar and 303 K over the range 

of feed mixtures investigated and the respective selectivities. 

Feed [CO2] [%mol] 15 25 35 

CH4 capacity [mol·kg-1] 4.5 4.3 4.1 

CO2 capacity [mol·kg-1] 3.5 4.1 4.6 

CO2/CH4 Selectivity 0.78 0.95 1.1 

 

This behaviour is interesting in itself and is apparent in the isotherms shown in Figure 4.31 

below; additionally, Figure 4.31 shows that the CH4 uptake on ZIF-14 is almost identical to 

ZIF-71 although ZIF-71 has an appreciably higher surface area. Conventionally, the 

selectivity between CO2 and CH4 should be higher than what is demonstrated by ZIF-14, 

due to electrostatic factors such as the polarisability and quadrupole moment of the 

respective gases (CO2 being higher in both cases). In this instance, it appears that there are 

some form of enhanced interactions with CH4 which are resulting in a higher than expected 

loading. It is unfortunately not within the scope of this work to investigate this 

phenomenon further. 

 

 

Figure 4.31 – High pressure ZIF-14 isotherms and CH4 isotherm for ZIF-71 
measured at 303 K for comparison. 

 

The CH4 recovery is also low in all cases. It is possible to improve this with a more 

complex cycle design, specifically the incorporation of more pressure equalisation steps. 

The low selectivity of these materials at high pressures is also a key factor in this low 

recovery. Although the CO2 recovery is acceptable, the desired CO2 purity (95 %mol) was 
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not obtained. This is directly a result of the CO2 product being diluted with the 

unrecovered CH4. 

There is no energy penalty for this process as there are no vacuum pumps, nor is any feed 

compression required. The CO2 will require recompression prior to being injected to a 

reservoir, and as the desorption pressure is 1 bar; therefore there will be an associated 

energy penalty with this step. 

The purity, recovery and working selectivity values are essentially identical for both ZIF-8 

and ZIF-71. The primary distinction between the two materials is the bed size factor. 

Looking into these values further, they are also very similar to each other when converted 

to a volume basis by using the aforementioned adsorbent densities. Figure 4.32 depicts the 

CO2 and CH4 isotherms for ZIFs -8 and -71 at 303 K on a volume of adsorbent basis. This 

is a somewhat unexpected result, with the uptakes, densities and heats of adsorption being 

such that both materials yield very similar results for the PSA simulation. 

 

 

Figure 4.32 – High pressure isotherms of ZIF-8 and ZIF-71 expressed on a 
volumetric basis for the purposes of comparison. 

 

There is a large difference between the working selectivities determined from the results of 

the simulation results and the calculated ideal selectivities. This is an inherent issue with the 

calculation method of the ideal selectivity; it does not take into consideration the amount 

of gas that remains adsorbed at the end of the depressurisation step, as it is solely based on 

the feed conditions. The vast difference shown in Table 4.5 suggests that this method 

should not be used as a sole indicator of performance for a given material. Other factors, 
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such as void space in the adsorption bed, can also have an effect on the obtainable purity 

when operating at high pressures as a significant amount of unadsorbed feed gas remains in 

these empty spaces. 
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4.3 Summary 

ZIFs -8, -14 and -71 were synthesised and investigated for their suitability for CO2/CH4 

separation under PSA conditions for natural gas applications for the first time, including 

experimentally measured isotherm data over a range of temperatures and up to high 

pressures. 

ZIFs -8 and -71 achieved the desired methane purity of 98 %mol, however, the CO2 purity, 

and also the CH4 recovery were low. ZIF-14 was unable to meet the desired specification 

which is due to the poor CO2/CH4 selectivity demonstrated by the sample. The low CO2 

purity could be improved by running a second process in series, however, that would 

increase the footprint and energy requirements. 

Surprisingly, ZIF-8 and ZIF-71 demonstrated very similar performance and interestingly, 

CH4 uptake in case of ZIF-14 was unusually high relative to the CO2 uptake. The porosity 

of our ZIF-14 sample was also much higher than that of the reported sample. 

Although ZIF-8 and ZIF-71 were able to achieve the desired CH4 purity, these materials 

may be more suited to CO2/N2 or CO2/CH4 separations at low pressures where the N2 or 

CH4 uptake would be low enough to result in a more efficient separation. The materials 

would also perform better in the scenario where the CO2 concentration was higher. 
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5 ADSORPTION THERMODYNAMICS of ZIFs -8, -14 and -71 

 

5.1 Introduction 

Another consequence of the lack of adsorption isotherm data on ZIF-8, ZIF-14 and ZIF-

71 is the absence of adsorption property and thermodynamics data. Fundamental studies 

into the adsorption behaviour of ZIF-8 have gained traction [247,442–445,468–473], and 

recently ZIF-7 [241,474–477], due to a prominent structural flexibility being observed by 

many researchers. ZIF-7 is similar to ZIF-8 in the way that it is also analogous to a sodalite 

structure the difference being the organic linker; benzimidazole in ZIF-7 and 

methylimidazole in case of ZIF-8.  

The explanation for this structural flexibility is the fact that the organic linkers which 

compose the structure are only fixed along one axis. This then enables the organic linker to 

rotate upon this axis, the extent of which is a function of temperature, adsorbate and 

adsorbate pressure. Considering that all ZIF materials are constructed in the same way, this 

would suggest that all ZIF materials should display some degree of structural flexibility. 

In this chapter we explore the above mentioned phenomenon further with the ZIF 

materials at hand. Detailed isotherms for ZIF-14 and ZIF-71, which to the best of our 

knowledge have not been reported to date are presented, and ZIF-8, from which 

adsorption properties and adsorption thermodynamics are elucidated. Adsorption 

thermodynamics are determined using a range of traditional and established methods, in 

addition to a more recently developed method to determine the free energy change in 

flexible adsorbents. 
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5.2 Adsorption isotherms 

In the case of isotherms reported on a relative pressure axis, the saturation pressures for 

methane, nitrogen and argon above 77 K were obtained from the NIST Thermophysical 

properties database [478]. The saturation pressures for carbon dioxide were interpolated 

from the values provided in Din [479]. As argon is subcritical at 77 K, the saturation 

pressure of 229.1 mmHg [193] for the sub-cooled liquid phase was used. However, the 

vapour-solid saturation pressure is approximately 205 mmHg, therefore the experimental 

isotherms were only measured to that pressure. 

 

5.2.1 Comparison across materials 

In this section, the isotherms are presented as measured for each material. In some 

instances, features are better observed on relative pressure axis, or on logarithmic axis; and 

are shown accordingly, however, all combinations of absolute pressure, relative pressure, 

linear and logarithmic axis are presented in appendix III. 

 

5.2.1.1 ZIF-8 

The measured argon isotherms for ZIF-8 are shown in Figure 5.1 and Figure 5.2 below. 

The isotherms between 77 and 90 K show features previously reported [444]. At 77 K, the 

saturation loading is approximately 20.5 mol∙kg-1, which is within reasonable agreement to 

the 22 mol∙kg-1 obtained by Ania [444]. Although a difference of 7 % may seem significant 

in what is supposed to be a precision measurement, as discussed in chapter 4 regarding the 

differences in BET surface area between our synthesised and between all reported samples, 

this difference is likely to be an artefact of MOF synthesis. Another interesting feature is 

that the loading increases slightly from 77 K to 90 K, both at the plateau around 15 mol∙kg-

1 and the saturation loading, traditionally, this would be attributed to factors such as kinetic 

limitations or experimental error. Although not specifically mentioned, this is also evident 

in the isotherms reported by Ania [444]. If the traditional explanations of this behaviour 

were indeed the cause here, one would expect the low pressure region also to be influenced 

by it; it is possible that the degree of structural change is variable with temperature, or the 

adsorbed phase argon prefers a different packing arrangement with increased temperature. 

To confirm these observations, one would require molecular simulations which are outside 

the scope of this work; some has been undertaken by other authors and has been 

mentioned below. The influence of temperature on the structural change may be inferred 
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from Figure 5.2, where in the low relative pressure range the data points do not align, 

however, in the plateau and saturation region the data points align reasonably well 

suggesting that there is a difference in adsorption process with temperature. Also apparent 

in Figure 5.2 in the isotherms at 77 and 100 K is a slight backwards deviation of the 

isotherm. This is likely due to the change in volume of the structure due to the structural 

changes resulting in a change in free-space volume of the adsorption apparatus. 

Simulation based works for ZIF-8 have been undertaken by Ania [444] and Tanaka [247] 

among others. Tanaka uncovered that the low pressure S shape apparent in the isotherms 

was due to the progressive rotation of the organic linkers to an intermediate position, and 

the sudden increase in capacity was due to a sudden rotation of the linkers to a final 

position. Ania found that the smaller transition, apparent in the 84 to 110 K isotherms in 

Figure 5.2, is due to rearrangement of the adsorbed phase, and the shape of this transition 

is a factor of the adsorbate physical properties and adsorbent-adsorbate interactions. 

 

  
Figure 5.1 – argon isotherms on ZIF-8, 

linear absolute axis 
Figure 5.2 – argon isotherms on ZIF-8, 

log relative axis 
 

Methane isotherms for ZIF-8 are shown in Figure 5.3 and Figure 5.4 below. The first 

apparent difference is that there is no sudden increase in the loading; given that these 

isotherms are measured at subcritical temperatures, there is no further scope for increased 

pressure at temperatures below 120 K. Using the saturated liquid volume at 84 K for argon, 

and 100 K for methane, a loading of 13 mol∙kg-1 of methane corresponds to 0.479 cm3∙g-1 

and 15.5 mol∙kg-1 of argon corresponds to 0.437 cm3∙g-1. This is a reasonable indication that 

methane adsorption at these temperatures does not result in the final transition; as methane 

is a larger molecule than argon, it is possible that the adsorbed phase is not able to 

rearrange to accommodate the final transition. In Figure 5.4 there is some concavity 
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present in the isotherms between approximately 8 and 11 mol∙kg-1; in the traditional 

understanding concavity would be indicative of poor adsorbent-adsorbate interactions, or 

the immediate formation of multilayers bypassing the initial formation of a monolayer. 

However, given that this behaviour appears mid-isotherm, it is unlikely that these are the 

reasons. Using the same saturated liquid volume approach as before, this corresponds to 

approximately 8.5 to 13 mol∙kg-1 of argon at 84 K; which matches with the sub-step 

thought to signify the rearrangement of the adsorbed phase. It is not guaranteed that this is 

the only contribution to this behaviour however; the methane isotherms display noticeable 

hysteresis at 91 and 100 K which are not evident in the argon isotherms. If the concerned 

feature was solely adsorbed phase rearrangement, there would not be desorption hysteresis; 

at higher temperatures this hysteresis reduces, suggesting the increased temperature is 

providing energy to overcome structural change barriers. 

Like the argon adsorption, there is an increase in loading from the first isotherm to the 

second. It may be possible that this is due to some form of activation energy requirement; 

as argon and methane are the largest adsorbates used in this work (nitrogen is smaller along 

one axis), their size in combination with the low temperatures may not be accommodating 

the full structural transformation at low temperatures.  

 

  
Figure 5.3 – methane isotherms on ZIF-

8, linear absolute axis 
Figure 5.4 – methane isotherms on ZIF-

8, log relative axis 
 

The measured carbon dioxide isotherms are shown in Figure 5.5 and Figure 5.6 below. The 

isotherms were measured at sub-triple point temperatures; there is limited adsorption work 

in this temperature range, likely due to two factors. The first is that not all researchers have 

a cryostat available to them in order to maintain any temperature for extended periods, but 

more importantly, there are already unknowns regarding the adsorbed phase at sub- and 



161 

super-critical temperatures such as the adsorbed phase density, so the additional factor of a 

potential solid phase is discouraging. Unfortunately, in order to clearly observe the 

influence of carbon dioxide on these structures, such temperatures are necessary in order 

to sufficiently reduce the thermal motion of the crystal lattice. 

The loading at 160 K is approximately 11.8 mol∙kg-1, taking the saturated solid volume 

from Din [479], this gives a volume of 0.323 cm3∙g-1 if the adsorbed phase were solid; 

extrapolating the saturated liquid volume to the sub-critical temperatures and assuming a 

quasi-liquid adsorbed phase [480], this gives an adsorbed volume of 0.382 cm3∙g-1. 

Unfortunately, there is no direct temperature comparison available with methane or argon, 

however that is not problematic in this case as the difference is already quite large (0.479 

cm3∙g-1 of methane at 100 K). It would be a safe assumption that the final structural 

transition has not occurred, and the ≈25 % difference is due to higher adsorbate-adsorbate 

interactions of CO2 resulting in a denser packing of the adsorbed phase, as also reflected by 

the lower molar volumes for the solid and quasi-liquid phase in comparison to methane 

and argon in general. 

Again, the S-shaped curve is apparent in these isotherms and aside from the isotherms at 

160 and 170 K there does not seem to be any desorption hysteresis. As per methane and 

argon, at low loadings the isotherms in Figure 5.6 do not align, however, at higher relative 

pressures they do. The fact that they are also arranged in reverse temperature order further 

suggests that this behaviour is possibly related to structural transformations that occur. 

Taking the framework of the Dubinin-Astakhov isotherm (chapter 2, section 2.2.3.2.2), for 

a given relative pressure, in order to explain this behaviour, a change in the micropore 

volume or the characteristic energy must occur with temperature. Both of these parameters 

are temperature invariant in theory, however, in this case they do not appear to be. 

Rouquerol [15] proposes reasons such a strong adsorbent-adsorbate interactions or a 

combination of adsorption mechanisms as a possible explanation for such behaviour. It is 

quite unlikely that strong interactions to the extent of chemisorption are taking place here 

such that a change in temperature will strongly influence the adsorbed amount at subcritical 

conditions; a combination of adsorption mechanisms suggests both chemisorption and 

physisorption occurring simultaneously, which again, is quite unlikely in this case. The 

proposal which fits conveniently with this work is that the available micropore volume is 

influenced by temperature and relative pressure. 
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Figure 5.5 – carbon dioxide isotherms 

on ZIF-8, linear absolute axis 
Figure 5.6 – carbon dioxide isotherms 

on ZIF-8, log relative axis 
 

The nitrogen isotherms for ZIF-8 in Figure 5.7 and Figure 5.8 show the same features as 

the argon isotherms; namely the three distinct segments. Such behaviour has also been 

observed by Ania [444]; they measured a loading of approximately 19 mol∙kg-1 at 77.35 K, 

again, similar to the argon data, the measured values in this work are slightly lower (≈17.5 

mol∙kg-1). Another similarity to their work is the slight decrease in saturation loading at 90 

K. The slopes in the isotherm steps are also slightly different with the steps in this work 

being steeper. This could be attributed to a differing ZIF-8 particle size between their work 

and this work; this phenomenon was investigated by Lively [469] and corroborated by 

Fairen-Jimenez [472], and suggests that the ZIF-8 particles in this work are larger by some 

degree. 

Interesting behaviour can also be seen in the higher temperature isotherms between 100 

and 120 K. The slope of the S-segment of the isotherm does decrease with temperature, as 

also observed with the other adsorbates, and also observed by Tanaka [247], however, the 

isotherm at 110 K seems to have a slightly higher loading than what would be normally 

expected. This may be due to a trade-off between the higher temperature assisting the 

structural change, and a decrease in loading due to the exothermic nature of adsorption; for 

which in this particular case it would appear that the heat of adsorption is not sufficiently 

high to counteract this effect at 110 K. 

A small amount of desorption hysteresis is present at 120 K, which was not observed 

between 80 and 110 K. The shape of the isotherm at 120 K is also slightly different to that 

at 110 K, there appears to be a slight flattened region between 20 and 40 kPa which may be 

indicative of a structural transformation that contribute to this desorption hysteresis. Again, 

assuming a saturated liquid phase, a loading of 5 mol∙kg-1 of N2 at 120 K corresponds with 
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≈9 mol∙kg-1 of argon at 84 K and ≈7 mol∙kg-1 of methane at 100 K; these all align with the 

region that is believed to be responsible for the rearrangement of the adsorbed phase. 

However, it is not known, and would be difficult to ascertain whether that was the only 

contribution to that behaviour and particular feature in the isotherms. Keeping in 

consideration the fact that particle size can influence the structural transitions, it would not 

be possible to determine this by molecular simulation as a macro-scale system would be 

required rather than a few unit cells; additionally modelling dynamic crystal behaviour is 

currently not feasible. If the rearrangement of the adsorbed phase back to the initial 

arrangement required an energy barrier to overcome, this would potentially explain the 

appearance of hysteresis at 120 K. As to why hysteresis was not present at the other 

temperatures, it is possible that the adsorbed phase is metastable and an alternative default 

arrangement is preferred depending on the temperature.  

 

  
Figure 5.7 – nitrogen isotherms on ZIF-

8, linear absolute axis 
Figure 5.8 – nitrogen isotherms on ZIF-

8, log relative axis 
 

5.2.1.2 ZIF-14 

Of the three investigated ZIF materials, ZIF-14 has the smallest pore aperture at 2.2 Å 

[108]. Consequently, if it were indeed a rigid structure, we would not expect any useful 

molecules to adsorb; as noted in the previous chapter however, this is not the case and 

many adsorbates do adsorb. This suggests that the framework is flexible to a certain degree.  

Figure 5.9 and Figure 5.10 show the measured argon isotherms. As per the methane 

isotherms on ZIF-8, there is some incongruous behaviour in the loading with temperature. 

The loading at the ultimate pressure is in the order 77 K < 84 K > 90 K = 100 K > 110 K 

> 120 K. There is also a distinct ―S-shape‖ in the low pressure region, and the hysteresis 

loops increase and then decrease in size with increasing temperature; at 77 and 84 K, the 
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hysteresis loops appear to be composed of two sections where there is a small reduction in 

the size of the loop. As mentioned previously, the increase in loading in with temperature is 

typically associated with activated diffusion, or kinetic limitations giving rise to a non-

equilibrium adsorption isotherm. In cases of a non-equilibrium isotherm, the desorption 

hysteresis increases above the maximum adsorbed amount and is not widely discussed by 

researchers viz. Neimark, and Park [481,482]. Therefore, we can reasonably exclude non-

equilibrium isotherms. Another mechanism is the trapdoor mechanism which has been 

observed in zeolite chabazite [89]. This may be analogous to the situation here where the 

lower temperatures are not facilitating the full extent of any structural flexibility. 

The steps in the hysteresis at the lower temperatures suggest that there are two separate 

causes or mechanisms. One being indicative of adsorbed phase rearrangement, and the 

other due to adsorbate entrapment; adsorbate entrapment may be caused by elastic 

behaviour of the pore apertures, i.e. they enlarge to allow passage of the adsorbate and then 

return to their stable configuration.  

The slopes of the inflection in the low pressure region decrease with temperature, as was 

the case with ZIF-8, up to 100 K; after which the slope increases at 110 K and then 

appears to decrease at 120 K. However, this is likely a side-effect of the phenomenon 

which is causing the loading anomalies at 90 and 100 K. The disruption of the expected 

trend in the slopes, in conjunction with the 90 and 100 K loading behaviour suggests that 

the porosity characteristics may have changed. 

There is also concavity apparent in the higher pressure region at the lower temperatures 

between 77 and 90 K to a lesser degree than what was observed for methane on ZIF-8 

suggesting that it is an adsorbate size phenomenon. However, it may also be due to the 

relationship between the adsorbate size and the framework characteristics such as pore 

aperture or cage diameter. The ZIF-8 aperture diameter and pore diameter are 3.4 and 11.6 

Å respectively and ZIF-14 is sized 2.2 and 2.2 Å respectively [108]. Considering it is less 

apparent, and the ZIF-14 structure is thought to be much more constricted than ZIF-8, it 

is possible that this feature is influenced by adsorbate size. 
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Figure 5.9 – argon isotherms on ZIF-14, 

linear absolute axis 
Figure 5.10 – argon isotherms on ZIF-14, 

log relative axis 
 

Similar loading anomalies are also present in the methane isotherms which are shown in 

Figure 5.11 and Figure 5.12 below. The loading increases from 91 K through 110 K, and 

then decreases. The same features can also be observed in the low pressure slopes, the 

desorption hysteresis, and concavity in the isotherms.  

The slope increases from 91 K to the observed maximum at 100 K, and then decreases 

with temperature as per the expected trend. Interestingly, 110 K was the temperature at 

which the argon isotherms displayed their maximum slope. It is not possible to ignore the 

influence of the adsorbate; the primary differences between argon and methane are their 

kinetic diameters and their polarisabilities. If we assume the kinetic diameter as being the 

main contributing factor, the transition should occur at a lower loading for methane than 

argon. Taking the midpoint of the inflection for comparison, this is ≈3 mol∙kg-1 of argon at 

110 K and ≈2.4 mol∙kg-1 of methane at 100 K. This is a non-negligible difference, however, 

using the simplified approach of earlier with the saturated liquid densities, this corresponds 

to 0.096 cm3·g-1 of argon and 0.088 cm3·g-1 of methane. This reduces the likelihood that 

kinetic diameter is the sole contributor to this effect as there is actually a lower volume of 

methane adsorbed. The polarisabilities of argon and methane are 16.4×10-25 and 25.9×10-25 

cm3 respectively [31]; considering that argon and methane did not have such corresponding 

behaviour in ZIF-8 which has larger cavities, suggesting that the higher polarisability of 

methane is able to interact with the ligands in ZIF-8, however, the smaller cavities of ZIF-

14 facilitate such interactions to a greater degree with the smaller adsorbate. An alternate 

suggestion is that, as the reported ZIF-14 pore windows are much smaller than ZIF-8‘s, 

both argon and methane which are the two larger molecules investigated here are able to 

influence the pore opening and framework to a greater extent. 
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Recapping the other issues for discussion, both argon and methane on ZIF-14 display two-

stage desorption hysteresis and concavity in the isotherms. However, the degree of 

concavity for methane is much greater than argon, and of methane observed on ZIF-8.  

In the case of the 100 K isotherm, the desorption hysteresis extends beyond the onset of 

the proposed adsorbed phase rearrangement; similar to argon at 77 and 84 K (Figure 5.10). 

Although that would encompass the definition of hysteresis, this would suggest that the 

structural changes comprising of at least the linker rotation, also contribute to this two 

stage hysteresis as the hysteresis appears to re-join the adsorption branch after the low 

pressure S-inflection region. 

If we consider the rearrangement of the adsorbed phase as a phase equilibrium problem 

(one packing configuration in equilibrium with an alternative), at a given temperature, the 

pressure at which the phase-transition occurs should be constant. In the case of adsorption, 

this would be with the assumption that the adsorbent does not have an influence on the 

adsorbed phase; as in that case the phase transition would occur at a difference pressure 

due to the adsorbent influencing the chemical potential of the adsorbed phase. Now having 

a range of comparisons available, Table 5.1 below shows the pressures at which these 

features occur. There are no similarities in the case of argon; however, there is good 

agreement for methane. In the case of argon on ZIF-8 at 77 K (Figure 5.2), there is a 

backwards deviation in the isotherm; this is normally indicative of a change in free-volume 

of the adsorption cell, which in the case of flexible adsorbents signifies a change in the 

framework. This in combination with the values in Table 5.1 suggests that there may be 

multiple factors contributing to the isotherm region that is currently considered to be 

rearrangement of the adsorbed phase. As this theory is based on the simulation of a rigid 

framework, dynamic factors can be overseen. In the case of methane, the onset pressures 

are very similar; however the offset pressure is much lower for ZIF-8. It is possible that as 

ZIF-8 has greater porosity than ZIF-14, the rearrangement is able to occur more freely and 

complete over a shorter interval. Conversely, this alignment may be purely coincidental. As 

to why the concavity is greater for ZIF-14 than ZIF-8, there is no robust suggestion. The 

functional group on the ZIF-14 ligand is an ethyl group, while a methyl group for ZIF-8; a 

change in conformation of these functional groups would lead to a greater change in the 

case of ZIF-14, as the ethyl group has many more degrees of freedom. Additionally, the 

ethyl group would have a higher polarisability and therefore have greater interactions with 

the methane molecule; this may also provide a possible explanation. 
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Table 5.1 – Pressure ranges (kPa) at which the suspected adsorbed phase transition 
occurs for argon and methane on ZIF-8 and ZIF-14 at selected temperatures. 

Material 

Argon Methane 

77 K 84 K 91 K 100 K 110 K 

ZIF-8 0.01 – 0.03 0.09 – 0.17 0.009 – 0.1 0.05 – 0.5 0.3 – 1.2 
ZIF-14 0.5 – 9.8 1.1 – 13.5 0.008 – 0.8 0.07 – 1.1 0.2 – 6.5 

 

 

  
Figure 5.11 – methane isotherms on ZIF-

14, linear absolute axis 
Figure 5.12 – methane isotherms on 

ZIF-14, log relative axis 
 

The carbon dioxide isotherms for ZIF-14 in Figure 5.13 and Figure 5.14 below show many 

of the same features as on ZIF-8. There is an inflection in the low pressure region, 

however, they are mostly complete by 3 kPa; Figure III.29 in Appendix III shows an 

enlargement of this region for clarity. The same situation was encountered for argon; 

however, an inflection is only present in the 77 K isotherm below 0.1 kPa. The other 

feature that was also apparent in the case of ZIF-8 is the reverse order in the relative 

pressure representation (Figure 5.6). 

In comparison to ZIF-8, the inflections in the isotherms are observed only at the lower 

temperatures and over a much lower and smaller pressure range for ZIF-14. This implies 

that the structural change for ZIF-14 has a lower energy barrier than in the case of ZIF-8; 

as it can be overcome by less thermal energy and less adsorbate activity. This also could be 

attributed to the apparently more overcrowded structure of ZIF-14, whereby a small 

amount of stimulus results in a binary like change in the framework. 

Given that the reverse temperature relationship for relative pressure is only present for 

carbon dioxide, this suggests that it may be a phenomenon related to it. Much like in the 

same way that for argon at 77 K, a (higher) predicted P° is used for a quasi-liquid adsorbed 
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state when reporting the data; however the lower solid state P° is used during the 

experiment to prevent deposition [193]. Sub-triple point carbon dioxide isotherms have not 

been popular to date, and such investigation has not been carried out; this is likely also 

attributed to the fact that carbon dioxide is not an ideal porosity probe molecule. Therefore 

it is not possible to suggest anything with confidence at this point regarding this behaviour.  

 

  
Figure 5.13 – carbon dioxide isotherms 

on ZIF-14, linear absolute axis 
Figure 5.14 – carbon dioxide isotherms 

on ZIF-14, log relative axis 
 

Nitrogen isotherms measured on ZIF-14 are shown in Figure 5.15 and Figure 5.16 below. 

Inflections are present in the 70 and 80 K isotherms at low pressure, and have taken place 

at 0.05 kPa. The loading decreases as expected from 70 to 90 K, after which the loading at 

100 K increases abnormally. The spacing between the 100 and 110 K isotherm is rather 

small suggesting a very low enthalpy of adsorption. The slopes in the low pressure region 

seem relative to the loading behaviour; i.e. the slopes decrease from 70 to 90 K, 90 and 100 

K seem equivalent and 110 K appears greater than 100 K. 

The isotherms at 90, 100 and 110 K intersect at 0.015 relative pressure. As the nitrogen 

isotherms are measured above the triple point, and the saturation pressures are well 

defined, it is unlikely that this is an artefact of the definition of the saturation pressure as 

may be the case for carbon dioxide. When the data is presented as logarithmic absolute 

pressure axis (Appendix III, Figure III.31) there is concavity apparent in the isotherms, 

these do not seem to coincide with the intersection.  

The two stage hysteresis can be seen in the 70 and 80 K isotherms where also observed for 

methane and argon. The magnitude of the hysteresis also varies, the largest being at 90 K, 

and decreasing either side. 



169 

Combining these observations and those for argon and methane, there is some 

phenomenon occurring around 110 K. The argon isotherms had anomalies between 90 and 

100 K, methane 110 and 120 K and nitrogen 90 to 100 K. Table 5.2 below compares these 

ranges with some physical properties of the adsorbates. No such features were seen for 

carbon dioxide, which may be due to the higher temperature range at which those 

isotherms were measured; additionally no such features were also observed in case of ZIF-

8.  

The deductions from this are that quadrupole moment (albeit a small one) does not have a 

strong influence on what is believed to be a framework based anomaly. The difference in 

adsorbate size is not so significant (3.65±0.11 Å), and qualitatively, the kinetics of 

adsorption were not significantly different for these adsorbates suggesting that adsorbate 

size may not be a significant factor for these observations in this case. 

The polarisability is an indicator of how easily an atom/molecule is able to be influenced by 

external electronic fields to form a (instantaneous) dipole. This attribute enables molecules 

with high polarisabilities to form an alignment, as if they possessed a permanent dipole. It 

is possible that the methane adsorbed phase is aligning in such a way, and ‗binding‘ the ZIF 

framework across the cage/cavity thus requiring higher thermal energy to overcome this 

additional barrier. 

The magnitude/evidence of the concavity is in the order argon < nitrogen < methane; this 

appears to be in order of adsorbate size, and polarisability. Considering that the concavity is 

much more apparent in the case of methane, it is possible to infer that polarisability again 

has the greatest influence on this aspect. A method to confirm this would be to measure an 

isotherm using an adsorbate of similar size with similar polarisability, such as krypton, and 

then with higher polarisability such as ethylene (larger size however). 

 

Table 5.2 – Comparison of the temperature ranges for which isotherm anomalies 
were observed and corresponding physical properties. 

Adsorbate 

Temp. 
Range 

Normal 
B.P. 

σ 
α 

×1025 
p 

×1018 
Q 

×1026 

[K] [K] [Å] [cm3] [esu∙cm] [esu∙cm2] 

Ar 90 – 100 87.27 3.54 16.41 0 0 
CH4 110 – 120 111.7 3.76 25.93 0 0 
N2 90 – 100 77.35 3.64 17.40 0 1.52 
Ref.  [31] 
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Figure 5.15 – nitrogen isotherms on ZIF-

14, linear absolute axis 
Figure 5.16 – nitrogen isotherms on ZIF-

14, log relative axis 
 

5.2.1.3 ZIF-71 

The measured argon isotherms for ZIF-71 are shown in Figure 5.17 and Figure 5.18 below. 

Unfortunately, due to an error in the set-up of the apparatus, the maximum pressure range 

was not obtained for the isotherm at 77 K. 

The first feature that is apparent is the flattened sections in the isotherms, where the knee 

is normally expected. This has not been observed for the other two adsorbents tested, so is 

likely a feature of the ZIF-71 framework. In the traditional explanation this would be 

attributed to the concurrent adsorption in a monolayer and the formation of multilayers. 

However, in this case, the shape returns to a type-I style suddenly, suggesting it is not 

related to the way the adsorbate is forming layers. 

The increase in loading at high relative pressure at 84 K could be attributed to capillary 

condensation or a structural change, as hysteresis can be attributed to both. Taking the 

midpoint pressure of the step and using the Kelvin equation while assuming spherical 

pores, this gives a diameter of 34 nm (ignoring the statistical thickness). It is known that 

there are no pores of that size in the framework; therefore capillary condensation could be 

reasonably excluded. Another factor could be condensation in the interparticle void space, 

however, the step is not as steep as is usually encountered in those cases, and also in those 

cases, there is not normally hysteresis of that size associated with the desorption. 

The hysteresis also displays two steps at 77 and 84 K; one associated with the step at high 

pressure, and another which does not re-join even at very low pressures. This latter type is 

also present in the 90 and 100 K isotherms which do not display the step at higher 

pressure. Therefore that could be attributed to some form of entrapment in the framework, 

and possibly linked to the flat section in the isotherm, suggesting a structural change. The 
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hysteresis at higher pressure could also be attributed a more severe framework change, as is 

common in flexible MOFs. As these are crystalline materials, the pore structures and 

shapes are well defined, thus traditional explanations of desorption hysteresis types 

involving pore necks of differing size, network effects and agglomeration of plate like 

particles do not make sense. Consequently, the high pressure step being attributed to 

capillary condensation is reasonably excluded and the occurrence at high relative pressure 

may be a coincidence. 

Figure 5.18 shows that the 77 K loading is slightly lower than that of 84 and 90 K. A 

similar trend was also observed for ZIF-8 and ZIF-14; it was also observed at low 

temperatures for methane. The initial thought would be to assume that it is related to the 

adsorbed state of the argon below its triple point, however, the methane measurements are 

above the triple point, and therefore there is not strong support for this. There may be a 

link between the adsorption temperature, variation in pore size with temperature and 

adsorbate size. For instance, the methane maximum is observed at 100 K for ZIF-8 and 

110 K for ZIF-14 which has smaller pores. As argon is slightly smaller, the effect is not as 

pronounced, the difference between the 77 and 84 K isotherm for ZIF-71 is quite small, 

slightly more for ZIF-8 (Figure 5.2) , and is quite significant for ZIF-14 (Figure 5.10); this 

is in order of both reported pore aperture size and cage diameter. 

 

  
Figure 5.17 – argon isotherms on ZIF-71, 

linear absolute axis 
Figure 5.18 – argon isotherms on ZIF-71, 

log relative axis 
 

The methane isotherms for ZIF-71 are shown in Figure 5.19 and Figure 5.20 below. The 

high relative pressure steps are also displayed as per argon, as well as the two stage 

hysteresis. Interestingly, there is no reduction in loading at 91 K as was apparent in ZIF-8 
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and -14. The isotherms also display small jumps which are increasing in pressure and 

loading with temperature. 

The high relative pressure steps display the same behaviour as the argon steps; the shapes 

are quite similar and the accompanying hysteresis is also similar. Undertaking the same 

activity with the Kelvin equation as per the argon isotherm earlier, pore diameters at each 

temperature of 27, 30 and 32 nm excluding the statistical thickness were obtained. As a 

reminder, 34 nm was obtained with the argon isotherm at 84 K. The lack of correlation 

further suggests that these features are not due to capillary condensation and more likely 

attributed to a structural effect. 

The absence of reduction in the loading as observed for the other materials may be due to 

the relatively larger pore size of ZIF-71. Although it was observed for argon which is a 

smaller molecule, the measurement temperature in this instance is 14 K higher, thus the 

additional thermal energy may be overcoming the barrier. 

The small jumps are reminiscent of adsorbed phase rearrangement which was also 

observed argon, carbon dioxide and nitrogen on ZIF-8. The slight increase in loading and 

the increase in onset pressure with temperature have become a hallmark of this 

phenomenon. 

 

  
Figure 5.19 – methane isotherms on 

ZIF-71, linear absolute axis 
Figure 5.20 – methane isotherms on 

ZIF-71, log relative axis 
 

Figure 5.21 and Figure 5.22 below show the measured carbon dioxide isotherms for ZIF-

71. The flattened sections which were apparent in the argon isotherms are also present to a 

seemingly larger degree. At 150 and 160 K in Figure III.43 (also Appendix III), there are 

two sub steps which resemble the steps observed for nitrogen and argon on ZIF-8; these 
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were attributed to a framework change and adsorbed phase rearrangement by Ania and 

Tanaka [247,444]. With increasing temperature these sub-steps are ‗smoothed‘ into what 

becomes the flattened section; the slope appears to be gradually decreasing, and would 

likely no longer be apparent shortly after 230 K. This may also be due to the upper 

pressure limitation of the adsorption apparatus; the measurement of below ambient high 

pressure isotherms would likely require a custom adsorption apparatus with problematic 

design. 

Above 210 K desorption hysteresis is no longer apparent, this seems to align well with the 

fact that the carbon dioxide critical temperature is ≈216 K. This does not particularly 

explain the sudden reduction in size from 160 to 170 K; therefore there may be a 

combination of factors including the state of the adsorbed phase, or energy barriers 

associated with the suspected framework transition or reversal of the adsorbed phase 

rearrangement. 

In Figure 5.22, the 150 K isotherm and 160 K isotherm do not follow the same ‗reverse 

temperature‘ trend as per the other isotherms, and as has been observed for the relative 

pressure carbon dioxide isotherms for ZIF-8 and -14. This does seem to suggest that the 

definition of the relative pressure for sub-triple point measurements of carbon dioxide is an 

area where future research efforts could be applied. 

 

  
Figure 5.21 – carbon dioxide isotherms 

on ZIF-71, linear absolute axis 
Figure 5.22 – carbon dioxide isotherms 

on ZIF-71, log relative axis 
 

As per the argon and methane isotherms, the nitrogen isotherms in Figure 5.23 and Figure 

5.24 below show the high relative pressure condensation. The midpoints of these steps 

correspond to 23, 25 and 25 nm respectively using the Kelvin equation approach as in 

section 5.2.1.3. Comparing the results for argon and methane, this gives 28 ± 3.8 nm; this 
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is a fairly high variance even considering the variation in physical properties of the 

adsorbates. Although there are aspects of agreement which still reflect capillary 

condensation, other aspects such as the disagreement of the relative pressures at which 

these steps occur for a given adsorbate at different temperatures negate this. Isotherms on 

linear relative pressure axis can be seen in Appendix III, for methane and nitrogen on ZIF-

71, which for a rigid framework the adsorption arms should align on a relative pressure 

axis; especially over a small temperature range. 

The flattened region is also present in these isotherms from 70 through 90 K, after which 

the effect is fully smoothed and a regular type-I isotherm is displayed. Further evidence for 

this flattened region signalling a structural change, is the difference between the 80 and 90 

K isotherms; the loading at 100 K seems higher than expected based on the fact that the 

spacing between the 80 and 90 K isotherms is larger. The same effect was observed for 

nitrogen on ZIF-14 between 90 and 110 K.  Normally, the difference in loading for fixed 

temperature increments increases with temperature. Sub-steps in the low pressure region 

can be seen in Figure 5.24 and in Appendix III, which also reduce in magnitude with 

increasing temperature. 

 

  
Figure 5.23 – nitrogen isotherms on 

ZIF-71, linear absolute axis 
Figure 5.24 – nitrogen isotherms on 

ZIF-71, log relative axis 
 

A flattened section in the isotherms at low pressures was also observed for propane and 

propylene adsorption by Bendt [483] at 298 K (on ZIF adsorbents), but not for ethane and 

ethylene under similar conditions; however, it was not addressed in their work. There is not 

a vast size difference between these molecules (4.28±0.10 Å) [31], however, there is a 

reasonable difference in polarisability, with the C3 molecules being expectedly higher [31]. 

Conversely, the polarisability of ethane and ethylene are still higher than carbon dioxide 
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which displays the behaviour. There does not seem to be any relationship between 

polarisability, kinetic diameter, or polarisability to molecular volume ratio for this 

phenomenon. There does, however, seem to be another factor which correlates well, the 

surface tension. 

Table 5.3 shows a selection of isotherms which show this flat section in the isotherm and 

the corresponding saturated liquid surface tension at the measurement temperature. The 

surface tension data was obtained from the NIST [478]. As the surface tension becomes 

zero at the critical temperature, it is not possible to obtain values for the measured ethylene 

isotherms by Bendt, and data is not available for CO2 for many of the temperatures (sub-

triple point) measured in this work. 

 

Table 5.3 – Summary of isotherms displaying a flattened region and corresponding 
saturated liquid surface tension. 

Material Adsorbate 
Temperature γ TC 

Ref. 
[K] [N∙m-1] [K] 

ZIF-71 

Ethane 293 9.4×10-4 305.33 

[483] 
Ethylene 293 - 282.35 

Propane 293 7.6×10-3 369.83 

Propylene 293 7.3×10-3 365.57 

Carbon dioxide 
220 1.6×10-2 

304.13 

This work 

230 1.4×10-2 

Argon 

84 1.3×10-2 

150.69 90 1.2×10-2 

100 9.4×10-3 

Nitrogen 

70 1.1×10-2 

126.19 
75 9.4×10-3 

80 8.3×10-3 

90 6.1×10-3 

 

As can be seen in the table, the surface tension for liquid phase ethane at the measurement 

temperature is an order of magnitude lower than the next lowest value. The next lowest 

value is 7.3×10-3 N·m-1 for propylene at 293 K; ethane has a surface tension close to this 

value at 240 K and ethylene close to 220 K. The test of this theory would be to measure 

these isotherms at or below these temperatures and monitor whether this flattened region 

is observed. Conversely, the flat region is not observed for nitrogen adsorption on ZIF-71 

at 100 and 110 K, where the surface tensions are 4.1 and 2.2×10-3 N·m-1 respectively. 

The implication of this is that the increased surface tension in the adsorbed phase may be 

contributing additional mechanical integrity to the framework. Therefore, any framework 
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transformation or adsorbed phase rearrangement requires additional mechanical work to 

overcome these forces. It is not expected that this mechanical work is being provided by 

the external gas phase pressure, as the pressure is everywhere the same. Mechanical work 

would arise however, from the structural deformation induced by adsorption loading, 

which is proportional to gas phase pressure and this relationship is shown in Table 5.4. The 

values were obtained from the isotherms, and the amount adsorbed was converted to the 

volume adsorbed using the saturated liquid volume values from the NIST [478]; it would 

have been ideal to include the carbon dioxide isotherms, however, the adsorbed state is not 

very well defined in this case. The first interesting finding is that the end volume adsorbed 

is quite constant, and the starting volume is constant within the adsorbate. This suggests 

that the adsorbates impart a different stress on the framework, and argon is able to provide 

that force at a lower loading. Once the specific loading is achieved, the transition is 

considered complete in all cases; suggesting that this flattened region is some form of 

structural change. The pressure ratios are overall higher for argon than nitrogen, and there 

is also a noticeable decrease from the lowest to highest temperature; this may be a 

combination of both the decreased surface tension and increased thermal energy of the 

framework. With regard to the carbon dioxide isotherms, the flattened sections are still 

present at higher temperatures than that of argon and nitrogen. The surface tension of 

liquid carbon dioxide at 220 and 230 K is at least an order of magnitude higher than both 

argon and nitrogen at the cryogenic temperatures. This suggests that the adsorbed phase 

surface tension is imparting some form of ‗adhesive‘ effect to the structural transformation 

that increased thermal energy is not able to overcome. 

The same surface tensions are present in the other frameworks which negate the possibility 

of adsorbate specific effects, thus suggesting that this feature is framework dependant and 

is likely related to the surface tension of the adsorbed phase. 
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Table 5.4 – Relationship between pressure, amount adsorbed and pressure ratio for 
flat segment start and end points in ZIF-71. 

Adsorbate 

Temp. 
Pressure 

Volume 
adsorbed 

Pressure 
Ratio 

γ 
Start End Start End 

[K] [kPa] [cm3∙g-1] [-] [N·m-1] 

Argon 

84 0.40 1.8 0.082 0.13 4.5 0.013 

90 0.98 4.8 0.081 0.13 4.9 0.012 

100 5.7 18 0.088 0.13 3.2 0.0094 

Nitrogen 

75 0.56 1.2 0.12 0.13 2.1 0.0094 

80 1.4 3.7 0.12 0.14 2.6 0.0083 

90 6.8 9.5 0.12 0.14 1.4 0.0061 

 

Given that there is little existing work on ZIF-71, and the obscure straight sections in the 

isotherms, we took the opportunity to measure hydrogen isotherms; and they are shown in 

Figure 5.25 below. Interestingly, this displayed the most obscure behaviour at 50 K and this 

was thought to be an experimental anomaly so the 50 K isotherm was repeated after the 70 

K isotherm and it is shown in Figure 5.26. The agreement between the initially measured 

isotherm and the repeated measurement is quite good, even in the low pressure region 

which can be seen in Appendix III. The logarithmic representation of these isotherms can 

also be seen in Appendix III, where it becomes more evident that there are small gaps 

present in the isotherms. The pressure at which these gaps occur is in the order 40 K < 50 

K > 60 K < 70 K; therefore it seems that this pressure increases with temperature. As 

observed earlier for methane, it is likely that these gaps correspond to a rearrangement of 

the adsorbed phase as they are all also accompanied by a small increase in loading. 

The desorption hysteresis for the 40 and 50 K are nearly identical; as these isotherms are 

above the critical temperature, capillary condensation can be reasonably excluded. It 

suggests that this desorption path is more thermodynamically stable at these temperatures; 

alternatively, it suggests there is some energy barrier which is overcome by the higher 

measurement temperatures. If there is structural rearrangement, it is possibly causing some 

form of entrapment around the adsorbed phase, which is unable to be overcome until low 

pressures. The magnitude of the hysteresis is also much greater at 50 K than 40 K, and 

then decreases in size drastically at 60 K and is not present at 70 K. It is unlikely that 

adsorbed phase rearrangement is the sole contributor to this behaviour; the 40 and 50 K 

isotherms cross at ≈90 kPa, suggesting that if higher pressures were possible in the 

apparatus, the loading at 50 K would be higher than 40 K. This is inconsistent with 

traditional adsorption thermodynamics, and it is unlikely that there are kinetically related 
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issues as the kinetic diameter of hydrogen is 2.8 Å [31] which is much smaller than the 

reported ZIF-71 pore aperture size of 4.2 Å [108]. Therefore, this in combination with the 

observations in the carbon dioxide and argon isotherms suggests there is some form of 

structural flexibility in this framework; this by itself is interesting considering hydrogen is 

considered energetically weak in comparison to the other adsorbates tested here. 

 

  
Figure 5.25 – hydrogen isotherms on 

ZIF-71, linear absolute axis 
Figure 5.26 – hydrogen isotherms on 

ZIF-71 at 50 K, initially measured (red) 
and repeated (green) 

 

Another factor which should be considered here is the isomeric state of the hydrogen. It is 

well established that the thermodynamic properties are affected by the ortho/para spin 

isomer equilibrium. Under the cryogenic temperatures at which these isotherms are 

measured, there are significant differences to the normal-hydrogen that is experienced at 

and above room temperature. The percentage of para-hydrogen at the measured 

temperatures is as follows, ≈87 % at 40 K, ≈77 % at 50 K, ≈65 % at 60 K and ≈55 % at 

70 K [484]; for reference normal-hydrogen in composed of ≈25 % para-hydrogen. As the 

specific heat is one property that is influenced by this characteristic of hydrogen, the 

enthalpy and entropy vary with temperature in an unconventional manner. This could be a 

contributing factor to the behaviour exhibited in the hydrogen isotherms. 

 

In another work by Lively [462] they measured adsorption isotherms for C1 to C4 alcohols 

on ZIF-8, -71 and -90. For ZIF-71, the step for methanol is quite steep and the slope 

gradually decreases to 1-butanol in order of size. This is reminiscent of the behaviour 

observed by Ania and Tanaka [247,444] whereby the adsorbate size was found to influence 

the characteristics of the structural change. A similar trend was also observed for ZIF-8 in 
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Lively‘s work for which the structural change is known to exist. The isotherms are not very 

high resolution, so it is possible that these steps are attributed to multilayer adsorption 

commonly observed for vapour adsorbates. In cases for microporous materials, there is 

usually some adsorption on the first layer which is evident in the isotherms. This is not 

evident in the vapour isotherms measured by Lively or de Lange [485], the loading is very 

low in the low pressure region and then increases suddenly, much like the isotherms 

measured in this work. Taking the methanol isotherm from Lively‘s work, and features in 

the argon and methane isotherms from this work; they can be compared on a volume basis 

as discussed earlier. The methanol loading of 7.5 mol·kg-1 at 308 K results in a volume of 

0.309 cm3·g-1, comparing this to features present in the gas isotherms, an argon loading of 

10.4 mol·kg-1 at 84 K (Figure 5.2) gives 0.293 cm3·g-1 and a methane loading of 8 mol·kg-1 

(Figure 5.4) at 100 K gives 0.292 cm3·g-1. The implication being that the step in the 

methanol isotherm corresponds with the steps observed in the gas isotherms attributed to 

ligand rotation. The steps in the gas isotherms are likely not due to capillary condensation 

due to the very low relative pressures at which they occur. The reduction in step pressure 

with increasing size in Lively‘s work could be a combination of increased confinement 

effects, increased polarisability or increased interactions with the methyl functional group 

on the ligand.  
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5.2.2 Comparison across gases 

In this section a selection of the isotherms presented in section 5.2.1 are rearranged in 

order to more clearly observe the differences between the three materials for a given 

adsorbate. 

The argon isotherms at 84 K are shown in Figure 5.27 and Figure 5.28 below, the most 

striking observation is the ZIF-71 loading. It is lower than ZIF-14 initially, however, 

following the suspected structural transition at high pressure, they are almost identical. This 

is also surprising from another perspective, the B.E.T. surface areas for ZIF-14 and ZIF-71 

were found to be ≈700 and ≈1000 m2·g-1 respectively (chapter 4). Normally the surface 

area is in some way proportional to the pore volume, and that does not seem to be the case 

here as the knee region for ZIF-71 is noticeably lower. 

In the case of the multiple stages desorption hysteresis, all frameworks display a small 

reduction in the magnitude of the hysteresis between 25 – 30 kPa. In the traditional 

explanation, this is normally attributed to cavitation induced desorption, however, as 

capillary condensation is not expected to be taking place, it is likely not be attributed to 

this. It is more probably associated with adsorbed phase rearrangement as there is little 

variation in pressure and there is a small reduction in loading. 

 

  
Figure 5.27 – argon isotherms at 84 K for 

ZIF-8 (red), ZIF-14 (green) and ZIF-71 
(blue) on linear pressure axis 

Figure 5.28 – argon isotherms at 84 K for 
ZIF-8 (red), ZIF-14 (green) and ZIF-71 

(blue) on log pressure axis 
 

The isotherms for methane at 91 K are shown in Figure 5.29 and Figure 5.30 below. The 

same trend is observed in terms of order of loading; additionally there is an interesting 

trend in the low pressure region. Both ZIF-14 and -71 display higher loading than ZIF-8 

(Figure 5.28 and Figure 5.30); this may be expected for ZIF-71 as the reported pore 
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aperture size is larger than ZIF-8, however, ZIF-14 is smaller. The implication being that 

the ZIF-8 pore structure is more restricted than both ZIF-14 and ZIF-71 without the 

presence of adsorbate. Around 1.5 kPa there is a small step reminiscent of adsorbed phase 

rearrangement in ZIF-71 which is not present in either of the other materials. In the low 

pressure region, there is markedly larger hysteresis in both ZIF-8 and -14. This does seem 

to be associated with the concavity in the isotherms, and thus may be related to a structural 

transition. 

 

  
Figure 5.29 – methane isotherms at 91 K 
for ZIF-8 (red), ZIF-14 (green) and ZIF-

71 (blue) on linear pressure axis 

Figure 5.30 – methane isotherms at 91 K 
for ZIF-8 (red), ZIF-14 (green) and ZIF-

71 (blue) on log pressure axis 
 

The carbon dioxide isotherms measured at 160 K are shown in Figure 5.31 and Figure 5.32 

below. The most striking feature is the jump at ≈1.25 kPa. Using the earlier proposal that 

adsorbed phase rearrangement is a phase equilibrium problem, the occurrence of this 

feature at constant pressure suggests that this is due to adsorbed phase rearrangement. It is 

also present in ZIF-14; however it is not as distinct. This may a result of increased 

confinement in ZIF-14, restricting the full phase transformation; as in both ZIF-8 and 

ZIF-71, the rearrangement results in an increase in loading. 
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Figure 5.31 – carbon dioxide isotherms 
at 160 K for ZIF-8 (red), ZIF-14 (green) 

and ZIF-71 (blue) on linear pressure axis 

Figure 5.32 – carbon dioxide isotherms 
at 160 K for ZIF-8 (red), ZIF-14 (green) 
and ZIF-71 (blue) on log pressure axis 

 

The nitrogen isotherms measured at 70 K are shown in Figure 5.33 and Figure 5.34 below; 

this presents an opportunity to form a rough comparison between the nitrogen isotherms 

measured at 77 K in chapter 4. Although the measurement temperature is lower here, the 

loading is in fact lower for all frameworks. 

Furthermore, in the initial nitrogen isotherm at 77 K ZIF-71 did adsorb more than ZIF-14 

which it does not in these measurements. A jump in loading at a relative pressure of 0.004 

at 77 K is absent in these isotherms at 70 K, and converting the adsorbed volume at 77 K 

to 70 K using the saturated liquid volumes, a 12.5 mol·kg-1 ultimate loading at 77 K 

corresponds to 13 mol·kg-1 loading at 70 K; The ultimate loading measured here for ZIF-

71 is 8.5 mol·kg-1, this is almost a 35 % reduction. 

 

  
Figure 5.33 – nitrogen isotherms at 70 K 
for ZIF-8 (red), ZIF-14 (green) and ZIF-

71 (blue) on linear pressure axis 

Figure 5.34 – nitrogen isotherms at 70 K 
for ZIF-8 (red), ZIF-14 (green) and ZIF-

71 (blue) on log pressure axis 
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The initial isotherms at 77 K for chapter 4 were measured one year prior in the case of 

ZIF-8 and ZIF-14, and two years prior for ZIF-71. This time difference was due to the 

unavailability of the adsorption apparatus used to measure these isotherms. Although the 

samples were kept in sealed containers and out of direct sunlight, it is possible that some 

sample degradation has occurred (addressed in following paragraph). Furthermore, as it is 

suspected that these frameworks are flexible (known for ZIF-8), the repeated degassing 

cycles and adsorption cycles may have irreversibly damaged the frameworks. Up until 

recently, such a study has not been carried out for flexible frameworks, however it has been 

reported [486] that some flexible frameworks do accumulate framework defects and reduce 

in capacity over repeated adsorption cycles. The long term stability of such frameworks, 

including ZIF materials has not been investigated to date as any stability experiments in the 

presence of air or moisture are carried out over the short term; this is understandable as 

such an investigation is rather prohibitive. The direct implications of this are that the 

upcoming work on the adsorption thermodynamics will not be representative of a freshly 

prepared sample. 

Following the exposure of this issue, a simple check was conducted by performing powder 

XRD on the adsorbent samples following the measurement of the isotherms. These are 

shown in Figure 5.35 through Figure 5.37 below in comparison to the diffraction patterns 

measured on the freshly prepared samples. 

 

  
Figure 5.35 – Comparison of powder 

diffraction patterns of the as synthesised 
ZIF-8 sample and following the series of 

isotherm measurements in this work. 

Figure 5.36 – Comparison of powder 
diffraction patterns of the as synthesised 
ZIF-14 sample and following the series 
of isotherm measurements in this work. 
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Figure 5.37 – Comparison of powder diffraction patterns of the as synthesised ZIF-

71 sample and following the series of isotherm measurements in this work. 
 

There are some new peaks and missing peaks in all three samples, most notably in the case 

of ZIF-14 and ZIF-71. These differences may not all be as a result of repeated isotherm 

measurement, they may also due to the deterioration of the samples over time. This would 

provide some explanation of the differing adsorption properties between the low pressure 

isotherms measured for chapter 4 and those in this chapter. 

 

5.2.3 Interim summary (isotherm data) 

Given the concentration of results presented in this chapter, an interim summary based on 

the preceding isotherm data is offered here 

 

ZIF-8 

 Ar and N2 isotherms corroborate structural transformations observed in the 

literature. 

 CH4 and CO2 do not cause the final structural transition typically indicated by a 

sharp step in the isotherm. 

 Structural transitions are influenced by the thermal energy of the framework 

(measurement temperature). 

o CO2 isotherms interpreted using the D-A isotherm as a framework support 

this. 

 Adsorbed phase rearrangement is seen for Ar, CH4 and N2, but not CO2. 
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ZIF-14 

 Published pore aperture of 2.2 Å based on crystallography is unsound based on 

experimentally observed adsorption of Ar, CH4, CO2 and N2. 

o Suggests framework flexibility not previously reported in the literature. 

 Stepwise desorption hysteresis suggests adsorbate entrapment for Ar at the 

measured temperatures. 

 Isotherm features attributed to linker rotation in ZIF-8 are present for all measured 

adsorbates. 

 Features in the N2 isotherms suggest a thermally influenced structural 

transformation at ≈ 100 K. 

 Isotherm features corresponding to structural transitions in ZIF-8 are present, but 

not as prominent, suggesting a more rigid framework or adsorbate confinement. 

 Structural transitions are likely in ZIF-14 based on the isotherm analysis; however, 

in-situ XRD would be required for confirmation. 

 

ZIF-71 

 Step in Ar and N2 isotherms suggest structural transformation not previously 

reported in the literature. 

o Possibility of capillary condensation was determined to be unlikely in both 

instances. 

 Adsorbed phase rearrangement is observed for CH4. 

 Isotherm features (unusual linear section) observed for Ar, CO2 and N2 are possibly 

related to the adsorbed phase surface tension. 

o Further work is required to confirm this, isotherms on a wide variety of 

adsorbates and temperatures are suggested. 

 Isotherms, and hysteresis observed for H2 suggest a thermally influenced/assisted 

structural change as per ZIF-14 
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General remarks 

 These ZIF adsorbents are not as stable as previously thought in the literature. 

o Isotherms measured after 1 and 2 years are not reproducible even though 

the samples were stored carefully. 
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5.3 Calculation methods and discussion 

There is a range of adsorption isotherm based analysis methods available; those which are 

employed in this chapter are described below, accompanied with the procedures 

undertaken in applying them and any related discussion. Although many of these methods 

were presented in section 2.2.3.3, a detailed explanation of their specific application is not 

unwarranted, as the results they yield may vary when applied by different persons in their 

respective ways. 

 

5.3.1 Limiting properties 

The limiting properties of adsorption, namely the limiting enthalpy and entropy of 

adsorption are commonly determined parameters during thermodynamic analysis of 

adsorbents. These are derived from the Henry constant, which are in themselves a useful 

indicator of adsorbent-adsorbate interactions. 

The isotherm data was transformed to ln(P/n) vs n plot, where P is the equilibrium 

pressure in Pa, and n is the loading in mol·kg-1. Typically, the first few points are fit with a 

linear regression and the Henry constant is determined from the extrapolated value of 

ln(P/n) at zero loading (Equation 5.1). A linear regression is suggested in order to comply 

with Henry‘s law, however, in some cases this region is non-linear and a reliable value of 

the Henry constant cannot be obtained. As the key of this exercise is to obtain a reliable 

value of ln(P/n) at the intercept, a higher order equation is used in many cases here.  

 

0

exp lnH

n

P
K

n


  
   

  
 Equation 5.1 

 

As described in section 2.2.3.3.1, the values of KH can then be transformed to a van ‗t Hoff 

plot of ln(KH) vs 1/T where the limiting enthalpy and entropy of adsorption can be 

determined from the slope and intercept respectively. 

Again, in theory these plots should be linear and a regression can be applied to determine 

the values; however, as will be evident later, they are non-linear in many instances in our 

case. To account for this, the margin of error with 95 % confidence limits will be 

determined in the following way. 
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The data points were fit using the LINEST function in Microsoft Excel [487], the function 

also provides the standard error of each coefficient of the regression which is used in the 

determination of the margin of error. 

The margin of error is calculated using Equation 5.2, where SE is the standard error and 

CV is the critical value, the determination of which is shown below. 

MoE SE CV   Equation 5.2 
 

The critical value is the value of the Student‘s t-statistic for a given number of degrees of 

freedom and critical probability (Equation 5.3), the critical probability (p*) is given by 

Equation 5.4 where CL is the desired confidence limit. For a linear regression, the number 

of degrees of freedom (ν) are given by Equation 5.5, where n is the total number of data 

points. 

 

,pCV t   Equation 5.3 
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    Equation 5.4 

Where 1
100

CL
     

  

2n    Equation 5.5 
 

The critical value is determined using the Excel [487] function T.INV for a given value of 

p* and ν. The limiting enthalpy (H0) and entropy (S0) of adsorption with their respective 

margins of error are determined using Equation 5.6 and Equation 5.7 below where R is the 

universal gas constant, m the slope of the linear regression of the van ‗t Hoff plot and c the 

intercept. 

 

 0

mH R m R MoE       Equation 5.6 

  

 0

cS R c R MoE      Equation 5.7 
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5.3.2 Differential adsorption thermodynamics 

The differential enthalpy of adsorption, more commonly referred to as the isosteric heat of 

adsorption is likely the most frequently presented adsorption thermodynamics parameter in 

the adsorption literature. As mentioned in section 2.2.3.3.1, for a given adsorbent-

adsorbate combination, the isotherms are interpolated for a given loading and a van ‗t Hoff 

plot is created as ln(P/P°) vs 1/T. The reference pressure (P°) is often excluded by some, 

and for the purposes of the differential enthalpy, there is no consequence. The exclusion of 

P° however, implies a division by 1 in the same units as P and for the differential entropy, 

this has an influence. The overall trend will remain the same; however, the magnitude will 

be vastly different, in this case, a reference pressure of 1 atm was used. 

In order to undertake this procedure, the isotherm data needs to be interpolated at regular 

loading intervals, and the corresponding equilibrium pressure determined. The isotherm 

data was loaded into MATLAB [463] and fit with a smoothing spline, the isotherm was 

then interpolated in 0.05 mol·kg-1 steps from 0 to the maximum loading. This was repeated 

for each available temperature and the generated data was then transferred to Excel [487] 

and the LINEST function was used to obtain the slope, intercept and their respective 

standard errors of a linear regression for each generated isostere. All isotherm data was 

included in every regression, i.e. the differential enthalpies and entropies are only reported 

up to the loading of the highest temperature isotherm (lowest common loading). 

For each isostere, the differential enthalpy (hads) and entropy (sads) were calculated using 

Equation 5.8 and Equation 5.9 (shown below) where R is the universal gas constant, and m 

and c are the slope and intercept of the linear regression respectively. Again, in most cases 

the van ‗t Hoff plots were not perfectly linear, there is a method whereby the isosteres can 

be fit with a quadratic regression [488,489] which produces a more accurate fit to the non-

linear data. The disadvantage of this method is that it is not widely applied, and the 

interpretation of the resulting differential enthalpy and entropies of adsorption as a 

function of loading is not well established. Consequently, a linear regression will be used 

and confidence limits will be calculated as per section 5.3.1, which will take into account 

any variation or error caused by the inexact fit. 

 

 ads

mh R m R MoE      Equation 5.8 

  

 ads
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The differential Gibbs energy was also determined using Equation 5.10. In this case, the 

Gibbs energy was determined at a standard temperature of 298.15 K. It is also possible to 

evaluate the Gibbs energy at each isotherm temperature; however, this does not necessarily 

provide any further insight for the penalty of displaying a multitude of extra data. 

 

ads ads adsg h T s       

   ads

m cg R m c R MoE T MoE         Equation 5.10 

 

5.3.2.1 Theoretical differential entropy of adsorption 

The differential adsorption properties are defined as the difference in the property between 

the gas phase and the adsorbed phase at the equilibrium pressure. It would therefore be 

possible to estimate the differential entropy of adsorption with some assumptions. Namely, 

the adsorbed phase has one less degree of freedom than the gas phase, and each of the 

three degrees of freedom contribute one-third of the total entropy of the gas phase. This 

would then result in the estimation that differential enthalpy of adsorption would be equal 

to one-third of gas phase entropy (Equation 5.11). 

 

,

1

3 eq

ads gas

P Ts S     Equation 5.11 

 

This one-third estimate was also used by Sellers in his work [490], which is one of the few 

works on adsorbed phase entropy. They also state in their work that the Sackur-Tetrode 

equation can be used to calculate the gas phase entropy of any gas; however, this was 

developed only for monatomic gases from first principles [491], and therefore will not be 

used in this case. 

The entropy of the gas phase was calculated in the following way, using Equation 5.12 as 

the overarching guide. The first term represents the departure function for the entropy, 

which is the difference between the actual entropy and the entropy of an ideal gas at the 

same conditions; this will be calculating using the Peng-Robinson-Stryjek-Vera (PRSV) 

equation of state which will be detailed shortly. The second term is the ideal gas entropy 

relative to the reference state, which will also be described in the upcoming section, and the 

final term is the addition of the ideal gas entropy at the reference state (SR). The reference 

state is taken as 298.15 K and 1 atm, at which the ideal gas entropy is taken to be zero.  
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   , , , ,

gas gas ig ig ig ig

P T P T P T P T R RS S S S S S      Equation 5.12 

 

Values for the gas phase entropy were not taken from the NIST database as before, as their 

reference state is the saturated liquid phase at 273.16 K; this is only an issue in this case as 

the differential entropy of adsorption calculations are relative to 1 atm in the gas phase and 

this would not enable a meaningful comparison. 

The PRSV equation of state is from the cubic family, and the general equation is shown in 

Equation 5.13 where P is the pressure, T the temperature, V the molar volume and θ, δ, 

and ε are constants depending on the physical properties of the desired species [115]. The 

values of these are shown in Equation 5.14 to Equation 5.18 below. Given two of the three 

parameters, P, T or V, the third can be determined.  
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0 1 1 0.7r rT T         Equation 5.17 

2 3

0 0.378893 1.4897153 0.17131848 0.0196554           

 Equation 5.18 
 

Where R is the universal gas constant, Tc the critical temperature, Pc the critical pressure 

and ω the acentric factor.  The b term represents the smallest volume that can be occupied 

by the species, and therefore V should always be larger than b. The α term is a function of 

the reduced temperature (Tr = T/Tc) and represents the attraction between the molecules. 

The only difference between the Peng-Robinson and PRSV equation of state is the 

treatment of the κ term in α; κ1 is a constant, for which tabulated values are available in 

their publication [437]. For Tr greater than 0.7, κ1 should be set to zero. 
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In our case, P and T are experimentally controllable variables and Equation 5.13 is not the 

most useful form of the equation for our use, as the solution for V which is necessary in 

the departure function is not easily solved for. A more useful form of the equation is 

shown in Equation 5.19, and the modified variables B‘, δ‘, θ‘, and ε‘ are defined below. 
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Equation 5.19 is more useful as it can be solved more easily for the compressibility factor 

(Z) and it is a function of T and P only. The compressibility factor is then used in Equation 

5.20 to calculate the molar volume, V. This equation was solved in MATLAB using the 

ROOTS function [463], which returns all solutions to the equation for which the largest real 

solution is the gas phase compressibility. Incidentally, the smallest real solution is the liquid 

phase compressibility. 
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  Equation 5.20 

 

The entropy departure function for cubic equations of state is shown in Equation 5.21 

[115], where all variables are as previously defined for the PRSV equation of state. The 

∂θ/∂T term is shown in Equation 5.22 for clarity. 
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Hence, using Equation 5.19, Equation 5.20 and Equation 5.21, the entropy departure 

function can be calculated; in our case for a given temperature, T, over a range of 

pressures, P. 

The next step is the determination of the ideal gas entropy relative to the reference state. 

Fortunately the determination of this is less intensive than the departure function; 

Equation 5.23 is used to calculate the entropy of an ideal gas at a given temperature and 

pressure relative to the ideal gas reference state. 
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 Equation 5.23 
 

The gas phase entropy can now be determined using Equation 5.12, Equation 5.21 and 

Equation 5.23. The constants used in the calculations are shown in Table 5.5 and Table 5.6 

below. 

 

Table 5.5 – physical property constants used in Equation 5.19 

Species 
Tc 
[K] 

Pc 
[Pa] 

ω κ1 

Argon 150.86 48.98×105 -0.002 - 

Methane 190.56 45.99×105 0.011 -0.00159 

Carbon Dioxide 304.12 73.74×105 0.255 0.04285 

Nitrogen 126.20 33.98×105 0.037 0.01996 

Ref. [115] [437] 
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Table 5.6 – ideal gas heat capacity constants used in Equation 5.23 

Species a0 a1×103 a2×105 a3×108 a4×1011 

Argon 2.5 - - - - 

Methane 4.568 -8.975 3.631 -3.407 1.091 

Carbon Dioxide 3.259 1.356 1.502 -2.374 1.056 

Nitrogen 3.539 -0.261 0.007 0.157 -0.099 

Ref. [115] 

 

For carbon dioxide, some of the isotherms measured in this chapter are below the triple 

point temperature. There is an extended version of the Peng-Robinson equation available 

[492] for these conditions, however, under the experimental condition range in this work, 

there was little difference between this modified equation and the approach detailed above 

for the gas phase entropy. Consequently, the method described above was used for all 

species. 

 

Additionally, it is commonly assumed that the adsorbed phase is analogous to a liquid 

phase. Therefore, another estimate of the differential entropy of adsorption could be the 

entropy of condensation (Equation 5.24). 

 

ads conds S    Equation 5.24 

 

The entropy of condensation values were calculated from the NIST Thermophysical 

Properties Database [478] using Equation 5.25. The liquid phase entropy was fixed as the 

saturated liquid entropy at the isotherm temperature. This is a simplification, as in reality 

there will be variation in the liquid phase entropy with pressure, however, the effect of 

pressure is much smaller than that of temperature; therefore, this simplification is not 

unreasonable. 

 

,, sat

cond liq gas

T PT P
S S S    Equation 5.25 

 

This approach was undertaken as the gas phase entropy does vary significantly with 

pressure, and assuming constant entropy of condensation over the isotherm pressure range 

would produce an unfair comparison. 
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For carbon dioxide, as some of the isotherm data was measured below the triple point, 

there is no data available on the NIST database [478], and there is insufficient data in Din 

[479]. Consequently, the extended Peng-Robinson equation of state [492] also referred to 

above was used to calculate the solid phase entropy. The corresponding parameters 

required for Equation 5.19 and Equation 5.21 that are different to those above for the 

PRSV equation are shown below; the main differences are that a and b are no longer 

functions of the critical properties, the α function is removed and ∂θ/∂T becomes a 

constant. This extended Peng-Robinson equation is based on empirical data [492], thus the 

a and b parameters were numerically fit to experimental data. 
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For this extended Peng-Robinson equation, the largest value of Z is the vapour phase 

compressibility as per normal, however, the smallest value of Z is the solid phase 

compressibility. Thus the molar volumes and departure functions calculated relative to the 

ideal gas are for vapour and solid phase carbon dioxide.  

The entropy of deposition was calculated using Equation 5.26; a single value of Ssolid was 

calculated at the saturation pressure (obtained from Din [479]) for a given temperature, 

which was again assumed to vary insignificantly with pressure. 

 

,, sat

dep solid gas

T PT P
S S S    Equation 5.26 

 

This process of calculating an entropy change of condensation or deposition ignores the 

fact that a bulk liquid or solid phase may not exist stably at a given temperature and 

pressure for which we have mathematically determined. For the purposes of comparison in 

this work, it is assumed that confinement effects and enhanced interactions between 

molecules within the adsorbent and in the adsorbed phase may result in such a metastable 

liquid or solid phase. 
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5.3.3 Immersional thermodynamic properties 

Immersional thermodynamic properties focus on the thermodynamic response of the 

adsorbent during the adsorption process; in comparison to the differential properties which 

focus on changes in the gas phase. Detailed discussion of this was presented in section 

2.2.3.3.2. 

All immersional properties are derived from the surface potential, which is calculated by 

integrating the adsorption isotherm, using Equation 5.27 [233]. Officially, the fugacity 

should be used, however, under the experimental conditions in this work, we expect close 

to ideal gas behaviour; consequently the experimentally measured pressure was used. 
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       Equation 5.27 

 

The isotherm data was transformed to n/P vs P and fit with a smoothing spline in 

MATLAB [463]. This enables a smoother numerical integration of the isotherm data 

without the need for fitting the isotherm data with a model. Using isotherm models for 

thermodynamic analysis can lead to oversights in the analysis, as nuances in the isotherm 

can be artificially excluded by the least squares fitting of a theoretical isotherm. 

Prima facie, the integration of Equation 5.27 from zero would lead to an undefined result. 

Fortunately in adsorption, n/P at zero pressure is the Henry constant; therefore, an initial 

point was added to the data before being fit with the smoothing spline, [0, KH]. 

The procedure is then repeated for each measured isotherm. 

 

The Gibbs energy of immersion is defined by Equation 5.28 [233]. The second term is a 

Poynting correction term to account for the change in volume of the solid with pressure. 

In this work the term was excluded from the Gibbs energy of immersion as the pressures 

investigated are quite low, and the contribution of this term would be negligible [233]. 

Therefore, the Gibbs energy of immersion is identical to the surface potential, Equation 

5.29. Consequently, only the Gibbs energy of immersion has been reported in this work, as 

there would be no benefit in essentially duplicating the presented data. 
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imm sG P V    Equation 5.28 

  
immG   Equation 5.29 

 

The enthalpy of immersion is defined by Equation 5.30 [233], however, this is not a useful 

form. The advantage of fitting a smoothing spline to the isotherm data is that the result of 

Gimm can be determined at regular, known, intervals of P. This enables easy application of 

Equation 5.31 for the determination of the enthalpy of immersion as a function of 

pressure. 
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For each isotherm temperature, the surface potential data is reported at regular pressure 

intervals, and the LINEST function in Excel [487] was used to determine the slope of 

(Φ/T) against 1/T. This then also enables margins of error to be calculated and reported in 

the same way as described in section 5.3.2; again, in most cases the data points were not 

perfectly linear, and the margin of error accounts for these discrepancies. 

 

The entropy of immersion is defined by Equation 5.32 [233] and the LINEST [487] 

function was again employed to obtain the slope of Φ against T, and the corresponding 

margin of error. 
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5.3.4 Thermodynamics of structural transition 

A feature of the ZIF materials desired to be investigated were the thermodynamics of the 

structural transformation. A method developed by Coudert [239] for the determination of 

the thermodynamic properties of the adsorbents that undergo structural changes was used 

for this investigation; the method was discussed in section 2.2.3.3.3. 

The experimental isotherm data both before and after the transition were fit with single site 

Langmuir models, Equation 5.33. As mentioned earlier, it is preferable to avoid the use of 

isotherm models; however, in this instance it is unavoidable as the loading after the 

structural transition needs to be extrapolated to zero pressure. The single site Langmuir 

model was selected as it has the least number of variables to fit; this minimises the number 

of degrees of freedom in the least squares fitting, especially considering that only one 

isotherm temperature is being fit at a time. Furthermore, the suitability of other isotherm 

models is questionable from the perspective of extrapolating the post-transition data to 

zero pressure. There would be no control over how additional free variables behave is the 

lower pressure region with no experimental data, especially the second site of the dual-site 

Langmuir model, or the t parameter in the Toth or Freundlich isotherms. In some ways 

this also applies to the single site Langmuir model, as many combinations of m and K 

could fit the post-transition data; this concern is addressed later in this section. 

 

1

m K P
n

K P

 


 
 Equation 5.33 

 

The experimental data was fit in Excel using the inbuilt solver function [487]; the objective 

function was to minimise the sum of the squared errors. This process then yielded two sets 

of single site Langmuir parameters for each structural transition. For each transition, Fhost 

was determined using Equation 5.34. Another advantage of using the single site Langmuir 

model is that the division of the loading by P in Equation 5.34 does not produce an 

undefined result at zero pressure.  
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Where nNP and nLP are the single site Langmuir fits of the isotherm in the narrow pore (np) 

and large pore (lp) forms respectively and Peq is the transition pressure. 

The resulting fitting parameters for each term were then taken to MATLAB [463] where 

they were numerically integrated from 0 to Peq. The equilibrium pressure between the two 

phases, Peq, is defined as the point of inflection in the isotherm data; it was determined by 

fitting that segment of the isotherm with a smoothing spline in MATLAB and numerically 

differentiating the result. As the transition in the isotherm represents a rising inflection, the 

maximum of the derivative locates the equilibrium pressure. 

This process was then repeated for each isotherm where there was evidence of structural 

change. In some instances, isotherms displayed more than one change and in these cases 

the process was simply applied to each structural transition. It should be noted that in the 

original derivation, and as discussed in section 2.2.3.3.3, Equation 5.34 contains a term for 

the change in volume of the solid phase due to the structural transition. This volume is 

normally taken from crystallographic data of the solid phases, however, in this case, such 

data does not exist for ZIF-14 and ZIF-71; therefore this term has been excluded from the 

analysis. This is not uncommon when undertaking this type of analysis, as many of the 

publications referred to in the following paragraph have also excluded this term for similar 

reasons. Further discussion regarding the exclusion of this term was also provided in 

section 2.2.3.3.3. 

Interestingly, although this procedure was developed in 2008 and numerous papers 

describing flexible materials have been published since then, this procedure has not been 

applied in depth to date. Of the 170 citations of the article at the time of writing, five 

[475,493–496] have undertaken the process at a single temperature, one [242] at two 

temperatures and seven at multiple temperatures [241,248,497–501], among a handful of 

self-citations [243,244,502,503]. 

The importance of this lies in the fact that if the method is only applied to one isotherm, it 

is not possible to form a comparison and evaluate the thermodynamic consistency of the 

resulting data. This was found to be especially problematic; if the least squares fitting of the 

Langmuir isotherms were left to their own devices, the resulting values of Fhost were not 

consistent whatsoever. This was attributed to the fitting of the post-transition data points; 

as there are no low pressure points contributing to the fit, the value of K is able to vary 

significantly in some cases, and the value of m is arbitrarily chosen by the fitting algorithm 

to produce a mathematically good fit to the data. Consequently, a specific fitting process 
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and constraints were applied. The narrow pore isotherm for the highest temperature 

included was fit first, then the large pore isotherm for the same temperature was then fit 

with the constraint that mLP ≥ mNP and KLP ≥ KNP. The isotherms were then fit in 

decreasing temperature with the constraint that, mNP,LT ≥ mNP,HT, KNP,LT ≥ KNP,HT, mLP,LT ≥ 

mLP,HT and KLP,LT ≥ KLP,HT; where the subscript LT and HT refer to lower temperature and 

higher temperature respectively. Although these constraints are thermodynamically 

consistent and do control the irrational fitting behaviour, the disadvantage is that the 

results are indirectly referenced to the narrow pore isotherm at the highest temperature, as 

it cannot be known whether that fit is indeed the ‗correct‘ fit. It should be noted that if the 

process is carried out from the lowest temperature isotherm to the highest with the 

opposite constraints, a good fit of the isotherm data is not possible.  

Another advantage of undertaking the analysis at multiple temperatures is that the internal 

energy (Uhost) and entropy change (Shost) of the structural transition can be obtained from 

the linear regression of Fhost against T based on the definition of the Helmholtz free 

energy, Equation 5.35. 

  

host host hostF U T S      Equation 5.35 

 

During the derivation of the method to calculate Fhost, it is established that the transition 

pressure signifies the point at which two distinct solid phases are in equilibrium with each 

other [239]. This would suggest that the thermodynamics of the transition could be 

approached with traditional chemical/phase equilibrium thermodynamics. The possibility 

of this was investigated by producing van ‗t Hoff plots of the transition pressure against 

1/T, and the enthalpy (Hhost) and entropy change of the adsorbent were obtained by linear 

regression, Equation 5.36. In this particular instance, as the change in volume of the solid 

phase is not being considered, Uhost and Hhost are able to be compared. The reference 

pressure, P° in Equation 5.36, was taken to be 1 atm. 

 

1
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P R T R

  
   

 
 Equation 5.36 
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For both the Coudert method and the phase equilibrium method, margins of error were 

determined using the same method described in section 5.3.2; the linear regressions were 

again undertaken using the LINEST function in Excel [487]. 

 

5.3.5 The thermodynamic factor 

The thermodynamic factor, , was proposed by Krishna [504] as a method to determine 

cluster formation of the adsorbate in pores at subcritical temperatures. Physical significance 

can be obtained if it is assumed that the adsorption process follows a single site Langmuir 

mechanism; in this case 1/ corresponds to the fractional vacancy, 1-θ, i.e. the percentage 

of pore volume which is not occupied [504].  

The inverse thermodynamic factor is defined by Equation 5.37 [504]. Where f is the 

fugacity, and c is the loading of adsorbate, expressed as a concentration, kmol∙m-3; in this 

case, the gas phase is expected to be close to ideal, therefore the fugacity will be replaced 

with the experimentally measured pressure. 

 

 

 

ln

ln

f

c


 


 Equation 5.37 

 

The concentration requires further attention however. The loading is expressed as the 

moles of gas adsorbed per cubic metre of accessible pore volume. The accessible pore volumes 

used by Krishna [504] were determined by helium probe insertion GCMC simulations. 

Undertaking such simulation is beyond the scope of this work, so an alternative method 

was used. The accessible pore volume can also be estimated by the solvent accessible pore 

volume [505]; the solvent accessible pore volume was determined based on the Connolly 

surface [505] with the probe molecule set to be a helium atom (r = 1.2755 Å). The resulting 

volumes (VSAPV) are shown in Table 5.7; using this information, the volume of the unit cell 

(VUC) and the density of the unit cell (ρUC), it is possible to convert the measured loading 

per mass of adsorbent to volume of accessible pores using Equation 5.38. The unit cell 

information was taken from the crystallographic information files for ZIF-8, -14 and -71 

[108,436]. 
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Table 5.7 – volumetric unit cell information used in Equation 5.38 

Material 
VSAPV 

[Å3∙UC-1] 
VUC 

[Å3∙UC-1] 
ρUC 

[g∙cm3] 
ψ 

[g∙cm3] 

ZIF-8 2514 4923 0.921066 1.804 

ZIF-14 5814 18675 1.09104 3.505 

ZIF-71 12203 23281 1.15482 2.203 

 

 
UC

SAPV UC

n
c n

V V





    Equation 5.38 

 

Where c is the loading in kmol∙m-3, n the loading in mol∙kg-1, ρUC the density of the unit cell 

in g∙cm-3, and VSAPV and VUC are the solvent accessible pore volume and unit cell volumes 

respectively in Å3∙UC-1. The units of the RHS are effectively mmol∙cm-3, which is 

dimensionally consistent with the LHS. 

 

In this instance, the isotherm data was used directly without applying a smoothing spline. 

As the measured isotherms points are collected at small intervals, this was deemed to be 

sufficient for this analysis; especially since there is no requirement in this method to have 

regularly spaced loading or pressure data. The isotherm data was transformed into ln(P) 

and ln(c) and numerically differentiated in Excel [487]. 

The isotherms used for this analysis are also reported on a volume of accessible pores 

basis, and they were compared to the bulk fluid density at the same temperature and 

pressure. The fluid density was calculated with the PRSV equation of state using Equation 

5.20 and the method outlined in section 5.3.2.1. Equation 5.20 explicitly determines the 

molar volume; however, the density is simply the inverse. 
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5.4 Results and discussion 

The isotherms measured and presented in section 5.2 were evaluated with the methods 

described in section 5.3 and the resulting outcomes are presented henceforth.  

Some of the results in this section could best be described as ‗puzzling‘ or ‗atypical‘. This 

provides some insight as to why this work has not been carried out by others since the first 

publication of these materials. 

 

5.4.1 Limiting properties 

Extracting the Henry constants from the isotherms, van ‗t Hoff plots were generated and 

are shown in Figure 5.38 to Figure 5.41 below. For all three materials, the Henry constants 

for argon and nitrogen are almost identical. The direct implication of this being that argon 

and nitrogen both have very similar adsorbate-adsorbent interactions over the temperature 

range investigated. This is peculiar as nitrogen has an additional quadrupole moment which 

should enhance the fundamental interactions with the adsorbent; this suggests that the 

frameworks are not highly energetic like zeolites, which is reasonably expected. There are 

no open metal centres and the ligands are purely organic without any strong functional 

groups; the ZIF-71 linker, 4,5-dichloroimidazole should in theory have a higher electron 

density around the chlorine atoms due to their increased electronegativity. The limiting 

enthalpies are derived from the slopes of the plots, and methane and carbon dioxide have 

respectively higher slopes than argon and nitrogen. Any difference in the argon and 

nitrogen slopes is likely an artefact of the data temperature range as the plots are non-

linear. The hydrogen van ‗t Hoff plot for ZIF-71 is shown separately for clarity, and does 

have the smallest slope as expected, as well as being the most linear. 
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Figure 5.38 – Henry constant van „t Hoff 

plots for ZIF-8 
Figure 5.39 – Henry constant van „t Hoff 

plots for ZIF-14 
  

  
Figure 5.40 – Henry constant van „t Hoff 

plots for ZIF-71 
Figure 5.41 – Henry constant van „t Hoff 

plots for hydrogen on ZIF-71 
 

Theoretically, the van ‗t Hoff plots are supposed to be linear, however in this case they are 

seemingly not. The adsorbate properties as a function of temperature are fairly well 

established in the gas phase, and traditionally are not responsible for such behaviour. This 

issue is not common in gas phase adsorption, however, has been encountered in liquid 

phase chromatography and a quadratic function developed to describe this behaviour 

[488,489,506]. In those cases the non-linear behaviour was attributed to the adsorbate 

having a significantly different heat capacity in the adsorbed phase than in the bulk. That 

may also very well be the case here; however, there are other issues to consider with this 

approach. The limiting heat and entropy now become a function of temperature, and the 

question arises as to how the values should be reported. Choosing the standard 

temperature of 298 K may result in significant extrapolation from the experimental data, 

and the selection of another temperature within the experimental range makes comparison 

difficult across samples and across different works. This reduces the convenience of this 
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method substantially; consequently, the traditional linear regression was applied, and the 

margins of error determined to account for the non-linearity. 

As mentioned briefly, such significant changes in adsorbed phase heat capacity for gas 

phase adsorption causing such a deviation is not common. Fundamentally, the Henry 

constant characterises the uptake in the low pressure region of the isotherm. At low 

temperatures, we would expect a steeper uptake in the low pressure region, and this is 

manifested in a higher/larger Henry constant. In this case, the Henry constants at low 

temperature are not sufficiently high to be collinear with the high temperature data points. 

This may be a by-product or indicator of the presence of framework flexibility such that at 

low temperatures, the framework is more constricted and thus resulting in a lower loading 

than expected.  

The resulting limiting enthalpies and entropies of adsorption are shown in Figure 5.42 and 

Figure 5.43 respectively. The error bars represent the 95 % confidence interval of the result 

based on their linear regressions; they are of differing widths for clarity. Comparing the 

limiting enthalpy across materials, aside from carbon dioxide, a given adsorbate has the 

same limiting enthalpy within the margins of error. This again reiterates that these 

frameworks have very similar surface energies. In the case of carbon dioxide, ZIF-8 and 

ZIF-71 seem to align; however, ZIF-14 does seem to have a unique value. Looking at 

Figure 5.39, this is likely attributed to the high linearity of the carbon dioxide points for 

ZIF-14, reducing the margin of error, but also suggesting that there is no framework 

change in the presence of adsorbate at those temperatures.  

What is also intriguing in this regard is that for ZIF-71, the average to upper bound of the 

hydrogen limiting enthalpy is well within the lower bound of the nitrogen value. This, 

although seemingly novel, may be an artefact of the framework effects that result in lower 

nitrogen Henry constants at low temperatures; thus reducing the lower bound of the 

nitrogen values. Varying the temperature range over which the limiting values are 

determined is fraught with trouble as there is no valid method or argument to determine 

which temperature points should be considered in the calculation. Therefore, the most 

suitable conclusion is still that hydrogen and nitrogen have statistically similar limiting 

enthalpies of adsorption in the case of ZIF-71. 

The same argument can be applied to the argon and nitrogen results for each adsorbent. 

Even if different temperature ranges were considered in the calculations, there would be 

little difference in the case of ZIF-8 and ZIF-14, as the nitrogen and argon Henry constant 
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points are coincident in some cases. The conclusion being, albeit unconventional, is that 

statistically, argon has a higher limiting enthalpy of adsorption than nitrogen for all three 

adsorbents in this case. 

The magnitudes of the limiting enthalpies overall are low, reminiscent of carbonaceous 

adsorbents. This is somewhat explicable as the ligands are primarily carbon, and many 

activated carbons have some nitrogen content much like the organic ligands here. This 

suggests that the metal centres have very little to no influence on the adsorption process. 

 

  
Figure 5.42 – Limiting enthalpies of 

adsorption for ZIF-8, -14 and -71 from 
van „t Hoff plots. 

Figure 5.43 – Limiting entropies of 
adsorption for ZIF-8, -14 and -71 from 

van „t Hoff plots. 
 

The limiting entropies of adsorption are grouped fairly well for ZIF-8 and ZIF-14 and 

comparatively vastly spread for ZIF-71. The first observation is that argon and methane 

and grouped fairly well throughout. One possible explanation for this is that argon and 

methane have very close sphericity (or centricity); thus the change in entropy upon 

adsorption may be fairly similar. Although methane does contain additional hydrogen 

atoms which contribute degrees of freedom, it is unlikely that these will be significantly 

affected upon adsorption as they are close to the centre of mass. Nitrogen has the smallest 

limiting entropy across all adsorbents and making the assumption that all adsorbates 

behave ideally under these experimental conditions, at constant temperature the gas phase 

entropy of an ideal gas is proportional to the pressure. Thus we infer that the entropy of 

adsorbates in the gas phase vary in the same proportion; consequently, any differences in 

the limiting entropies of adsorption are driven by differences in the adsorbed phase, low 

entropies of adsorption are representative of a disordered adsorbed phase. As these are the 

limiting properties, i.e. those at zero loading and represent the ‗strongest‘ interactions 
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between the adsorbent and adsorbate, the low entropies in conjunction with the low 

enthalpies suggest that the adsorption of nitrogen on these adsorbents is very weak and not 

highly preferred at low pressure. In catalysis, the entropy of adsorption can be related to 

the inverse shape selectivity of a catalyst based on steric configurations in the pores. 

Consequently, the low entropies for nitrogen may also be indicative of a situation whereby 

a steric problem is inhibiting the ‗full adsorption‘ of the molecule in the pores. 

 

5.4.2 Differential adsorption properties 

The differential enthalpy of adsorption is the most commonly reported thermodynamic 

property in adsorption literature; commonly referred to as the isosteric heat of adsorption. 

This, in conjunction with the differential entropy and Gibbs energy are presented here in 

Figure 5.44 to Figure 5.53. 

 

5.4.2.1 Differential enthalpy of adsorption 

The differential enthalpy of adsorption represents the change in enthalpy of the gas phase 

upon adsorption. A summary of the results are shown in Figure 5.44 to Figure 5.47; the 

margins of error are not shown on these for clarity, however, Appendix III contains all of 

the plots in full detail. 

The results for ZIF-8 are shown in Figure 5.48, the initial values are in the same order as 

the limiting enthalpies from section 5.4.1 for each adsorbate and the magnitudes are also in 

good agreement. The comparison of the magnitudes between both methods can serve as 

thermodynamic consistency check, which in this case seems to validate both methods; this 

is also the case for ZIF-14 and -71. 

In the case of ZIF-8, high energy adsorption sites are populated initially followed by a 

decrease in adsorption enthalpy with loading; the effect is also present for nitrogen, 

however, is much less distinct. Up to this point this is fairly standard behaviour, following 

this the adsorption enthalpy proceeds to rise. Traditionally, this would suggest that the 

higher energy adsorption sites are populated initially and are saturated promptly, indicated 

by the minimum at low loading. The increasing differential enthalpy can be attributed to 

adsorbate-adsorbate interactions increasing proportional to loading while contributions due 

to solid-fluid interactions remain constant; work on the respective contribution of these 

factors has previously been undertaken by Do [507] for graphite. The argon and carbon 
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dioxide minima are well aligned at 0.6 mol·kg-1 and nitrogen and methane are aligned at 0.4 

mol·kg-1; in the absence of error in the loading measurement, this would suggest that these 

pairs saturate the high energy sites in different ways. The only physical property correlation 

that exists is the kinetic diameter, argon and carbon dioxide being the two smaller 

molecules; argon and carbon dioxide would have smaller adsorbed cross sectional areas, 

thus requiring a higher loading to saturate the same area of available high energy adsorption 

site. This is a simplistic viewpoint as the adsorbed cross sectional area is a function of both 

temperature and adsorbent [152,153], however, an analogous effect may be taking place. 

The carbon dioxide differential enthalpy displays a small jump at ≈5.8 mol·kg-1, it 

corresponds to an artefact in the 170 K isotherm at this loading which is attributed to the 

rearrangement of the adsorbed phase as a similar artefact occurs in the 160 K isotherm at a 

similar pressure. The nitrogen differential enthalpy crosses the argon at ≈4.1 mol·kg-1; there 

are no obvious features in the isotherms which indicate any particular reasons for this, 

suggesting that the fluid-fluid interactions for nitrogen are greater than argon beyond this 

loading. The argon differential enthalpy then shows the beginnings of a drop; in a work by 

Férey [508] they undertook calorimetric adsorption measurements on a flexible MOF, and 

a sudden decrease in the differential enthalpy was seen at the point of the structural 

transition. In order to extend the calculation range, the differential enthalpies of adsorption 

were re-calculated using only the low temperature isotherms for both argon and nitrogen; 

these are shown in Figure 5.45. The decrease can be attributed to the adsorbed phase 

providing energy to the structural transition, resulting in a lower adsorbed state enthalpy 

ultimately. The argon curve displays an initial smaller drop at ≈13 mol·kg-1, followed by a 

much larger drop. The small drop corresponds with the one in Figure 5.44 and 

corresponds to the region in the isotherms assigned to adsorbed phase rearrangement, and 

the larger drop corresponds to the region in the isotherms where the trend in loading was 

inverted with temperature, hence the negative value. The structural transition occurs 

between ≈15.5 and 19 mol·kg-1, this corresponds with the mostly flat section in the curve; 

this suggests that the energy required for the structural transformation is not able to be 

captured by this method and the peak observed in the calorimetry by Férey may well have 

been due to energy being taken from the surroundings in the form of a reduction in 

temperature which will easily be registered by a calorimeter. The time taken to achieve 

adsorption equilibrium would allow the equilibration of the surrounding temperature in 

regular volumetric measurements; hence any such effects would be masked. In the case of 

both argon and nitrogen, the shape of the curves up to ≈6 mol·kg-1 has changed noticeably 
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between both methods. This means that the enthalpies of adsorption, and other 

thermodynamic parameters, are functions of temperature in this case; this is against the 

traditional understanding and the theory by which these functions were developed. This 

also infers that different values and trends will be obtained by different researchers unless 

the isotherm measurements are carried out under the same conditions; this makes 

comparison difficult and complicates the field further. The initial higher energy adsorption 

sites are no longer present when only the low temperature isotherms are considered, and 

the differential enthalpy is primarily composed of fluid-fluid interactions, and the peak in 

the nitrogen curve at ≈12 mol·kg-1 is attributed to the condensation of adsorbate clusters 

into a surface film by Do [507]. These explanations are all based on theories where the 

differential enthalpy is not influenced by temperature, and also for rigid adsorbents. 

Therefore it is not possible to definitively conclude what these features are attributed to as 

they may be influenced by a range of factors, such as the accessibility and energy of 

adsorption sites under different framework arrangements. As per argon, the nitrogen curve 

also displays a flat section over the loading range where the structural transition is present 

in the isotherms. 

 

  
Figure 5.44 – Differential enthalpies of 

adsorption on ZIF-8 for argon, methane, 
carbon dioxide and nitrogen 

Figure 5.45 – Differential enthalpies of 
adsorption on ZIF-8 calculated using 

selected isotherms for argon (77 – 90 K) 
and nitrogen (70 – 90 K) 

 

For ZIF-14 (Figure 5.46), carbon dioxide and argon display an initial steady section 

followed by a steady rise for all gases; all species aside from carbon dioxide then display a 

maximum and consequential decrease from 3.5 – 4 mol·kg-1. As argon and carbon dioxide 

are the smaller molecules investigated, they are potentially able to access all adsorption sites 
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at low pressures and populate them. After those are saturated the differential enthalpy 

beings to rise, normally attributed to fluid-fluid interactions. The maxima in all cases 

correspond well with the loadings in the isotherms where the uptake begins to deviate from 

the expected trend with temperature, which was previously attributed to adsorption and 

temperature induced framework changes.  

The differential enthalpy curves for ZIF-71 are shown in Figure 5.47. These are the most, 

diverse, of those presented so far, and those observed in the adsorption literature. Carbon 

dioxide appears to populate the higher energy sites promptly after which the adsorption 

enthalpy increases slightly, possibly as a result of the irregularity in the 160 K isotherm in 

the low pressure region; the enthalpy then decreases in the expected fashion. There is small 

artefact around 1.5 kg·mol-1, which is likely as a result of the discontinuities in the 150, 160 

and 170 K isotherms around that loading which was previously attributed to rearrangement 

of the adsorbed phase. As the rearrangement process results in an increase in loading, the 

adsorbed phase is becoming denser; in addition, the pressure at which this occurs increases 

with temperature, and factors these indicate that this process is exothermic. A reduction in 

the adsorbed phase enthalpy would signal an increase in the negative differential adsorption 

enthalpy, which is indeed what is observed, however, the magnitude should not represent 

the actual change in enthalpy as the other isotherms contributing to the calculation do not 

display this behaviour, thus averaging the value. The other adsorbate which displays a 

higher zero loading differential enthalpy is hydrogen. The decrease is more gradual, 

suggesting that the solid-fluid interactions reduce at a lower rate in comparison to other 

adsorbates, which is reasonable as we would not expect hydrogen molecules to have 

significantly higher interactions in any part of the ZIF structure in particular. There is no 

increase in the differential enthalpy as per the other adsorbates, which implies that the 

adsorbate-adsorbate interactions are not taking place to the same extent, or are of lower 

magnitude such that they are not able to counteract the reduction in solid-fluid 

interactions. There is a small discontinuity around 3 mol·kg-1, this corresponds well with 

the abnormal behaviour displayed in the 50 K isotherm, and thus can be attributed to 

framework effects influencing the isotherm. Methane and nitrogen both display the same 

behaviour over a different loading range. The initial shape suggests that both molecules do 

not have strong interactions with the adsorbent and the subsequent contributions to the 

differential enthalpy are from fluid-fluid interactions. The maxima are located at ≈0.5 

mol·kg-1 and ≈1.75 mol·kg-1 for methane and nitrogen respectively and these correspond 

well with the regions in the isotherms that displayed convex/concave behaviour previously 
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attributed to framework flexibility. The methane isotherms were measured between 91 and 

180 K, and nitrogen between 65 and 110 K; therefore it is not possible to conclude 

whether the lower maximum for methane is primarily attributed to an overall increase in 

thermal energy of the framework, or fluid properties and influence on the framework. 

The differential enthalpy then begins to decrease with loading in both cases, although the 

fluid-fluid interactions would be increasing at this time. The same was observed for ZIF-

14, the overall reduction implies that the solid-fluid contribution is decreasing at a faster 

rate which is somewhat nonsensical as we normally would not expect any changes in solid-

fluid interactions at such high loadings. Unfortunately these features are likely by-products 

of the unusual isotherm caused by framework flexibility; this makes deconvolution of the 

constituents essentially impossible, however, the reported values are the determined 

differential enthalpies of adsorption which would be useful for engineering applications. 

 

  
Figure 5.46 – Differential enthalpies of 

adsorption on ZIF-14 for argon, 
methane, carbon dioxide and nitrogen 

Figure 5.47 – Differential enthalpies of 
adsorption on ZIF-71 for argon, 

methane, carbon dioxide, hydrogen and 
nitrogen 

 

The same low temperature isotherm only calculation was also carried out for nitrogen on 

ZIF-71 and the plot is included in Appendix III (Figure III.80). Many of the same features 

are present as were for argon and nitrogen on ZIF-8, most importantly, a flat region in the 

loading range corresponding to the structural change. Another striking feature was the 

differential enthalpy at the lowest loading, 1256 ± 339 J·mol-1, this is extremely low, even 

lower than hydrogen adsorption on some carbons. This suggests that at low temperature 

and pressure there are restrictions which inhibit the adsorption of nitrogen as these are very 

weak interactions with the adsorbent. Furthermore, as sufficient experimental data points 
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were available in the isotherm, the enthalpy of condensation of nitrogen could be 

determined. Over the temperature range of 65 – 75 K, the enthalpy of condensation is 

5825 ± 131 J·mol-1 taking values from the NIST [478]; using this method for the 

differential enthalpy of adsorption, 6041 ± 467 J·mol-1 is obtained. The values are in 

agreement within the errors and this can serve as a reasonable consistency check of the 

methods employed. For instance, the enthalpy of condensation is 5983 J·mol-1 at 65 K and 

this is within 1 % of the calculated, temperature invariant, value. 

 

5.4.2.2 Differential entropy of adsorption 

Accompanying the differential enthalpy is the differential entropy; the differential entropies 

of adsorption are shown in Figure 5.48 through Figure 5.50 for ZIF-8, -14 and -17 

respectively. As a reminder, the reference pressure used in the determination of these 

results was 101325 Pa. the differential enthalpy provides an indication of the energetics of 

the adsorption process, i.e. how strongly the adsorbate is attracted to the adsorbent. The 

differential entropy provides information regarding the mobility/freedom of the adsorbate 

in the adsorbed state. In theory, the enthalpy and entropy of adsorption are not completely 

independent as it would stand to reason that if a molecule is adsorbed very strongly, i.e. 

had a high enthalpy of adsorption, its mobility would be restricted. 

Noticeable in all three cases is that the carbon dioxide curve has higher differential entropy 

of adsorption. As carbon dioxide is the smallest molecule investigated, it is unlikely that 

this is due to greater confinement in the pores in comparison to the other adsorbates. In 

the case of ZIF-8 there are small discontinuities at ≈0.5 and ≈6 mol·kg-1, the first is due to 

changes in slope of the isotherms in the low pressure region likely attributed to framework 

effects and the latter aligns with the rearrangement of the adsorbed phase in the 170 K 

isotherm. In all cases for carbon dioxide the differential entropy continuously increases 

with loading and this is the expected behaviour; as the loading increases, the pore system 

begins to fill thus restricting the mobility of the adsorbed phase. 

Argon and methane are initially aligned for ZIF-8, and reasonably aligned for ZIF-14. As 

argon is a spherical molecule and methane considered pseudo-spherical, there is less 

difference in contributions to the adsorption entropy from the configuration of the 

molecule on the surface. The decrease in the argon curve at ≈13 mol·kg-1 for ZIF-8 aligns 

with the inverse temperature loading in the isotherm; the same is also true for all the 

maxima in the case of ZIF-14. Theoretically, we would expect some difference between 
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argon and methane, and nitrogen, however, this is not the case for ZIF-8; there is 

alignment between all three adsorbates at the lower loadings. Although the adsorbates are 

different in size and centricity, given the large cage diameter and porosity of ZIF-8 it is 

likely at low loadings that such differences are not amplified. This is in comparison to ZIF-

14 which has a much smaller cage diameter, porosity and pore opening which displays 

much lower differential entropy of adsorption for nitrogen. The initial calculated value is in 

fact below zero, which means the adsorbed phase has higher entropy than the gas phase 

which is unrealistic; the margins of error are included in the detailed plots in Appendix III 

which show that the value is above zero within those limits. Methane is a larger molecule 

than nitrogen, so we would expect a higher change in entropy due to confinement effects, 

which is indeed what is observed in the first part of Figure 5.49. However, upon further 

inspection, the methane loading at 91 K in comparison to the nitrogen loading at 77 K at a 

given pressure, for instance 1 Pa, is significantly higher (3.0 vs 1.2 mol·kg-1). Although 

methane has a higher polarisability, leading to an increased uptake, the enthalpy of 

adsorption is also higher, thus at an increased temperature it would be reasonable to 

assume that the loading should be lower than that of nitrogen. Therefore, this observation 

for the differential entropy of nitrogen is more likely attributed to temperature based 

framework effects restricting the adsorption of nitrogen; at very low loadings the nitrogen 

is adsorbed very weakly, possibly only on the external surface of the particles thus not 

significantly reducing in entropy relative to the gas phase. 

 

  
Figure 5.48 – Differential entropies of 

adsorption on ZIF-8 for argon, methane, 
carbon dioxide and nitrogen 

Figure 5.49 – Differential entropies of 
adsorption on ZIF-14 for argon, 

methane, carbon dioxide and nitrogen 
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The differential entropies of adsorption for ZIF-71 are shown in Figure 5.50; again, like the 

differential enthalpies the trends are eye-opening in some cases. The methane differential 

entropy displays the traditional behaviour; however, this may be due to the limited loading 

range, governed by the highest temperature isotherm. Upon reviewing the isotherms, there 

are no abnormalities in this range to cause noticeable issues in the results. Like ZIF-14, the 

nitrogen differential entropy is significantly lower (and below zero) than the argon and 

methane at low loadings. Again, looking at the margins of error in Appendix III, the 

differential entropy is above zero within error; however it does suggest, as in the case of 

ZIF-14, that nitrogen is not adsorbed in a way where its possible configurations are limited 

in any way. The maximum at ≈2 mol·kg-1 and minimum at ≈2.8 mol·kg-1 both correspond 

with regions in the isotherm previously attributed to framework effects. As the isotherm is 

influenced by these framework effects, it is not possible to know whether the mobility of 

the adsorbed phase is actually influenced in any way as these observations are an overall 

result averaged over the measurement temperature range. In the case of argon, the initial 

peak around 0.5 mol·kg-1, the maximum at ≈1.5 mol·kg-1 and minimum just below 3 

mol·kg-1 all correspond with isotherm artefacts related to framework effects. The steadily 

increasing region from 3 to 4.5 mol·kg-1 corresponds with the previously discussed flat 

regions in the isotherms; this is typical behaviour with the adsorbed phase mobility 

decreasing with increasing occupation of the pore system. The final decrease corresponds 

with the knee regions in the isotherms and the slightly lower loading of the 77 K isotherm. 

Finally, the hydrogen differential entropy displays the most interesting result. There is the 

initial increase which is normally expected up to a loading of ≈0.25 mol·kg-1, followed by a 

decrease which is likely introduced by the 50 K isotherm. The next region from ≈1 – 3 

mol·kg-1 is essentially or could be considered constant and this is not a regular observation. 

With increasing loading (hence pressure), the entropy of the gas phase would be decreasing; 

thus in order for the differential entropy to remain constant, the entropy of the adsorbed 

phase would also be decreasing in the same proportion. This suggests that the arrangement 

of the adsorbed phase is not leading to a significant increase in density with loading to 

restrict adsorbate mobility. This implies the adsorbed phase is spreading across the surface 

with increasing loading or forming monolayers with constant density, or an average 

constant density. If the first scenario was taking place, we would see an increase in the 

differential enthalpy due to the creation of additional surface interactions, which we do not; 

therefore, the latter is more probable. The increase above 3 mol·kg-1 is attributed to the 

unusual behaviour of the 50 K isotherm, which was previously attributed to temperature-
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loading framework flexibility; as the values reported here are the average values, the 

consequences of the deviations are better visible in the margins of error reported in 

Appendix III. 

 

 
Figure 5.50 – Differential entropies of adsorption on ZIF-71 for argon, methane, 

carbon dioxide, hydrogen and nitrogen 
 

 

5.4.2.3 Differential Gibbs energy of adsorption 

The differential Gibbs energies of adsorption are presented in Figure 5.51 through Figure 

5.53 below. As discussed in section 5.3.2, they are reported at the standard temperature of 

298.15 K; the enlarged curves including the margins of error are included in Appendix III. 

Although this forms a fair comparison between adsorbent, adsorbate and differences in 

isotherm measurement temperature, it does amplify the entropic contributions to the 

Gibbs energy. 

As the Gibbs energy is related to equilibrium through the chemical potential, the expected 

behaviour is that the differential Gibbs energy increases with loading and then becomes 

constant once the adsorbent is saturated. In most cases over the ranges investigated here, 

that is the case; however, in some cases, there is a decrease in the differential Gibbs energy 

with an increase in loading. These are all, however, due to the anomalies in the differential 

entropies of adsorption in those cases which were discussed in the prior section. It is 

evident that there is no reverse equilibrium situation, as the loading does not decrease with 

pressure in any measured isotherm; therefore the observations are an overall or averaged 

value based on the average differential enthalpy and entropy of the regular adsorption 

effects and the framework effects. 



216 

  
Figure 5.51 – Differential Gibbs energy 

of adsorption on ZIF-8 at 298 K for 
argon, methane, carbon dioxide and 

nitrogen 

Figure 5.52 – Differential Gibbs energy 
of adsorption on ZIF-14 at 298 K for 
argon, methane, carbon dioxide and 

nitrogen 
  

 
Figure 5.53 – Differential Gibbs energy of adsorption on ZIF-71 at 298 K for argon, 

methane, carbon dioxide, hydrogen and nitrogen 
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5.4.3 Solution thermodynamics 

Solution thermodynamics present an opportunity to discuss the thermodynamic changes in 

the adsorbent, rather than the gas phase, upon adsorption and these are deemed the 

immersional functions. The reported values are referenced to a clean (i.e. degassed) 

adsorbent which is immersed in to a fluid. 

 

5.4.3.1 Surface potential 

The surface potential in this case also represents the immersional Gibbs energy, as 

discussed in section 5.3.3. The surface potential is equal to the adsorbent chemical potential 

relative to the pure adsorbent, and taking this definition, we know that the chemical 

potential of the adsorbed phase and gas phase must all be equal at equilibrium. For the 

purposes of discussion and visualisation, this fact can be used to associate the surface 

potential and the spreading pressure; these two parameters are derived using different 

theories and are not normally compared, especially in the case of microporous adsorbents. 

The spreading pressure is the force that the adsorbed phase imparts on the available 

surface area of an adsorbent; under traditional circumstances where the adsorbent is inert, 

the surface area is constant so as loading increases, the spreading pressure correspondingly 

increases. In the instance that the adsorbent is flexible, the surface area increases upon the 

structural change and we would consequently expect a decrease in the spreading pressure, 

and correspondingly the surface potential. 

The surface potentials are calculated for each isotherm and they are shown in Figure 5.54 

through Figure 5.57. For clarity only single temperatures are shown here, and the full range 

can be found in Appendix III. 

In the case of argon at 77 K (Figure 5.54), there is a noticeable increase in the ZIF-8 

surface potential around 0.02 kPa, and a more gradual step in the ZIF-14 curve ending 

around 0.01 kPa. The ZIF-8 step corresponds well with the large step in the low pressure 

region of the isotherm, previously attributed to linker rotation [247] making available more 

adsorption sites, however, as discussed earlier, as the frameworks were fixed during the 

simulations due to understandable limitations, it is not officially known whether there is 

any change in the crystal structure at this point. There is a slight backwards deviation in 

pressure with increasing loading suggesting that the free-space in the adsorption cell has 

changed (increased) from the adsorbate-free state, which is an indicator that the crystal may 

have changed. What is interesting, however, is the absence of a noticeable step at ≈5 kPa 
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where the other step in the isotherm is observed; this is likely due to the logarithmic y-axis 

compressing any such effects, as a small increase can be seen if observed cautiously. In the 

case of ZIF-14, it also corresponds to a low pressure step in the isotherm, albeit not as 

steep as the one in the case of ZIF-8; these instances both align with the expected 

behaviour when a greater surface area becomes available for adsorption. For ZIF-71 after 

≈0.3 kPa there is a small deviation from the previous trend. This corresponds with the 

aforementioned flat sections in the isotherms which were postulated to be related to a 

surface tension effect of the adsorbate. The surface potential is directly proportional to the 

loading, therefore at a given pressure the magnitude is in the same order as the uptake. 

For methane at 91 K (Figure 5.55), there is again a step in the ZIF-8 curve beginning at 

≈0.003 kPa and ending by ≈0.002 kPa in the case of ZIF-14; there is a change in slope in 

the case of ZIF-71 between ≈0.002 and ≈0.2 kPa. Again, for both ZIF-8 and ZIF-14, these 

correspond with steps in the isotherms at these pressure, and for ZIF-71, this corresponds 

with a flat section in the isotherm at very low pressure which is not clearly visible in the 

isotherms. 

 

  
Figure 5.54 – Surface potential during 

argon adsorption at 77 K 
Figure 5.55 – Surface potential during 

methane adsorption at 91 K 
 

The surface potentials for carbon dioxide at 170 K are shown in Figure 5.56 below. In the 

case of ZIF-8 and ZIF-71 the features at ≈1 and ≈4 kPa respectively correspond well with 

steps in the isotherms attributed to structural effects. The increase in the ZIF-14 curve at 

≈0.5 kPa corresponds to an inflection which is not easily visible in the full isotherms; using 

the earlier reasoning, these all imply that the available surface area for adsorption has 

increased. 
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As per the other three adsorbates, there are features in the nitrogen surface potential curves 

(Figure 5.57) for ZIF-8 and ZIF-14 which align with isothermal features attributed to some 

form of structural change. There is a slight change in slope of the ZIF-71 curve that is 

presented in Appendix III due to the structural change at high pressure; however, due to 

the logarithmic scales it is not clearly apparent here. 

 

  
Figure 5.56 – Surface potential during 

carbon dioxide adsorption at 170 K 
Figure 5.57 – Surface potential during 

nitrogen adsorption at 70 K 
 

Unfortunately, although solution thermodynamics and its relative merits were discussed by 

Myers in 2002 [233], at the time of writing to the best search efforts, it does not seem that 

other authors have employed this analysis in their work. This makes comparison difficult, 

and the true value of solution thermodynamics will not be understood until there is a 

sufficient body of work to enable useful links to be generated between the fundamental 

adsorption behaviour of an adsorbent, and the corresponding solution thermodynamics 

parameter; much in the same way that has taken place for the differential enthalpy of 

adsorption over time. 

 

5.4.3.2 Enthalpy of immersion 

Taking the surface potential as the Gibbs energy of immersion, the enthalpy and entropy of 

immersion can be determined from this using the traditional definitions of equilibrium 

thermodynamics. The enthalpy of immersion is the change in enthalpy experienced by the 

adsorbent when it is introduced to the adsorbate at maintained at constant pressure relative 

to the degassed state. A summary of the results for ZIF-8, -14 and -71 are presented below 

in Figure 5.58 through Figure 5.63, and the plots including the margins of error are 

included in Appendix III. The enthalpy of immersion, like the enthalpy of adsorption, is a 
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property that can be measured experimentally provided the appropriate apparatus and a 

suitable procedure is available [509,510]. Based on the calculation procedure, the enthalpy 

of immersion is temperature invariant; the enthalpy of immersion can be related to the 

integral enthalpy of adsorption by following some assumptions [233], however, if it is 

determined in that way it becomes a function of the temperature the integral enthalpy was 

calculated at. 

 

The enthalpies of immersion on ZIF-8 are shown in Figure 5.58 and Figure 5.59 which are 

linear and logarithmic axes respectively. Interestingly, in the case of nitrogen and methane, 

the enthalpies of immersion are very similar at low pressures up to ≈0.01 kPa after which 

the nitrogen enthalpy is greater. Although the enthalpy of immersion is theoretically 

temperature invariant, in practicality it is indirectly influenced by temperature in the way 

that the surface potentials used in the calculation are a function of loading which is itself a 

function of temperature. Therefore the magnitude of the enthalpy of immersion is 

proportional to the ―average loading‖ over the temperature range investigated; this 

provides some background for the order observed, Ar > N2 > CH4 > CO2; for a common 

temperature range, we would expect the order CO2 > CH4 > N2 > Ar. As the result is per 

unit mass of adsorbent, the enthalpy of immersion includes a combination of loading and 

enthalpy factors; even if the interactions with the adsorbent for a given adsorbate are low it 

can be compensated for by adsorbing in a greater amount.  

The enthalpies of immersion for ZIF-14 are shown in Figure 5.60 and Figure 5.61 below. 

The features are very similar to those observed for ZIF-8, in the low pressure region, 

methane and nitrogen display very similar values between ≈0.05 and 0.2 kPa and the 

methane curve intersects the argon at ≈11 kPa. There is also an intersection between the 

carbon dioxide and nitrogen curve at ≈3 kPa. There intersections are again likely due to the 

compensation of low loading at a given pressure with a higher solid-fluid interaction. The 

magnitudes of the enthalpies of immersion are overall lower for ZIF-14 than ZIF-8, and 

this is more likely due to the overall lower loadings of the adsorbates on ZIF-14. The 

exception here is carbon dioxide which has a very similar magnitude although the loading is 

lower; taking note of the carbon dioxide isotherms, ZIF-14 begins to adsorb carbon 

dioxide at a much lower pressure than ZIF-8. This manifests itself in higher solid-fluid 

interactions, which result in the magnitudes of the enthalpy of immersion being similar. 

Although this effect is interpreted as higher interaction energies by the traditional 



221 

calculation methods, the uptake at lower pressures of ZIF-14 may also be due to different 

framework effects as a function of temperature in comparison to ZIF-8. 

The immersional enthalpies for ZIF-71 are shown in Figure 5.62 and Figure 5.63. Unlike 

ZIF-8 and ZIF-14 which both showed agreement between nitrogen and methane at low 

pressures, ZIF-71 shows reasonable alignment between argon and nitrogen between 

≈0.005 – 0.06 kPa. The methane curve intersects and bypasses the nitrogen at ≈3 kPa. 

Changes in slope and shape of the immersional enthalpy curves correspond with 

framework effects observed in the isotherms for all adsorbates. Below ≈0.06 kPa, hydrogen 

displays a greater immersional enthalpy than carbon dioxide, which would normally be 

considered unconventional; however, as the temperature ranges are not consistent between 

the adsorbates, the significantly higher hydrogen loading at these low pressures over-

compensates the greater solid-fluid interactions that carbon dioxide has relative to 

hydrogen. Beyond the intersection however, carbon dioxide significantly surpasses the 

immersional enthalpy of hydrogen. 

 

  
Figure 5.58 – Enthalpy of immersion of 
ZIF-8 during argon, methane, carbon 
dioxide and nitrogen adsorption on 

linear axes 

Figure 5.59 – Enthalpy of immersion of 
ZIF-8 during argon, methane, carbon 

dioxide and nitrogen adsorption on log 
axes 
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Figure 5.60 – Enthalpy of immersion of 
ZIF-14 during argon, methane, carbon 

dioxide and nitrogen adsorption on 
linear axes 

Figure 5.61 – Enthalpy of immersion of 
ZIF-14 during argon, methane, carbon 
dioxide and nitrogen adsorption on log 

axes 
  

  
Figure 5.62 – Enthalpy of immersion of 
ZIF-71 during argon, methane, carbon 

dioxide, hydrogen and nitrogen 
adsorption on linear axes 

Figure 5.63 – Enthalpy of immersion of 
ZIF-71 during argon, methane, carbon 

dioxide, hydrogen and nitrogen 
adsorption on log axes 
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5.4.3.3 Entropy of immersion 

Much in the same manner as the enthalpy of immersion, the entropy of immersion signifies 

the change in entropy of the clean adsorbent when it is exposed to a fluid at constant 

pressure. In terms of a physical link, the enthalpic effects influence the shape of the 

isotherm as they describe the solid-fluid interactions; however, the entropic effects depict 

the driving force to adsorb based on entropy minimisation which in turn also influences 

the shape of the isotherm. Taking the definition of the Gibbs energy and rearranging for 

entropy, it becomes evident that the entropy is defined by two terms of opposite sign (H 

– G); therefore, a minimum could be possible in the curves as both terms are normally 

less than zero. 

The entropies of immersion are shown in Figure 5.64 through Figure 5.71 for ZIF-8, -14 

and -71. In the case of ZIF-8, argon and methane show alignment in the low pressure 

region and then settles in the order argon, nitrogen and methane; the carbon dioxide curve 

has not levelled off, however it could be extrapolated to a point between the nitrogen and 

methane curves. As per the surface potential and enthalpy of immersion, the deviations in 

the curves align well with the isotherm features present for all of the ZIF materials 

investigated attributed to structural and adsorbed phase effects. The nitrogen and argon 

curves appear to be converging to similar values; using the earlier method of scaling the 

adsorbed amount based on the saturated liquid volume, the loading at 11 kPa and 100 K 

was used to ‗scale‘ the entropy of immersion values relative to argon for comparison to 

eliminate the effect of loading. The argon loading is not affected by this scaling and the 

magnitude remains at -1.39, the nitrogen magnitude is scaled from -1.26 to -1.33 and the 

methane magnitude is subsequently scaled from -0.73 to -0.71. Therefore, once the effect 

of loading on the surface potential is taken into account, the entropy of immersion of 

methane does not align with nitrogen and argon. This reinforces that the adsorbent does 

not respond in the same way to methane, the isotherms are plotted in Figure 5.66 for 

comparison; it is immediately evident that methane begins to adsorb in significant amounts 

at more than 20 times lower pressure. The inferences from this are that methane interacts 

with the ZIF-8 structure more favourably and is able to induce the structural effects are 

lower pressures. One possibility for this is interactions of methane with the methyl group 

on the imidazole linker, altering the motion and thus admitting molecules at a lower 

pressure. As to why the adsorption does not cause lower entropy of the adsorbent is 

possibly related to this, but is not explained fully by it. For simplicity, if we assume that the 

framework is fully rigid and adsorbate molecules are added or removed from the pore 
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space, the contributions to the entropy of the adsorbent are the thermal motion of the 

lattice and the functional groups on the surface. In the case of chemisorption, the surface 

groups do undergo significant changes in enthalpy and entropy; however in this case, 

reduction in entropy of the surface groups could result from the adsorbed phase restricting 

their range of motion. The contribution of the ligands could be included by assuming the 

metal-centres are fixed in space and the organic ligands have one degree of freedom and 

rotate about their fixed axis. The degree to which this rotation is supressed by adsorption 

would also be reflected by a reduction in entropy of the adsorbent. For the first case, the 

ZIFs investigated here do not possess surface functional groups that are perpendicular to 

the surface in the same way as traditional adsorbents such as activated carbons and zeolites. 

Surface functionality in this case is provided by the ligand functional groups which 

protrude in to the pore space in the plane of the ligand, in the case of ZIF-8, these are a 

methyl group and two hydrogen atoms. Based on the observations in Figure 5.64, it 

suggests that the adsorption of argon and nitrogen suppress motion of the methyl group 

and the rotation of the ligand on its axis to a much greater degree. This would only be 

possible if the preferred adsorption sites of argon and nitrogen are different to methane, or 

if the packing arrangement of the molecules on the surface was significantly different. 

Following from the earlier suggestion that the methane molecules interact stronger with the 

methyl groups thus allowing admission at lower pressures, one envisages a scenario 

whereby the methane molecules are on average holding the ligands in a given position; if 

this were indeed the case, greater entropy of immersion would have been expected as the 

mobility of the ligands are reduced. The simple extension from this is that argon and 

nitrogen adsorb in such a way which restricts the rotation of the ligands to a greater degree; 

the specifics of which are unknown.  
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Figure 5.64 – Entropies of immersion of 
ZIF-8 during argon, methane, carbon 
dioxide and nitrogen adsorption on 

linear axes 

Figure 5.65 – Entropies of immersion of 
ZIF-8 during argon, methane, carbon 

dioxide and nitrogen adsorption on log 
axes 

  

 
Figure 5.66 – Argon, methane and nitrogen isotherms on ZIF-8 at 100 K 

 

The ZIF-14 entropies of immersion are shown in Figure 5.67 and Figure 5.68 below. The 

initial regions of argon and nitrogen are much steeper in comparison to ZIF-8; looking at 

the isotherms in Figure 5.69, the shape and alignment between the two isotherms in the 

low pressure region are similar, however, in the case of ZIF-14 the uptake begins to 

increase at an order of magnitude lower pressure and this may provide a possible 

explanation for the increased slope. The methane uptake also begins at a lower pressure 

and this is interesting considering that ZIF-14 was previously reported to have smaller pore 

apertures and diameter. The ZIF-14 ligand functionality is an ethyl group which protrudes 

towards the pore aperture; the additional atom relative to the methyl group of ZIF-8 would 

introduce many more degrees of freedom and thus greater absolute entropy, taking into 

account that the ZIF-8 loading is approximately 50 % more than ZIF-14, the entropy of 

immersion of ZIF-14 is lower when this is taken into account for comparison. In terms of 

an absolute change it may be lower; however, as a percentage of the absolute entropy of 
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the solid it may be explicable. The extra methylene bridge on the ligand will drastically 

increase the number of possible configuration states of a unit cell, thus, it would be more 

difficult to decrease the entropy by the same proportion. The nitrogen and argon curves in 

this case both display the decreasing trend suggested earlier, according to Myers [233] the 

turning point may occur well before the saturation pressure, which is indeed the case here. 

Looking at Figure 5.68, the argon curve is initially lower than both methane and nitrogen; 

the intersection pressure corresponds well with the point in the isotherms shown in Figure 

5.69 where the argon loading overtakes the nitrogen loading. In the case of methane, 

however, the intersection of the immersional entropy of argon and methane occurs at a 

pressure where the methane loading is well above that of argon. Therefore, it may be 

possible that nitrogen and argon interact with the adsorbent in a similar way and the 

magnitude of the entropy of immersion is proportional to the loading; conversely, the 

loading of methane does not appear to have such a correlation suggesting there is a 

difference in the way the molecules interact and arrange on the surface. This trend of 

intersections is also the case for ZIF-8; both ZIFs -8 and -14, coincidentally, have alkyl 

functional groups which may account for this behaviour with methane by providing an 

alternative adsorption site which is not immediately available to the other molecules. 

Methane is also a largest molecule investigated here, and it is also possible that the first 

adsorbed layer is at a further distance from the surface in comparison to the other 

adsorbates, thus reducing its influence on the surface. This may also explain the order 

observed, argon < nitrogen < methane, which happen to be in order of kinetic diameter. 

 

  
Figure 5.67 – Entropies of immersion of 
ZIF-14 during argon, methane, carbon 

dioxide and nitrogen adsorption on 
linear axes 

Figure 5.68 – Entropies of immersion of 
ZIF-14 during argon, methane, carbon 
dioxide and nitrogen adsorption on log 

axes 
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Figure 5.69 – Argon, methane and nitrogen isotherms on ZIF-14 at 100 K 

 

The ZIF-71 entropies of immersion are shown in Figure 5.70 and Figure 5.71 below, and 

the corresponding isotherms which have been of interest for ZIF-8 and -14 are also 

included in Figure 5.72 for comparison. The entropy of immersion for hydrogen does 

display the theoretical turning point, considering that the isotherms were measured above 

the critical temperature, which reinforces that there is not necessarily a correlation between 

the turning point and adsorbate condensation. The hydrogen does adsorb in very similar 

amounts to the other gases, and as it is the smallest adsorbate tested, the prior suggestion 

that the magnitude of the entropy of immersion was in some way proportional to the 

kinetic diameter does not hold here. Other physicochemical properties such as the 

polarisability, dipole moment, quadrupole moment, saturated liquid volume, critical 

temperature and pressure or the boiling point also do not present any correlation. Another 

possibility is that the hydrogen isotherms are measured at a lower temperature range, and 

thus the adsorbent will have lower entropy and therefore as a proportion of the absolute 

entropy, the change may be similar. There is however, another parameter which does 

follow the observed trend, and that is the molar mass. Assuming the adsorbates behave 

ideally, at a given temperature and pressure, the heavier molecules would have a lower 

average velocity in the gas phase and one would extend this to a lower average velocity in 

the adsorbed phase. This increased ‗persistence‘ may have some impact on the degree the 

adsorbate is able to influence the adsorbent, this however does not seem reasonable. 

Taking a simplistic viewpoint and thinking of the process as a ‗heat flow‘ problem, the 

adsorbates with higher molar mass have available more translational microstates to them, 

and thus when the adsorbate is brought into contact with the adsorbent and equilibrium is 

achieved, the entropy of the adsorbent is lowered by a greater degree as a larger number of 
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possible microstates are created. This is contrary to the case when a lower molar mass 

adsorbate is brought into contact with the adsorbent, as it would not be possible to create 

the same number of microstates. Based on this approach, it would predict that carbon 

dioxide should have the greatest entropy of immersion give the opportunity for it to adsorb 

at similar temperatures to the other adsorbates (which is not possible). The fairest 

comparison would be achieved if supercritical isotherms were measured for all adsorbates 

to very high pressures, thus saturating the adsorbent by doing so, as this would be the only 

way to negate all possible influencing factors. 

 

  
Figure 5.70 – Entropies of immersion of 
ZIF-71 during argon, methane, carbon 

dioxide, hydrogen and nitrogen on 
linear axes 

Figure 5.71 – Entropies of immersion of 
ZIF-71 during argon, methane, carbon 
dioxide, hydrogen and nitrogen on log 

axes 
  

 
Figure 5.72 – Argon, methane and nitrogen isotherms on ZIF-71 at 100 K 
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5.4.4 Supplementary investigations 

The upcoming sections are included for interest, as although they are previously established 

isotherm based analysis methods, they are not frequently undertaken. These additional 

analysis methods may assist to uncover further information regarding the adsorption 

characteristics of the three ZIF materials. 

 

5.4.4.1 Theoretical differential entropy of adsorption 

There is of course no way to determine adsorption thermodynamics theoretically as that 

would negate any need to measure isotherms and undertake calculations. There are 

simulation methods available; however, they still centre on simulating an isotherm and 

determining the solid-fluid and fluid-fluid interactions at each point.  

The theoretical values presented here are based on assumptions which were discussed in 

section 5.3.2.1 including the calculation methods. The predicted/theoretical values are 

depicted by the dashed lines in Figure 5.73 through Figure 5.78; the black dashed line 

represents the change in entropy change if the gas phase were to lose one-third of its 

entropy upon adsorption and the orange dashed line represents the change in entropy of 

the gas phase if it were to condense (or deposit, in the case of carbon dioxide). The solid 

lines are the differential entropies of adsorption that were previously presented in section 

5.4.2.2 for comparison; as the differential adsorption properties are temperature invariant, a 

temperature must be selected for the theoretical calculations. The temperature chosen was 

a compromise between the lowest temperature isotherm that was measured for that 

adsorbent, and whether or not an equation of state was available to describe the 

thermodynamic properties. The latter limited the temperature ranges to those above the 

triple point, except in the case of carbon dioxide where a sub triple point equation of state 

was available. The differential entropies of adsorption are normally presented as a function 

of loading, however in this case, a pressure axis is required. The loading values are 

converted to their corresponding pressure values at the selected temperature, i.e. the 

pressure that results in that loading at that temperature. 

It appears that given a low enough pressure, all adsorbents and adsorbates combinations 

display lower differential entropies of adsorption than the estimated lower bound. Given 

that the lower bound is an assumption specifically that the adsorption process will result in 

the loss of one degree of freedom, which in turn contributes one third of the total entropy. 

This is a simplification, as aside from the three translational degrees of freedom there are 
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other contributions to the total entropy such as the bond length (atom position), and the 

three axes of rotation. It is not possible to simply estimate the contribution of all these 

factors, as an adsorbate such as argon has no interatomic bonds, and there is no difference 

with the rotation of the molecule in any direction when adsorbed; the other molecules 

investigated here do display differences in these ways though. 

Therefore, the fact that the differential entropy is lower than the estimated one-third is 

solely an artefact of the estimation method. Within the bounds of the estimation, at very 

low pressures the adsorbate does not lose a degree of freedom upon adsorption. This 

suggests that the initial adsorption sites are not restrictive, and at low loadings there are 

minimal interparticle interactions and packing effects to influence the mobility of the 

adsorbed phase. This is interesting in some ways as the entropy of a gas at low pressures is 

much higher, so the ratio between the differential entropy of adsorption and the absolute 

entropy of the gas phase increases with pressure. This would suggest that the density and 

packing of the adsorbed phase has a greater influence on the loss of mobility of the 

adsorbate than being at some equilibrium distance from the surface, considered as 

adsorbed. 

On the obverse, there is insufficient isotherm data up to the saturation point, which is a 

result of the pressure limitation of the adsorption apparatus. Therefore, it is not possible to 

see in Figure 5.73 to Figure 5.76 below whether the limit of the differential entropy of 

adsorption is indeed the entropy of condensation. In the range available however, with the 

exception of argon adsorption on ZIF-8, there is no significant approach to the entropy of 

condensation. This sudden increase and peak in the ZIF-8 curve corresponds to a region in 

the isotherm which is attributed to structural changes and adsorbed phase rearrangement. 

The implication of this is that the adsorbed phase rearrangement results in denser packing 

analogous to a liquid-like phase. 
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Figure 5.73 – Theoretical differential 

entropy of adsorption of argon at 84 K 
compared to the differential entropy of 

adsorption 

Figure 5.74 – Theoretical differential 
entropy of adsorption of methane at 91 K 
compared to the differential entropy of 

adsorption 
  

  
Figure 5.75 – Theoretical differential 

entropy of adsorption of carbon dioxide 
at 160 K compared to the differential 

entropy of adsorption 

Figure 5.76 – Theoretical differential 
entropy of adsorption of nitrogen at 70 K 
compared to the differential entropy of 

adsorption 
 

Fortunately, there is one set of data, nitrogen on ZIF-71, whereby isotherm data was 

collected up to saturation at three temperatures, and this comparison is shown in Figure 

5.77 and Figure 5.78. The differential entropy of adsorption is recalculated using only the 

isotherms between 65 and 75 K; this allows the differential entropy to be calculated up to 

the point of condensation. Most strikingly, the differential entropy of adsorption exceeds 

the entropy of condensation at ≈1.5 kPa and remains higher up to ≈26 kPa.  This 

corresponds to the region in the isotherm between the knee and the beginning of the final 

structural transition, i.e. the plateau in the isotherm. The plateau in the isotherm represents 

the situation where the adsorbent is saturated and an increase in pressure does not result in 

an increase in loading. Therefore, this culminates in a situation where the adsorbed phase 

entropy does not change significantly and the entropy of the gas phase continues to 

decrease with pressure. This results in an increase of the negative differential entropy of 
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adsorption without any attribution to adsorption; whether this effect is solely responsible 

for this observation is difficult to determine, however, there are no immediately clear 

alternatives. Above 26 kPa the adsorbed amount begins to increase due to the structural 

transition, and the differential entropy then returns below the entropy of condensation. 

The difference between the entropy of condensation and the differential entropy of 

adsorption appears to remain reasonably constant during this transition stage up to ≈36 

kPa. The small deviation at 36 kPa corresponds with the condensation of the gas phase, 

and then the differential entropy shows a decrease. 

If the isotherm were able to be continued to a higher pressure at each temperature, a larger 

range of condensation data would be available. This would provide data at the saturation 

pressure as a function of temperature over a wider ‗loading‘ range (a vertical line); the 

difference between the gas phase and condensed phase would be constant under these 

conditions as both would be saturated in their respective phases. Therefore, any differences 

between the two curves above the saturation pressure could be attributed to experimental 

error, however in this case the differential entropy of adsorption is calculated using data at 

three temperatures over the range of 65 to 75 K. The entropy of condensation is a function 

of temperature, and the differential entropy is assumed to be temperature invariant; thus 

what is supposed to be the entropy of condensation above the saturation pressure is more 

so an average entropy of condensation over the temperature range of the isotherms. 

 

  
Figure 5.77 – Theoretical entropy of 

condensation of nitrogen at 70 K 
compared to the differential entropy of 
adsorption on ZIF-71 calculated using 

65 – 75 K isotherms. Logarithmic 
abscissa. 

Figure 5.78 – Theoretical entropy of 
condensation of nitrogen at 70 K 

compared to the differential entropy of 
adsorption on ZIF-71 calculated using 
65 – 75 K isotherms. Linear abscissa. 
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5.4.4.2 Thermodynamic factor and cluster formation 

The thermodynamic factor () was developed and proposed by Krishna as a method to 

investigate cluster formation in the pores of adsorbents [504]. The inverse thermodynamic 

factor (1/) is more convenient to plot as when the adsorbent becomes saturated, the 

inverse factor tends to zero instead of positive infinity. Krishna determined that when the 

inverse thermodynamic factor (―ITF‖ onwards) was greater than unity, this signified cluster 

formation [504]. A side effect of the calculation procedure also leads to investigation of the 

concentration of the adsorbate in the pores as a function of pressure. The term 

concentration is loosely applied as the units of the resulting calculation are of concentration 

(or molar density); the physical interpretation however is the amount of gas adsorbed per 

unit volume of adsorbent pore space (mol∙cm-3). The advantage of reporting the data on 

the basis of available pore volume is that the resulting concentration value can be 

compared to the bulk phase density. 

The results from this analysis for argon are shown in Figure 5.79 and Figure 5.80. The ITF 

for ZIF-14 is below unity over the isotherm range aside from the first point, which may be 

due to numerical differentiation artefacts. The sudden increase at ≈33 kmol∙m-3 is due to 

the condensation of the gas phase at the saturation pressure. In the case of ZIF-71, the ITF 

is below unity until ≈14.5 kmol∙m-3, which corresponds to a loading of 6.6 mol∙kg-1 at 84 K. 

When compared to the isotherm, this corresponds to the structural transition; the final 

increasing points are due to the condensation of the adsorbate. In the case of ZIF-8 the 

ITF is above unity for a majority of the time, there is a peak at ≈18.8 kmol∙m-3 (10.4 

mol∙kg-1) and a transition to below unity at ≈22.3 kmol∙m-3 (12.3 mol∙kg-1). These features, 

as well as the cross over at ≈30 mol∙m-3 and peak at ≈31 mol∙m-3 all correspond with the 

structural transitions in the isotherm; both the beginning of the transition, and the 

inflections in the transitions. These first impressions suggest that this thermodynamic 

factor method is unable to distinguish between cluster formation and structural transitions; 

likely due to both features causing steep uptake regions in the adsorption isotherm. The 

extension from this is that the elements in the differential enthalpy of adsorption which 

were attributed to the possibility of cluster formation are now more likely to be 

consequences of the structural transition process.  

The concentration is well above the bulk phase gas density even at very low pressures 

which is expected. At the saturation pressure, a sudden increase in the bulk density is 

observed which is due to the condensation of the gas. At the saturation pressure, the 
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adsorbate concentration in the ZIF-8 pores is very close to the liquid phase density, and 

ZIF-14 is slightly below. The increase above the liquid phase density is an artefact of the 

calculation method as the volume adsorbed increases beyond the pore volume due to bulk 

condensation of the gas. The concentration of argon in the case of ZIF-71 prior to the 

structural transition is well below both ZIF-8 and -14, and remains approximately half after 

the transition. We would expect under normal conditions that at the saturation pressure, 

the entire porosity is filled with adsorbate, which is observed for ZIF-8 and -14. This 

suggests that for ZIF-71, argon at 84 K at this pressure range is not able to access regions 

of the porosity which are predicted by the crystallography. This is interesting as ZIF-71 has 

a rather open structure like ZIF-8, whereas ZIF-14 has a more complex or labyrinthine 

framework; therefore it would stand to reason that either the framework is not ‗fully open‘ 

under these conditions or that the determined crystallographic solvent accessible volume is 

erroneous. 

The ZIF-71 ITF for methane (Figure 5.81), and nitrogen (Figure 5.85) are both similar to 

argon in the way that the ITF is below unity for the majority of the isotherm and then 

increases suddenly. In the case of methane this occurs at ≈11.6 kmol∙m-3 at 91 K and ≈13 

kmol∙m-3 for nitrogen at 70 K. Using the saturated liquid molar volumes these can be 

converted an compared on a common basis, this gives 0.409 m3∙m-3 for argon, 0.413 m3∙m-3 

for methane and 0.434 m3∙m-3 for nitrogen. The argon and methane are within 1 % of each 

other; however, the nitrogen is reasonably different and this may be due to the lower 

temperature of the nitrogen isotherm requiring a higher fractional occupation to cause the 

transition. In the case of carbon dioxide for ZIF-71 (Figure 5.83), the points appear to be 

rather dispersed, and this is a consequence of the smaller number of available points in that 

isotherm. The ITF increases above unity at ≈3.7 kmol∙m-3 and mostly remains as such to 

≈8.7 kmol∙m-3; this region also corresponds to the vertical-like section in the isotherm 

attributed to framework flexibility. Unlike the case of argon, the concentration does 

approach the liquid phase density in the case of nitrogen (Figure 5.86) and methane (Figure 

5.82). This provides some reassurance that the solvent accessible free volume is not 

blatantly erroneous as previously suggested. Furthermore, the carbon dioxide concentration 

(Figure 5.84) displays the same behaviour as argon; at the ultimate pressure, the 

concentration is much lower than its counterparts and that of the bulk phase density. As 

the carbon dioxide isotherm is at a higher temperature (160 K), this suggests that there is a 

difference in packing or adsorption sites of carbon dioxide and argon relative to methane 
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and nitrogen. As the nitrogen isotherm is measured at 70 K, it reduces the likelihood that 

this effect is a result of the thermal rigidity of the framework at lower temperatures.  

 

  
Figure 5.79 – Inverse thermodynamic 

factor vs. adsorbed argon concentration 
at 84 K 

Figure 5.80 – Comparing adsorbed 
phase concentration and bulk fluid 

density for argon at 84 K 
  

  
Figure 5.81 – Inverse thermodynamic 

factor vs. adsorbed methane 
concentration at 91 K 

Figure 5.82 – Comparing adsorbed 
phase concentration and bulk fluid 

density for methane at 91 K 
 

It does appear at this stage the ITF is heavily influenced by framework effects manifesting 

in the adsorption isotherm. Any regions or transitions above unity correspond with 

structural changes; as the ITF is based on the derivative of the isotherm, framework effects 

which result in a sharper uptake give rise to a higher magnitude derivative much in the 

same way that the formation of an adsorbate cluster would cause an abrupt increase in 

uptake. Table 5.7 has the conversion factors between uptake and concentration for the 

three adsorbents if the reader is interested in comparing the remaining instances for 

themselves as there does not appear to be significant value in discussing all instances here. 
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In terms of the comparison between the concentration and bulk fluid density, there are 

some individual observations to be made. In the case of carbon dioxide (Figure 5.84), the 

bulk phase density represents the vapour-solid equilibrium. ZIF-8 and ZIF-14 display very 

similar magnitudes at saturation (20.9 and 22.4 kmol∙m-3 respectively), which is lower than 

the calculated solid density at 160 K. A possible scenario here is that the equation of state is 

erroneous, which is a known side effect of equations of state. The measured value of the 

density of carbon dioxide at 160 K was interpolated from the data available in Din [479] 

and determined to be 36.5 kmol∙m-3, the equation of state predicted a value of 32.1 kmol∙m-

3, this is a difference of ≈12 % which is not outside the realm of possible error magnitudes 

[115]. The alternative is that carbon dioxide assumes a quasi-liquid like state when 

adsorbed, even though the measurement temperature is below the triple point. The density 

of carbon dioxide liquid at the triple point is 26.8 kmol∙m-3 [511], which is closer to the 

calculated concentrations in the adsorbent based on the isotherm suggesting that this may 

be a possibility. In theory, in-situ powder diffraction could be undertaken under these 

conditions and the formation of solid carbon dioxide, or otherwise, could be observed 

experimentally. The concentration of carbon dioxide in ZIF-71 is noticeably lower than 

both ZIF-8 and -14; the saturation region aligns well with the plateau regions for argon 

(Figure 5.80), methane (Figure 5.82) and nitrogen (Figure 5.86) which infers that carbon 

dioxide does not invoke the final structural transition under these conditions. 

 

  
Figure 5.83 – Inverse thermodynamic 

factor vs. adsorbed carbon dioxide 
concentration at 160 K 

Figure 5.84 – Comparing adsorbed 
phase concentration and bulk fluid 
density for carbon dioxide at 160 K 
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Figure 5.85 – Inverse thermodynamic 

factor vs. adsorbed nitrogen 
concentration at 70 K 

Figure 5.86 – Comparing adsorbed 
phase concentration and bulk fluid 

density for nitrogen at 70 K 
 

The methane (Figure 5.82) and nitrogen (Figure 5.86) family of curves share a common 

feature in that all three adsorbents converge to a similar value at saturation. In the case of 

nitrogen, there is excellent agreement between the bulk phase density and the 

concentration, much in the same way as argon (Figure 5.80) for ZIF-8 and -14. This may 

be due to the larger kinetic diameter of the methane molecule, resulting in a greater 

distance between the molecules in the adsorbed phase and thus a lower density. 

Furthermore, it is possible that confinement effects cause a different packing arrangement 

of methane than the bulk, as has been found to be the case for water which forms cubic 

phase ice when confined in pores [512–516] in comparison to the regular hexagonal phase 

ice encountered on a daily basis. 

Determining the concentration of the adsorbate in the pore space based only on the 

available pore volume has been useful in ascertaining whether the adsorbed density 

approaches the bulk density at saturation. This has been a fundamental assumption in 

adsorption for experimentally determining pore volumes, and it has shown to be true under 

some circumstances in this work; one would propose that if the adsorbent framework were 

rigid, the assumption would hold true more often. The determination of the adsorbed 

phase concentration or density by, in effect, excluding the volume occupied by the 

adsorbent framework itself is not useful in energy storage applications for instance, where 

the total volume occupied by the adsorbent particles are significant in determining the 

energy density. 
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5.4.5 Framework flexibility 

The rise of non-rigid adsorbents with sigmoidal isotherms provided the impetus for the 

development of a thermodynamic description of the process. A thermodynamic framework 

was first proposed by Coudert [239] and remains one of the only methods to investigate 

the thermodynamics of structural changes based on isotherm measurements. It would be 

remiss not to include this analysis in this work on the isotherms measured here, as well as a 

proposal for an alternate method. 

As a number of isotherms were measured, and in some cases, with multiple transition 

points, they will be classified in a way depicted in Figure 5.87.  

 

 

Figure 5.87 – Classification of isotherm transition types 
 

The ‗Type I‘ feature is a transition from a very low or non-adsorbing state to an adsorbing 

state. In this type of feature, the equilibrium being investigated using the Coudert model is 

that between a non-adsorbing structure (nads = 0) at point A and a second structure. The 

second structure is dependent on whether the solid-fluid combination displays the Type II 

and type III transitions or not. If all three transitions are present, the second structure is 

taken around point B; if only type I and III are present, then point C is taken; and finally if 

there is only a type I transition present, then point D is taken. 

Type II features have been previously assigned to adsorbed phase rearrangement [444], 

however, as previously discussed, it is not possible to know whether that is the sole 

contribution to that feature. If a Type II feature is present, the two model isotherms used 

in the Coudert model are based on point B, and point C if a Type III is present, or point 

D. 
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Type III features have been attributed to a final stage of structural transition [247,444]. The 

two model isotherms would be based on point B or point C, depending on whether a Type 

II transition was present, and point D. 

It should be noted that not all solid-fluid combinations display every transition, and 

structural transitions can take place even without obvious features in the measured 

isotherm [442]. 

Furthermore, as there are a number of figures associated with the results of this analysis, 

key information will be presented here with tabulated values of the single-site Langmuir 

fitting parameters, resulting F values, and enlarged plots are available in Appendix III. 

 

5.4.5.1 Transitions of Type I 

The change in Helmholtz energy (F) for the observable type-I transitions are shown 

below for ZIF-8 (Figure 5.88), ZIF-14 (Figure 5.89) and ZIF-71 (Figure 5.90) as a function 

of adsorbate and temperature. The plots also have overlaid the linear regression used to 

determine the contribution of the internal energy and entropy for each solid-fluid pair 

which are shown in Table 5.8. The margins of error are calculated in the same way as per 

the differential adsorption thermodynamics which was described in section 5.3.2. The table 

also includes the temperature at which the transition is expected to occur spontaneously, 

TF=0. 

It has been experimentally observed that the secondary structure, the one which is induced 

by adsorption, is preferred at high temperature under vacuum [241]. The preference to the 

secondary structure under vacuum suggests that the framework/phase transition is 

endothermic, and thus a plot of F against T should yield a negative slope. Taking this into 

consideration, some points have been excluded from the linear regressions in some 

instances in order to conform to this experimental observation. 
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Figure 5.88 – Change in Helmholtz 

energy for type-I transitions over 
temperature for ZIF-8 (filled points) and 

linear regressions used to determine U 

and S (dashed lines). 

Figure 5.89 – Change in Helmholtz 
energy for type-I transitions over 

temperature for ZIF-14 (filled points) 
and linear regressions used to determine 

U and S (dashed lines). 

  

 
Figure 5.90 – Change in Helmholtz energy for type-I transitions over temperature 

for ZIF-71 (filled points) and linear regressions used to determine U and S 
(dashed lines). 

 

With the exception of carbon dioxide on ZIF-14, the calculated F values are not 

exceptionally precise. As will be addressed later in section 5.4.5.4, this is likely an artefact of 

the calculation procedure of the osmotic potential method developed by Coudert. In their 

work, the method was demonstrated on a range of adsorbents, however, only at a single 

temperature. The disadvantage of this approach is that as only a single value of F is 

calculated for a given adsorbent and adsorbate pair, there is no way to gauge whether the 

calculated value is within any realm of reality, unless the magnitude is clearly unreasonable. 

If F is calculated at 2 (ideally 3) or more temperatures, comparisons can be made to infer 

whether the calculated values are reasonable. 
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Table 5.8 – Resulting internal energy and entropy change for the type-I structural 
transitions of ZIF-8, -14 and -71 from the osmotic potential method. 

Adsorbent Adsorbate 
U 

[kJ∙kg-1] 

S 

[J∙kg-1∙K-1] 

TF=0 

[K] 

ZIF-8 

Ar 18.8±11.3 83.0±103 226±312 

CH4 13.5 57.0 236 

CO2 32.4±11.1 74.6±56.6 434±361 

N2 10.2±4.87 65.9±53.5 155±146 

ZIF-14 
CH4 9.54±31.9 85.2±317 112±560 

CO2 12.3±1.32 46.8±6.71 262±46.9 

ZIF-71 CO2 14.0±1.88 48.3±10.2 290±72.7 

 

The values presented in Table 5.8 are plotted in Figure 5.91 in an effort to gain some 

graphical insight of the results. 

 

 

Figure 5.91 – Graphical representation of the calculated U and S of the observed 
type-I structural transitions for ZIF-8, -14 and -71. 

 

The graphical representations of the results are not in any form of clearly familiar 

arrangement. The question as to whether or not such a trend would be expected is difficult 

to predict as there are would be number of contributing factors; however, the carbon 

dioxide data points show that U increases in the order ZIF-14 < ZIF-71 < ZIF-8. 

The internal energy represents the microscopic energetics of the system, namely the motion 

of the component atoms and the potential energy of the chemical bonds and any internal 

force fields such as induced dipoles, permanent dipoles any stress or strain native to the 

substance. The internal energy specifically excludes macroscopic and external forces such 

as the kinetic energy of bulk motion and externally applied magnetic or electric fields. The 

observation about the order of U suggests that ZIF-8 experiences the largest change in 
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these factors, followed by ZIF-71 and then ZIF-14. It could be hypothesised that a greater 

U represents a more significant change in the framework; it may be possible to confirm 

this experimentally with in-situ powder diffraction by observing the degree of change in the 

lattice parameters.  

 

5.4.5.2 Transitions of Type II 

The change in Helmholtz energy (F) for the observable type-II transitions are shown 

below for ZIF-8 (Figure 5.92) and ZIF-71 (Figure 5.93). There were very few instances of 

this transition in the experimental data collected in this work. Again, the plots are overlaid 

with linear regressions used to calculate U and S of the transitions, which are presented 

in Table 5.9. 

 

  
Figure 5.92 – Change in Helmholtz 
energy for type-II transitions over 

temperature for ZIF-8 (filled points) and 

linear regressions used to determine U 

and S (dashed lines). 

Figure 5.93 – Change in Helmholtz 
energy for type-II transitions over 

temperature for ZIF-71 (filled points) 
and linear regressions used to determine 

U and S (dashed lines). 

 

 

Table 5.9 – Resulting internal energy and entropy change for the type-II structural 
transitions of ZIF-8 and -71 from the osmotic potential method. 

Adsorbent Adsorbate 
U 

[kJ∙kg-1] 

S 

[J∙kg-1∙K-1] 

TF=0 

[K] 

ZIF-8 
Ar -4.28±7.29 -53.4±75.5 80.2±177 

N2 -5.35±3.10 -118±38.5 45.2±30.0 

ZIF-71 
Ar 34.2±10.9 236±123 145±88.3 

CH4 12.6±7.39 87.3±63.5 144±135 
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The most striking feature is that the ZIF-8 plot demonstrates exothermic behaviour which 

is contrary to that of ZIF-71, and those presented in section 5.4.5.1. However, in Figure 

5.88, both argon and methane displayed a region of exothermic behaviour which was 

excluded in the linear regressions. These type-II transitions were only observed in the lower 

temperature range, as were the exothermic regions in Figure 5.88. It was hypothesised by 

others [247,443] that this structural transition was attributed to an adsorbed phase 

rearrangement; as this process occurs spontaneously, we expect a lower free energy in the 

final state and as this transition is not observed at higher temperatures, the process is 

exothermic. As the new phase also results in a higher packing density, the entropy change 

would also be negative. Adsorbed phase rearrangement of nitrogen and argon on graphite 

was investigated by Rouquerol [517] and was indeed found to be exothermic. In terms of 

the results observed here, they do appear to align with these suggestions indicating that this 

type-II transition is due to adsorbed phase rearrangement. This should signal the 

conclusion of this matter; however, the osmotic potential method developed by Coudert is 

based on the free energy change of the adsorbent. The chemical potential of the adsorbent 

is obtained via the integration of the loading, which is then used to calculate the change in 

free energy of the structure. Therefore it is possible that changes in free energy of the 

adsorbed phase are able to be detected by, and influence the results returned by this 

method. In section 5.2 it was unclear whether this type-II transition was solely an adsorbed 

phase transition or a combination of adsorbed phase transition and structural change as 

structural changes are also smoothed over with an increase in temperature, as is also 

evident in the isotherms in this case (Figure 5.2). This finding adds further support to the 

adsorbed phase transition only scenario; however, it does not guarantee that it is the sole 

contribution due to the osmotic potential method being influenced by such changes in the 

adsorbed phase. Thus, experimental evidence in the way of in-situ powder diffraction 

would be desirable in order to finalise the matter.  

In the case of ZIF-71, the type-II argon transition is taken to be the section that was earlier 

described as the ‗flattened region‘ in the isotherm. These were earlier proposed to be a 

function of the adsorbate surface tension; and as the slope of F against T is negative, this 

suggests that any associated structural change may be of the same kind as the type-I 

transitions. As was the case for the ZIF-8 type-II transitions, isotherm features that are 

caused by other factors can influence the result returned by the osmotic potential model. 

Therefore, if this feature is a genuine structural transition that is influenced by the adsorbed 

phase surface tension, the work input required to generate additional surface area will also 
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come from the energy released upon gas adsorption; thus the calculated value of the 

structural transition may be lower than the actual value. 

 

5.4.5.3 Transitions of Type III 

The changes in Helmholtz energy for the observed type-III transitions for ZIF-8 are 

shown in Figure 5.94 below. Although type-III transitions are also present for ZIF-71, they 

are very near to the saturation pressure, and there is insufficient isotherm data available 

beyond the transition available to fit an isotherm model to. The alternative method 

proposed in section 5.4.5.4 is also able to address this problem. 

 

 

Figure 5.94 – Change in Helmholtz energy for type-III transitions over temperature 

for ZIF-8 (filled points) and linear regressions used to determine U and S 
(dashed lines). 

 

The slopes are again exothermic as per the type-II results observed in Figure 5.92 for ZIF-

8. In this case however, these argon and nitrogen transitions for ZIF-8 were previously 

investigated [247,444] and were found to be of the same nature as the type-I transitions. 

Therefore, the slope for argon and nitrogen of the type-III transitions should be negative, 

as per the type-I plot. Given the inconsistencies experienced and described in section 5.3.4 

while undertaking these analyses, and in combination with the findings of the prior work, 

the inclination is to attribute this to issues inherent in the model and its reliance on fitted 

isotherm models. Nonetheless, in terms of this section, the resulting U and S are 

presented in Table 5.10. 
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Table 5.10 – Resulting internal energy and entropy change for the type-III 
structural transitions of ZIF-8 from the osmotic potential method. 

Adsorbent Adsorbate 
U 

[kJ∙kg-1] 

S 

[J∙kg-1∙K-1] 

TF=0 

[K] 

ZIF-8 
Ar 2.82±53.3 -242±635 -11.6±222 

N2 -3.68±34.4 -128±428 28.7±285 

 

The results for argon are striking; the combination of a positive U and a negative S 

mean that the reverse process is the spontaneous one. This means that the structure should 

not display any change in the way defined, which is known to not be the case. This 

outcome also yields a negative value for TF=0 which is clearly unreasonable. 

 

5.4.5.4 Alternative method – the van „t Hoff plot 

The issues discussed in section 5.3.4 regarding the isotherm fitting for the osmotic 

potential method in conjunction with the unreasonable outcomes discussed in section 

5.4.5.2 prompted the pursuit of a more convenient method to examine structural transition 

thermodynamics. When the osmotic potential method is applied to a single isotherm, there 

is no gauge of whether the result is reasonable or not; if the analysis is carried out at 

multiple temperatures, a trend or lack thereof could serve as an indicator for the 

consistency of the results. When multiple temperatures are available, such as is the case 

here, an unexpected secondary issue pertaining to the isotherm fitting arose. When left to 

their own devices, the resulting isotherm fits returned very inconsistent F values over 

temperature; this then prompted the fitting order and constraint solution which was 

described in section 5.3.4 in order to obtain more coherent results. Although this provided 

a solution for the problem, it is still not fully desirable; the fits then become relative to the 

highest temperature isotherm in the series which does not make each result totally 

independent. Another issue with the isotherm fitting is that for the large pore component 

of the type-I, and type-II and type-III transitions, there are no points in the low pressure 

region to guide the fit reliably. The low pressure region has great influence on the result as 

it is ultimately divided by pressure in the calculation and thus amplified. Consequently, it 

would be ideal to have a method where isotherm fitting was not necessary. 

As mentioned in section 5.3.4, the osmotic potential method builds from the premise that 

at the midpoint of the transition, two distinct solid phases are in equilibrium with each 

other. Therefore there should be no limitation on applying existing equilibrium 
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thermodynamics methods. The van ‗t Hoff plot method, which is widely applied to 

reaction and phase equilibria, is proposed as an alternative. The transition pressure used in 

the osmotic potential method represents the equilibrium between two phases, so a plot of 

ln(P) against 1/T should yield the equilibrium thermodynamics of the system. The primary 

advantage of this method is the omission of isotherm fitting. If a more accurate 

determination of the transition pressure is desired, or if the isotherm does not have many 

points, the inflection region in the isotherm can be fit with a smoothing spline and 

interpolated to produce a smoother derivative from which the transition pressure is found. 

The transition pressures used in calculating the results for the osmotic potential method 

were applied using this method, and the results will be presented below. As mentioned in 

section 5.3.4, a reference pressure of 1 atm, or 101325 Pa was used. 

 

5.4.5.4.1 Type-I transitions 

The analysis was carried out for the type-I transitions and the van ‗t Hoff plots are 

presented in Figure 5.95 through Figure 5.97 below. The corresponding linear regressions 

shown as dashed lines.  

 

  
Figure 5.95 – van „t Hoff plot of 

transition pressures for type-I transitions 
of ZIF-8 with linear regressions shown 

(dashed lines) 

Figure 5.96 – van „t Hoff plot of 
transition pressures for type-I transitions 
of ZIF-14 with linear regressions shown 

(dashed lines) 
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Figure 5.97 – van „t Hoff plot of transition pressures for type-I transitions of ZIF-71 

with linear regressions shown (dashed lines) 
 

Prima facie, the data points are much better correlated using this method in comparison to 

the osmotic potential method. All of the trends indicate an overall exothermic process. The 

enthalpy and entropy change for each case have been determined and are presented in 

Table 5.11.  

 

Table 5.11 – Determined H and S of the type-I structural transitions using the 
van „t Hoff plot method based on the transition pressure. 

Adsorbent Adsorbate 
H 

[kJ∙mol-1] 

S 

[J∙mol-1∙K-1] 

TG=0 

[K] 

ZIF-8 

Ar -11.4±0.0796 -74.4±0.850 152±2.04 

CH4 -13.3±0.118 -62.6±19.4 212±65.5 

CO2 -20.3±0.0442 -82.7±0.231 245±0.870 

N2 -10.3±0.117 -63.0±1.35 163±3.97 

ZIF-14 
CH4 -14.3±5.26 -55.5±52.9 258±263 

CO2 -16.0±0.234 -50.8±1.23 315±8.90 

ZIF-71 CO2 -21.0±0.114 -94.3±0.644 223±1.94 

 

The process is overall exothermic as this particular phase equilibrium situation would also 

include the contributions due to adsorption. Therefore, if the enthalpy and entropy of 

adsorption are accounted for, the contribution of the structural transition can be isolated. 

The ideal solution to obtaining the enthalpy and entropy of adsorption would be to 

perform adsorption simulation on a fixed structure in order to negate the structural effects. 

That is not available to us, however, there is an alternative; the limiting enthalpy and 

entropy of adsorption can be used that were determined from the Henry constants. These 

values are based on the zero pressure scenario where the solid-fluid interactions are the 

strongest. The advantage to this is that at low pressure it is not expected that the structural 
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transitions would have begun to occur; therefore the values obtained are free from that 

influence. The disadvantage is that, as adsorption proceeds, the differential enthalpy and 

entropy reduce; therefore at the transition pressure the actual value of the contribution due 

to adsorption will not be as high as predicted by the limiting enthalpy. The limiting values 

are taken from section 5.4.1 where they were shown in Figure 5.42 and Figure 5.43 the 

numerical values for which are tabulated in Appendix III. The compensated enthalpy and 

entropy change values are shown in Table 5.12 along with the predicted temperature below 

which the structural transition is not expected to occur. If adsorption calorimetry were to 

be undertaken, we would expect the experimental enthalpies to matches the values in Table 

5.11. 

 

Table 5.12 – Compensated values of H and S of the type-I structural transitions 
using the van „t Hoff plot method. 

Adsorbent Adsorbate 
H 

[kJ∙mol-1] 

S 

[J∙mol-1∙K-1] 

TG=0 

[K] 

ZIF-8 

Ar 0.387±1.45 86.0±15.4 4.50±16.8 

CH4 0.734±1.30 93.2±22.3 7.87±14.0 

CO2 1.91±1.33 91.3±6.94 20.9±14.6 

N2 -0.167±2.30 81.8±25.5 -2.04±28.1 

Avg. 0.716±0.824 88.1±9.46 7.81±9.62 

ZIF-14 

CH4 -0.985±5.68 84.0±56.0 -11.7±68.0 

CO2 3.51±0.475 113±2.49 31.2±4.28 

Avg. 1.26±2.85 98.5±28.0 9.75±34.1 

ZIF-71 CO2 2.87±2.01 90.8±10.7 31.7±22.5 

 

Within the margins of error, all of the ZIF-8 compensated H and S values are the same. 

This is not unexpected as the thermodynamics of the structural transition without any 

external influence should be constant; this is also the situation for ZIF-14. The values are 

still reported per mole of adsorbate, and can be converted to a mass basis using the 

adsorbate loading at a given temperature that corresponds with the transition pressure; the 

values are tabulated in Appendix III. This conversion was undertaken for H and the 

results are presented in Figure 5.98 through Figure 5.100; the value of H on a mass basis 

is an important value if simulation of the adsorption process were to be carried out as they 

would be required in the energy balance. 
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Figure 5.98 – Compensated H on a 
mass basis for the type-I structural 
transitions of ZIF-8 as a function of 

temperature. 

Figure 5.99 – Compensated H on a 
mass basis for the type-I structural 

transitions of ZIF-14 as a function of 
temperature. 

  

 
Figure 5.100 – Compensated H on a mass basis for the type-I structural transitions 

of ZIF-71 as a function of temperature. 
 

The overlapping region (indicated by the dashes lines) of the ZIF-8 data is between 3.24 

and 4.75 kJ·kg-1, 1.63 and 8.08 kJ·kg-1 for ZIF-14 and 2.63 and 12.4 kJ·kg-1 for ZIF-71. 

These overlapping regions indicate where the values of H are common within the 

margins of error for each adsorbent; as mentioned earlier, it is expected that this value is 

constant for a given adsorbent (assuming it is not a function of temperature).  

Finally, conversion and compensation factors aside, the temperatures at which the free 

energies are zero should be similar between the two methods. This comparison is shown in 

Table 5.13, the values themselves are in reasonable agreement, however when the margins 

of error are considered they coincide. Whether or not there is any value in that finding is 

questionable given the large margins of error on the osmotic potential method values. 
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Table 5.13 – Comparison of the temperatures at which the free energy is zero using 
the van „t Hoff plot method and the osmotic potential method. 

Adsorbent Adsorbate 
TG=0 

[K] 

TF=0 

[K] 

ZIF-8 

Ar 152±2.04 226±312 

CH4 212±65.5 236 

CO2 245±0.870 434±361 

N2 163±3.97 155±146 

ZIF-14 
CH4 258±263 112±560 

CO2 315±8.90 262±46.9 

ZIF-71 CO2 223±1.94 290±72.7 

 

5.4.5.4.2 Type-II transitions 

The analysis was again carried out for the type-II transitions and the van ‗t Hoff plots are 

presented in Figure 5.101 through Figure 5.102 below. The corresponding linear 

regressions shown as dashed lines, with the resulting H and S values in Table 5.14.  

 

  
Figure 5.101 – van „t Hoff plot of 
transition pressures for type-II 
transitions of ZIF-8 with linear 

regressions shown (dashed lines) 

Figure 5.102 – van „t Hoff plot of 
transition pressures for type-II 

transitions of ZIF-71 with linear 
regressions shown (dashed lines) 

 

There also appears to be a better correlation in this case in comparison to the osmotic 

potential method. All trends are again exothermic, which as discussed earlier may be due to 

the compounding of the adsorption and structural equilibria.  
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Table 5.14 – Determined H and S of the type-II structural transitions using the 
van „t Hoff plot method.  

Adsorbent Adsorbate 
H 

[kJ∙mol-1] 

S 

[J∙mol-1∙K-1] 

TG=0 

[K] 

ZIF-8 
Ar -17.9±0.336 -154±3.55 116±3.45 

N2 -17.0±0.140 -176±1.78 96.7±1.26 

ZIF-71 
Ar -10.3±0.404 -84.6±4.66 121±8.21 

CH4 -16.1±0.0953 -105±0.772 153±1.44 

 

The limiting values were again taken from section 5.4.1 and the H and S values were 

adjusted to account for the contribution of adsorption. For the case of the type-II 

transitions, they at higher loadings than type-I transitions where the influence of the 

adsorption enthalpy and entropy will be reduced. It is not possible to use the differential 

enthalpy and entropy of adsorption at the transition loading as these parameters are also 

net values of the adsorption and framework effects. The compensated values for the type-

II transitions are shown in Table 5.15. 

 

Table 5.15 – Compensated values of H and S of the type-II structural transitions 
using the van „t Hoff plot method.  

Adsorbent Adsorbate 
H 

[kJ∙mol-1] 

S 

[J∙mol-1∙K-1] 

TG=0 

[K] 

ZIF-8 
Ar -6.13±1.48 6.39±15.8 -960±2390 

N2 -6.91±2.30 -31.4±25.5 220±193 

ZIF-71 
Ar 1.40±3.75 56.0±43.3 25.1±69.7 

CH4 -1.41±4.10 41.3±35.1 -34.1±103 

 

In the case of ZIF-8, the process remains exothermic after being compensated by the 

limiting enthalpy. This was also the case when the osmotic potential method was applied 

and does further suggest that those features in the ZIF-8 isotherms are due to adsorbed 

phase rearrangement rather than a change in the three-dimensional framework of the 

adsorbent. In the case of ZIF-71 however, it was suggested that the argon transition was a 

structural transformation in some way related to the surface tension of the adsorbed phase. 

Both the osmotic potential method and this method have returned an endothermic process 

and this aligns with a structural transformation. In terms of methane however, the average 

value is exothermic with the margins of error encompassing the endothermic range. This 

may be due to errors induced by extrapolating the limiting enthalpy to higher loadings, or 

the type-II transition of methane could be due to adsorbed phase rearrangement. The 
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enthalpies were again converted to a mass basis using the loading at the transition pressure 

and plotted as a function of temperature and these are presented in Figure 5.103 and Figure 

5.104. 

 

  
Figure 5.103 – Compensated H on a 
mass basis for the type-II structural 
transitions of ZIF-8 as a function of 

temperature. 

Figure 5.104 – Compensated H on a 
mass basis for the type-II structural 
transitions of ZIF-71 as a function of 

temperature. 
 

The range over which all points are encompassed including the margins of error is -92.5 to 

-83.7 kJ·kg-1 for ZIF-8 and -7.80 to 7.02 kJ·kg-1 for ZIF-71. In the case of ZIF-8, as there is 

additional support for the adsorbed phase rearrangement case, the H and S will be a 

function of the adsorbate, and therefore any alignment here is likely due to the similarities 

in the physical properties of the adsorbates. 

 

5.4.5.4.3 Type-III transitions 

The van ‗t Hoff plots for the type-III transitions are presented in Figure 5.105 through 

Figure 5.106 below. The corresponding linear regressions shown as dashed lines, with the 

resulting H and S values in Table 5.16. In the case of ZIF-71 this method enabled the 

investigation of transitions which were not able to be done with the osmotic potential 

method; the transitions occurred very close to the saturation pressure and therefore an 

isotherm was not able to fit to a suitable number of data points after the transition. 
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Figure 5.105 – van „t Hoff plot of 
transition pressures for type-III 
transitions of ZIF-8 with linear 

regressions shown (dashed lines) 

Figure 5.106 – van „t Hoff plot of 
transition pressures for type-III 
transitions of ZIF-71 with linear 

regressions shown (dashed lines) 
 

Table 5.16 – Determined H and S of the type-III structural transitions using the 
van „t Hoff plot method.  

Adsorbent Adsorbate 
H 

[kJ∙mol-1] 

S 

[J∙mol-1∙K-1] 

TG=0 

[K] 

ZIF-8 
Ar -11.7±0.175 -128±2.10 91.7±2.03 

N2 -14.3±0.139 -150±1.77 95.5±1.46 

ZIF-71 
CH4 -8.94±0.0344 -79.5±0.346 112±0.653 

N2 -6.08±0.0625 -78.2±0.897 77.6±1.20 

 

The H and S values compensated for the effects due to adsorption are shown in Table 

5.17. 

 

Table 5.17 – Compensated values of H and S of the type-III structural transitions 
using the van „t Hoff plot method.  

Adsorbent Adsorbate 
H 

[kJ∙mol-1] 

S 

[J∙mol-1∙K-1] 

TG=0 

[K] 

ZIF-8 
Ar 0.00634±1.45 32.4±15.6 0.196±44.9 

N2 -4.17±2.30 -4.78±25.5 873±4690 

ZIF-71 
CH4 5.78±4.10 67.2±75.7 86.0±75.7 

N2 1.79±2.71 21.0±33.7 85.3±188 

 

In the case of ZIF-8, the values for nitrogen remain exothermic. It is known from previous 

work undertaken on ZIF-8 by other authors [247,443] that this type-III transition is of the 

same type as the type-I transition. Therefore, we would expect that both H and S be 

greater than zero; this incongruity here is likely due to the application of the limiting 
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enthalpy and entropy at such high loadings or inaccuracies in the determination of the 

limiting values; knowing that the adsorbates have limited access to the ZIF-8 framework at 

low pressures and temperatures, this will result in lower limiting enthalpies and entropies. 

The enthalpies were again converted to a mass basis using the loading and these are 

presented in Figure 5.107 and Figure 5.108. 

 

  
Figure 5.107 – Compensated H on a 
mass basis for the type-III structural 
transitions of ZIF-8 as a function of 

temperature. 

Figure 5.108 – Compensated H on a 
mass basis for the type-III structural 
transitions of ZIF-71 as a function of 

temperature. 
 

The regions of overlap are -28.0 to -26.0 kJ·kg-1 for ZIF-8 and 11.3 to 36.0 kJ·kg-1 for ZIF-

71. The magnitudes of the H values have been increasing from type-I through type-III 

due to the increased adsorbate loading at their respective pressures. 

 

5.4.5.4.4 Future improvements to this method 

Overall the application of this method is much more straightforward in comparison to the 

osmotic potential method. It does, however, rely on an accurate estimate of the differential 

enthalpy of adsorption at the transition pressure in order to isolate the H of the structural 

transition. The traditional calculation of the differential enthalpy is not able to be used, as 

mentioned earlier, as it will return the net effect of the exothermic adsorption enthalpy and 

the endothermic structural enthalpy change.  

The proposed method to obtain the enthalpy of adsorption is to find the two framework 

structures by refinement of in-situ x-ray diffraction data if not already available. Then the 

structures would be used in DFT or GCMC simulations to obtain the adsorption enthalpy 

at the pressure corresponding to the structural transition which would be known from 
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isotherms. The enthalpy of adsorption could then be taken as the average of the two 

results. Another advantage to this method is that the free energy of both structures could 

be determined as a function of temperature with the difference being the G of the 

structural change. The resulting H and S could then be compared to the values obtained 

experimentally. 

Finally, the comparison between the osmotic potential method and the van ‗t Hoff plot 

method should be applied to a wider range of flexible adsorbents in order to confirm the 

applicability. 
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5.5 Summary 

Following a more interminable than expected investigation, there have been some findings 

of note. Structural influences on adsorption were found in all three adsorbates, this was 

already known for ZIF-8 however, this has not been previously reported for ZIF-14 or 

ZIF-71. This was manifested in the adsorption isotherms with inflection points and a 

maximum in the loading at a particular temperature. The ZIF-71 isotherms displayed some 

abnormal flattened regions which were found to correlate with the adsorbed phase surface 

tension, however, further investigation is recommended on that. It was also determined 

that the ZIF materials degraded over time, possibly due to a combination of repeated 

adsorption-degas cycles and storage of the samples in standard atmosphere, albeit in a 

sealed container.  

The measured isotherms were used to undertake thermodynamic analysis of the 

adsorbents. The limiting enthalpies were found to be reasonably constant across the three 

ZIF materials for a given adsorbate; this is likely due to the similar physicochemical 

properties of the adsorbents. The differential adsorption properties were also determined, 

and it was determined that they are influenced by which adsorption isotherms are used in 

the calculation (i.e. functions of temperature) and are likely a nett result of the adsorption 

contribution and the framework flexibility contribution. Solution thermodynamics were 

also applied immersional properties were determined; the surface potential and enthalpy of 

immersion showed a correlation with the features in the isotherm corresponding to 

framework flexibility. The magnitude of the entropy of immersion was found to be in 

order of molecular mass of the adsorbate which was attributed to the heavier molecules 

having a greater number of available microstates. 

Some less common analysis were also carried out. The calculated differential entropy of 

adsorption was compared to a theoretical change in entropy of the adsorbate, and it was 

found that at very low pressures the differential entropy of adsorption was less than the 

theoretical value, and in cases where data was available the high pressure region 

corresponded well with the differential entropy of condensation. The inverse 

thermodynamic factor is a method used to investigate cluster formation during adsorption, 

and it was determined that the structural flexibility of these adsorbents was causing false 

registration of adsorbate clusters. In the course of this investigation, the concentration of 

the adsorbate within the pores was determined and compared to the bulk fluid; at the 

saturation pressure there was found to be excellent agreement between the bulk fluid liquid 

density and that of the adsorbate in the pores. 
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Finally, the thermodynamics of the structural transitions were investigated. A procedure 

developed specifically for this purpose, the osmotic potential method was used. The 

application of this method was not straightforward and returned reasonable results in some 

cases. In select cases however, the results were not reasonable and the margins of error 

were unreasonably large, essentially counteracting the significance of the results. An 

alternate method was then proposed based on existing phase equilibrium thermodynamics, 

using the van ‗t Hoff plot method. This method was more straightforward to apply and 

returned more reasonable results with smaller margins of error on initial examination. The 

results from this method are likely a combination of the energetics from adsorption and 

structural change. A simple method was proposed using the data available in this work to 

compensate for this effect using the limiting enthalpies and entropies; this was suitable in 

most cases, however it returned unexpected results in cases where the limiting enthalpy of 

adsorption was not a good indicator of the enthalpy of adsorption (higher loadings). Future 

improvements and extensions to this method were suggested, and the application of this 

method to further cases in order to confirm its suitability. 

 

5.5.1 Summary of adsorption thermodynamics 

A summary of the results of the thermodynamic analysis is presented here. It should be 

considered that the thermodynamic analysis is based on the experimentally measured 

isotherms; therefore, the contributions of the range of factors influencing the isotherms on 

these adsorbents become entwined in the thermodynamic analysis. A method to 

deconvolute these factors is not immediately evident, and therefore it would not be 

reasonable to express that a given isotherm shape, style, or feature can be easily identified 

based on the thermodynamic analysis. 

 

General remarks 

 The Henry constants for Ar and N2 are remarkably similar for a given adsorbent, 

suggesting weak/indiscriminate adsorbate-adsorbent interactions.  

 The limiting enthalpies of adsorption for a given adsorbate (Ar, CH4 and N2) are 

equal within margins of error for each of the three adsorbents. This suggests that 

although the organic ligands are different there is little difference in the adsorbate-

adsorbent interactions. 
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 These weak interactions are generally represented in the isotherms by the low 

loadings at low pressure and lacking any significant steepness. 

 

ZIF-8 – Ar 

 The differential enthalpy of adsorption shows that the highest energy sites are 

populated first, however, adsorbate-adsorbate interactions seem to dominate 

beyond that. An endotherm is present, and this was attributed to the first structural 

change (linker rotation). 

 The differential entropy of adsorption indicates that at least one degree of freedom 

was lost upon adsorption, and the adsorbed phase was liquid-like at higher 

pressures. 

 A sudden decrease in the surface energy was seen in the free energy of immersion, 

suggesting a sudden increase in adsorbed amount or increased surface area; both of 

which are possibilities in this case. 

 The enthalpy of immersion was the largest of all adsorbates on ZIF-8; this is 

reflected in the isotherms as Ar has the highest loading that would result in the 

greatest integral enthalpy/heat released. 

 All three types of transition are shown, linker rotation, adsorbed phase 

rearrangement and the final sudden framework/ligand change. 

 The inverse thermodynamic factor suggests adsorbate clustering is occurring which 

is disrupted during structural changes; however, this may be a mathematical 

artefact. 

o The adsorbate concentration in the pore volume at saturation corresponds 

well with the liquid phase density of Ar corroborating the differential 

entropy findings. 

 A selection of these features can be observed in the isotherms, the s-shape in the 

low pressure region indicating the linker rotation, the small increase in loading 

representing the adsorbed phase rearrangement and the larger step for the final 

framework change. 
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ZIF-8 – CH4 

 The differential enthalpy shows that the higher energy adsorption sites are 

populated first, followed by stronger adsorbate-adsorbate interactions over the 

measurement range. 

 The differential entropy at low loadings is similar to that of argon, suggesting 

confinement is not an issue for these molecules. At least one degree of freedom is 

lost upon adsorption, however, the adsorbed phase could not be considered ‗liquid-

like‘ at high pressures. 

 As per Ar, the surface energy shows a sudden decrease that corresponds with the 

increase in loading attributed to the rotation of the linkers. 

 The inverse thermodynamic factor indicates adsorbate clustering at low loadings 

which become then dispersed after the structural transition. 

o The concentration of adsorbate in the pores was not found to be similar to 

the liquid phase density of methane, in agreement with the differential 

entropy. 

 Only the first transition attributed to linker rotation was clearly displayed. It is likely 

that adsorbed phase rearrangement is taking place based on an isotherm feature 

observed in the isotherms. 

 These features can be observed in the isotherms, the s-shape at lower pressures 

followed by a concave section which may be formed by the end of the first 

transition combined with the adsorbed phase rearrangement step. A step at higher 

pressures is not observed, unlike the Ar isotherms. 

 

ZIF-8 – CO2 

 The differential enthalpy of adsorption shows that the highest energy sites are 

populated first, followed by stronger adsorbate-adsorbate interactions than with the 

surface. 

 The differential entropy of adsorption does not indicate that there are confinement 

issues in the framework. 

 The theoretical differential entropy suggests that at least one degree of freedom was 

lost upon adsorption, but solid CO2 may not have been formed. 
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 The inverse thermodynamic factor suggests that adsorbate clustering is occurring 

throughout the majority of the isotherm. 

o This could be supported by the findings in the differential enthalpy.  

o The estimated adsorbate density in the pores was found to be close to the 

density of liquid CO2 at the triple point, corroborating the absence of a 

solid CO2 phase. 

 The framework thermodynamics suggest ZIF-8/CO2 has the largest change in 

structure due to linker rotation of all scenarios investigated. 

o No other framework transformations, as per Ar and N2, were observed. 

 Some of these features are demonstrated in the isotherm by the very gradual 

increase in CO2 loading with pressure, the absence of a sharp increase in loading at 

higher pressures, and the s-shaped isotherm. 

 

ZIF-8 – N2 

 Preferred adsorption sites are not seen in the differential enthalpy at zero loading; 

with a gradual increase attributed to stronger adsorbate-adsorbate interactions. An 

exotherm is seen at high loading that corresponds to the adsorbed phase 

rearrangement step. 

 The differential entropy suggests that at least one degree of freedom is lost, but a 

‗liquid-like‘ adsorbed phase is not formed. This is likely a mathematical artefact as 

the maximum loading is limited by the highest temperature isotherm. 

 As per Ar, a sudden decrease is seen in the surface energy that corresponds with 

the rotation of the ligands and accompanying loading increase. 

 Adsorbate clustering is seen temporarily at low pressures, and is then re-formed 

during the final structural change corresponding with the isotherm step at higher 

pressures. 

o The concentration of adsorbate in the pores was found to be similar to the 

liquid phase density of nitrogen. 

 All three forms of transition are shown as per Ar, linker rotation, adsorbed phase 

transition and the final ligand/structure transition. 

 The s-shape in the low pressure region, the small increase in loading and the final 

step can all be seen in the isotherm, indicative of these features. The weak 

interactions with the framework can be seen when comparing a given temperature 



261 

isotherm between the three adsorbents; ZIF-8 has the lowest loading in the low 

pressure region. 

 

ZIF-14 – Ar 

 The differential enthalpy does not show a preferred adsorption site at low loadings, 

and remains relatively constant until it decreases. This decrease aligns with 

increasing loading with temperature, believed to be a thermally influenced structural 

change. 

 This trend is also replicated in the differential entropy; it also suggests that at least 

one degree of freedom is lost upon adsorption but a liquid-like phase is not 

formed. 

 A small step is seen in the surface energy at very low pressure at 77 K, suggesting a 

structural change which was not observed at higher temperatures. 

o No other structural transformations were observed. It is possible that 

thermal motion is more significant in this case as indicated by the unusual 

trend in loading. 

o A two stage/step hysteresis is observed in the isotherms suggesting this is 

the case. 

 The inverse thermodynamic factor does not show clustering of the adsorbate, likely 

due to the weak interactions and confined structure. 

o The adsorbate concentration in the pores does not approach the liquid 

phase density for Ar. 

 

ZIF-14 – CH4 

 Higher energy adsorption sites are not shown in the differential enthalpy, and a 

maximum is seen as per the Ar. The same increased loading with temperature is 

observed as Ar. 

 The differential entropy almost aligns with Ar, suggesting that ‗spherical‘ molecules 

adsorb in similar manners. At very low pressures, one degree of freedom is not lost 

upon adsorption and a liquid-like adsorbed phase is also not formed. 
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 The inverse thermodynamic factor suggests that clustering exists at low loadings 

which then disperse. This could be a result of a framework change which increases 

the unit cell volume. 

o The adsorbate concentration in the pore volume does not reach the liquid 

phase density; however, it is greater than ZIF-8 which may be due to the 

reduced pore volume of ZIF-14 leading to increased confinement. 

 Framework transitions resembling the linker rotations observed in ZIF-8 are 

present in the isotherms. Represented by the s-shape in the very low pressure 

range. 

 It is suspected that adsorbed phase transformations are also occurring based on the 

concave features observed in the isotherms as per ZIF-8. 

 A two stage desorption hysteresis is observed, and in conjunction with the 

increased loadings at higher temperature, again suggesting that thermal energy 

influences this framework more strongly than ZIF-8. 

 

ZIF-14 – CO2 

 The differential enthalpy shows a slight preference of adsorption sites at low 

loadings; an increase suggesting dominant adsorbate-adsorbate interactions is then 

shown. 

 The differential entropy shows that at least one degree of freedom was lost upon 

adsorption; however, solid-phase CO2 was not formed. 

 A jump in the surface energy suggests the existence of linker rotation, which can be 

seen by the s-shape in the low pressure region of the isotherms. 

 The inverse thermodynamic factor shows that clustering is not initially present, 

however, forms and then disperses. The loading at which the dispersion is seen 

aligns with the isotherm feature believed to indicate linker rotation. 

o The adsorbed phase concentration is lower than the density of liquid phase 

CO2. 
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ZIF-14 – N2 

 The differential enthalpy shows a trend similar to that of Ar; increasing to a 

maximum, and then decreasing. The decreasing portion aligns with the isotherm 

features believed to represented ligand rotation. 

 The differential entropy is almost zero at low loadings, suggesting the adsorbed 

molecules are not restricted on the surface at low loadings, possibly related to weak 

adsorbent-adsorbate interactions. 

o At low pressures one degree of freedom was not lost, supporting this 

suggestion, and a liquid-like adsorbed layer was not formed at higher 

loadings. 

o A trend similar to Ar is again displayed, suggesting that N2 and Ar adsorb 

via similar mechanisms. 

 The surface energy shows a step that aligns with an isotherm feature believed to 

indicate ligand rotation. 

 The inverse thermodynamic factor shows the formation of adsorbate clusters 

which grow and then diminish, much the same way as N2 on ZIF-8, however, they 

do not reform. 

o The adsorbed phase concentration did not approach the liquid phase 

density of N2. 

 Framework transitions were not observed during the thermodynamic analysis, 

however, anomalous isotherm trends at higher pressures between 90 and 110 K 

suggest thermally induced structural changes. 

 

ZIF-71 – Ar 

 The differential enthalpy does not show any preferred sites at low loadings, and 

then proceeds to increase indicating stronger adsorbate-adsorbate interactions. It 

then decreases from a maximum which was attributed to a number of framework 

effects reflected in the isotherms. 

 The differential entropy shows that at very low pressures, one degree of freedom 

was not lost and a liquid-like adsorbed phase is approached at higher loadings but is 

not achieved. 
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 There are no clear changes in the surface energy; however, there is a slight variation 

above 1 kPa which is reflected in the enthalpy of immersion that corresponds with 

a flattened region in the isotherm. 

 The inverse thermodynamic factor shows cluster formation at a concentration 

which corresponds with an isotherm feature believed to represent adsorbed phase 

rearrangement.  

 Low pressure ligand rotation is not observed in these isotherms, however, adsorbed 

phase rearrangement is. It is possible that a final structural change does exist, 

corresponding to a large increase in loading at higher pressures, as one was 

observed at 84 K and does exist for CH4 and N2. 

 

ZIF-71 – CH4 

 The differential enthalpy does not show any preference of adsorption sites at low 

loadings and then increases indicating adsorbate-adsorbate interactions are 

dominant; and this is indicated by the very gradual isotherm slopes. 

 The differential entropy shows that at least one degree of freedom is lost; however, 

a liquid-like phase is not formed at higher loadings. 

 The inverse thermodynamic factor does not show cluster formation at low 

pressures, however, they are suggested to form at a region in the isotherm 

corresponding with the final structural transition at high pressures. 

o The adsorbed phase concentration does approach the liquid phase 

concentration of methane, but is not achieved. 

 Ligand rotation in the low pressure region was not observed in the isotherms, 

however, features suggesting adsorbed phase rearrangement were. Large increases 

in loading at high pressure also indicate the presence of sudden structural 

transition. 

 

ZIF-71 – CO2 

 Aside from H2, the only adsorbent that demonstrates preferred adsorption sites at 

low loadings, and then reduces in the ‗typical‘ manner. For CO2, this is likely due to 

the stronger interactions with the adsorbent. 
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 The differential entropy shows that one degree of freedom is easily lost upon 

adsorption, and this is likely related to the fact that the adsorption interactions with 

the framework are stronger. 

 A reduction in the free energy of immersion is seen at a point that coincides with a 

sharp increase in loading, normally attributed to changes in the framework arising 

from ligand rotation. 

 The inverse thermodynamic factor does not show adsorbate cluster formation at 

low loadings, however, does suggest the formation of clusters at the feature in the 

isotherm corresponding to the suspected framework changes. 

o The adsorbed phase concentration in the pores is much lower than the 

liquid phase density, and also lower than both ZIF-8 and ZIF-14. This may 

be due to the much more open framework of ZIF-71 which may not be 

easily filled without capillary condensation. 

 An extended s-shape in the isotherms suggests that a gradual linker rotation is 

taking place in the framework. Adsorbed phase rearrangement was not observed, 

and, neither was a sudden increase in loading attributable to a significant framework 

change; as per Ar, CH4 and N2. 

 

ZIF-71 – N2 

 The differential enthalpy does not show preferred adsorption sites at low loading, 

indicating weak adsorbate-adsorbent interactions. It then increases suggesting that 

adsorbate-adsorbent interactions are prominent and then decreases. 

 The differential entropy suggests that one degree of freedom is not lost upon 

adsorption at low pressures. This in conjunction with the low differential enthalpy 

suggests that at low pressures, the admission of N2 is restricted. A liquid-like 

adsorbed phase is approached but not reached based on this analysis. 

 The inverse thermodynamic factor does not indicate cluster formation at low 

pressures, however, does suggest their formation at higher pressures corresponding 

to the step increase in loading. 

o The adsorbed phase concentration in the pore volume approaches the 

liquid phase density of N2, but does not reach it; in alignment with the 

differential entropy. 
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 An s-shape in the isotherms are not observed, suggested graduate changes due to 

linker rotation are absent. Adsorbed phase rearrangement also appears to be absent 

in the isotherms and thermodynamic analysis. A final change in the structure is 

observed at higher pressures indicated by a step increase in loading. 
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6 EVALUATION of ADSORBENTS and INFLUENCE of 

PROCESS VARIABLES 

 

6.1 Introduction 

The preceding chapters were focussed closely on zeolitic imidazolate frameworks (ZIFs) 

and the evaluation of their adsorption performance and their in-depth adsorption 

thermodynamics. In order to have a more comprehensive evaluation of available 

adsorbents for this application, as well as the influence of process variables on the 

performance of the separation, the following work was undertaken. 

A simple PSA model [294] comprising of adsorption, blowdown and repressurisation steps 

will be used to evaluate a number of known adsorbents over a range of process conditions 

in an effort to isolate the better performing materials for this application. The 3-step cycle 

is graphically depicted in Figure 6.1 below. 

 

 

Figure 6.1 – 3-step cycled used in the simple PSA model (F – feed, E – exhaust, P – 
CO2 product) 

 

A range of model adsorbents, i.e. fabricated isotherms, will then be used to investigate the 

effect of intrinsic properties of the adsorbent and process, in an effort to expose the areas 

in which further development may be required to improve the efficiency of the process. 

The simple PSA model is a MATLAB [463] based code, and is advantageous from the 

perspective that it is fast to run while taking into account thermal effects due to adsorption, 

however, rigorous heat and mass transfer models and more complex PSA steps, such as 
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pressure equalisation, are not included. Including these aspects would complicate the 

software to the level of MINSA which was the simulator used in Chapter 4, and the ability 

to swiftly assess adsorbents would be lost. Given that the most basic form of PSA cycles is 

used in the simple model, any results obtained in terms of purity and recovery are the worst 

case scenario; thus, adsorbents which perform well under these conditions would be a good 

candidate for further investigation in later work. 

Although some isotherms have been measured and reported in the literature at high 

pressure on a range of adsorbents, PSA performance of these materials has not been 

investigated experimentally at the conditions investigated in this work. This is likely due to 

the increased cost and complexity of the apparatus which limits their uptake by research 

groups. In lieu of experimental evaluation, or detailed process simulation, many authors 

report the ideal selectivity of the adsorbent and use it virtually as a constant of 

proportionality to its actual cyclic performance. The ideal selectivity (α) is defined by 

Equation 6.1, where n is the loading and y is the gas phase molar composition, at the feed 

conditions. 

 

a a

b b

n y

n y
   Equation 6.1 

 

The primary issue with this method is that the cyclic and non-isothermal nature of the PSA 

process is not addressed. During feed repressurisation and adsorption, there is a 

temperature rise in the bed, causing the amount adsorbed to decrease; during desorption, 

the expansion of the gas as well as the desorption process cause the temperature of the bed 

to decrease, increasing the amount adsorbed. These compound in such a way that the 

performance of the adsorbent is significantly reduced in the cyclic arrangement, these 

issues have been previously discussed [146,147,518] and the consequences of using the 

ideal selectivity as an indicator have been previously discussed by Maring [294].  
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6.2 Evaluation method 

A number of known adsorbents for which high pressure adsorption isotherms were 

reported at multiple temperatures in the literature, as well as experimentally measured 

isotherms of a family of zeolite Y materials (as a part of this work), are listed in Table 6.1. 

The feed pressure, temperature and composition, and the blowdown pressure were varied 

and the effect on the CO2 and CH4 purity and recovery, the working capacity, the 

selectivity and temperature swing of the bed were observed. 

The working capacity is a measure of the amount of adsorbate that can be adsorbed and 

desorbed with the thermal effects taken into account. This parameter is directly 

proportional to the capital cost of the system, as if the working capacity is low, the amount 

of adsorbent required to capture a given amount of adsorbate is higher. This results in 

larger adsorption vessels, and greater amount of adsorbent to be purchased. 

There are a number of ways to evaluate the selectivity, in addition to the ideal selectivity 

(α), two additional methods will be used for the purposes of comparison. The first is a 

method that is common in distillation, which has been termed the binary selectivity (β) and 

is defined by Equation 6.2. This is essentially a measure of the leakage or loss of the 

product intended for one outlet (distillate) to another (bottoms); in our case, the 

proportion of CO2 mixed in with the CH4 product. The other is the working selectivity (γ), 

which is used in adsorption processes, and is analogous to α, except the thermal effects and 

desorption pressure are accounted for; this is defined by Equation 6.3. 
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   Equation 6.3 

 

The binary selectivity can also be calculated for the case where there is no separation, i.e. 

the composition of the products is the same as the feed. This will be termed βineff, and is the 

β value that represents and ineffective separation. Values of β less than βineff suggest the 

purity of CO2 in the CO2 product is less than the feed gas. 

The maximum temperature swing is the largest difference in temperature calculated or 

observed in the adsorption bed over the process cycle. The highest temperature is normally 
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observed during the repressurisation of the bed (adiabatic compression) and adsorption, 

while the lowest temperature is encountered at the end of the desorption step (adiabatic 

expansion and desorption). The greater the temperature swing, the further from ideal or 

isothermal performance. Therefore, theoretically, the greater the difference between the 

ideal selectivity and the working selectivity. 

 

Table 6.1 over lists the adsorbents used and the references of the original data. Appendix 

IV contains the determined dual-site Langmuir fitting parameters used in the simple model. 

For visual simplicity, the materials are referred to by their number in data plots. 

Furthermore, the results for selected better performing materials are displayed in this 

chapter with the complete data being in Appendix IV. Material 11 and 22 were not 

evaluated as the isotherms were not measured to a sufficiently high pressure by the original 

authors; upon extrapolation, the loading of the adsorbates became significantly inflated. 

  



271 

Table 6.1 – List of materials evaluated in this work for high pressure natural gas 
separations with their corresponding number and original data reference. 

№ Material Name Ref. Type 

1 CECA 13X [273] Z 

2 Kansai Coke & Chemicals Co. Maxsorb AC [369] 

C 

3 Norit R1 extra 

[370] 
4 Calgon Co. BPL carbon 

5 A'dall A10 fibre 

6 Osaka Gas Co. AC A 

7 Sutcliffe Speakman Carbons coal based AC [371] 

8 Calgon Co. PCB AC [372] 

9 Zeolite Beta, Si/Al = 16 [373] Z 

10 Shirasagi MSC 3K-161 [374] 

C 11 Takeda CMS-T3A [375] 

12 Bowen Basin coal A [376] 

13 COF-102 [377] 

M 
14 Cu-BTC 

[378] 
15 MIL-101 

16 HKUST-1 [379] 

17 CuZn impregnated BPL carbon [380] C 

18 Na-mordenite 
[381] 

Z 
19 H-mordenite 

20 Zeox Co. Bowie natural chabazite [382] 

21 Silicalite [383] 

22 ZnDABCO [384] M 

23 HSZ320-Li 

This work Z 

24 HSZ320-Na 

25 HSZ320-K 

26 HSZ350-Li 

27 HSZ350-Na 

28 HSZ350-K 

29 HSZ385-Li 

30 HSZ385-Na 

31 HSZ385-K 

32 ZIF-8 

This work M 33 ZIF-14 

34 ZIF-71 

The ‗type‘ refers to the family of the adsorbent, i.e. zeolitic (Z), MOF (M) and 

carbonaceous (C). 

 

  



272 

In addition to the known adsorbents found in the literature, and the isotherms measured 

for this work, a range of model isotherms were fabricated in an effort to investigate the 

influence of material properties and process parameters on the performance of the 

separation process. Single site Langmuir isotherms (Equation 6.4) were used to investigate 

the influence of selectivity, heat of adsorption and loading. The value of b0 was constant 

for each adsorbate and the loading and selectivity was set by adjusting the m values; the 

heat of adsorption was adjusted by changing the H values. Table 6.7 summarises the 

scenarios investigated with the model isotherms, the specific values of the isotherm 

parameters can be found in Appendix IV. 
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 Equation 6.4 

 

As the parameters are fabricated, albeit with reasonable values, some outputs from the 

simple model will have compromised accuracy. Specifically, the working capacity, the 

working selectivity and the maximum temperature swing. Therefore, only the purity and 

recovery results have been reported for this investigation. 

 

The simple model requires the input of physical properties, specifically the packed bed 

density, the bed voidage and the adsorbent heat capacity. These parameters are not readily 

reported in the literature or provided by manufacturers. The measurement of these 

parameters is somewhat outside the scope of this work. Suggested parameters were used 

based on the family of the adsorbent, i.e. zeolite, MOF or carbon, from the original 

publication of the simple model [294] for adsorbents 1 through 31. The properties for 

adsorbents 32 to 34 are the same as those used in Chapter 4. 

Another parameter required in the model is the heat capacity ratio, or adiabatic index of the 

feed gas. This is used while calculating the changes in temperature due to adiabatic 

compression and expansion. As the simple model is going to be run over a range of 

conditions, finding or determining this value for each run is cumbersome; CP/CV data was 

generated using the PRSV fluid package [437] in HYSYS [519] over a range of 

temperatures, compositions and pressures and this data was numerically fit in Excel [487] 
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to generate two functions. One function describes CP/CV at constant temperature (303.15 

K) as a function of pressure (1 – 200 bar(a)) and CO2 concentration (10 – 40 %mol), 

Equation 6.5. The other is at constant pressure (100 bar(a)), and is a function of 

temperature (303.15 – 473.15 K) and CO2 concentration (10 – 40 %mol), Equation 6.6. 

These two functions cover the range of conditions investigated. 

 

         
2 2 2 2

3 2

2 1 2 3 4303.15
,P

CO CO CO CO COK
V

C
P y C y P C y P C y P C y

C
        

 Equation 6.5 
Where:  

   
2 2 2 2

9 3 2

1 1 10 3.1231 7.3691 7.5156 2.8660CO CO CO COC y y y y          

   
2 2 2 2

6 3 2

2 1 10 1.6732 3.3058 2.5086 0.13319CO CO CO COC y y y y           

   
2 2 2 2

4 3 2

3 1 10 0.010450 2.5020 7.4584 8.9703CO CO CO COC y y y y          

   
2 2 2 2

2 3 2

4 1 10 0.073667 0.40955 2.8811 122.07CO CO CO COC y y y y           

 

 
         

2 2 2 2
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2 1 2 3 4100
,P

CO CO CO CO CObar a
V

C
T y C y T C y T C y T C y

C
        

 Equation 6.6 
Where:  

   
2 2 2 2

7 3 2

1 1 10 14.183 2.9992 1.9679 0.54030CO CO CO COC y y y y           

   
2 2 2 2

4 3 2

2 1 10 17.611 3.6198 2.4955 0.72669CO CO CO COC y y y y          

   
2 2 2 2

1 3 2

3 1 10 7.2685 1.4397 1.0569 0.33635CO CO CO COC y y y y           

   
2 2 2 2

1 3 2

4 1 10 9.9775 1.8773 1.5029 0.66622CO CO CO COC y y y y          

 

The simple model performs the calculations on the basis of 1 kg of adsorbent. The volume 

of the bed is then back-calculated from the adsorbent density and void fraction. 
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6.3 Results and discussion 

6.3.1 Limitations of the simple model 

In section 4.1, it was mentioned that the simple model did not have the facility for more 

complicated pressure swing adsorption cycle steps. There are also other features which are 

absent from the simple model in comparison to rigorous adsorption simulators such as the 

in-house software MINSA, and commercially available software like Aspen Adsorption and 

ProSim DAC. 

Most of these centre on the assumptions regarding mass and energy transport. The simple 

model is purely an equilibrium model, meaning that the adsorption kinetics and gas 

diffusion (effects such as Taylor dispersion) are not simulated. Of the materials 

investigated, only material 10 is known to separate CO2 and CH4 by means of adsorption 

kinetics; therefore, its performance may be unfairly disadvantaged. On very large scales, 

Taylor dispersion is typically insignificant as the gas is forced to travel around the 

adsorbent particles which results in good axial mixing. For packed bed reactors, in the case 

where the pore diffusion and reaction kinetics are very fast, the repercussions of Taylor 

dispersion are amplified as there is insufficient time for this mixing to occur. In the case of 

adsorption, prevalence of this would depend on the specific application. 

As the adsorption kinetics and gas diffusion are not considered, there is no means available 

to develop a composition and temperature profile along the length of the adsorption bed, 

vis-à-vis an adsorption breakthrough measurement. The implications of this are that the 

temperature and composition are assumed to be everywhere the same in the bed. The final 

temperature and composition are solved simultaneously via ODEs for all steps in the 

simple model; this solution is then applied to the whole bed. 

Competitive adsorption is not considered in the simple model. This means that the 

adsorption of one component does not influence the adsorption of the other. In the case 

of H2 and CO2 for example, this may lead to significant errors as the weakly adsorbed H2 is 

easily overpowered by CO2. In this particular case, although there is a difference between 

CH4 and CO2, it is not as large as the preceding example; however this error will still exist. 

The only method by which this problem can be accurately overcome is by the 

measurement of multicomponent adsorption isotherms; which are exceptionally rare. 

Finally, the feed step is assumed to perfectly displace the contents of the bed until 

breakthrough is achieved (perfect shockwave propagation), i.e. the contents of the void 

space and what is adsorbed on the adsorbent at the end of the repressurisation step is 
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pushed out in the direction of the feed. The composition in the gas phase becomes the 

composition of the feed, and the corresponding equilibrium amount is adsorbed on the 

adsorbent and this is not a fully accurate representation of what occurs during this step. As 

the feed gas enters the bed it will mix with the existing gas in the void space and create a 

new equilibrium condition on the adsorbent, rather than completely displace the existing 

adsorbate. The implications of this are that the purity of the light product (CH4 product in 

this case) will be underestimated, as the adsorbed CO2 is removed by design which may not 

have ordinarily been the case. 

 

The inclusion of all of these features, however desirable, would complicate the simple 

model to the level of a rigorous model. This will increase the complexity and run time, and 

require additional inputs to the model; this fact should not be overlooked, as the rigorous 

models are only as reliable as the quality of the parameters and constants used in describing 

these effects. 

The simple model does have its limitations; however, for general adsorbent screening and 

comparison, and for obtaining a fair indication of the performance of an adsorbent in a 

simple cycle, it is a convenient tool. It is useful in this case to assist in identifying, over a 

range of conditions, adsorbents that have the potential to be used in natural gas 

separations. 
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6.3.2 Known adsorbents 

The upcoming section presents the results for known adsorbents. The CO2 purity and 

recovery, CH4 purity and recovery, and where applicable the selectivities and maximum 

temperature swing are also shown over the range of the parameter being investigated. The 

parameters being investigated here are adsorption pressure, feed temperature, feed 

composition, and desorption (or blowdown) pressure. 

The term ‗known adsorbent‘ refers to adsorbents that have already been published in the 

scientific literature. This term is used to differentiate from hypothetical or ‗fabricated‘ 

adsorbents, which are discussed later in section 6.3.3. 

As outlined in Table 6.1, there are 32 adsorbents for which sufficient isotherm data is 

available to evaluate their high pressure CO2/CH4 separation ability. Presenting up to 8 

output variables for changes in 4 input variables for each adsorbent within the main body 

can become unruly. Due to this, 6 adsorbents have been selected for which the results have 

been plotted and the remaining adsorbents are presented in the accompanying appendix for 

this chapter, Appendix IV. Two adsorbents from each family, carbons, MOFs and zeolites 

were selected to allow comparison between these families. The adsorbents were selected by 

overviewing the CH4 and CO2 purity and recovery over the range of input parameters 

investigated, and counting the instances where the adsorbent was the highest performing in 

each family. The adsorbents with the highest tally were then presented in the main body of 

this chapter. 

 

6.3.2.1 Properties of selected adsorbents 

The selected known adsorbents are listed in Table 6.2. The isotherms for these adsorbents, 

as well as the physical property data used in the simple model are presented here; this is to 

make easier reference to these in the results and discussion. 

 

Table 6.2 – Selected adsorbents for which results will be shown in the main body of 
this chapter 

№ Material Name Family 

7 Sutcliffe Speakman Carbons coal based AC Carbon 

17 CuZn impregnated BPL carbon Carbon 

15 MIL-101 MOF 

34 ZIF-71 MOF 

21 Silicalite Zeolite 

31 HSZ385-K Zeolite 
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The isotherms for the carbon materials, adsorbents 7 and 17 are shown in Figure 6.2 and 

Figure 6.3 below, and the corresponding physical properties are shown in Table 6.3. 

 

  
Figure 6.2 – isotherms used for 
adsorbent 7, Sutcliffe Speakman 

Carbons coal based AC for CO2 (solid) 
and CH4 (dashed) at 273.15 K (red), 
303.15 K (green) and 333.15 K (blue) 

Figure 6.3 – isotherms used for 
adsorbent 17, CuZn impregnated BPL 

carbon for CO2 (solid) and CH4 (dashed) 
at 273.15 (red), 303.15 (green) and 333.15 

K (blue) 
 

Table 6.3 – Simple model physical property input parameters for adsorbents 7 and 
17 

Parameter Value 

ρ [kg∙m-3] 480.5 
ε 0.69 
CP [J∙kg-1] 1050 
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Likewise, the isotherms for the MOF materials, adsorbents 15 and 34 are shown in Figure 

6.4 and Figure 6.5, with the physical properties shown in Table 6.4. 

 

  
Figure 6.4 – isotherms used for 

adsorbent 15, MIL-101 for CO2 (solid) 
and CH4 (dashed) at 273.15 K (red), 
303.15 K (green) and 333.15 K (blue) 

Figure 6.5 – isotherms used for 
adsorbent 34, ZIF-71 for CO2 (solid) and 

CH4 (dashed) at 273.15 K (red), 303.15 
(green) and 333.15 K (blue) 

 

Table 6.4 – Simple model physical property input parameters for adsorbents 15 and 
34 

Parameter Adsorbent 15 Adsorbent 34 

ρ [kg∙m-3] 572.7 582 
ε 0.72 0.748 
CP [J∙kg-1] 800 2088 
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The isotherms for the zeolite materials, adsorbents 21 and 31 are shown in Figure 6.6 and 

Figure 6.7, with the physical properties shown in Table 6.5. 

 

  
Figure 6.6 – isotherms used for 

adsorbent 21, silicalite for CO2 (solid) 
and CH4 (dashed) at 273.15 (red), 303.15 

K (green) and 333.15 K (blue) 

Figure 6.7 – isotherms used for 
adsorbent 31, HSZ385-K for CO2 (solid) 

and CH4 (dashed) at 273.15 K (red), 
303.15 K (green) and 333.15 K (blue) 

 

Table 6.5 – Simple model physical property input parameters for adsorbents 21 and 
31 

Parameter Value 

ρ [kg∙m-3] 750 
ε 0.71 
CP [J∙kg-1] 920 

 

 

The adsorption isotherms for material 21, silicalite, as measured by Sun and colleagues 

[383] appear to be very steep, i.e. have a high enthalpy of adsorption. This is not normally 

expected in pure silica adsorbents, however, it is also beyond the scope of this work to 

synthesise and measure isotherms for all investigated literature materials. Hence, isotherms 

will be used as provided in their publication with the belief that there were no errors in the 

synthesis of the material, or measurement of the isotherms. 
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6.3.2.2 Influence of adsorption pressure 

The influence of adsorption pressure and feed CO2 composition on CH4 purity and 

recovery, CO2 purity and recovery, and CO2 working capacity are presented in this section. 

This is to investigate the performance of a given material with feed gasses provided at 

different pressures; in these simulations, the feed temperature is fixed at 303.15 K and the 

desorption pressure is also fixed at 1.2 bar(a). The dashed lines in the plots are included to guide the 

eye only. 

 

The results for methane purity are fairly similar when comparing the 10 % feed (Figure 6.8) 

and the 30 % feed (Figure 6.9) results with the exception being adsorbent 21 (silicalite). In 

the 30 % case the methane purity suffers at total pressures above 20 bar(a); the purity of 

the methane product is likely diluted by the increased CO2 present in the void space of the 

bed and the CO2 that is adsorbed at the end of the repressurisation step. This adsorbed 

CO2 is ‗desorbed‘ during the feed step as addressed in the limitations of the simple model 

(section 6.3.1); the increased amount of CO2 adsorbed is attributed to the steep CO2 uptake 

of silicalite (Figure 6.6 – isotherms used for adsorbent 21, silicalite for CO2 (solid) and CH4 

(dashed) at 273.15 (red), 303.15 K (green) and 333.15 K (blue)) in comparison to the other 

adsorbents, which makes desorbing the CO2 difficult at supra-atmospheric pressures. The 

maxima in the case of the 10 % CO2 is seen at ≈100 bar(a) and in the case of 30 % CO2, it 

appears at ≈30 bar(a); which although there is no data point, may be feasible as the 20 and 

50 bar(a) results are almost the same magnitude. In both cases, this corresponds to a CO2 

partial pressure of ≈10 bar(a). At these compositions, these may be the points at which the 

partial pressures in the gas phase at the blowdown conditions are such that the selectivity 

between CO2 and CH4 is compromised, and thus begins to be impact the separation 

negatively. 

The highest performing adsorbents in terms of methane purity across both cases are 17 

(CuZn impregnated carbon) and 34 (ZIF-71). In the simple model, the methane product is 

the material left in the bed after the end of the desorption step. The condition that would 

lead to a favourable result in this case requires more CH4 than CO2 being adsorbed on the 

adsorbent at the end of the desorption step. The factors contributing to this are enthalpy of 

adsorption and uptake. If the enthalpy of adsorption is high, the bed temperature will 

decrease substantially resulting in more adsorbate remaining adsorbed at the end of the 

desorption step. This effect can be seen in Figure 6.18 and Figure 6.19, which show the 
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maximum temperature swing in the bed. These materials have the largest temperature 

swing, materials 17 and 34 display the lowest temperature swing which is contrasted to the 

three consistently poor performing adsorbents (7, 15 and 31) that have the highest 

temperature swing. 

Adsorbent 21 (silicalite) also has a low temperature swing, however, this is most likely 

attributed to the insufficiently low desorption pressure. As the uptake is very steep, vacuum 

pressures would be necessary to desorb sufficient adsorbate to cause a large temperature 

swing. This can be seen in the working capacity plots, Figure 6.16 and Figure 6.17, where it 

is the adsorbent with the smallest CO2 working capacity. This can be compared to material 

15 (MIL-101) which displays the largest temperature swing, attributed to a combination of 

a larger working capacity and a much higher enthalpy of adsorption. 

 

  CH4 purity   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.8 – CH4 purity over adsorption 
pressure, 10 % CO2 and 303 K feed, 1.2 

bar(a) desorption 

Figure 6.9 – CH4 purity over adsorption 
pressure, 30 % CO2 and 303 K feed, 1.2 

bar(a) desorption 
 

The CH4 recovery as a function of adsorption pressure is shown in Figure 6.10 and Figure 

6.11. In the simple model, the CH4 recovery is governed by the conditions of the bed at the 

end of the desorption step. If a large amount of CH4 is adsorbed on the material at the feed 

step, this CH4 can be removed with the CO2 product during the desorption step; this 

implies that a high CO2/CH4 selectivity will result in higher CH4 recovery as what is not 

adsorbed will be collected as CH4 product during the feed step. Also, at higher pressures, 
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more CH4 will be present in the void space which will be removed during the desorption 

step hence also reducing the recovery. As thermal effects are accounted for in the simple 

model, the exact behaviour during the desorption step is easily predicted; the bed 

composition and thermal effects will also influence the amount of CH4 that remains 

adsorbed at the end of the desorption step. During the repressurisation step, the bed 

contents are displaced and are considered as the CH4 product. 

Overall there are no better performers as was the case for CH4 recovery; in the low 

pressure ranges, material 31 (HSZ385-K) shows better performance, and materials 15 and 

34 at high pressures. At lower pressures, the selectivity of HSZ385-K at the feed conditions 

is the highest of the investigated materials; this selectivity is still maintained at higher 

pressures, however, the thermal effects become more significant at higher feed pressures 

which overcome the benefits of higher selectivity. In the case of materials 15 and 34, the 

increase in performance is likely due to a combination of correlated factors; the isotherm 

shape, thermal effects and loading which conspire beneficially with increasing feed 

pressure. The density of the MOF materials is lower than the zeolite materials and 

therefore per kilogram of material, there is more void space in the bed and this counters 

the benefits of the other factors.  

 

  CH4 recovery   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.10 – CH4 recovery over 

adsorption pressure, 10 % CO2 and 303 K 
feed, 1.2 bar(a) desorption 

Figure 6.11 – CH4 recovery over 
adsorption pressure, 30 % CO2 and 303 

K feed, 1.2 bar(a) desorption 
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The CO2 purity as a function of adsorption pressure is shown in figures Figure 6.12 and 

Figure 6.13. At feed pressures below 10 bar, only material 31 shows some advantage with 

30 % CO2 in the feed; otherwise materials 17 and 34 display better performance overall. As 

the CO2 product is collected upon desorption of the bed, it is likely at low pressures that 

the low uptake of CO2 by materials 17 and 34 is eclipsed by the sum of CH4 adsorbed, and 

in the voids pace of the bed. At a feed concentration of 30 %, the increased partial pressure 

of CO2 results in a higher uptake which improves the CO2 purity at lower total pressures. 

 

  CO2 purity   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.12 – CO2 purity over adsorption 
pressure, 10 % CO2 and 303 K feed, 1.2 

bar(a) desorption 

Figure 6.13 – CO2 purity over adsorption 
pressure, 30 % CO2 and 303 K feed, 1.2 

bar(a) desorption 
 

Again, materials 17 and 34 show better performance overall for CO2 recovery, which is 

shown in Figure 6.14 and Figure 6.15. In the case of 10 % CO2 in the feed, material 21 also 

displays good performance for recovery, however, above 50 bar of 30 % CO2, the recovery 

declines swiftly. In the case of material 21, the improved performance at 10 % CO2 in 

comparison to 30 % is likely due to the steep adsorption isotherm. At higher CO2 partial 

pressures, more CO2 remains adsorbed on the material at the end of the blowdown step; 

this then causes a loss in CO2 recovery, and is also detrimental to CH4 purity, as observed 

earlier. Given the operating window of the process are PSA, lower blowdown pressures 

will require the use of vacuum, negating many benefits of the process.  
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  CO2 recovery   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.14 – CO2 recovery over 

adsorption pressure, 10 % CO2 and 303 K 
feed, 1.2 bar(a) desorption 

Figure 6.15 – CO2 recovery over 
adsorption pressure, 30 % CO2 and 303 

K feed, 1.2 bar(a) desorption 
 

The CO2 working capacities are shown in Figure 6.16 and Figure 6.17 below. The working 

capacity is a measure of the amount of CO2 recovered per kg of adsorbent in the bed; the 

analogous measure in a thorough simulation or process is the bed size factor (kgs of 

adsorbent required to separate 1 tonne per day of product). For a fixed desorption 

pressure, it is expected that the working capacity of a given component increases with 

adsorption pressure; as more can be initially adsorbed. This simple descriptor only applies 

if thermal effects are ignored; this is why in the case of 30 % CO2 in the feed, the working 

capacity for material 17 surpasses 15 at higher pressures. Although the absolute capacity of 

material 15 is significantly higher (Figure 6.4 vs Figure 6.3), it also experiences much larger 

thermal effects Figure 6.19); thus, more CO2 is retained on the adsorbent due to the 

reduction in temperature during the desorption step, and less is adsorbed during the 

adsorption step owing to the corresponding temperature increase. 
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  CO2 working capacity   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.16 – CO2 working capacity over 
adsorption pressure, 10 % CO2 and 303 K 

feed, 1.2 bar(a) desorption 

Figure 6.17 – CO2 working capacity over 
adsorption pressure, 30 % CO2 and 303 

K feed, 1.2 bar(a) desorption 
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The maximum temperature swing plots are shown below in Figure 6.18 and Figure 6.19. 

They are mostly included to provide reasoning and justification to the previously presented 

results. The maximum temperature swing is influenced by a number of factors including 

the heat of adsorption, adsorbent heat capacity and the working capacity (which is itself 

affected by the temperature swing). Of the materials selected to be presented in this 

chapter, the temperature swing is not insignificant for any, and material 15 (MIL-101) 

displays a temperature swing in excess of 100 K in some instances. These results in 

particular demonstrate the utility of the simple model over other basic evaluation methods 

such as the ideal selectivity. 

 

  Maximum temperature swing   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.18 – Bed temperature swing 

over adsorption pressure, 10 % CO2 and 
303 K feed, 1.2 bar(a) desorption 

Figure 6.19 – Bed temperature swing 
over adsorption pressure, 30 % CO2 and 

303 K feed, 1.2 bar(a) desorption 
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6.3.2.3 Influence of adsorption temperature 

In the preceding section, the performance of the adsorbents was evaluated over a range of 

adsorption pressures while keeping the adsorption temperature and desorption pressure 

constant.  In this case, the adsorption temperature has been varied between 303 and 423 K, 

while the adsorption and desorption pressures are fixed at 100 and 1.2 bar(a) respectively. 

 

The outcomes for CH4 purity are shown over in figures Figure 6.20 and Figure 6.21. In the 

10 % CO2 case, materials 17 and 21 do not appear to be significantly influenced by feed 

temperature at these conditions; furthermore any variation over this temperature range 

seems to be less than 5 %. However, in the case of 30 % CO2, material 31 shows a 

noticeable improvement with temperature. 

As the CH4 purity is determined by the conditions at the end of the repressurisation step, 

the adsorption temperature influences this in two main ways, both attributed to the 

exothermic nature of adsorption. As the temperature increases, the slope of the adsorption 

isotherm is reduced, resulting in more material being desorbed during the blowdown step. 

As more CO2 is removed, less is present to dilute the CH4 product. The adsorption 

capacity is also reduced with increasing temperature, and this can cause the CH4 adsorption 

to become essentially negligible in some instances. During the feed step in the model, this 

non-adsorbed CH4 is taken as product. 
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  CH4 purity   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.20 – CH4 purity over feed 

temperature, 10 % CO2 and 100 bar(a) 
feed, 1.2 bar(a) desorption 

Figure 6.21 – CH4 purity over feed 
temperature, 30 % CO2 and 100 bar(a) 

feed, 1.2 bar(a) desorption 
 

In the case of material 31 (HSZ385-K), it appears that the improvement is due to a synergy 

of both of these factors by virtue of the adsorbent properties. In the case of material 34 

which shows a decline in performance, the heat of adsorption for CH4 is rather low 

(Chapter 4) and as such does not experience a significant decrease in loading with 

temperature. This results in a scenario where the selectivity is reduced at higher 

temperatures, rather than increased. For material 17, the heats of adsorption of CO2 and 

CH4 are relatively similar and this causes their loadings to decrease in similar proportions 

with temperature. This then results in the performance remaining relatively constant over 

the temperature range investigated. 
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The effect of temperature on working selectivity for these three materials is shown below 

in Figure 6.22 and Figure 6.23. Aside from the CH4 purity essentially mirroring the trend of 

the working selectivity, it can also be seen that the maxima are shifted to higher 

temperatures when the CO2 concentration is higher. As the isotherms are less steep at 

higher temperatures, the largest CO2 working capacity is achieved at a lower temperature at 

lower concentrations. 

 

  Working selectivity (γ)   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.22 – working selectivity over 
feed temperature, 10 % CO2 and 100 

bar(a) feed, 1.2 bar(a) desorption 

Figure 6.23 – working selectivity over 
feed temperature, 30 % CO2 and 100 

bar(a) feed, 1.2 bar(a) desorption 
 

Increasing feed temperature appears to have a favourable influence on CH4 recovery for 

material 31 (Figure 6.24 and Figure 6.25). In the case of 10 %mol CO2, it displays the best 

performance overall, with the advantage becoming significant above 343 K. For 30 %mol 

CO2 feed, it is advantageous to use material 31 above 383 K; however, below 363 K other 

materials may be a better choice. As mentioned in section 6.3.2.2, CH4 is lost during the 

CO2 product collection (desorption) step, so factors attributed to that are the cause of poor 

CH4 recovery. The CH4 recoveries are lower overall in the 30 %mol CO2 case, likely due to 

an increased working capacity of CH4 attributed to the lower partial pressures over the 

pressure swing range.  
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  CH4 recovery   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.24 – CH4 recovery over feed 
temperature, 10 % CO2 and 100 bar(a) 

feed, 1.2 bar(a) desorption 

Figure 6.25 – CH4 recovery over feed 
temperature, 30 % CO2 and 100 bar(a) 

feed, 1.2 bar(a) desorption 
 

The results for CO2 purity are shown in Figure 6.26 and Figure 6.27 over for 10 and 30 

%mol CO2 respectively. Above 363 K, material 31 again displays superior performance, 

especially in the 30 %mol CO2 case. At temperatures below 343 K, material 34 would be the 

better choice if CO2 purity was the primary selection criterion. All materials except 34 

display some form of enhanced CO2 purity (or moderately stable at worst) with increasing 

feed temperature. Material 34 does display a noticeable decline in CO2 purity with 

increasing temperature, and this is likely attributed to more CH4 being desorbed during the 

blowdown step in combination with a reduced CO2 capacity. As there is a substantial 

amount of CH4 in the void space of the bed, a large amount of CO2 is required to be 

desorbed in order to dilute that CH4. 
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  CO2 purity   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.26 – CO2 purity over feed 

temperature, 10 % CO2 and 100 bar(a) 
feed, 1.2 bar(a) desorption 

Figure 6.27 – CO2 purity over feed 
temperature, 30 % CO2 and 100 bar(a) 

feed, 1.2 bar(a) desorption 
 

Materials 17 and 21 display comparable and relatively constant CO2 recovery with 

increasing temperature for the 10 %mol CO2 feed case, and there is no distinct victor in the 

30 %mol CO2 case (Figure 6.28 and Figure 6.29). CO2 recovery is driven by the amount of 

CO2 left adsorbed in the bed following the blowdown step, as this is collected with the CH4 

product. 

Based on the combination of these findings, if waste heat were available on-site, material 31 

performs comparatively well if the feed were heated to 373 K (or above). Conversely, if a 

lower temperature separation must be carried out, or if surplus cooling utility were 

available, at feed temperatures below 343 K material 34 appears to be the best performer 

over the four product quality indicators. In the range between 343 and 373 K, there is no 

clear choice; however, the benchmarking data presented here could be used to select a 

suitable adsorbent for a specific scenario.  
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  CO2 recovery   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.28 – CO2 recovery over feed 
temperature, 10 % CO2 and 100 bar(a) 

feed, 1.2 bar(a) desorption 

Figure 6.29 – CO2 recovery over feed 
temperature, 30 % CO2 and 100 bar(a) 

feed, 1.2 bar(a) desorption 
 

The CO2 working capacities, an indicator for capital cost, are shown in Figure 6.30 and 

Figure 6.31. At the lower temperatures (< 343 K), material 34 shows comparable or better 

CO2 working capacity than the other adsorbents. Material 31, the other adsorbent 

displaying promising performance has a comparatively lower working capacity over much 

of the temperature range investigated; for instance at 303 K, it is approximately one-third 

the value of material 34. This implies that three times the adsorbent mass, and hence vessel 

capacity, would be required for material 34. Although materials 15 and 17 display good 

working capacity over the temperature range, working selectivity is a secondary concern if 

product requirements cannot be met. Material 15 in particular displayed poor performance 

in terms of product purity and recovery overall.  
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  CO2 working capacity   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.30 – CO2 working capacity over 

feed temperature, 10 % CO2 and 100 
bar(a) feed, 1.2 bar(a) desorption 

Figure 6.31 – CO2 working capacity over 
feed temperature, 30 % CO2 and 100 

bar(a) feed, 1.2 bar(a) desorption 
 

A more detailed economic analysis would be required to be carried out, however, if 

operating at lower temperatures, material 34 would be the most economical adsorbent in 

terms of equipment capital cost. Factors such as adsorbent cost would need to be 

considered also, as material 34 is currently not produced on an industrial scale, whereas 

material 31, is and thus may be more cost effective to purchase in large quantities. The 

argument is available that if the process is sufficiently up-taken, material 34 would be 

produced in significant quantities to reduce its cost; however, these are long-term 

optimistic surmisings. 

At temperatures above 373 K, there is little distinction between the working capacity of 

material 31 and 34; therefore, the selection is governed by the product requirements. 
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6.3.2.4 Influence of blowdown pressure 

In this section the influence of blowdown, or desorption pressure is investigated while 

keeping the adsorption pressure fixed at 100 bar(a) and feed temperature at 303 K. The 

blowdown pressure is varied between 1.2 and 20 bar(a). 

The primary concern for this lies in the fact that the CO2 product is normally required to 

be at an elevated pressure depending on the final application. For geological sequestration, 

a final pressure of approximately 100 bar(a) is required, and for utilisation, in methanol 

synthesis for instance, at least 70 bar(a) is required. Therefore if the CO2 product is able to 

be provided at a higher pressure while still meeting other product requirements, that would 

be highly advantageous; a blowdown pressure of 2 or 3 bar(a) instead of 1.2 bar(a) would 

save 1.5 – 2.5 times the required compression shaft work. 

 

Methane purity reduces with increasing blowdown pressure, as displayed in Figure 6.32 and 

Figure 6.33. At higher blowdown pressures, more CO2 remains in the bed and this is 

subsequently collected with the CH4 product. One would also then expect the CO2 

recovery to reduce as well, with increasing blowdown pressure for the same reason, and 

this is indeed the case as seen in Figure 6.38 and Figure 6.39. 

In the case of 10 %mol CO2, materials 17, 21 and 34 all show similar performance and rate 

of decline, with less than 1 p.p. (percentage point) difference between 1.2 bar(a) and 2 

bar(a). In the 30 %mol CO2 case, material 7 displays the best performance overall and also 

displays the lowest rate of change. Upon inspection of the CO2 and CH4 isotherms for 

material 7 (Figure 6.2), they appear equally gradual (as opposed to steep) suggesting that 

similar ratios of CO2 and CH4 would be desorbed at each pressure ratio; whereas for 

material 34 for instance, the CO2 isotherms are steeper and thus an increasing amount of 

CO2 is left on the adsorbent with increasing blowdown pressure. 
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  CH4 purity   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.32 – CH4 purity over blowdown 
pressure, 10 % CO2, 100 bar(a) and 303 K 

feed 

Figure 6.33 – CH4 purity over blowdown 
pressure, 30 % CO2, 100 bar(a) and 303 K 

feed 
 

The methane recovery as a function of blowdown pressure is shown in Figure 6.34 and 

Figure 6.35 over. The most striking observation is that some materials display a minimum 

in the recovery and others do not. In the case of CH4 purity, which was driven by how 

much CO2 remained adsorbed on the material, the CH4 recovery is governed by the 

amount of CH4 removed during the blowdown step. This behaviour is a combination of 

the heats of adsorption, and thus bed thermal effects, and the selectivity of the material at 

each blowdown pressure scenario. Minima are caused by the situation where the thermal 

effects and final pressure are such that the most amount of CH4 is desorbed; if the final 

pressure is lowered further, thermal effects become more significant and less CH4 is 

desorbed. Conversely, if the blowdown pressure is increased, more CH4 remains adsorbed 

and in the void space of the bed, hence ultimately increasing CH4 recovery. At the 

increased feed CO2 concentration, only material 34 displays this minimum behaviour. 

These effects would not be possible to predict based on simple/visual isotherm based 

material evaluation. 

It should also be noted that, although present, this effects appears to be negligible as the 

variation in recovery between 1.2 bar(a) and 5 bar(a) is < 0.5 p.p.. In terms of the energy 

saving goal, this minor variation over a large pressure ratio range (83 to 20) is beneficial. 
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  CH4 recovery   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.34 – CH4 recovery over 

blowdown pressure, 10 % CO2, 100 
bar(a) and 303 K feed 

Figure 6.35 – CH4 recovery over 
blowdown pressure, 30 % CO2, 100 

bar(a) and 303 K feed 
 

In terms of CO2 purity (Figure 6.36 and Figure 6.37), the rate of change displayed by most 

of the adsorbents is similar, except for material 34. In order to maintain CO2 purity, CO2 

must be efficiently desorbed at higher pressures to combat the large amount of CH4 easily 

removed from the void space. Observing the maximum temperature swing plots (Figure 

6.42 and Figure 6.43), the rate of change, d∆Tmax/dPBD, displayed by material 34 is the 

smallest. This suggests that the bed temperature does not reduce significantly at lower 

blowdown pressures, meaning that more adsorbate is able to desorb in comparison to the 

other materials. This is also reflected in the CO2 working capacity for material 34 (Figure 

6.40), and is likely the cause for this difference. 
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  CO2 purity   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.36 – CO2 purity over blowdown 
pressure, 10 % CO2, 100 bar(a) and 303 K 

feed 

Figure 6.37 – CO2 purity over blowdown 
pressure, 30 % CO2, 100 bar(a) and 303 K 

feed 
 

For the 10 %mol CO2 feed scenario (Figure 6.38), there is significant variation in CO2 

recovery for some materials over the investigated blowdown pressure range. The 

magnitude of the variation is smaller for the 30 %mol case (Figure 6.39), however, is still not 

negligible. The CO2 recovery is governed by the amount of CO2 that can be desorbed 

during the blowdown step. To maximise recovery, the thermal effects need to be small, and 

the working capacity needs to be large; the working capacity is a function of CO2 

concentration, isotherm steepness, and the influence of temperature on the isotherm shape. 

If the CO2 isotherm is steep, there is less difference gained during the adsorption step 

between 10 and 30 %mol CO2 in the feed. If the isotherm is more gradual, as is the case for 

material 7 and 15, the difference in adsorbed amount at 10 and 30 bar(a) is significant. 

Depending on the isotherm shape and thermal effects, at higher desorption pressures, a 

lower percentage of the total adsorbed amount is desorbed for 10 %mol CO2 in the feed in 

comparison to the 30 %mol case. 
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  CO2 recovery   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.38 – CO2 recovery over 

blowdown pressure, 10 % CO2, 100 
bar(a) and 303 K feed 

Figure 6.39 – CO2 recovery over 
blowdown pressure, 30 % CO2, 100 

bar(a) and 303 K feed 
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The CO2 working capacity results are shown in Figure 6.40 and Figure 6.41, and the 

maximum temperature swing results in Figure 6.42 and Figure 6.43. They are included 

primarily as supporting data for the aforementioned purity and recovery results. The 

working capacity and maximum temperature both show relatively expected trends, 

specifically, they decrease with increasing blowdown pressure. The working capacity 

decreases due to less adsorbate being able to be removed at higher pressures, and the 

maximum temperature swing is correlated with the working capacity. As less material is 

desorbed, less energy is absorbed from the surroundings to supply the heat of adsorption 

requirements. 

 

  CO2 working capacity   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.40 – CO2 working capacity over 

blowdown pressure, 10 % CO2, 100 
bar(a) and 303 K feed 

Figure 6.41 – CO2 working capacity over 
blowdown pressure, 30 % CO2, 100 

bar(a) and 303 K feed 
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  Maximum temperature swing   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.42 – temperature swing in bed 
over blowdown pressure, 10 % CO2, 100 

bar(a) and 303 K feed 

Figure 6.43 – temperature swing in bed 
over blowdown pressure, 30 % CO2, 100 

bar(a) and 303 K feed 
 

The ideal selectivity results are shown in Figure 6.44 and Figure 6.45, they are not functions 

of blowdown pressure, but are included for comparison between the two other selectivity 

metrics, the binary selectivity and the working selectivity. Unlike the latter two, the ideal 

selectivity can be determined directly from measured isotherms whereas the others require 

some form of cycle based calculation, simulation or model. 

On observation of both of the figures, it is evident that material 31 displays the best ideal 

selectivity. However, aside from CH4 recovery with a 10 %mol CO2 feed, material 31 does 

not display good performance whatsoever in this particular investigation case. Conversely, 

material 34 displays relatively good performance for purity and recovery overall, but does 

not return a value of ideal selectivity. Based on this, it could be argued that solely using the 

ideal selectivity for materials selection is not useful and could possibly result in an incorrect 

decision. 
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  Ideal selectivity (α)   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.44 – ideal selectivity, 10 % CO2, 

100 bar(a) and 303 K feed 
Figure 6.45 – ideal selectivity, 30 % CO2, 

100 bar(a) and 303 K feed 
 

The binary selectivity and working selectivities are shown from Figure 6.46 to Figure 6.47. 

The binary selectivity is an indicator of how well the feed gas has been separated into the 

two product streams. In this case, the definition of the binary selectivity (Equation 6.2) is 

based on CO2; the range of β is from 0, which represents no CO2 in the CO2 product, to 

undefined (or +∞) for the case where there is no CO2 in the CH4 product. 

This metric is based purely on purity, and as such, there is no indication of product 

recovery in the results. Therefore, if product purity was the primary concern of the process, 

then β in would be a suitable metric for material selection. Based on the results shown in 

the figures overleaf, materials 34 and 17 are the best performing in terms of product purity 

over the range of blowdown pressures investigated. 
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  Binary selectivity (β)   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.46 – binary selectivity over 
blowdown pressure, 10 % CO2, 100 

bar(a) and 303 K feed 

Figure 6.47 – binary selectivity over 
blowdown pressure, 30 % CO2, 100 

bar(a) and 303 K feed 
 

The working selectivity, γ, is the ratio between the working capacities of CO2 and CH4 at 

the highest and lowest pressure points in the cycle. In this simple PSA cycle, that 

corresponds to the feed step and the blowdown step. The information to be gleaned from 

the working selectivity results are the purity and recovery of the CO2 product. 

It is not possible to deconvolute the purity and recovery results; however Table 6.6 shows 

some possible combinations and their interpretations. Where WCCO2 and WCCH4 represent 

the working capacity of CO2 and CH4 respectively and PCO2 and RCO2 represent the purity 

and recovery of CO2 respectively. H and L signify high and low, and are relative measures. 

 

Table 6.6 – Possible interpretations of γ for various scenarios 

γ WCCO2 PCO2 RCO2 

> 1 H H H 

> 1 L H L 

< 1 H L H 

< 1 L L L 
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In all cases investigated here, γ is less than unity, suggesting a poor CO2 product purity, 

which is indeed the case. However, as mentioned earlier, the absolute values of the purity 

and recovery are only indicative in this study and it is expected that these results 

underestimate the performance of the materials in a more complex cycle. 

The working selectivity results (Figure 6.48 and Figure 6.49) are a balance between how 

poor the CO2 purity is, and the relative CO2 recovery performance between the adsorbents. 

Based on these results, materials 17 and 34 display the best performance overall, and in the 

high CO2 concentration case, material 7 does display good working selectivity performance. 

 

  Working selectivity (γ)   

 

10 %mol CO2 feed 30 %mol CO2 feed 

  
Figure 6.48 – working selectivity over 

blowdown pressure, 10 % CO2, 100 
bar(a) and 303 K feed 

Figure 6.49 – working selectivity over 
blowdown pressure, 30 % CO2, 100 

bar(a) and 303 K feed 
 

 

Based on the results of this chapter so far, it appears that material 34 (ZIF-71) is a fairly 

versatile material for CO2-CH4 separation using PSA; performing better overall than the 

other adsorbents over the investigated feed pressure, feed temperature and blowdown 

pressure cases. 
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6.3.3 Model adsorbents 

A range of model/fabricated isotherms were produced in order to investigate the effect of 

various isotherm parameters on the performance of the separation. Ideally, this will also 

assist in uncovering the factors that are key in obtaining good performance. As the 

isotherm parameters have some physical association with the adsorbent properties, it then 

may be possible to identify adsorbent properties that research efforts should be focussed 

towards improving. Again, for all of the plots presented in this section, the dashed lines are 

included to guide the eye only. 

Table 6.7 below presents the scenarios that are being investigated using model single-site 

Langmuir isotherms; Appendix IV (AIV.4) contains the specific numeric values of the 

isotherm parameters. This combination of parameters will enable the effects of capacity, 

selectivity and heat of adsorption to be investigated on product purity and recovery; it will 

also assist in uncovering which factor or combination of factors have the greatest influence 

on the process performance. 

 

Table 6.7 – Scenarios investigated using model single-site Langmuir isotherms and 
the corresponding legend entry name 

Name 
Characteristic 

Capacity H Selectivity 

S1 Moderate High Low 

S2 Moderate Moderate Low 

S3 Moderate Low Low 

S4 High High Low 

S5 High Moderate Low 

S6 High Low Low 

S7 Low High High 

S8 Low Moderate High 

S9 Low Low High 
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6.3.3.1 Influence of adsorption pressure 

The first process parameter being investigated is adsorption pressure. The results using the 

model isotherms are shown in Figure 6.50 through Figure 6.53. The feed composition and 

temperature are fixed at 10 %mol CO2 and 303 K respectively. The blowdown pressure is 

fixed at 1.2 bar(a), and the adsorption pressure is varied between 5 and 150 bar(a). 

 

  
Figure 6.50 – CH4 purity over adsorption 
pressure for model Langmuir isotherms, 

10 % CO2, 303 K feed and 1.2 bar(a) 
desorption 

Figure 6.51 – CH4 recovery over 
adsorption pressure for model Langmuir 
isotherms, 10 % CO2, 303 K feed and 1.2 

bar(a) desorption 
  

  
Figure 6.52 – CO2 purity over adsorption 
pressure for model Langmuir isotherms, 

10 % CO2, 303 K feed and 1.2 bar(a) 
desorption 

Figure 6.53 – CO2 recovery over 
adsorption pressure for model Langmuir 
isotherms, 10 % CO2, 303 K feed and 1.2 

bar(a) desorption 
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Upon first observation, there does not appear to be a single model isotherm that performs 

well across all four parameters. S5 performs poorly across three parameters, but shows 

better results for CH4 recovery; S4 performs moderately well for CO2 recovery but poorly 

for the others. The model isotherms that could be loosely described as the best performing 

are S3 and S8 depending on the adsorption pressure; however, they both show average to 

poor performance for CH4 recovery. 

At adsorption pressures below 80 bar(a), S5 is indeed the best performing material in terms 

of CH4 recovery; at higher pressures, S6 is the best performing. The difference between the 

two is that the S6 set of isotherms has lower heats of adsorption than S5 (low vs 

moderate). This suggests that a lower heat of adsorption is preferred for enhanced CH4 

recovery at higher feed pressures. Observing the results for isotherm sets S1, S4 and S7 

which are the high heat of adsorption isotherms, they are fairly well grouped and display 

the worst performance for CH4 recovery. Product recovery is defined as the ratio of 

product obtained to total feed (feed + repressurisation), upon desorption, less CH4 will be 

removed for a steep isotherm as much of the pressure reduction will be involved with 

traversing the saturated region of the isotherm. In the case of a more gradual isotherm, the 

pressure reduction will result in a greater working capacity; this is demonstrated in the 

results at pressures below 80 bar(a), however, if this was the sole contribution, S5 should 

continue to perform better than S6 at all adsorption pressures investigated. Initially, the 

specific reasons for this were not immediately apparent; if the CH4 recovery were normally 

decreasing, the purity of CO2 should also decrease as the CH4 would be diluting that 

product. In this case however, the CO2 purity is increasing for S5 which is quite 

counterintuitive. 

The explanation requires the acquisition of data from the simple model which is ordinarily 

not provided or used, the total feed for the cycle. The simple model does not require the 

input of a feed flow rate, but instead calculates the total amount of feed that would be 

required to complete the PSA cycle for one kilogram of adsorbent. Another variable is also 

required, the number of moles of gas present in the void volume of the bed; the volume of 

the void fraction is determined by Equation 6.7 in the simple model [294], and thus the 

number of moles of gas A in that volume is given by Equation 6.8 on the basis of an ideal 

gas. 
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Using the value of the total feed and nA,void, it is possible to define a ratio between the 

amount of feed gas contributing to the void space and to gas contributing to adsorption; 

this parameter is defined in Equation 6.9 and is arbitrarily given the symbol Φ. 
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 Equation 6.9 

 

For this particular exercise, nCH4,void will be calculated at 303.15 K, the feed temperature; 

however, the simple model does account for the change in bed temperature due heat 

effects. The extraction of this data (or the actual nA,void) from the simple model is non-

trivial, and thus this approximation is necessary. It will be demonstrated shortly that this 

approximation does not influence the outcome of this investigation, but it does influence 

the absolute magnitude of Φ. 

The outcomes for Φ for S4, S5 and S6 are shown in Figure 6.54 and the cause of the S5 

isotherm having lower recovery than S6 above 80 bar(a) becomes evident. The magnitude 

of Φ for S5 surpasses S6 at 80 bar(a), this means that a greater portion of the total feed is 

in the void space for S5. Upon pressure reduction, the gas in the void space is removed 

more easily, and as the composition of the feed is 90 %mol CH4, the working capacity of 

CH4 increases for S5 with increasing pressure. As S5 is a steeper isotherm than S6, the 

plateau of the isotherm is reached at a lower pressure, and thus any further increase in feed 

pressure does not increase the adsorbed amount, but does increase the amount of gas 

present in the void space. In the simple model there is no limit to this void space ‗loading‘, 

as the gas is treated as ideal, however, in reality, compressibility effects of the gas would 

limit the void space loading. The values of Φ for S4 are also shown in Figure 6.54 for 

comparison; S4 is a high heat of adsorption isotherm and thus has a steeper slope than S5. 

For this reason, this plateau point is achieved at a lower pressure than S5, and the 

proportion of gas in the void space for S4 is significantly higher than S5 and S6 at most 
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investigated pressures. This would then explain the poor CH4 recovery performance for 

this isotherm set and the other high heat of adsorption isotherms. 

This also assists in explaining the increasing CO2 purity for S4 and S6. As the feed gas is 10 

%mol CO2, and as the CO2 purity obtained is less than 10 % CO2; having more feed gas in 

the void space provides a greater amount of ‗higher purity‘ CO2 to be collected in the CO2 

product, thus increasing the CO2 purity. 

 

 
Figure 6.54 – Φ over adsorption pressure for selected model Langmuir isotherms, 

10 % CO2, 303 K feed, 1.2 bar(a) desorption 
 

In summary, as the feed pressure increases, proportionately more gas is in the void space 

relative to adsorbed gas and this void space gas is easily lost during the blowdown step 

which impedes CH4 recovery. 

Under most circumstances, the S8 isotherms provide the best results for these process 

conditions, with the exception being CH4 recovery. There are specific cases where S3 does 

perform better; however, the differences are negligible. S8 does perform fairly poorly in 

terms of CH4 recovery and its performance is almost indistinguishable from S2; S2 and S8 

share a common factor, which are equal (moderate) heats of adsorption. Although S5 does 

share the same heats of adsorption as S2 and S8, it displays much better CH4 recovery 

under these conditions. The capacity of S5 is significantly higher than both S2 (6×) and S8 

(200×), and this relates to the issue above; S5 can adsorb significantly more gas in 

comparison to S2 and S8, and therefore the value of Φ will always be higher. 
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In terms of product purity, S3 and S8 show the best performance for both CO2 and CH4; 

both display a maximum with purity decreasing with increasing pressure. In both instances, 

there is a point where the purity curves for S3 and S8 cross over; for CH4, S3 produces 

higher purity than S8 above ≈10 bar(a) and for CO2, S8 displays higher purity than S3 

above ≈80 bar(a). This provides a window between 10 and 80 bar(a) where S3 is the best 

performing material in terms of product purity; however, the differences between S3 and 

S8 in terms of CO2 purity are fairly minor above 80 bar(a). 

The best performing isotherms in terms of CH4 purity are S3, S8 and S9. As mentioned 

previously, CH4 purity is driven by what is on the bed at the end of the repressurisation 

step; as it is collected as product during the subsequent feed step. Therefore, to enhance 

CH4 purity, there should be a high concentration of CH4 in the bed at the end of the 

blowdown step to enhance the CH4 in the feed. As the feed concentration in this case is 90 

%mol, it is not particularly difficult to maintain a high partial pressure of CH4 at the end of 

the blowdown step; therefore the CH4 purity is more likely driven by the CO2 that remains 

adsorbed at the end of the blowdown step, this CO2 then dilutes the CH4 product. 

Isotherms S3, S8 and S9 are either low or moderate heat of adsorption isotherms, and low 

or moderate capacity isotherms. Consequently, the heat effects will be smaller in 

comparison to the other isotherms, and the more gradual nature of these isotherms will 

allow a greater amount of CO2 to be removed upon desorption. This is corroborated with 

S1 for instance, which is a high heat of adsorption isotherm with moderate loading, and the 

CH4 purity for this isotherm is quite poor. 

The CO2 purity is compromised during the blowdown step when adsorbed CH4 is 

concurrently removed. As the blowdown pressure is fixed in this case, the working capacity 

of CH4 is governed by the other factors. S8 is a high selectivity isotherm set with low 

capacity relative to the other isotherms, and a moderate heat of adsorption. As the 

isotherm is not particularly steep, initially increasing the feed pressure results in 

proportionately more CO2 being adsorbed which can then be collected as the product. The 

selectivity also plays an important role in this scenario; as the feed pressure is increased, a 

significant amount of CH4 is not co-adsorbed as the feed pressure is increased to then 

dilute the CO2 product. The isotherms approach saturation at ≈25 bar(a), consequently, 

any increase in adsorption pressure beyond this will increase the contribution of feed gas 

laden with 90 %mol CH4 to the void space which is collected with the CO2 product, 

reducing its purity. In the case of S3, the heat of adsorption is low, and the selectivity fairly 

poor; this results in the situation where increasing the adsorption pressure increases both 
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the CO2 and CH4 loading to varying degrees. Consequently, upon desorption a non-

negligible amount of co-adsorbed CH4 dilutes the CO2 product. The degree to which the 

loading of CH4 relative to CO2 increases with feed pressure (dnCO2/dPCO2 : dnCH4/dPCH4) 

would influence the CO2 purity peak in the low pressure region, with higher values 

resulting in a sharper peak. 

The high heat of adsorption isotherm sets, S1, S4 and S7 all display poor CO2 purity 

results. As this is a pure PSA cycle, this is not entirely unexpected; as the heats of 

adsorption are high, this results in a greater temperature swing in the bed causing more 

molecules to remain adsorbed at the end of the blowdown step. Furthermore, as the high 

adsorption heat isotherms are steep, a lower desorption pressure is required to effectively 

remove the adsorbed molecules. As the CO2 purity is directly related to the CO2 working 

capacity, this negates the use of adsorbents with high heats of adsorption for high pressure 

natural gas separation, as vacuum pressures will be required to obtain good CO2 purity. 

There are no technological limitations to using vacuum swing adsorption (VSA), however, 

there are practical and economic considerations that impose restrictions. 

At adsorption pressures < 20 bar(a), S1 and S7 show the best performance for CO2 

recovery. They are both high heat of adsorption isotherms, and thus are quite steep in the 

low pressure region. At low adsorption pressures, it is possible to obtain an appreciable 

amount of CO2 adsorption; and with the low CO2 partial pressure, a reasonable working 

capacity could be obtained even with the low pressure swing ratio. 

For adsorption pressures > 20 bar(a), S8 shows the best recovery. S8 and S7 are from the 

same set of model isotherms, with the difference between them being their heats of 

adsorption; S8 is 35 kJ·mol-1 and S7 is 50 kJ·mol-1. Consequently, the slope of S8 is much 

more gradual, and the CO2 working capacity improves with increasing adsorption pressure. 

As S7 reaches its plateau at a CO2 partial pressure of ≈4 bar(a), any further increase in 

adsorption does not increase the working capacity. The next isotherm in the set with lower 

adsorption heat is S9 (25 kJ·mol-1), this isotherm also shows the same behaviour as S8, 

poor CO2 recovery at the lower pressures that increases with feed pressure. While S8 has 

reached its maximum for CO2 recovery (saturated CO2 loading), S9 continues to increase, 

which is in line with the increasing CO2 working capacity with adsorption pressure. The 

same also applies to S2, which shows increasing CO2 recovery with increasing adsorption 

pressure. 
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Isotherm set S5 shows extremely poor recovery at low adsorption pressures; the family of 

isotherms S4 through S6 are to investigate the influence of loading, i.e. to ascertain whether 

a high loading of CO2 produces desirable cycle performance. The cause of this is due to a 

combination of factors. The saturation loading of S5 is particularly high (60 mol·kg-1), and 

it is a moderate heat of adsorption isotherm. As the isotherm is not particularly steep, this 

enables a sizable amount of the adsorbed CO2 to be desorbed solely due to a reduction in 

pressure; however, as the adsorbed amount is quite large, this then culminates in a 

significant temperature swing in the bed. The reduction in temperature during desorption, 

and the corresponding increase in temperature due to adsorption culminates in a poor 

working capacity. Although S4 does have a higher heat of adsorption, it does not display 

the same behaviour as the isotherm is quite steep and supra-atmospheric desorption 

pressures are insufficient to obtain the swing in loading; and thus the total amount of 

energy absorbed from its surroundings during desorption is lower. 

 

The model isotherm which could be considered the best performing depends on the most 

important performance metric for a given implementation. If CH4 recovery were the 

primary concern, then S8 is the overall better performer for adsorption pressures below 30 

bar(a), and S3 above. 
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6.3.3.2 Influence of blowdown pressure 

The results of the influence of blowdown pressure are shown here in Figure 6.55 through 

Figure 6.58. The feed composition and temperature are fixed at 10 %mol CO2 and 303 K 

respectively. The adsorption pressure is fixed at 100 bar(a), and the blowdown pressure is 

varied between 1.2 and 20 bar(a). Again, as per section 6.3.2.4, the ability to run the cycle at 

elevated blowdown pressures are advantages from an economical perspective. 

 

  
Figure 6.55 – CH4 purity over blowdown 
pressure for model Langmuir isotherms, 

10 % CO2, 100 bar(a) and 303 K feed 

Figure 6.56 – CH4 recovery over 
blowdown pressure for model Langmuir 
isotherms, 10 % CO2, 100 bar(a) and 303 

K feed 
  

  
Figure 6.57 – CO2 purity over blowdown 
pressure for model Langmuir isotherms, 

10 % CO2, 100 bar(a) and 303 K feed 

Figure 6.58 – CO2 recovery over 
blowdown pressure for model Langmuir 
isotherms, 10 % CO2, 100 bar(a) and 303 

K feed 
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The trends overall are as mostly as typically expected. The CH4 purity is decreasing with 

blown pressure for most isotherms, excluding S4, S5 and S6 which increase. With 

increasing blowdown pressure, the working capacity of CO2 decreases, and this results in 

more CO2 being present on the bed. This CO2 is then collected with the CH4 product 

during the feed step diluting the product. This is a fairly traditional result; however, the 

increase displayed by S4-S6 is atypical. This family of isotherms is the high loading set, the 

loading of CO2 and CH4 is high relative to the other isotherms; at high blowdown 

pressures, predominantly the gas in the voidage is removed, and during the repressurisation 

step only this gas is replenished as the pressure swing is not large enough to remove a 

noticeable amount of adsorbed material. Thus during the feed step when the CH4 product 

is collected, the product approaches the composition of the feed gas. 

CH4 recovery increases with blowdown pressure, and as discussed in section 6.3.2.4, this is 

expected. Less material is lost to the CO2 product, and is able to be collected in the CH4 

product. Isotherms S3, S8 and S9 display minima in their CH4 recoveries at ≈2-3 bar(a). 

This phenomenon was also seen in section 6.3.2.4, and was attributed to the small 

maximum temperature swing in the bed. Although that data is not presented here due to 

the factors mentioned in section 6.3.3, there is no suggestion otherwise why that is also not 

the contributing factor here. S3, S8 and S9 are all isotherms were the maximum 

temperature swing in the bed would be estimated to be small; Table 6.7 can be referred to 

for their respective combinations of low-moderate loadings and low-moderate heats of 

adsorption. 

As per the CH4 purity, there are a group of isotherms that display decreasing CO2 purity 

with blowdown pressure and another increasing. The CO2 purity is directly related to the 

CO2 working capacity as previously discussed. Lower blowdown pressures promote 

increased working capacity, and thus S1 – S3 and S7 – S9 all display decreasing CO2 purity 

with increasing blowdown pressure. However, isotherms S4 – S6 display an increase with 

blowdown pressure, and the CO2 product purity at low blowdown pressures is also lower 

than the feed. In order for this to occur in this cycle, the working selectivity 

(WCCO2/WCCH4) must be lower than the mole ratio of the feed (10/90 = 1/9); these 

isotherms are the high capacity isotherm family, and as a result there is significant CH4 

loading. This increased CH4 loading makes it possible for the working capacity of CH4 to 

exceed that of CO2 to an extent that is not achieved in the other model isotherms. As the 

blowdown pressure is increased, the CH4 working capacity is reduced to a level such that 

the feed is no longer degraded, but there is also no enhancement to product purity. In the 
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context of high pressure natural gas separations, at ‗low‘ CO2 feed concentrations such as 

this case, the equilibrium loading of CH4 will almost always be higher than that of CO2; 

based on this finding, it is then recommended to opt for an adsorbent which displays lower 

CH4 loading, or displays a form of molecular sieving behaviour (kinetic limitations 

permitting). 

The recovery of CO2 decreases with increasing blowdown pressure, and as described in 

section 6.3.2.4, this is an expected outcome. The recovery of CO2 is also directly related to 

the CO2 working capacity, as the CO2 product is collected during the blowdown step. 

Increasing the blowdown pressure decreases the working capacity and thus the CO2 

recovery. 

The two isotherms grouped in the lower range of CO2 recovery, S5 and S6 are the high 

capacity isotherms with moderate and low heats of adsorptions respectively. This is a result 

of the situation described previously where the temperature swing of the bed would be very 

large such that the working capacity of CO2 becomes diminished even though the slopes of 

the isotherms are not significant. 

 

In most cases, there does not seem to be a significant disadvantage in increasing the 

blowdown pressure from 1.2 to 2 bar(a) for the model isotherms. The largest differences 

are seen in the CO2 recovery for S3 and S8 whereby a loss of ≈4 p.p. is observed. This is 

comparable to the known adsorbent materials, and depending on the economics of the 

project, may not be a significant issue. 

Again, as per section 6.3.3.1, the model isotherm that could be claimed as displaying the 

best performance depends on the requirements of the process. All other parameters being 

equal, if CH4 recovery was of primary importance, then S3, or an adsorbent with properties 

similar to that of S3 would be the optimum selection. 
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6.3.3.3 Influence of void fraction 

It was mentioned in the prior two sections that the void fraction, or the amount of gas 

present in the void space posed some limitations to the maximum attainable cycle 

performance. Prior to these findings, it was also suspected that the void fraction of the bed 

may pose a problem in high pressure situations where the concentration of CH4 in the feed 

was high. In these cases, the amount of CH4 in the void space will dilute the CO2 that is 

desorbed during the blowdown step. 

Here, the influence of void fraction will be investigated on the four product specifications, 

CO2 and CH4 purity and recovery. It is normally thought that the void fraction of a packed 

bed is a parameter that cannot be controlled. It is our intention to determine whether the 

void fraction is a limiting factor in the maximum attainable process performance, in an 

effort to guide future research and process decisions. The feed temperature and 

composition remains fixed at 303 K and 10 %mol CO2, however, pressures of 10 bar(a) and 

100 bar(a) will be compared to investigate the significance of high pressure. The blowdown 

pressure is fixed at 1.2 bar(a), and the void fraction is varied between 0 and 0.95. 

It is acknowledged that void fractions below 0.37 for non-porous spherical particles are not 

practically attainable, and thus the range from 0 to 0.37 is infeasible. This value, the void 

fraction of randomly packed spheres, is indicated on the plots as εrps. Very low void 

fractions also lead to other issues as such a significant pressure drops, and in the case of a 

packed bed of adsorbent beads, pellets or extrudates, this can lead to the breakage of the 

particles. This breakage can then decrease the void fraction further by filling the void 

spaces with powder, and the powder can also be entrained to downstream operations; 

adsorbents such as zeolites, alumina, and silica are abrasive in nature and may pose 

problems to process instrumentation. 

There are instances where pressure drop needs to be reduced, such as high throughput 

reactors, or bulk diffusion needs to be improved. In those cases, alternative shapes of 

particle are available such as rings, multi-hole cylinders and lobed cylinders. Another 

alternative that is available is the monolith, a uniform structure with regular channels that 

allow bulk flow, with the walls of the channels being made from the catalyst material. For 

the purposes of adsorption, a review on this area has been published by Rezaei [520], and 

further research work has also been carried out on the design and synthesis of monoliths 

for adsorption [521–525]; a number of patents have also been granted on the development 

and use of monolithic or structured adsorbents for separations [526–531]. In the event that 
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higher void fractions improve process performance, then these methods could be 

investigated further to employ. 

 

It should also be noted that there is an additional issue with unreasonably low void 

fractions, and in particular instances, may yield unusual results from the simple model and 

other adsorption cycle modellers. Take for instance the situation where the void fraction is 

very low, or zero, and the selectivity of the adsorbent is very high, or infinite. At a given 

temperature and partial pressure, X moles of CO2 will be adsorbed for a molar feed 

concentration of yCO2. This immediately implies that (X/yCO2 – X) moles of CH4 is also 

admitted to the bed with the feed gas; in the situation described above, these molecules 

have nowhere to go (cannot adsorb, and no void space). In the simple model, these moles 

of gas are accounted for in the ―total feed‖ parameter, which acts as an imaginary storage 

compartment. The void fraction at which this issue would become apparent is a function 

of the feed concentration and the adsorbent loading and selectivity.  

To clarify, this does not occur under normal operating conditions (such as those 

investigated earlier in this chapter), but may occur when unrealistic scenarios are modelled. 
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The results for CH4 purity at 10 and 100 bar(a) feed are shown in Figure 6.59 and Figure 

6.60 respectively. At 10 bar(a), isotherm S7 is the only one that displays an increase in CH4 

purity with decreasing void fraction, and S3, S8 and S9 are disadvantaged by decreasing the 

void fraction. As there are many other contributing factors to the performance of the 

isotherms at 10 bar(a), the isolation of the influence of the void fraction may not be 

immediately clear in all cases. Comparing isotherms S7 and S9, they are in the same group 

of low capacity and high selectivity isotherms, with the difference being that S7 is a high 

heat of adsorption isotherm, and S9 a low. The implications of this at low adsorption 

pressures are that the CH4 loading of S9 is quite small. In order for the CH4 purity to be 

reducing, the working capacity of CH4 must be increasing such that less CH4 is available to 

collect as product. However, the void fraction does not influence the isotherm capacity or 

thermal effects (in the simple model). This is an example where the physico-mathematical 

limitation described earlier is at play; the total CH4 feed for S9 is reported as 0.32 moles for 

the 0 void fraction case, however, the CH4 loading at 9 bar(a) and 303 K is 0.007 moles. 

Thus, when the bed is ‗reset‘ during the feed step, the vast majority of the product 

collected is ‗feed gas‘, hence the purity approaches yfeed. This is not the case for S7, as the 

CH4 total feed and CH4 loading is 0.12 and 0.20 moles respectively, thus the adsorbent can 

accommodate the CH4 in the feed. At 100 bar(a), a number of isotherms show better 

performance for CH4 purity as the void fraction decreases; the ones that do not, are S4 

through S6. S1 and S7 display a sharp increase at the lower void fractions; this does not 

appear an artefact of the issue described above as the total feed does not exceed the 

adsorption capacity of the isotherm. Isotherms S8 and S9 display a gradual improvement in 

purity, and thus any improvements do not rely on a significant change in void fraction. S1 

and S7 are high heat of adsorption isotherms, and as discussed in section 6.3.3.2, these 

isotherms are not inherently suitable for high pressure separations as their working 

capacities are low. The CH4 purity is degraded by CO2 left on the adsorbent, and this is 

supplemented by CO2 in the void space; as the void space is reduced, the ratio of amount 

of gas adsorbed to gas in the void changes on the basis that the volume of the vessel is 

adapted to always accommodate one kg of adsorbent. Therefore, the ratio between the 

CO2 working capacity to the gas in the void space does not scale linearly, but with the 

reciprocal of the void fraction. In the case where the numerator is small (low working 

capacity) the trend is steep, and likewise, when the working capacity is larger, the trend is 

more gradual. 
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It does appear that at higher feed pressures, the void fraction has greater implications on 

the CH4 purity. However, considering that some of the low void fraction results may be 

unrealistic and observing values greater than εrps, there is little variation in the CH4 purity 

which would not warrant efforts in to realising this scheme. In general, the CH4 purity 

results are generally higher in magnitude for the 100 bar(a) adsorption case; this reiterates 

that an adsorbent screening study should be carried out for each separation 

implementation. 

 

  CH4 purity   

 

10 bar(a) feed 100 bar(a) feed 

  
Figure 6.59 – CH4 purity over void 

fraction for model Langmuir isotherms, 
10 % CO2, 10 bar(a) and 303 K feed 

Figure 6.60 – CH4 purity over void 
fraction for model Langmuir isotherms, 

10 % CO2, 100 bar(a) and 303 K feed 
 

 

 

  



319 

The results for CH4 recovery are shown in Figure 6.61 and Figure 6.62. More pronounced 

variations are seen in the 100 bar(a) case and this is somewhat predictable. At higher feed 

pressures, more moles of gas are present in the void space which is lost by default during 

the blowdown step; this has the potential to significantly reduce CH4 recovery. This is an 

instance where the ratio Φ assists in interpretation, in cases where Φ is low so the majority 

of the total feed is adsorbed; there is less influence on the CH4 recovery by void fraction. 

The obverse is also applicable and this is demonstrated in Figure 6.63 and Figure 6.64. 

 

  CH4 recovery   

 

10 bar(a) feed 100 bar(a) feed 

  
Figure 6.61 – CH4 recovery over void 

fraction for model Langmuir isotherms, 
10 % CO2, 10 bar(a) and 303 K feed 

Figure 6.62 – CH4 recovery over void 
fraction for model Langmuir isotherms, 

10 % CO2, 100 bar(a) and 303 K feed 
 

The value of Φ is zero at zero void fractions; however, due to the logarithmic y-axis, this 

value cannot be displayed. As described above, lower values of Φ result in a more gradual 

trend as displayed by S5. In the 10 bar(a) case, S8 has a lower magnitude of Φ compared to 

S9 and this is reflected in Figure 6.63; in terms of 100 bar(a), the trends in CH4 recovery are 

very similar and this is corroborated in the values of Φ. 
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  Φ   

 

10 bar(a) feed 100 bar(a) feed 

  
Figure 6.63 – Φ over void fraction for 

model Langmuir isotherms, 10 % CO2, 
10 bar(a) and 303 K feed 

Figure 6.64 – Φ over void fraction for 
model Langmuir isotherms, 10 % CO2, 

100 bar(a) and 303 K feed 
 

In some instances, the implications for CH4 recovery are significant over the whole range; 

in the εrps to 0.95 range, there is moderate improvement in the performance of S8 which 

was previously determined to be one of the best performing model adsorbents in the prior 

sections. A 10 p.p. increase is not insignificant, and may be worthwhile investigating as the 

improvement of CH4 recovery is directly related to process economics. 
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Figure 6.65 and Figure 6.66 show the results for CO2 purity and there is distinction 

between the 10 and 100 bar(a) feed scenarios in some cases. Isotherms S8 and S9 show 

significant improvement at the lower void fractions at 100 bar(a) feed; although some 

improvement is shown at 10 bar(a), it is not significant. As CO2 purity is driven by the 

blowdown step, gas in the void space can limit CO2 purity; in this case, as the feed gas 

contains 10 %mol CO2, it can readily dilute the product gas. Thus, as per the CH4 recovery, 

if Φ is low, the CO2 purity is affected less, as there is less gas in the void space to dilute the 

CO2 product. 

 

  CO2 purity   

 

10 bar(a) feed 100 bar(a) feed 

  
Figure 6.65 – CO2 purity over void 

fraction for model Langmuir isotherms, 
10 % CO2, 10 bar(a) and 303 K feed 

Figure 6.66 – CO2 purity over void 
fraction for model Langmuir isotherms, 

10 % CO2, 100 bar(a) and 303 K feed 
 

For high pressure separations, assuming an appropriate adsorbent has been selected, it may 

be worthwhile investigating void fraction reduction methods to improve CO2 purity. 

Increasing the CO2 purity would reduce the scale of further CO2 purification steps, and this 

would also have benefits to the process economics; this would need to be evaluated on a 

case by case basis however, as above εrps there is only minor benefit in some cases. 
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The results for the final parameter, CO2 recovery, are demonstrated in Figure 6.67 and 

Figure 6.68. The CO2 recovery is governed by the CO2 working capacity, and as recovery is 

scaled to the total feed, this creates a compromise. A high void fraction would allow a 

portion of the feed CO2 to be easily collected during the blowdown step (enhancing 

working capacity), however, it would also increase the total feed and reduce the magnitude 

of the recovery. In these simulation runs, as the pressure ratio and adsorbent mass are 

fixed, this fixes the adsorption contribution to the working capacity. Therefore, any 

changes would be a result of changes in the gas in the void space, and the relative 

proportions. With reference to S9 in the 10 bar(a) case, the result suggests that the majority 

of the working capacity is attributed to the gas in the void space as the recovery declines 

with reducing void space; and in the case of S5 the result implies that working capacity 

contribution from the adsorbent is much larger than the void fraction. In the case of S9, as 

it is a low capacity adsorbent with low heat of adsorption, the loading is indeed low at low 

adsorption pressures; and for S5, as it is a high capacity adsorbent; the amount adsorbed is 

relatively large. In comparison to the 100 bar(a) case, as the adsorbed working capacity 

increases in some cases, the reduction in void space improves recovery by reducing 

superfluous feed. 

 

  CO2 recovery   

 

10 bar(a) feed 100 bar(a) feed 

  
Figure 6.67 – CO2 recovery over void 

fraction for model Langmuir isotherms, 
10 % CO2, 10 bar(a) and 303 K feed 

Figure 6.68 – CO2 recovery over void 
fraction for model Langmuir isotherms, 

10 % CO2, 100 bar(a) and 303 K feed 
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As far as is discernable, there is no simple metric that can be developed or used to predict 

the influence of void fraction on CO2 recovery as there are a number of contributing 

factors. Again, there appears to be a greater benefit in the 100 bar(a) case over the whole 

range of void fraction; however, with the model isotherms investigated here above εrps, 

there does not seem to be a meaningful improvement in CO2 recovery. In some instances, 

the CO2 recovery is compromised by reducing the void fraction. As per the CO2 purity, the 

efficacy of reducing the void fraction to improve process performance would need to be 

evaluated on a case by case basis. Based on this initial investigation, it is not immediately 

clear that significant improvements towards CO2 recovery could be obtained by reducing 

the void fraction. 

 

It was the intention of this section to determine whether the void fraction was a limiting 

factor in obtaining good process performance for high pressure separations. There is no 

distinct outcome overall, however, in the case of CH4 recovery and CO2 purity, appreciable 

improvements could be seen that may warrant the further investigation of void space 

reduction methods. Depending on the feasibility of any proposed methods, an economic 

analysis would be required to ultimately ascertain the benefit, or otherwise, based on the 

specific improvements in process performance. 
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6.4 Summary 

Among the literature materials studied, ZIF-71 was found to be one of the promising 

adsorbents. Comparing this to the findings in Chapter 4 where it did not display a fantastic 

performance, it turns out to be one of the most promising known candidates for CO2/CH4 

separations at the investigated condition. It would therefore be recommended to undertake 

PSA simulation of ZIF-71 using a different or more complex cycle to that used in Chapter 

4. The best indicator of process performance would be to perform PSA experiments at the 

lab scale or pilot plant scale to obtain real-world performance data over a range of process 

conditions.  

The results from the complete set of literature materials that were investigated are 

presented in Appendix IV. This data can be used for adsorbent screening purposes over a 

range of process conditions. 

 

The focus was then transitioned to model adsorbents/isotherms in an effort to establish 

the properties of adsorbents or isotherms that influence process performance.  When the 

adsorption pressure was varied, it was found that the ratio of gas in the void space to 

adsorbed gas is critical for some isotherms in achieving good CH4 recovery at high 

adsorption pressures. In these cases it may be worthwhile investigating methods to 

reducing bed void fraction to alleviate this problem. Next, the blowdown pressure was 

varied while keeping other parameters constant. It was found in some cases that the high 

loading of CH4 can return a product that is lower quality that the feed rather than upgrade 

it. Therefore, reducing CH4 uptake at low CO2 partial pressures is an area that warrants 

further investigation. Overall, it was determined that model isotherms S3 or S8 were the 

best performing. Isotherm S3 is a model adsorbent that has a moderate loading, low heat 

of adsorption and low selectivity; S8 is a model adsorbent that has low loading, moderate 

heat of adsorption and high selectivity. Consequently, actual adsorbents that display these 

properties would be good contenders for CO2/CH4 separations at the conditions 

investigated. 

This finding corroborates an earlier one from this chapter in that, ZIF-71 is an adsorbent 

that has moderate loading, low to moderate heat of adsorption, and low-moderate 

selectivity.  

Finally, the influence of void fraction on process performance was investigated. It was 

hypothesised that the void fraction was a limiting factor in obtaining good process 
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performance, as feed gas in the void space would dilute the product gases. The findings 

were not conclusive in an absolute majority, CH4 recovery and CO2 purity both showed 

improvements in some cases, but the improvements were not as significant as suspected. It 

is suggested to evaluate adsorbents on a case by case basis to determine whether void space 

reductions methods would be worthwhile investigating in a given scenario. 
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7 SUMMARY and FUTURE WORK 

 

7.1 Summary 

Although a summary was presented at the conclusion of each chapter, an amalgamated 

summary of findings is offered here. In an effort to form a better understanding of the use 

of adsorption based separation processes in high pressure natural gas separations, this work 

was undertaken. The scope was the removal of CO2 from CH4 at high pressures to perform 

a bulk separation of highly sour natural gas; this will enable pipeline transport of the natural 

gas to downstream facilities for final purification and other processing. Adsorption and 

specifically pressure swing adsorption, offers a separation method that is capable of 

performing such a bulk separation while being energy efficient. This provides an advantage 

in exploiting highly sour natural gas reserves, which are normally approached with disdain 

due to the difficulty involved with upgrading them. The instigators of this research was the 

CO2CRC, an Australian carbon capture and storage organisation. The commitment of the 

CO2CRC is towards CO2 sequestration and storage, and this dictated desired the CO2 

purity requirements from the separation process (≥ 95 %mol). The CH4 purity requirements 

for pipeline transport are variable, but also are generally ≥ 98 %mol. 

 

At the commencement of this work, ZIF adsorbents had become established, but little 

work was available regarding their gas adsorption properties or their performance in a 

cyclic adsorption process. This motivated the decision to look into a selection of ZIF 

materials, ZIF-8, ZIF-14 and ZIF-71 in this vein for high pressure natural gas separations. 

The three ZIFs were synthesised and a variety of characterisation techniques undertaken. It 

was found that the sample of ZIF-14 synthesised in this work had much greater porosity 

than a reported sample, even though X-ray diffraction patterns and TGA analysis were in 

agreement. In this work, it was decided that CH4 purity was the key requirement of the 

separation process, and process parameters were varied to achieve this aim. A 9 step, 3 bed 

PSA cycle was opted for, and it was found that ZIF-14 was not able to achieve the CH4 

purity specification due to its poor selectivity, however, ZIF-8 and ZIF-71 were. The CO2 

purity demonstrated by ZIF-8 and ZIF-71 was low; varying from 24 – 45 %mol when the 

CO2 feed concentration was varied between 15 – 35 %mol; accordingly, the CH4 recovery 

was also low, varying between 48 – 34 %mol.  
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While undertaking the isotherm measurements on the three ZIF adsorbents, anomalies 

were observed in the isotherms. Structural transformations were previously reported for 

ZIF-8, but not for ZIFs-14 and -71. This observation led to the investigation of the ZIFs‘ 

adsorption properties and thermodynamics. Based on extensive isotherm measurement and 

analysis, it was determined that structural transformations were also taking place in ZIF-14 

and ZIF-71. A feature in the adsorption isotherms of ZIF-71 was observed that was 

correlated with the adsorbate surface tension, however, further investigations were 

recommended on this finding. Following the measurement of the numerous isotherms, it 

was determined that the ZIF adsorbents had deteriorated. The exact cause of this is 

unknown, but may be due to repeated degassing cycles, as this is an established 

phenomenon for some MOF materials. Another cause may have been the storage of the 

samples in an air atmosphere, even though there were numerous claims of the stability of 

ZIF materials. During the thermodynamic analysis, it was found that the limiting enthalpies 

of adsorption were similar for all three adsorbents for a given adsorbate. The differential 

adsorption thermodynamic properties were also determined, however, it was determined 

that the result becomes a function of temperature due to the structural transitions of the 

adsorbents. This is contrary to the traditional understanding of these properties which are 

(predominantly) temperature invariant. It was also suggested that it would not be possible 

to deconvolute the contribution of the adsorption effects and the structural effects using 

experimental techniques that are known today. An analysis of the solution thermodynamics 

was also carried out and evidence of the structural flexibility was visible in the surface 

potential and enthalpy of immersion. It was also observed that the magnitude of the 

entropy of immersion was proportional to the molecular mass of the adsorbates, and it was 

suggested that was due to the greater number of microstates available to heavier atoms and 

molecules. The differential entropy of adsorption was compared to the theoretical change 

in entropy for a phase change of the adsorbate. At low pressures, it was determined that 

the differential entropy of adsorption was not large enough to suggest a ‗liquid like 

adsorbed phase‘; however, at higher pressures, it did seem to be the case. This was 

corroborated using another metric, the density of the adsorbed gas in terms of moles per 

unit volume of porosity. A parameter known as the inverse thermodynamic factor was also 

investigated, the purpose of which is to identify the formation of adsorbate clusters, 

however, it was determined that the structural flexibility of the ZIFs was interfering with 

the results. Lastly in this chapter, the thermodynamics of the structural transition were 

investigated. Initially, a published method known as the osmotic potential method was 
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applied, and it was determined that this method was unreliable in some cases with 

extremely large margins of error. An alternative method was proposed based on a van ‗t 

Hoff plot, which was simpler to apply and returned results with much smaller margins of 

error. The downside to this method is that, the returned result is a combination of the 

adsorption and structural enthalpy change. A method using the limiting enthalpies of 

adsorption was suggested to compensate for this; however, further applications of this 

method are required in order to reinforce its suitability, or otherwise. 

 

Up to this point, the focus of the work was heavily weighted towards the three ZIF 

adsorbents. The final chapter centred on the evaluation of a range of adsorbents over a 

range of process conditions. A range of adsorbents were selected from the literature, and a 

number of adsorbents for which isotherms were measured for this work were evaluated 

using a simple PSA model. It was determined that ZIF-71 was one of the most promising 

candidates for high pressure natural gas separations over the conditions investigated. Based 

on this finding, it was recommended that ZIF-71 be evaluated using a more complex PSA 

cycle than that used in this work, or in a pilot scale plant. This work could also serve as an 

adsorbent screening or selection tool for specific separation scenarios. A range of model 

adsorbents were formulated to investigate the influence of adsorbent properties and 

process conditions on the separation performance. It was determined that the loading of 

CH4 could diminish the quality of the product gases regardless of CO2 loading. Therefore, 

it is suggested that research efforts should be focussed on reducing the CH4 loading of 

adsorbents. The influence of the void space was also investigated, as it was suspected that a 

large void space would negatively influence the results. There was no distinct outcome, but 

there were some instances where CO2 purity and CH4 recovery could be improved 

reducing the void fraction. The benefits would have to be evaluated on a case by case basis 

and a decision made based on the economics; therefore it would be rash to suggest 

significant research efforts be put towards void fraction reduction methods. Finally, an 

outcome of this work was the finding that two kinds of model adsorbent displayed an 

overall better performance than the others. One was an adsorbent with moderate loading, 

low heat of adsorption and low selectivity, and the other was one with low loading, 

moderate heat of adsorption and high selectivity. The inference of this is that actual 

adsorbents with these properties should also display good performance over the range of 

conditions investigated. It was then rather fortuitous that ZIF-71 is an adsorbent that aligns 

with these two model adsorbents, as it has a moderate loading, low-moderate heat of 
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adsorption and low-moderate selectivity. These findings provide further justification that 

ZIF-71 may be a suitable candidate for these separations, and warrants further 

investigation. 
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7.2 Future work 

As with work of this nature, topics of further interest arise as a result of the findings; 

furthermore, a range of other topics could not be investigated due to time, resource or 

scope limitations. These areas are outlined here and briefly described to motivate future 

research efforts. 

 

To supplement the results presented in Chapter 4 regarding the performance of ZIF-8, -14 

and -71 in high pressure natural gas separations, high pressure binary gas breakthrough 

measurements should be carried out. These should be carried out at the desired process 

conditions, i.e. 100 bar(a), rather than extrapolating low pressure data. This will assist in 

determining true competitive adsorption effects as well as the adsorption kinetics, which 

are currently unknown. This information will assist in forming a better understanding of 

the performance of these materials, and would be required to undertake a thorough process 

design using any of these adsorbents. 

 

Based on the findings in Chapter 5, it became reasonable certain that ZIFs -14 and -71 also 

undergo structural transitions during adsorption. This phenomenon is established for ZIF-

8 using a variety of experimental techniques, and thus, it is recommended that in-situ X-ray 

diffraction be carried out for ZIF-14 and ZIF-71 to obtain experimental confirmation. X-

ray diffraction with a diamond anvil cell may also be a possible route for experimental 

confirmation. It was also suggested in Chapter 5 that an observed phenomenon in the ZIF-

71 isotherms could be attributed to the surface tension of the adsorbate. It is 

recommended that isotherm measurements be undertaken on ZIF-71 using a wide variety 

of adsorbates at subcritical conditions to further support or negate this hypothesis. 

 

In Chapter 6 it was suggested that reducing the void space in the packed bed may improve 

the process performance in some cases. Although the improvements did not seem 

significant in the cases investigated, improvements were seen in CH4 recovery and CO2 

purity. Work in this area may assist other adsorption based separation processes, or 

processes operating under different conditions. 
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In the area of adsorbent development, there is an area of research that concerns itself with 

the post-synthesis modification of metal-organic frameworks. One such area is solvent 

assisted, or mediated, ligand exchange whereby the MOF is placed in a solution of a linker 

which replaces the original linker. There are a small number of publications on this topic 

[305,306,532], and it may be worthwhile undertaking similar work on the ZIF adsorbents. 

This may allow the adsorption properties, and structural transitions of the ZIFs to be 

controlled by modifying the organic linkers after synthesis. The benefit of these methods is 

that, structures can be formed post-synthesis which cannot be formed directly; and this 

may result in a better performing adsorbent than what is currently realisable. 

 

Furthermore, a core-shell zeolite structure may be worthwhile investigating. An LTA-FAU 

zeolite was developed for the purposes of catalysis [533], whereby Zeolite A (LTA) was 

grown on Zeolite X (FAU). The pore size of LTA is such that following ion-exchange it is 

possible to exclude CH4 from the pores or significantly reduce its diffusivity. If a 

sufficiently thin layer of LTA were able to be grown, it may be possible to obtain an 

adsorbent with good capacity for CO2, and an excellent selectivity to CH4. The exterior 

LTA layer could be used to block the diffusion of CH4 to the central FAU structure which 

has a larger pore volume and high adsorption capacity for CO2. 

 

In terms of process development, it was suggested in Chapter 6 to investigate the 

performance of ZIF-71 in a more complex PSA cycle. H2-PSA cycles may be a suitable 

choice, or at least an initial starting point. These cycles are optimised to increase the 

recovery of the light product (CH4) as well as having a high purity. The key issue, however, 

is that H2 adsorbs in much lower amounts than CH4, so although CH4 is ‗lighter‘ than CO2, 

it is substantially hefty in comparison to H2. 

Another area of process development would be to consider a hybrid separation process. A 

possible combination that may be useful in high pressure CO2/CH4 separations is a hybrid 

PSA-membrane operation. An issue that plagues membrane based separations is membrane 

plasticisation by high pressure CO2; CO2 can dissolve in the polymer matrix of the 

membrane and cause it to swell. This swelling then increases the membrane solubility and 

diffusivity for all species and reduces its selectivity. Therefore, it is suggested that a PSA 

process be used to generate a pure CH4 product very close to the feed pressure, and an 

intermediate pressure CO2 product which would have low purity. It would be desirable to 
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have the CO2 product collected at a sufficient pressure to overcome the membrane module 

pressure drop, such that further compression was not required, however, any pressure 

between 2 bar(a) and 20 bar(a) could be obtained from the PSA process for instance. This 

moderate pressure, impure CO2 stream would then be directed to a membrane based 

separation process. The lower pressure gas supply would avoid the membrane plasticisation 

issues, and the selectivity of the membrane process could produce a CO2 (permeate) 

product of suitable purity. Depending on the recovery of the membrane process, the 

retentate could either be disposed of, or re-compressed and recycled to the inlet of the PSA 

to maximise CH4 recovery. Initially, a proof of concept by process simulation is 

recommended; however, there are no commercially available simulators that are able to 

simulate this hybrid process easily. Therefore, it is not unreasonable to imagine that a 

membrane equivalent of the PSA simple model used in this work could be developed, and 

coupled to the PSA simple model with modest effort. 
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APPENDIX I: Sources of experimental error 

EVALUATION of ADSORBENTS for CO2/CH4 SEPARATION from 

NATURAL GAS and INFLUENCE of PROCESS VARIABLES 

 

This appendix pertains to the sources of error in the measurement of the gas adsorption 

isotherms.  

 

 

AI. Sources of experimental error 

Remember to make font white at the end. 
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AI.1 Volumetric adsorption isotherms 

 

The construction of the adsorption isotherm using the volumetric method is cumulative, 

specifically; the amount adsorbed for the current point is determined by the amount of gas 

adsorbed in addition to the previously established point. Therefore, the margin of error for 

each point is cumulative and the final point has the largest margin of error by definition. 

As, the amount of gas adsorbed for a given point also has its own error associated with it, 

this situation for a given point can be represented by Equation I.1. 

 

   1i in n a n b     Equation I.1 

 

Based on error propagation rules, the total error for the amount adsorbed, n, can be 

represented by Equation I.2 

 

2 2n a b  

 

Equation I.2 

 

As mentioned, the determination of the amount adsorbed at each point has its own 

associated error, represented by “a” and “b” above. The amount adsorbed at a given point 

is based on the difference between the amount of gas introduced to the void volume and 

the remaining gas at equilibrium. This process is described in further detail in section 

2.2.2.1 in chapter 2. Simply, this can be represented by Equation I.3 

 

   , ,0

void void

i i in n c n d     Equation I.3
 

 

Equation I.3 allows the margins of error presented in Equation I.1 to be defined, and is 

presented in Equation I.4 for “b”; the same definition applies for point “i-1” and “a”. 

 

2 2b c d   Equation I.4 
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At this point, the determination of “c” and “d” in Equation I.3 begins to introduce 

complications. The number of moles in the void volume is determined by Equation I.5. 

 

voidP V
n

Z R T




 
 Equation I.5 

 

Many of the parameters in Equation I.5 have their own sources of error and margin of 

error, and the result margin of error for n (“c” or “d”) would be given by Equation I.6. 

 

22 2 2
1void

void

P V Z T
n n

P V Z T R

   


      
           

      
 Equation I.6 

 

The sources of error in Equation I.6 are varied, and include uncertainties in the 

measurement of the variable, and the propagation of that error through mathematical 

functions. The variables P, V and Z are all determined via mathematical functions so 

include both sources of error, and some will be presented here. The uncertainties 

associated with the temperature (T) are varied depending on the temperature control 

method and will be discussed later. 

 

The magnitude of the pressure (P) is not used directly from the output of the transducer. If 

it was the case, the uncertainty in the pressure measurement can be obtained from the 

transducer specifications or calibration certificate from the vendor. The transducer is 

located in the apparatus and is at ambient temperature or an elevated temperature air bath, 

while the sample is at a different temperature. This difference in temperature results in an 

issue known as thermal transpiration, so a function is applied to the measured pressure to 

compensate for this. Further information regarding this can be found in section 2.2.2.1 in 

chapter 2. The function for the thermal transpiration correction is shown in Equation I.7, 

where P1 is the pressure at the sample and P2 the pressure measured by the transducer. 

Variables A, B and C are functions of temperature, however, the uncertainty in the 

temperature is generally unknown, so will be ignored in this case. If the temperature 

uncertainty is known, a method will be presented to allow the consideration of it. 
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2

1 22

2 1

1A X B X C X
P P

A X B X C X T T
 Equation I.7 

 

Given that X = P2×di, where di is the inside diameter of the sample tube, the uncertainty in 

P1, δP1, can be determined based on the uncertainty in the measurement of P2, δP2. The 

uncertainty of the measurement is normally a percentage of the full-scale reading of the 

transducer, or a percentage of the reading and can normally be obtained from the 

transducer vendor. 

 

2

1
1 2

2

P
P P

P
 

 
  

 
 Equation I.8 

 

The partial derivative of P1 w.r.t. P2 is fairly unsightly, but is presented in Equation I.9. 
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 Equation I.9 

 

In the instance where the uncertainty in the temperature measurement is known, the 

functions for A, B and C can be found in section 2.2.2.1 and δP1 can be determined based 

on Equation I.10. T1 is the temperature at the sample, and T2 is the temperature at the 

transducer, with δT1 and δT2 their respective uncertainties. 

 

2 2 2

1 1 1
1 2 1 2

2 1 2

P P P
P P T T

P T T
   

       
          

       
 Equation I.10 
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The void volume is determined based on the calibrated system (manifold) volume, and the 

uncertainty associated with the system volume is unknown, as it is not provided by the 

instrument vendor. In the simplest of cases, the void volume is determined using Equation 

I.11, however, some vendors account for the non-ideality of the gas and an equation similar 

to Equation I.12 is used. Depending on the instrument vendor, the void volume is the sum 

of the system volume and sample tube volume, and in other cases, it is just the sample tube 

volume. The tube only case is described below, P1 is the pressure in the system volume 

before the valve to the tube is opened, and P2 is after the pressures equilibrate. 

 

 1 2

system system voidP V P V V     Equation I.11 

  

 

1 2

21

system voidsystem

P P

P V VP V

Z R T Z R T

 


   
 Equation I.12 

 

The same issues regarding the pressure determination above also apply in this case for P2, 

as the temperature of the sample tube is different to the manifold. The general equation for 

the uncertainty in Vvoid is shown in Equation I.12 below based on the uncertainties in 

pressure measurement. 

 

2 2

1 2

1 2

void void
void V V

V P P
P P

  
    

      
    

 Equation I.13 

 

The compressibility of the gas, Z, can be determined using a range of analytical methods. 

The second virial coefficient (B) is a common method among vendors and the required 

equations are presented in section 2.2.2.1. It relies on a value of B to be input by the user, 

and is a function of temperature, and other adsorbate physical properties. The overall 

equation for Z is shown below in Equation I.14, and any uncertainty in Z arises from the 

pressure measurement, and also the temperature if it is known. 

 

 
  


1

B T
Z P

R T
 Equation I.14 
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The uncertainty in Z, δZ, is given in the general form by Equation I.15. The uncertainty in 

the pressure, δP, would be determined in the same way as described in Equation I.8 above. 

 

2 2
Z Z

Z P T
P T

  
    

      
    

 Equation I.15 

 

Uncertainties in the temperature are variable, depending on the maintenance method. If a 

saturated liquid is used, such as liquid argon or liquid nitrogen in a dewar, the supplied 

purity of the cryogen is a factor, and this is generally unknown. Another factor is variations 

in barometric pressure, which will directly influence the temperature; some vendors do 

measure the P° of the refrigerant during the isotherm measurement for accurate values of 

P/P°, however, as far as is known, it is not used to back-calculate the temperature. An 

issue that may be present if liquid nitrogen is used is the condensation and solution of 

atmospheric oxygen. The exact extent of this is unknown; however, it would progress over 

time. The evaporation of the cryogen is also an issue, as the variation in level can cause 

deviations in the void volume measurement; some vendors offer a solution for this issue by 

monitoring the gas pressure in a reference tube over the course of the experiment.  

A similar situation also exists when a dewar is used to hold a fluid with some initial 

temperature, such as iced water or warm water; as there will be heat transfer over time. A 

suitable temperature measurement device could be employed in these cases to measure the 

temperature during the experiment; however, there is currently no way to integrate these 

measurements in to the calculations performed by the vendor software. 

These issues also undermine the nature of the „isotherm‟, and these issues should be kept in 

mind when unusual results are obtained. 

The alternative temperature maintenance methods include the electronically controlled 

methods such as, thermostatic fluid circulators, cryostats and heating mantles. The 

advantage to these methods is that there is usually little variation in the temperature over 

time, and thus an isothermal environment is better maintained. These methods can exhibit 

inaccuracies in the magnitude of the temperature; however, as long as the device is 

repeatable and stable over time, these inaccuracies can be nearly eliminated by calibration. 

The accuracy and stability of these devices is normally specified by the manufacturer, and 

thus, the uncertainty in the temperature can be established. 
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The discussion around Equation I.3 was based on the assumption that only one dose of gas 

is added to the manifold for a given adsorption point. This is in-fact not the case, and 

often, multiple doses of gas are required to obtain one isotherm point. This complicates the 

error analysis, solely due to the fact that the intermediate pressure information is not 

reported in the isotherm output from the vendor software. In many volumetric apparatus, 

there are often multiple pressure transducers to enhance the accuracy over many orders of 

magnitude in pressure (μPa/mPa to kPa). This compounds the aforementioned issue as 

one transducer may be used for an intermediate dose, but the final equilibrium pressure for 

which the point is reported on, may be in the range of another transducer. 

 

Unfortunately, although these sources of error have been identified, it is not possible to 

evaluate the magnitude of the margin of error, or uncertainty, solely due to the fact that the 

required output data is not provided by the adsorption apparatus. It may be possible to 

obtain the required data if an in-house adsorption apparatus was developed and used, 

enabling the logging of the required data with each adsorption point. 

Therefore, other methods of error analysis and reproducibility are more feasible in this 

case. The first includes the measurement of reference samples, and comparing the obtained 

result to the certified result. The other could also include a blank measurement, excluding 

any adsorbent. 
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This process was carried on the BELSORP Max used in this work, and the results are as 

follows. The BELSORP Max has two sample ports, and these are the results for the left 

port. 

 

  
Figure I.1 – N2 adsorption isotherm for 

BEL standard at 77 K, measured on 
BELSORP Max – Left Port 

Figure I.2 – BET plot for BEL standard, 
measured on BELSORP Max – Left Port 

  

 

 

Figure I.3 – Blank tube measurement on 
BELSORP Max – Left Port, N2 @ 77 K 
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The reference sample is a graphitised carbon black with the following specifications: 

Product number MicrotracBEL 990-00004-1-0 
Batch number BL9115-621AB 
Surface area 49.5±1.5 m2·g-1 

 

A BET surface area of 51±0.1 m2·g-1 was obtained, and this is in agreement with the 

reference sample certification. 

 

The blank measurement was undertaken using a liquid nitrogen bath, and it can be seen 

that the maximum deviation is 0.07 cm3STP·g-1, for a specified sample mass of 1.000 g. 

The significance of this will depend on the sample mass used and the total amount 

adsorbed for that sample. In all instances in this work, this is a negligible quantity. 

This sudden increase at high relative pressure is likely attributed to increased error in the 

non-ideality correction for the gas phase. 
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The following figures show the results for the BELSORP Max (right port), used in this 

work.  

 

  
Figure I.4 – N2 adsorption isotherm for 

Micromeritics standard at 77 K, 
measured on BELSORP Max – Right 

Port 

Figure I.5 – BET plot for Micromeritics 

standard, measured on BELSORP Max 
– Right Port 

  

 

 

Figure I.6 – Blank tube measurement on 
BELSORP Max – Right Port, N2 @ 77 K 
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The reference sample is a porous alumina with the following specifications: 

Product number Micromeritics 004/16821/00 
Batch number A-501-59 
Surface area 199.5±6 m2·g-1 

 

A BET surface area of 193±1.9 m2·g-1 was obtained, and this is in agreement with the 

reference sample certification. 

 

The blank measurement was undertaken using a liquid nitrogen bath, and it can be seen 

that the maximum deviation is 0.05 cm3STP·g-1, for a specified sample mass of 1.000 g. 

The significance of this will depend on the sample mass used and the total amount 

adsorbed for that sample. In all instances in this work, this is a negligible quantity. 
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The following figures show the results for the ASAP2010, used in some parts of this work.  

 

  
Figure I.7 – N2 adsorption isotherm for 

Micromeritics standard at 77 K, 
measured on ASAP 2010 

Figure I.8 – BET plot for Micromeritics 
standard, measured on ASAP 2010 

  

 

 

Figure I.9 – Blank tube measurement on 
ASAP 2010, N2 @ 77 K 
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The reference sample is a porous alumina with the following specifications: 

Product number Micromeritics 004/16821/00 
Batch number A-501-40 
Surface area 215±6 m2·g-1 

 

A BET surface area of 213±3 m2·g-1 was obtained, and this is in agreement with the 

reference sample certification. 

The blank measurement was undertaken using a liquid nitrogen bath, and it can be seen 

that the maximum deviation is 0.27 cm3STP·g-1, for a specified sample mass of 1.000 g. 

The significance of this will depend on the sample mass used and the total amount 

adsorbed for that sample. In all instances in this work, this is ≤ 1 % error in the adsorbed 

amount. 

 

A final alternative is that a given isotherm can be repeated to ascertain the repeatability and 

uncertainty in the measurement. This is likely the best alternative, as all factors would be 

accounted for. Ideally a new sample should be used each time, in order to account for any 

variation in the sample mass determination. The balance used to weigh the sample will also 

have its associated uncertainty, and using a new sample would also account for these 

variations. The disadvantage to this method is that, some modern adsorbents, specifically 

MOFs and other organic adsorbents are inherently irreproducible due to their instability. 

Another downside is that some isotherms can take several hours, or days to measure; time 

constraints are a real concern given the demand and availability of these apparatus. 
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AI.2  Gravimetric adsorption isotherms 

 

The primary difference with the gravimetric and volumetric methods is that, the prior point 

does not influence the outcome of the current point. A range of issues regarding the 

gravimetric method used in this work is discussed here. 

As all parameters are based on the measurement of the mass, the first point of uncertainty 

arises from the error in the balance; and the manufacturer‟s specification is ±0.02 mg. 

The amount adsorbed in g·g-1 is given by Equation I.16, where mi is the mass measured at 

the current temperature and pressure, and m0 is the mass measured with clean/degassed 

adsorbent. 

 

0i

sample

m m
n

m


  Equation I.16 

 

The mass measured, mi or m0, is determined by Equation I.17, and further detail on the 

process can be found in section 2.2.2.1; and the uncertainty in the measured mass, δmi, is 

given by Equation I.18, via placeholder „a‟. 

 

MP1 ZPi i i im V      Equation I.17 

  

     

2 2

2 2 2
MP1 ZP

a V

V
a a

V

m a



 




   

 

   
     

  

  

 Equation I.18 

 

The uncertainty in the measurement of the masses at MP1 and ZP, would be the value 

specified by the manufacturer, 0.02 mg. The uncertainty in the buoyant volume, and 

density would be specified as follows. 

The buoyant volume is determined by a helium buoyancy measurement, whereby the 

measured mass is plotted against the helium density by increasing pressure. These data 

points are then fit with a linear regression, where the slope indicates the buoyant volume, 

and the intercept the mass of the system under vacuum. 
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The gas density is determined by measuring the change in mass of a known volume 

material by Equation I.19. The mass of the sinker is specified by the manufacturer, 

however, the uncertainty is not specified; the volume of the sinker is specified, and the 

uncertainty is specified as 0.05 % of the specified volume. The uncertainty in the density, 

δρ, is then given by Equation I.20, via a placeholder „b‟. 

 

 sinker

sinker

MP2 MP1m

V


     Equation I.19 

  

 

   

sinker

2 2

22

sinker

sinker

MP2 MP1

MP1 MP2

b m

b

Vb

b V

  


 

  

 

  
     

   

 
Equation I.20 

 

Regression error analysis can also be applied, as per the method described in section 5.3.1 

in chapter 5, and this will provide uncertainty values for the buoyant volume (V) in 

Equation I.17. This will also provide the uncertainty in the system mass under vacuum 

(mint), which is required when determining the sample mass. 

The sample mass is given by Equation I.21, where mref is the reference mass of the system 

under vacuum. It is also provided by the manufacturer with unknown uncertainty; 

however, if a blank (without sample) helium buoyancy measurement is carried out, it can be 

obtained from the intercept of the regression and the aforementioned methods. Although 

corrosion resistant materials are used in the suspension balance system, it is possible that 

the reference mass may change over time. The uncertainty in the sample mass (δmsample) is 

then given by %E. 

 

intsample refm m m   Equation I.21 

  

   
22

intsample refm m m     Equation I.22 
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Now that all constituent components have been specified, the uncertainty in the adsorbed 

amount (δn) can be determined, and is specified in Equation I.23, using „c‟ as a placeholder. 

 

   

0

2 2

0

2
2

i

i

sample

sample

c m m

c m m

mc
n n

c m

  




 

 

  
          

 
Equation I.23 
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AI.2.1  Uncertainty in pressure determination 

 

As outlined in section 3.3.5, the measured density and temperature are used to calculate the 

pressure using an equation of state (EOS). Thus, errors in density and temperature will 

correspond to uncertainties in pressure. 

 

The Peng-Robinson equation of state is given by Equation I.24, and the uncertainty in the 

pressure, δP, is defined by Equation I.25. 

 

2 22m m m

R T a
P

V b V b V b

 
 

    
 Equation I.24 

  
2 2

m

m

P P
P V T

V T
  

   
      

   
 Equation I.25 

 

The molar volume, Vm, is given by Equation I.26. Any uncertainty in the molar volume 

(δVm) arises from uncertainty in the density and is specified in Equation I.27. The unit 

conversion is necessary; as the density is given in g·cm-3, and a molar volume in mol·m-3 is 

required for the EOS. The uncertainty in the density (δρ) is determined in the same way 

mentioned previously in Equation I.20. 

 

6

1

10

R
m

M
V


   Equation I.26 

  
2

610

R
m m

M
V V






 
   

 
 Equation I.27 

 

The uncertainty in temperature, δT, is provided by the temperature measurement vendor as 

0.015 K over the temperature range used in this work. 
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The partial derivatives of P w.r.t. Vm and T are presented below in Equation I.28 and 

Equation I.29, and this would allow the calculation of the uncertainty in the calculated 

pressure. 

 

 

   
2 2

2 2

2 2

2

m

m mm m

a V bP R T

V V bb b V V

     
 

     
 Equation I.28 
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T
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TP R
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 Equation I.29 

 

 

Combining both methods presented here for the uncertainty in the loading and pressure, it 

would then be possible to determine the uncertainty in a gravimetric adsorption isotherm 

measurement. 

An issue that is not addressed here, but that was observed is the influence of the helium 

buoyancy measurement pressure. It was found during the course of this work that the 

helium buoyancy measurement should be carried out to as high a pressure as possible; 

ideally in excess of the maximum isotherm pressure. However, this may not always be 

achievable due to limitations in the laboratory set-up. Variations in the buoyant volume 

have a significant influence at higher pressures where the gas phase density becomes 

significant. The investigation of this effect would involve the determination of the buoyant 

volume over a variety of pressure ranges to observe the differences in the values. It was 

found during the course of this work that the helium buoyancy measurement should be 

carried out from at least 2 bar(a) to the maximum possible pressure for the most repeatable 

and reliable results. Pressures below 2 bar(a) showed non-linear trends and skewed the 

buoyant volume result when a linear regression was applied. 
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APPENDIX II: Accompaniment to chapter 4 

APPLICATION of ZIFs -8, -14 and -71 for CO2/CH4 SEPARATION 

 

This appendix contains the helium buoyancy measurements for the samples presented in 

chapter 4. 

 

The margins of error on the system volume (slope), and mass in vacuum (intercept) are 

determined based on the standard errors of the regression, as per the method outlined in 

section 5.3.1 in chapter 5. 

 

AII. Accompaniment to chapter 4 

Remember to make font white at the end. 
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AII.1  Helium buoyancy measurements 

 

AII.1.1  ZIF-8 

 

 

Figure II.1 – Helium buoyancy measurement for ZIF-8 
 

 

m0 [g] 7.08598±0.00008 

V [cm3] 1.00635±0.03419 
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AII.1.2  ZIF-14 

 

 

Figure II.2 – Helium buoyancy measurement for ZIF-14 
 

 

m0 [g] 7.05274±0.00001 

V [cm3] 0.97121±0.00836 
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AII.1.3  ZIF-71  

 

 

Figure II.3 – Helium buoyancy measurement for ZIF-71 
 

 

m0 [g] 7.15487±0.00007 

V [cm3] 1.00698±0.01801 
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APPENDIX III: Accompaniment to chapter 5 

ADSORPTION THERMODYNAMICS of ZIFs -8, -14 and -71 

 

This appendix contains the entirety of the results generated from undertaking the analysis 

in chapter 5.  

 

 

AIII. Accompaniment to chapter 5 

Remember to make font white at the end. 
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AIII.1 Adsorption isotherms 

 

The adsorption isotherms are presented here in all possible configurations of absolute and 

relative pressure and linear and logarithmic x-axis. Some features are better observed in a 

given combination and thus all are included. 

 

AIII.1.1 ZIF-8 isotherms 

 

AIII.1.1.1 Argon isotherms 

 

 
 

Figure III.1 – ZIF-8 argon isotherms; 
linear absolute pressure axis 

Figure III.2 – ZIF-8 argon isotherms; 
log absolute pressure axis 

  

  
Figure III.3 – ZIF-8 argon isotherms; 

linear relative pressure axis 
Figure III.4 – ZIF-8 argon isotherms; 

log relative pressure axis 
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AIII.1.1.2 Methane isotherms 

 

 
 

Figure III.5 – ZIF-8 methane isotherms; 
linear absolute pressure axis 

Figure III.6 – ZIF-8 methane isotherms; 
log absolute pressure axis 

  

  
Figure III.7 – ZIF-8 methane isotherms; 

linear relative pressure axis 
Figure III.8 – ZIF-8 methane isotherms; 

log relative pressure axis 
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AIII.1.1.3 Carbon dioxide isotherms 

 

  
Figure III.9 – ZIF-8 carbon dioxide 

isotherms; linear absolute pressure axis 
Figure III.10 – ZIF-8 carbon dioxide 
isotherms; log absolute pressure axis 

  

  
Figure III.11 – ZIF-8 carbon dioxide 

isotherms; linear relative pressure axis 
Figure III.12 – ZIF-8 carbon dioxide 
isotherms; log relative pressure axis 
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AIII.1.1.4 Nitrogen isotherms 

 

 
 

Figure III.13 – ZIF-8 nitrogen 
isotherms; linear absolute pressure axis 

Figure III.14 – ZIF-8 nitrogen 
isotherms; log absolute pressure axis 

  

  
Figure III.15 – ZIF-8 nitrogen 

isotherms; linear relative pressure axis 
Figure III.16 – ZIF-8 nitrogen 

isotherms; log relative pressure axis 
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AIII.1.2 ZIF-14 isotherms 

 

AIII.1.2.1 Argon isotherms 

 

 
 

Figure III.17 – ZIF-14 argon isotherms; 
linear absolute pressure axis 

Figure III.18 – ZIF-14 argon isotherms; 
log absolute pressure axis 

  

 
 

Figure III.19 – ZIF-14 argon isotherms; 
linear relative pressure axis 

Figure III.20 – ZIF-14 argon isotherms; 
log relative pressure axis 
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AIII.1.2.2 Methane isotherms 

 

  
Figure III.21 – ZIF-14 methane 

isotherms; linear absolute pressure axis 
Figure III.22 – ZIF-14 methane 

isotherms; log absolute pressure axis 
  

  
Figure III.23 – ZIF-14 methane 

isotherms; linear relative pressure axis 
Figure III.24 – ZIF-14 methane 

isotherms; log relative pressure axis 
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AIII.1.2.3 Carbon dioxide isotherms 

 

 
 

Figure III.25 – ZIF-14 carbon dioxide 
isotherms; linear absolute pressure axis 

Figure III.26 – ZIF-14 carbon dioxide 
isotherms; log absolute pressure axis 

  

  
Figure III.27 – ZIF-14 carbon dioxide 
isotherms; linear relative pressure axis 

Figure III.28 – ZIF-14 carbon dioxide 
isotherms; log relative pressure axis 

  

 
Figure III.29 – ZIF-14 carbon dioxide isotherms, low pressure region zoom 
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AIII.1.2.4 Nitrogen isotherms 

 

  
Figure III.30 – ZIF-14 nitrogen 

isotherms; linear absolute pressure axis 
Figure III.31 – ZIF-14 nitrogen 

isotherms; log absolute pressure axis 
  

  
Figure III.32 – ZIF-14 nitrogen 

isotherms; linear relative pressure axis 
Figure III.33 – ZIF-14 nitrogen 

isotherms; log relative pressure axis 
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AIII.1.3 ZIF-71 isotherms 

 

AIII.1.3.1 Argon isotherms 

 

 
 

Figure III.34 – ZIF-71 argon isotherms; 
linear absolute pressure axis 

Figure III.35 – ZIF-71 argon isotherms; 
log absolute pressure axis 

  

  
Figure III.36 – ZIF-71 argon isotherms; 

linear relative pressure axis 
Figure III.37 – ZIF-71 argon isotherms; 

log relative pressure axis 
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AIII.1.3.2 Methane isotherms 

 

 
 

Figure III.38 – ZIF-71 methane 
isotherms; linear absolute pressure axis 

Figure III.39 – ZIF-71 methane 
isotherms; log absolute pressure axis 

  

  
Figure III.40 – ZIF-71 methane 

isotherms; linear relative pressure axis 
Figure III.41 – ZIF-71 methane 

isotherms; log relative pressure axis 
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AIII.1.3.3 Carbon dioxide isotherms 

 

  
Figure III.42 – ZIF-71 carbon dioxide 

isotherms; linear absolute pressure axis 
Figure III.43 – ZIF-71 carbon dioxide 
isotherms; log absolute pressure axis 

  

  
Figure III.44 – ZIF-71 carbon dioxide 
isotherms; linear relative pressure axis 

Figure III.45 – ZIF-71 carbon dioxide 
isotherms; log relative pressure axis 
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AIII.1.3.4 Nitrogen isotherms 

 

 
 

Figure III.46 – ZIF-71 nitrogen 
isotherms; linear absolute pressure axis 

Figure III.47 – ZIF-71 nitrogen 
isotherms; log absolute pressure axis 

  

  
Figure III.48 – ZIF-71 nitrogen 

isotherms; linear relative pressure axis 
Figure III.49 – ZIF-71 nitrogen 

isotherms; log relative pressure axis 
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AIII.1.3.5 Hydrogen isotherms 

 

 
 

Figure III.50 – ZIF-71 hydrogen 
isotherms; linear absolute pressure axis 

Figure III.51 – ZIF-71 hydrogen 
isotherms; log absolute pressure axis 

  

  
Figure III.52 – ZIF-71 hydrogen 

isotherms at 50 K; originally measured 
and repeated for confirmation; linear 

axis 

Figure III.53 – ZIF-71 hydrogen 
isotherms at 50 K; originally measured 
and repeated for confirmation; log axis 
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AIII.1.4 Comparison over adsorbates 

 

AIII.1.4.1 Argon 

 

  
Figure III.54 – Argon isotherms at 84 K 
for ZIF-8 (red), ZIF-14 (green) and ZIF-

71 (blue); linear absolute axis 

Figure III.55 – Argon isotherms at 84 K 
for ZIF-8 (red), ZIF-14 (green) and ZIF-

71 (blue); log absolute axis 
 

 

AIII.1.4.2 Methane 

 

  
Figure III.56 – Methane isotherms at 91 

K for ZIF-8 (red), ZIF-14 (green) and 
ZIF-71 (blue); linear absolute axis 

Figure III.57 – Methane isotherms at 91 
K for ZIF-8 (red), ZIF-14 (green) and 

ZIF-71 (blue); log absolute axis 
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AIII.1.4.3 Carbon dioxide 

 

  
Figure III.58 – Carbon dioxide 

isotherms at 160 K for ZIF-8 (red), ZIF-
14 (green) and ZIF-71 (blue); linear 

absolute axis 

Figure III.59 – Carbon dioxide 
isotherms at 160 K for ZIF-8 (red), ZIF-

14 (green) and ZIF-71 (blue); log 
absolute axis 

 

 

AIII.1.4.4 Nitrogen 

 

  
Figure III.60 – Nitrogen isotherms at 70 

K for ZIF-8 (red), ZIF-14 (green) and 
ZIF-71 (blue); linear absolute axis 

Figure III.61 – Nitrogen isotherms at 70 
K for ZIF-8 (red), ZIF-14 (green) and 

ZIF-71 (blue); log absolute axis 
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AIII.1.5 Comparison across adsorbents 

 

  
Figure III.62 – ZIF-8 isotherms at 100 K 

for argon (red), methane (green) and 
nitrogen (blue); log absolute axis 

Figure III.63 – ZIF-14 isotherms at 100 
K for argon (red), methane (green) and 

nitrogen (blue); log absolute axis 
  

 
Figure III.64 – ZIF-71 isotherms at 100 K for argon (red), methane (green) and 

nitrogen (blue); log absolute axis 
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AIII.2 Limiting properties 

 

The numerical values of the Henry constants and the resulting limiting enthalpies and 

entropies are tabulated here. 

 

AIII.2.1 ZIF-8 Henry constants 

 

Table III.1 – ZIF-8 Henry constants over adsorbate and temperature 

Adsorbate 
Temperature ln(KH) 

[K] [-] 

Argon 

77.35 -1.36 

84 -2.23 

90 -3.43 

100 -5.10 

110 -6.45 

120 -7.71 

Methane 

91 -0.480 

100 -2.06 

110 -3.20 

120 -4.47 

130 -5.65 

140 -6.66 

180 -9.70 

Carbon 
dioxide 

160 -4.41 

170 -5.13 

180 -6.03 

190 -6.74 

200 -7.49 

210 -8.23 

220 -8.83 

230 -9.42 

Nitrogen 

70 -0.618 

80 -1.69 

90 -3.41 

100 -5.21 

110 -6.49 

120 -7.60 
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AIII.2.2 ZIF-14 Henry constants 

 

Table III.2 – ZIF-14 Henry constants over adsorbate and temperature 

Adsorbate 
Temperature ln(KH) 

[K] [-] 

Argon 

77.35 -0.543 

84 -1.45 

90 -2.38 

100 -3.86 

110 -5.27 

120 -6.54 

Methane 

91 0.375 

100 -0.928 

110 -1.84 

120 -3.01 

130 -4.13 

140 -5.22 

180 -8.45 

Carbon 
dioxide 

160 -5.03 

170 -5.82 

180 -6.60 

190 -7.26 

200 -7.90 

210 -8.51 

220 -9.02 

230 -9.43 

Nitrogen 

70 -0.0360 

80 -1.05 

90 -2.48 

100 -3.95 

110 -5.37 
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AIII.2.3 ZIF-71 Henry constants 

 

Table III.3 – ZIF-71 Henry constants over adsorbate and temperature 

Adsorbate 
Temperature ln(KH) 

[K] [-] 

Argon 

77.35 1.06 

84 -0.0833 

90 -1.15 

100 -3.05 

Methane 

91 0.791 

100 0.0889 

110 -0.595 

120 -2.41 

130 -3.23 

140 -5.71 

180 -8.39 

Carbon 
dioxide 

150 -3.37 

160 -5.39 

170 -5.58 

180 -6.12 

190 -7.05 

200 -7.69 

210 -8.54 

220 -9.35 

230 -10.0 

Nitrogen 

65 1.83 

70 1.47 

75 1.11 

80 0.582 

90 -0.756 

100 -2.48 

110 -4.22 

Hydrogen 

40 0.802 

50 -2.58 

60 -4.22 

70 -6.64 
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AIII.2.4 Limiting enthalpies and entropies 

 

Table III.4 – Numerical values of the limiting enthalpies and entropies of 
adsorption over adsorbent and adsorbate 

Adsorbent Adsorbate 
H0 S0 

[kJ∙mol-1] [J∙mol-1∙K-1] 

ZIF-8 

Ar -11.7±1.44 -161±15.4 

CH4 -14.0±1.29 -156±11.1 

CO2 -22.2±1.32 -174±6.94 

N2 -10.1±2.30 -145±25.5 

ZIF-14 

Ar -10.8±1.72 -142±18.4 

CH4 -13.3±2.13 -140±18.3 

CO2 -19.5±0.414 -163±2.17 

N2 -8.53±3.04 -119±35.2 

ZIF-71 

Ar -11.7±3.73 -141±43.0 

CH4 -14.7±4.10 -147±35.1 

CO2 -23.9±2.01 -185±10.6 

N2 -7.86±2.71 -99.2±33.7 

H2 -5.56±1.91 -132±37.1 
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AIII.3 Differential adsorption thermodynamics 

 

The individual plots including the 95 % confidence intervals which are represented by the 

dashed lines are shown here. 

 

AIII.3.1 Differential enthalpy of adsorption 

 

AIII.3.1.1 ZIF-8 

 

  
Figure III.65 – Argon differential 
enthalpy of adsorption on ZIF-8. 

Figure III.66 – Methane differential 
enthalpy of adsorption on ZIF-8. 

  

  
Figure III.67 – Carbon dioxide 

differential enthalpy of adsorption on 
ZIF-8. 

Figure III.68 – Nitrogen differential 
enthalpy of adsorption on ZIF-8. 
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Figure III.69 – Argon differential 
enthalpy of adsorption on ZIF-8 

calculated using 77 – 90 K isotherms.. 

Figure III.70 – Nitrogen differential 
enthalpy of adsorption on ZIF-8 

calculated using 70 – 90 K isotherms. 
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AIII.3.1.2 ZIF-14 

 

  
Figure III.71 – Argon differential 
enthalpy of adsorption on ZIF-14. 

Figure III.72 – Methane differential 
enthalpy of adsorption on ZIF-14. 

  

  
Figure III.73 – Carbon dioxide 

differential enthalpy of adsorption on 
ZIF-14. 

Figure III.74 – Nitrogen differential 
enthalpy of adsorption on ZIF-14. 
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AIII.3.1.3 ZIF-71 

 

  
Figure III.75 – Argon differential 
enthalpy of adsorption on ZIF-71. 

Figure III.76 – Methane differential 
enthalpy of adsorption on ZIF-71. 

  

  
Figure III.77 – Carbon dioxide 

differential enthalpy of adsorption on 
ZIF-71. 

Figure III.78 – Nitrogen differential 
enthalpy of adsorption on ZIF-71. 

  

 

Continued over 
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Figure III.79 – Hydrogen differential 
enthalpy of adsorption on ZIF-71. 

Figure III.80 – Nitrogen differential 
enthalpy of adsorption on ZIF-71; 

calculated using 65 – 75 K isotherms. 
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AIII.3.2 Differential entropy of adsorption 

 

AIII.3.2.1 ZIF-8 

 

  
Figure III.81 – Argon differential 
entropy of adsorption on ZIF-8. 

Figure III.82 – Methane differential 
entropy of adsorption on ZIF-8. 

  

  
Figure III.83 – Carbon dioxide 

differential entropy of adsorption on 
ZIF-8. 

Figure III.84 – Nitrogen differential 
entropy of adsorption on ZIF-8. 
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AIII.3.2.2 ZIF-14 

 

  
Figure III.85 – Argon differential 
entropy of adsorption on ZIF-14. 

Figure III.86 – Methane differential 
entropy of adsorption on ZIF-14. 

  

  
Figure III.87 – Carbon dioxide 

differential entropy of adsorption on 
ZIF-14. 

Figure III.88 – Nitrogen differential 
entropy of adsorption on ZIF-14. 
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AIII.3.2.3 ZIF-71 

 

  
Figure III.89 – Argon differential 
entropy of adsorption on ZIF-71. 

Figure III.90 – Methane differential 
entropy of adsorption on ZIF-71. 

  

  
Figure III.91 – Carbon dioxide 

differential entropy of adsorption on 
ZIF-71. 

Figure III.92 – Nitrogen differential 
entropy of adsorption on ZIF-71. 

  

 
Figure III.93 – Hydrogen differential entropy of adsorption on ZIF-71. 
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AIII.3.3 Differential Gibbs energy of adsorption 

 

AIII.3.3.1 ZIF-8 

 

  
Figure III.94 – Argon differential Gibbs 

energy of adsorption on ZIF-8. 
Figure III.95 – Methane differential 

Gibbs energy of adsorption on ZIF-8. 
  

  
Figure III.96 – Carbon dioxide 

differential Gibbs energy of adsorption 
on ZIF-8. 

Figure III.97 – Nitrogen differential 

Gibbs energy of adsorption on ZIF-8. 
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AIII.3.3.2 ZIF-14 

 

  
Figure III.98 – Argon differential Gibbs 

energy of adsorption on ZIF-14. 
Figure III.99 – Methane differential 

Gibbs energy of adsorption on ZIF-14. 
  

  
Figure III.100 – Carbon dioxide 

differential Gibbs energy of adsorption 

on ZIF-14. 

Figure III.101 – Nitrogen differential 
Gibbs energy of adsorption on ZIF-14. 
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AIII.3.3.3 ZIF-71 

 

  
Figure III.102 – Argon differential Gibbs 

energy of adsorption on ZIF-71. 
Figure III.103 – Methane differential 

Gibbs energy of adsorption on ZIF-71. 
  

  
Figure III.104 – Carbon dioxide 

differential Gibbs energy of adsorption 
on ZIF-71. 

Figure III.105 – Nitrogen differential 
Gibbs energy of adsorption on ZIF-71. 

  

 
Figure III.106 – Hydrogen differential Gibbs energy of adsorption on ZIF-71. 
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AIII.4 Immersional thermodynamic properties 

 

AIII.4.1 Surface potential 

 

AIII.4.1.1 ZIF-8 

 

  
Figure III.107 – Argon surface potential 

on ZIF-8; linear axis 
Figure III.108 – Argon surface potential 

on ZIF-8; log-log axis 
  

  
Figure III.109 – Methane surface 

potential on ZIF-8; linear axis 
Figure III.110 – Methane surface 
potential on ZIF-8; log-log axis 

 

 

Continued over 
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Figure III.111 – Carbon dioxide surface 

potential on ZIF-8; linear axis 
Figure III.112 – Carbon dioxide surface 

potential on ZIF-8; log-log axis 
  

  
Figure III.113 – Nitrogen surface 

potential on ZIF-8; linear axis 
Figure III.114 – Nitrogen surface 
potential on ZIF-8; log-log axis 
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AIII.4.1.2 ZIF-14 

 

  
Figure III.115 – Argon surface potential 

on ZIF-14; linear axis 
Figure III.116 – Argon surface potential 

on ZIF-14; log-log axis 
  

  
Figure III.117 – Methane surface 
potential on ZIF-14; linear axis 

Figure III.118 – Methane surface 
potential on ZIF-14; log-log axis 

 

 

Continued over 
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Figure III.119 – Carbon dioxide surface 

potential on ZIF-14; linear axis 
Figure III.120 – Carbon dioxide surface 

potential on ZIF-14; log-log axis 
  

  
Figure III.121 – Nitrogen surface 
potential on ZIF-14; linear axis 

Figure III.122 – Nitrogen surface 
potential on ZIF-14; log-log axis 
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AIII.4.1.3 ZIF-71 

 

  
Figure III.123 – Argon surface potential 

on ZIF-71; linear axis 
Figure III.124 – Argon surface potential 

on ZIF-71; log-log axis 
  

  
Figure III.125 – Methane surface 
potential on ZIF-71; linear axis 

Figure III.126 – Methane surface 
potential on ZIF-71; log-log axis 

 

 

Continued over 
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Figure III.127 – Carbon dioxide surface 

potential on ZIF-71; linear axis 
Figure III.128 – Carbon dioxide surface 

potential on ZIF-71; log-log axis 
  

  
Figure III.129 – Nitrogen surface 

potential on ZIF-71; linear axis 
Figure III.130 – Nitrogen surface 
potential on ZIF-71; log-log axis 

  

  
Figure III.131 – Hydrogen surface 

potential on ZIF-71; linear axis 
Figure III.132 – Hydrogen surface 
potential on ZIF-71; log-log axis 
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AIII.4.2 Enthalpy of immersion 

 

AIII.4.2.1 ZIF-8 

 

  
Figure III.133 – Argon enthalpy of 

immersion on ZIF-8 
Figure III.134 – Methane enthalpy of 

immersion on ZIF-8 
  

  
Figure III.135 – Carbon dioxide enthalpy 

of immersion on ZIF-8 
Figure III.136 – Nitrogen enthalpy of 

immersion on ZIF-8 
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AIII.4.2.2 ZIF-14 

 

  
Figure III.137 – Argon enthalpy of 

immersion on ZIF-14 

Figure III.138 – Methane enthalpy of 

immersion on ZIF-14 
  

  
Figure III.139 – Carbon dioxide enthalpy 

of immersion on ZIF-14 
Figure III.140 – Nitrogen enthalpy of 

immersion on ZIF-14 
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AIII.4.2.3 ZIF-71 

 

  
Figure III.141 – Argon enthalpy of 

immersion on ZIF-71 
Figure III.142 – Methane enthalpy of 

immersion on ZIF-71 
  

  
Figure III.143 – Carbon dioxide enthalpy 

of immersion on ZIF-71 
Figure III.144 – Nitrogen enthalpy of 

immersion on ZIF-71 
  

 
Figure III.145 – Hydrogen enthalpy of immersion on ZIF-71 
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AIII.4.3 Entropy of immersion 

 

AIII.4.3.1 ZIF-8 

 

  
Figure III.146 – Argon entropy of 

immersion on ZIF-8 
Figure III.147 – Methane entropy of 

immersion on ZIF-8 
  

  
Figure III.148 – Carbon dioxide entropy 

of immersion on ZIF-8 
Figure III.149 – Nitrogen entropy of 

immersion on ZIF-8 
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AIII.4.3.2 ZIF-14 

 

  
Figure III.150 – Argon entropy of 

immersion on ZIF-14 
Figure III.151 – Methane entropy of 

immersion on ZIF-14 
  

  
Figure III.152 – Carbon dioxide entropy 

of immersion on ZIF-14 
Figure III.153 – Nitrogen entropy of 

immersion on ZIF-14 
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AIII.4.3.3 ZIF-71 

 

  
Figure III.154 – Argon entropy of 

immersion on ZIF-71 
Figure III.155 – Methane entropy of 

immersion on ZIF-71 
  

  
Figure III.156 – Carbon dioxide entropy 

of immersion on ZIF-71 
Figure III.157 – Nitrogen entropy of 

immersion on ZIF-71 
  

 
Figure III.158 – Hydrogen entropy of immersion on ZIF-71 
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AIII.5 Thermodynamics of structural transition 

 

The Langmuir isotherm fitting parameters used in calculating the value of F using the 

osmotic potential method, the determined equilibrium transition pressure, the numerical 

values of F and the loading at the transition pressure will be tabulated in this section for 

each adsorbent. 

 

AIII.5.1 ZIF-8 

 

AIII.5.1.1 Type-I transitions 

 

The parameters and results for argon are presented below. 

 

Table III.5 – Langmuir fitting parameters for Type-I argon transitions on ZIF-8  

Temp. 
Before Transition After Transition 

m1 K1 m2 K2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

77.35 

0.0000 

14.524 53.766 

84 14.524 18.944 

90 15.496 5.2817 

100 15.183 1.2669 

110 14.748 0.32890 

120 14.539 0.10567 

 

Table III.6 – ZIF-8 type-I argon transition pressures, F and loading at transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

77.35 0.01503 5.532 8.094 

84 0.06858 8.445 6.124 

90 0.2230 9.025 6.004 

100 1.017 10.45 5.763 

110 3.230 9.763 5.157 

120 7.886 8.793 4.280 
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In the case of methane, the dual site Langmuir model was used to fit the isotherm after the 

transition. A reliable fit was not able to be obtained with the single site model. 

Table III.7 – Langmuir fitting parameters for Type-I methane transitions on ZIF-8 

Temp. 
Before Transition After Transition 

m1 K1 m2,1 K2,1 m2,2 K2,2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

91 

0.0000 

11.147 80.413 1.5695 0.21490 

100 12.370 10.823 1.7515 0.024422 

110 12.370 1.4672 0.96143 0.024395 

120 12.259 0.90995 0.96143 0.0098410 

130 11.818 0.42973 0.96143 0.0098410 

140 11.265 0.20031 0.96143 0.0088008 

180 11.265 0.0097143 0.96143 0.0088008 

 

Table III.8 – ZIF-8 type-I methane transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

91 0.003715 2.206 4.014 

100 0.02309 2.295 4.138 

110 0.09780 1.519 4.083 

120 0.3503 3.387 3.969 

130 1.046 4.753 3.658 

140 2.581 5.490 3.319 

180 19.885 3.210 1.600 
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The parameters and results for carbon dioxide are presented below. 

 

Table III.9 – Langmuir fitting parameters for Type-I carbon dioxide transitions on 
ZIF-8  

Temp. 
Before Transition After Transition 

m1 K1 m2 K2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

160 

0.0000 

12.512 4.2300 

170 12.212 2.0357 

180 12.159 0.68888 

190 12.159 0.25574 

200 11.781 0.14235 

210 11.673 0.69620 

220 11.673 0.035570 

230 11.673 0.017744 

 

Table III.10 – ZIF-8 type-I carbon dioxide transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

160 0.4855 18.58 4.908 

170 1.267 22.01 7.087 

180 2.707 19.15 5.541 

190 5.416 16.70 4.979 

200 10.64 18.07 4.891 

210 19.78 17.65 4.484 

220 32.02 16.24 4.186 

230 50.10 14.20 3.903 
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The parameters and results for nitrogen are presented below. 

 

Table III.11 – Langmuir fitting parameters for Type-I nitrogen transitions on ZIF-8  

Temp. 
Before Transition After Transition 

m1 K1 m2 K2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

70 

0.0000 

12.716 316.62 

80 12.578 18.944 

90 12.578 2.2823 

100 12.574 0.45182 

110 12.005 0.14894 

 

Table III.12 – ZIF-8 type-I nitrogen transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

70 0.004089 6.147 4.232 

80 0.03476 4.233 3.579 

90 0.2434 4.158 3.651 

100 0.9469 3.723 3.127 

110 2.496 3.107 2.226 
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AIII.5.1.2 Type-II transitions 

 

The parameters and results for argon are presented below. 

 

Table III.13 – Langmuir fitting parameters for Type-II argon transitions on ZIF-8 

Temp. 
Before Transition After Transition 

m1 K1 m2 K2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

84 14.524 18.944 15.176 18.944 

90 15.496 5.2817 15.496 5.3623 

100 15.183 1.2669 15.496 1.3448 

110 14.748 0.32890 15.409 0.32890 

 

Table III.14 – ZIF-8 type-II argon transition pressures, F and loading at transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

84 0.09619 0.4725 11.00 

90 0.4465 0.1236 12.16 

100 4.459 1.146 13.21 

110 41.78 1.626 14.03 
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The parameters and results for nitrogen are presented below. 

 

Table III.15 – Langmuir fitting parameters for Type-II nitrogen transitions on ZIF-
8 

Temp. 
Before Transition After Transition 

m1 K1 m2 K2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

70 12.716 316.62 14.824 316.62 

80 12.578 18.944 14.517 18.944 

90 12.578 2.2823 14.385 2.2822 

 

Table III.16 – ZIF-8 type-II nitrogen transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

70 0.03188 2.954 11.95 

80 1.201 4.085 12.53 

90 12.32 5.321 13.05 
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AIII.5.1.3 Type-III transitions 

 

The parameters and results for argon are presented below. 

 

Table III.17 – Langmuir fitting parameters for Type-III argon transitions on ZIF-8 

Temp. 
Before Transition After Transition 

m1 K1 m2 K2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

77.35 14.524 53.766 20.335 53.766 

84 15.176 18.944 20.414 18.944 

90 15.496 5.3623 20.952 5.3661 

 

Table III.18 – ZIF-8 type-III argon transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

77.35 5.882 21.74 17.91 

84 24.44 22.82 17.89 

90 76.63 24.83 18.67 
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The parameters and results for nitrogen are presented below. 

 

Table III.19 – Langmuir fitting parameters for Type-III nitrogen transitions on 
ZIF-8 

Temp. 
Before Transition After Transition 

m1 K1 m2 K2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

70 14.824 316.62 17.275 316.62 

80 14.517 18.944 16.804 18.944 

90 14.385 2.2822 16.859 2.2822 

 

Table III.20 – ZIF-8 type-III nitrogen transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

70 0.1455 5.496 15.03 

80 3.039 6.196 14.78 

90 34.09 8.062 14.70 
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AIII.5.2 ZIF-14 

 

AIII.5.2.1 Type-I transitions 

 

The parameters and results for methane are presented below. The dual site Langmuir 

model was used in this case. 

 

Table III.21 – Langmuir fitting parameters for Type-I methane transitions on ZIF-

14 

Temp. 
Before Transition After Transition 

m1 K1 m2,1 K2,1 m2,2 K2,2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

91 

0.0000 

2.3302 2.6107 4.5692 1908.5 

100 1.6297 0.22912 5.8842 39.152 

110 1.4457 0.031528 6.4949 5.0937 

 

Table III.22 – ZIF-14 type-I methane transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

91 0.0003918 1.932 1.068 

100 0.004208 0.7477 1.924 

110 0.0101 0.2984 1.735 
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The parameters and results for carbon dioxide are presented below. 

 

Table III.23 – Langmuir fitting parameters for Type-I carbon dioxide transitions on 
ZIF-14 

Temp. 
Before Transition After Transition 

m1 K1 m2 K2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

160 

0.0000 

7.0753 2.9555 

170 6.9901 1.0567 

180 6.9901 0.36496 

190 6.8548 0.15721 

200 6.5617 0.084244 

210 6.2555 0.048707 

220 5.9511 0.030113 

230 5.9484 0.016833 

 

Table III.24 – ZIF-14 type-I carbon dioxide transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

160 0.2341 4.949 2.023 

170 0.5321 4.408 1.834 

180 1.107 3.550 1.564 

190 2.166 3.174 1.446 

200 3.625 2.908 1.219 

210 5.222 2.475 0.9143 

220 7.152 2.213 0.7583 

230 8.146 1.461 0.5368 
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AIII.5.3 ZIF-71 

 

AIII.5.3.1 Type-I transitions 

 

The parameters and results for carbon dioxide are presented below. In the case of carbon 

dioxide on ZIF-71, there is appreciable adsorption prior to the type-I transition, therefore 

these parameters are included. 

 

Table III.25 – Langmuir fitting parameters for Type-I carbon dioxide transitions on 
ZIF-71 

Temp. 
Before Transition After Transition 

m1 K1 m2 K2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

150 2.4072 7.7697 4.9405 12.706 

160 2.8680 1.2576 5.3367 1.9000 

170 2.2375 1.1729 5.1433 1.1339 

180 2.8162 0.34370 5.2004 0.39181 

190 2.4663 0.18800 5.1217 0.16998 

200 2.9411 0.069475 5.1030 0.076436 

210 3.3924 0.029266 5.1669 0.034980 

 

Table III.26 – ZIF-71 type-I carbon dioxide transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

150 0.3893 6.804 3.029 

160 1.367 5.271 3.034 

170 2.844 5.836 3.001 

180 6.741 5.004 2.948 

190 14.66 4.961 2.781 

200 28.12 4.439 2.633 

210 50.61 3.810 2.531 
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AIII.5.3.2 Type-II transitions 

 

The parameters and results for argon are presented below. The dual site Langmuir model 

was used in this case. 

 

Table III.27 – Langmuir fitting parameters for Type-II argon transitions on ZIF-71 

Temp. 
Before Transition 

m1,1 K1,1 m1,2 K1,2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

77.35 2.9422 49.789 0.58577 7307.4 

84 2.7715 10.321 0.64037 1803.8 

90 2.7715 3.3110 0.64037 569.84 

100 2.7715 0.64248 0.54029 88.543 

Temp. 
After Transition 

m2,1 K2,1 m2,2 K2,2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

77.35 1.6856 1.7720 3.6467 5408.0 

84 1.3750 0.074936 4.7263 638.22 

90 2.1500 0.0090627 5.0008 121.07 

100 2.8154 0.069486 2.8154 88.543 

 

Table III.28 – ZIF-71 type-II argon transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

77.35 0.2727 15.82 3.328 

84 1.298 14.10 3.898 

90 3.405 13.49 3.998 

100 10.22 10.30 3.534 
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The parameters and results for methane are presented below. The dual site Langmuir 

model was used in this case. 

 

Table III.29 – Langmuir fitting parameters for Type-II methane transitions on ZIF-
71 

Temp. 
Before Transition 

m1,1 K1,1 m1,2 K1,2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

91 2.9510 20.930 1.3956 1324.3 

100 3.4456 4.8958 1.0670 708.43 

110 2.0281 6.6134 0.57658 613.58 

120 2.1604 1.4268 0.56052 94.36 

130 2.5735 0.29753 0.65207 21.161 

140 3.6164 0.045619 0.90096 2.5080 

Temp. 
After Transition 

m2,1 K2,1 m2,2 K2,2 

[K] [mol∙kg-1] [kPa-1] [mol∙kg-1] [kPa-1] 

91 3.9074 0.018884 4.3180 530.34 

100 1.3627 0.044458 4.1332 57.376 

110 1.2269 0.033620 3.9496 19.729 

120 1.2015 0.027199 3.7127 2.6402 

130 3.7877 0.12425 0.83085 33.467 

140 3.7098 0.045619 1.0915 2.5080 

 

Table III.30 – ZIF-71 type-II methane transition pressures, F and loading at 

transition 

Temp. PTrans F n @ Ptrans 

[K] [kPa] [kJ∙kg-1] [mol∙kg-1] 

91 1.082 5.701 4.224 

100 1.308 2.735 4.004 

110 0.7255 3.348 2.613 

120 3.022 1.423 2.708 

130 10.48 0.9797 2.935 

140 31.92 1.074 3.171 
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AIII.5.3.3 Type-III transitions 

 

The parameters for methane are presented below; only the van „t Hoff plot method was 

applied to this data. 

 

Table III.31 – ZIF-71 type-III methane transition pressures and loading at 
transition 

Temp. PTrans n @ Ptrans 

[K] [kPa] [mol∙kg-1] 

91 10.67 6.695 

100 31.30 6.654 

110 82.05 6.564 

 

 

The parameters for nitrogen are presented below; only the  van „t Hoff plot method was 

applied to this data. 

 

Table III.32 – ZIF-71 type-III nitrogen transition pressures and loading at 
transition 

Temp. PTrans n @ Ptrans 

[K] [kPa] [mol∙kg-1] 

65 16.19 8.339 

70 36.45 8.240 

75 72.45 7.995 
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APPENDIX IV: Accompaniment to chapter 6 

EVALUATION of ADSORBENTS and INFLUENCE of PROCESS 

VARIABLES 

 

This appendix contains the entirety of the results generated from undertaking the analysis 

in chapter 6.  

 

 

AIV. Accompaniment to chapter 6 

Remember to make font white at the end. 
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AIV.1 Adsorption isotherms 

 

To supplement the isotherms obtained from the literature, a range of isotherms were also 

measured on a zeolite Y material. These materials have little coverage in the literature, and 

this presented an opportunity to look in to them further. The adsorbents are described in 

detail in Chapter 3, Materials, Methods and Apparatus. 

 

The helium buoyancy measurements are also presented. The margins of error on the 

system volume (slope), and mass in vacuum (intercept) are determined based on the 

standard errors of the regression, as per the method outlined in section 5.3.1 in chapter 5. 
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AIV.1.1  HSZ320 isotherms 

 

AIV.1.1.1  Lithium form (HSZ320-Li) 

 

  
Figure IV.1 – CO2 isotherms of HSZ320-
Li at 293 K (red), 303 K (green) and 312 
K (blue) with dual-site Langmuir model 

fits indicated as dashed lines 

Figure IV.2 – CH4 isotherms of HSZ320-
Li at 293 K (red), 303 K (green) and 312 
K (blue) with dual-site Langmuir model 

fits indicated as dashed lines 
 

 

Table IV.1 – Dual-site Langmuir model parameters for HSZ320-Li 

 CO2 CH4 

m1 [mol·kg-1] 5.8834 3.3727 

b0,1 [bar-1] 2.5310×10-5 3.5553×10-6 

Q1 [J·mol-1] 25483 25184 

m2 [mol·kg-1] 1.5825 3.2219 

b0,2 [bar-1] 9.6629×10-11 7.0307×10-7 

Q2 [J·mol-1] 46439 24501 

 

 

 



84 

 

Figure IV.3 – Helium buoyancy measurement for HSZ320-Li 
 

 

m0 [g] 7.14184±0.00010 

V [cm3] 0.95596±0.02316 
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AIV.1.1.2  Sodium form (HSZ320-Na) 

 

  
Figure IV.4 – CO2 isotherms of HSZ320-
Na at 293 K (red), 303 K (green) and 312 
K (blue) with dual-site Langmuir model 

fits indicated as dashed lines 

Figure IV.5 – CH4 isotherms of HSZ320-
Na at 293 K (red), 303 K (green) and 312 
K (blue) with dual-site Langmuir model 

fits indicated as dashed lines 
 

 

Table IV.2 – Dual-site Langmuir fitting parameters for HSZ320-Na 

 CO2 CH4 

m1 [mol·kg-1] 5.8262 5.2459 

b0,1 [bar-1] 6.8451×10-6 3.7720×10-4 

Q1 [J·mol-1] 29693 12655 

m2 [mol·kg-1] 1.5538 - 

b0,2 [bar-1] 1.0334×10-9 - 

Q2 [J·mol-1] 40902 - 
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Figure IV.6 – Helium buoyancy measurement for HSZ320-Na 
 

 

m0 [g] 7.12559±0.00010 

V [cm3] 0.92941±0.02223 
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AIV.1.1.3  Potassium form (HSZ320-K) 

 

  
Figure IV.7 – CO2 isotherms of HSZ320-
K at 293 K (red), 303 K (green) and 312 K 

(blue) with dual-site Langmuir model 
fits indicated as dashed lines 

Figure IV.8 – CH4 isotherms of HSZ320-
K at 293 K (red), 303 K (green) and 312 K 

(blue) with dual-site Langmuir model 
fits indicated as dashed lines 

 

 

Table IV.3 – Dual-site Langmuir fitting parameters for HSZ320-K 

 CO2 CH4 

m1 [mol·kg-1] 5.8262 3.4068 

b0,1 [bar-1] 6.8451×10-6 1.4789×10-5 

Q1 [J·mol-1] 29693 22481 

m2 [mol·kg-1] - 2.1049 

b0,2 [bar-1] - 1.1426×10-6 

Q2 [J·mol-1] - 24393 
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Figure IV.9 – Helium buoyancy measurement for HSZ320-K  
 

 

m0 [g] 7.12962±0.00009 

V [cm3] 0.94751±0.01985 
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AIV.1.2  HSZ350 isotherms 

 

AIV.1.2.1  Lithium form (HSZ350-Li) 

 

  
Figure IV.10 – CO2 isotherms of 

HSZ350-Li at 293 K (red), 303 K (green) 
and 312 K (blue) with dual-site 

Langmuir model fits indicated as 
dashed lines 

Figure IV.11 – CH4 isotherms of 
HSZ350-Li at 294 K (red), 304 K (green) 

and 313 K (blue) with dual-site 
Langmuir model fits indicated as 

dashed lines 
 

 

Table IV.4 – Dual-site Langmuir fitting parameters for HSZ350-Li 

 CO2 CH4 

m1 [mol·kg-1] 6.0135 3.8617 

b0,1 [bar-1] 9.5723×10-6 9.6237×10-5 

Q1 [J·mol-1] 26718 16890 

m2 [mol·kg-1] 1.0321 2.4159 

b0,2 [bar-1] 1.1043×10-7 4.3073×10-11 

Q2 [J·mol-1] 36739 48975 
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Figure IV.12 – Helium buoyancy measurement for HSZ350-Li 
 

 

m0 [g] 7.09732±0.00007 

V [cm3] 0.92251±0.01509 
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AIV.1.2.2  Sodium form (HSZ350-Na) 

 

  
Figure IV.13 – CO2 isotherms of 

HSZ350-Na at 293 K (red), 303 K (green) 
and 312 K (blue) with dual-site 

Langmuir model fits indicated as 
dashed lines 

Figure IV.14 – CH4 isotherms of 
HSZ350-Na at 294 K (red), 304 K (green) 

and 313 K (blue) with dual-site 
Langmuir model fits indicated as 

dashed lines 
 

 

Table IV.5 – Dual-site Langmuir fitting parameters for HSZ350-Na 

 CO2 CH4 

m1 [mol·kg-1] 6.6724 3.8617 

b0,1 [bar-1] 4.8843×10-5 9.6237×10-5 

Q1 [J·mol-1] 23269 16890 

m2 [mol·kg-1] 1.6913 2.4159 

b0,2 [bar-1] 1.0327×10-11 4.3073×10-11 

Q2 [J·mol-1] 51246 48975 
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Figure IV.15 – Helium buoyancy measurement for HSZ350-Na 
 

 

m0 [g] 7.12042±0.00009 

V [cm3] 0.94729±0.01873 
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AIV.1.2.3  Potassium form (HSZ350-K) 

 

  
Figure IV.16 – CO2 isotherms of 

HSZ350-K at 293 K (red), 303 K (green) 
and 312 K (blue) with dual-site 

Langmuir model fits indicated as 
dashed lines 

Figure IV.17 – CH4 isotherms of 
HSZ350-K at 293 K (red), 303 K (green) 

and 312 K (blue) with dual-site 
Langmuir model fits indicated as 

dashed lines 
 

 

Table IV.6 – Dual-site Langmuir fitting parameters for HSZ350-K 

 CO2 CH4 

m1 [mol·kg-1] 6.1244 4.4306 

b0,1 [bar-1] 4.5719×10-5 9.4781×10-5 

Q1 [J·mol-1] 24397 17159 

m2 [mol·kg-1] 1.8419 1.7552 

b0,2 [bar-1] 9.1767×10-7 1.0912×10-11 

Q2 [J·mol-1] 24279 51011 
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Figure IV.18 – Helium buoyancy measurement for HSZ350-K 
 

 

m0 [g] 7.13144±0.00012 

V [cm3] 0.94304±0.02776 
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AIV.1.3  HSZ385 isotherms 

 

AIV.1.3.1  Lithium form (HSZ385-Li) 

 

  
Figure IV.19 – CO2 isotherms of 

HSZ385-Li at 293 K (red), 303 K (green) 
and 312 K (blue) with dual-site 

Langmuir model fits indicated as 
dashed lines 

Figure IV.20 – CH4 isotherms of 
HSZ385-Li at 293 K (red), 303 K (green) 

and 312 K (blue) with dual-site 
Langmuir model fits indicated as 

dashed lines 
 

 

Table IV.7 – Dual-site Langmuir fitting parameters for HSZ385-Li 

 CO2 CH4 

m1 [mol·kg-1] 3.0631 4.1684 

b0,1 [bar-1] 1.3675×10-7 1.0414×10-6 

Q1 [J·mol-1] 27870 26608 

m2 [mol·kg-1] 4.7098 - 

b0,2 [bar-1] 2.8690×10-5 - 

Q2 [J·mol-1] 22219 - 
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Figure IV.21 – Helium buoyancy measurement for HSZ385-Li 
 

 

m0 [g] 7.11572±0.00009 

V [cm3] 0.94072±0.02087 
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AIV.1.3.2  Sodium form (HSZ385-Na) 

 

  
Figure IV.22 – CO2 isotherms of 

HSZ385-Na at 293 K (red), 303 K (green) 
and 313 K (blue) with dual-site 

Langmuir model fits indicated as 
dashed lines 

Figure IV.23 – CH4 isotherms of 
HSZ385-Na at 293 K (red), 303 K (green) 

and 312 K (blue) with dual-site 
Langmuir model fits indicated as 

dashed lines 
 

 

Table IV.8 – Dual-site Langmuir fitting parameters for HSZ385-Na 

 CO2 CH4 

m1 [mol·kg-1] 2.4940 4.7380 

b0,1 [bar-1] 2.3288×10-5 1.3516×10-6 

Q1 [J·mol-1] 19753 25848 

m2 [mol·kg-1] 4.2552 - 

b0,2 [bar-1] 1.0335×10-5 - 

Q2 [J·mol-1] 24470 - 
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Figure IV.24 – Helium buoyancy measurement for HSZ385-Na 
 

 

m0 [g] 7.07962±0.00009 

V [cm3] 0.93171±0.01922 
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AIV.1.3.3  Potassium form (HSZ385-K) 

 

  
Figure IV.25 – CO2 isotherms of 

HSZ385-K at 293 K (red), 304 K (green) 
and 312 K (blue) with dual-site 

Langmuir model fits indicated as 
dashed lines 

Figure IV.26 – CH4 isotherms of 
HSZ385-K at 293 K (red), 303 K (green) 

and 312 K (blue) with dual-site 
Langmuir model fits indicated as 

dashed lines 
 

 

Table IV.9 – Dual-site Langmuir fitting parameters for HSZ385-K 

 CO2 CH4 

m1 [mol·kg-1] 6.1828 3.8969 

b0,1 [bar-1] 2.8196×10-6 3.3591×10-5 

Q1 [J·mol-1] 27207 18332 

m2 [mol·kg-1] - - 

b0,2 [bar-1] - - 

Q2 [J·mol-1] - - 
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Figure IV.27 – Helium buoyancy measurement for HSZ385-K 
 

 

m0 [g] 7.13868±0.00009 

V [cm3] 0.94652±0.01960 
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AIV.2  Known adsorbent properties 

 

This section contains the dual-site Langmuir parameters and adsorbent physical properties 

used as inputs to the simple model for the known/literature adsorbents. The table of 

adsorbent names below is duplicated from Chapter 6 for reference. 

 

Table IV.10 – List of adsorbents with corresponding numbers and references for 
original isotherm data 

№ Material Name Ref. Type 

1 CECA 13X [1] Z 

2 Kansai Coke & Chemicals Co. Maxsorb AC [2] C 

3 Norit R1 extra [3] C 

4 Calgon Co. BPL carbon [3] C 

5 A'dall A10 fibre [3] C 

6 Osaka Gas Co. AC A [3] C 

7 Sutcliffe Speakman Carbons coal based AC [4] C 

8 Calgon Co. PCB AC [5] C 

9 Zeolite Beta, Si/Al = 16 [6] Z 

10 Shirasagi MSC 3K-161 [7] C 

11 Takeda CMS-T3A [8] C 

12 Bowen Basin coal A [9] C 

13 COF-102 [10] M 

14 Cu-BTC [11] M 

15 MIL-101 [11] M 

16 HKUST-1 [12] M 

17 CuZn impregnated BPL carbon [13] C 

18 Na-mordenite [14] Z 

19 H-mordenite [14] Z 

20 Zeox Co. Bowie natural chabazite [15] Z 

21 Silicalite [16] Z 

22 ZnDABCO [17] M 

23 HSZ320-Li 

This work 

Z 

24 HSZ320-Na Z 

25 HSZ320-K Z 

26 HSZ350-Li Z 

27 HSZ350-Na Z 

28 HSZ350-K Z 

29 HSZ385-Li Z 

30 HSZ385-Na Z 

31 HSZ385-K Z 

32 ZIF-8 M 

33 ZIF-14 M 

34 ZIF-71 M 
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The units for the parameters presented below are as follows: m1 and m2 [mol·kg-1], b0,1 and 

b0,2 [bar-1], Q1 and Q2 [J·mol-1], ρ [kg·m-3], ε [m3·m-3], and CP [J·kg-1·K-1]. 

 

  1 2 3 4 

CO2 

m1 3.8732 25.734 6.2122 5.3042 

b0,1 1.4121×10-8 6.7649×10-6 2.5506×10-8 7.4473×10-10 

Q1 52852 22816 31488 39916 

m2 3.9410 - 10.624 7.6030 

b0,2 1.7562×10-10 - 2.9552×10-5 9.8885×10-5 

Q2 51669 - 21774 19369 

CH4 

m1 25.626 13.034 5.8033 4.7562 

b0,1 1.4427×10-5 5.2276×10-5 7.2794×10-4 1.9125×10-4 

Q1 11898 17304 13529 16473 

m2 4.2437 - 5.7765 31.674 

b0,2 1.1025×10-4 - 2.7334×10-8 3.4268×10-7 

Q2 17836 - 30277 17076 

 

ρ 750 480.5 480.5 480.5 

ε 0.71 0.69 0.69 0.69 

CP 920 1050 1050 1050 

 

  5 6 7 8 

CO2 

m1 8.0999 8.1658 3.9673 3.2715 

b0,1 6.1753×10-5 6.0134×10-5 2.8530×10-5 1.5210×10-7 

Q1 21406 21799 23620 34321 

m2 3.4190 3.4217 31.988 6.2825 

b0,2 2.4837×10-9 2.4456×10-9 3.8623×10-6 3.6080×10-4 

Q2 39798 40089 20031 17559 

CH4 

m1 3.1341 6.1658 7.3644 1.8843 

b0,1 2.0969×10-3 2.1140×10-4 1.9278×10-5 1.7596×10-7 

Q1 12756 16932 19312 32884 

m2 3.8554 3.1663 0.99717 4.0537 

b0,2 1.2243×10-6 2.6973×10-9 1.1102×10-4 6.1985×10-4 

Q2 26265 35024 21074 14816 

 

ρ 480.5 480.5 480.5 480.5 

ε 0.69 0.69 0.69 0.69 

CP 1050 1050 1050 1050 
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The units for the parameters presented below are as follows: m1 and m2 [mol·kg-1], b0,1 and 

b0,2 [bar-1], Q1 and Q2 [J·mol-1], ρ [kg·m-3], ε [m3·m-3], and CP [J·kg-1·K-1]. 

 

  9 10 11† 12 

CO2 

m1 1.2444 1.7843 2.33628 76.960 

b0,1 9.5558×10-10 2.8304×10-8 2.9534×10-5 3.3320×10-6 

Q1 50387 37425 21457 6140.8 

m2 2.5154 3.1159 1.8538 2.0589 

b0,2 9.1615×10-4 1.4378×10-4 2.6223×10-5 1.9929×10-6 

Q2 17839 23402 28873 27271 

CH4 

m1 0.79590 1.2214 2.6893 1.7119 

b0,1 1.5269×10-7 1.1084×10-6 8.0636×10-6 8.9576×10-10 

Q1 34474 23121 22429 40191 

m2 1.6203 2.7517 1.2855 0.79165 

b0,2 4.7617×10-4 2.6388×10-4 2.4322×10-3 6.0386×10-6 

Q2 15158 18447 14893 25837 

 

ρ 750 480.5 480.5 480.5 

ε 0.71 0.69 0.69 0.69 

CP 920 1050 1050 1050 

 

  13 14 15 16 

CO2 

m1 41.197 20.495 33.777 14.970 

b0,1 7.2029×10-6 8.5299×10-6 8.1028×10-5 3.8690×10-6 

Q1 22000 26497 13524 29174 

m2 4.3654 - 0.96165 0.50058 

b0,2 1.2531×10-3 - 9.5440×10-4 4.0701×10-5 

Q2 10008 - 19010 41925 

CH4 

m1 1.4568 2.7864 15.530 10.914 

b0,1 3.3639×10-5 8.8977×10-8 8.4460×10-5 1.1810×10-5 

Q1 14999 35569 13481 22688 

m2 38.767 10.043 - - 

b0,2 1.2481×10-4 7.4084×10-5 - - 

Q2 11999 17971 - - 

 

ρ 572.7 572.7 572.7 572.7 

ε 0.72 0.72 0.72 0.72 

CP 800 800 800 800 

 

 

† – Isotherms only measured up to 15 bar(a) by original authors. Ensure to use under 

appropriate circumstances as isotherms are not saturated. 
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The units for the parameters presented below are as follows: m1 and m2 [mol·kg-1], b0,1 and 

b0,2 [bar-1], Q1 and Q2 [J·mol-1], ρ [kg·m-3], ε [m3·m-3], and CP [J·kg-1·K-1]. 

 

  17 18 19 20 

CO2 

m1 24.652 1.8986 1.3538 0.69433 

b0,1 8.1231×10-6 1.0323×10-11 3.6716×10-11 1.1103×10-6 

Q1 15438 79870 67724 32435 

m2 4.4779 1.6320 2.0124 3.4777 

b0,2 3.4969×10-4 2.8572×10-6 5.0040×10-7 7.7523×10-5 

Q2 17615 31692 35020 31704 

CH4 

m1 4.1930 2.0329 2.3168 1.4496 

b0,1 1.4029×10-4 4.6606×10-5 2.6762×10-5 4.5569×10-6 

Q1 17078 23445 23282 22410 

m2 - - - 1.6161 

b0,2 - - - 1.3810×10-4 

Q2 - - - 22262 

 

ρ 480.5 750 750 750 

ε 0.69 0.71 0.71 0.71 

CP 1050 920 920 920 

 

  21 22‡ 23 24 

CO2 

m1 3.7743 28.016 5.8834 5.8262 

b0,1 2.5725×10-5 1.8702×10-5 2.5310×10-5 6.8451×10-6 

Q1 26500 17236 25483 29693 

m2 1.9866 - 1.5825 1.5538 

b0,2 9.9696×10-7 - 9.6629×10-11 1.0334×10-9 

Q2 15205 - 46439 40902 

CH4 

m1 2.7445 15.371 3.3727 5.2459 

b0,1 6.8976×10-5 4.3010×10-5 3.5553×10-6 3.7720×10-4 

Q1 20894 16639 25184 12655 

m2 - - 3.2219 - 

b0,2 - - 7.0307×10-7 - 

Q2 - - 24501 - 

 

ρ 750 572.7 750 750 

ε 0.71 0.72 0.71 0.71 

CP 920 800 920 920 

 

 

‡ – Isotherms only measured up to 20 bar(a) by original authors. Ensure to use under 

appropriate circumstances as isotherms are not saturated. 
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The units for the parameters presented below are as follows: m1 and m2 [mol·kg-1], b0,1 and 

b0,2 [bar-1], Q1 and Q2 [J·mol-1], ρ [kg·m-3], ε [m3·m-3], and CP [J·kg-1·K-1]. 

 

  25 26 27 28 

CO2 

m1 5.8262 6.0135 6.6724 6.1244 

b0,1 6.8451×10-6 9.5723×10-6 4.8843×10-5 4.5719×10-5 

Q1 29693 26718 23269 24397 

m2 - 1.0321 1.6913 1.8419 

b0,2 - 1.0143×10-7 1.0327×10-11 9.1767×10-7 

Q2 - 36739 51246 24279 

CH4 

m1 3.4068 3.8617 3.8617 4.4306 

b0,1 1.4789×10-5 9.6237×10-5 9.6237×10-5 9.4781×10-5 

Q1 22481 16890 16890 17159 

m2 2.1049 2.4159 2.4159 1.7552 

b0,2 1.1426×10-6 4.3073×10-11 4.3073×10-11 1.0912×10-11 

Q2 24393 48975 48975 51011 

 

ρ 750 750 750 750 

ε 0.71 0.71 0.71 0.71 

CP 920 920 920 920 

 

  29 30 31 32 

CO2 

m1 3.0631 2.4940 6.1828 12.324 

b0,1 1.3675×10-7 2.3288×10-5 2.8196×10-6 7.1534×10-6 

Q1 27870 19753 27207 23212 

m2 4.7098 4.2552 - - 

b0,2 2.8690×10-5 1.0335×10-5 - - 

Q2 22219 24470 - - 

CH4 

m1 4.1684 4.7380 3.8969 9.1729 

b0,1 1.0414×10-6 1.3516×10-6 3.3591×10-5 4.2506×10-5 

Q1 26608 25848 18332 16137 

m2 - - - 0.13715 

b0,2 - - - 4.2506×10-5 

Q2 - - - 16137 

 

ρ 750 750 750 464 

ε 0.71 0.71 0.71 0.748 

CP 920 920 920 2088 
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The units for the parameters presented below are as follows: m1 and m2 [mol·kg-1], b0,1 and 

b0,2 [bar-1], Q1 and Q2 [J·mol-1], ρ [kg·m-3], ε [m3·m-3], and CP [J·kg-1·K-1]. 

 

  33 34 

CO2 

m1 3.7689 12.794 

b0,1 7.0422×10-10 5.2958×10-5 

Q1 46027 16590 

m2 2.2463 0.14582 

b0,2 1.8787×10-7 1.0000 

Q2 35649 50000 

CH4 

m1 3.2547 0.30806 

b0,1 6.6388×10-6 7.2510×10-5 

Q1 23884 23670 

m2 5.8709 5.6299 

b0,2 1.9033×10-6 4.0630×10-5 

Q2 19639 16570 

 

ρ 550 582 

ε 0.748 0.748 

CP 2088 2088 
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AIV.3  Output data for all adsorbents  

 

The output data from the simple model for all adsorbents is presented here. A selection of 

the data here was presented in the main body of Chapter 6. The data is arranged as follows, 

and should allow effective adsorbent screening for a given application. 
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AIV.3.1  10 %mol CO2 feed concentration 

 

AIV.3.1.1  Effect of adsorption pressure 

 

AIV.3.1.1.1  Carbon adsorbents 

 

  
Figure IV.28 – CO2 purity for carbon 

adsorbents over adsorption pressure, 10 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 

Figure IV.29 – CO2 recovery for carbon 
adsorbents over adsorption pressure, 10 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 
  

  
Figure IV.30 – CH4 purity for carbon 

adsorbents over adsorption pressure, 10 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 

Figure IV.31 – CH4 recovery for carbon 
adsorbents over adsorption pressure, 10 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 
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Figure IV.32 – CO2 working capacity for 

carbon adsorbents over adsorption 
pressure, 10 %mol CO2 and 303 K feed and 

1.2 bar(a) blowdown 

Figure IV.33 – Bed temperature swing 

for carbon adsorbents over adsorption 
pressure, 10 %mol CO2 and 303 K feed and 

1.2 bar(a) blowdown 
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AIV.3.1.1.2  MOF adsorbents 

 

  
Figure IV.34 – CO2 purity for MOF 

adsorbents over adsorption pressure, 
10 %mol CO2 and 303 K feed and 1.2 

bar(a) blowdown 

Figure IV.35 – CO2 recovery for MOF 
adsorbents over adsorption pressure, 
10 %mol CO2 and 303 K feed and 1.2 

bar(a) blowdown 
  

  
Figure IV.36 – CH4 purity for MOF 

adsorbents over adsorption pressure, 

10 %mol CO2 and 303 K feed and 1.2 
bar(a) blowdown 

Figure IV.37 – CH4 recovery for MOF 
adsorbents over adsorption pressure, 

10 %mol CO2 and 303 K feed and 1.2 
bar(a) blowdown 
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Figure IV.38 – CO2 working capacity for 

MOF adsorbents over adsorption 
pressure, 10 %mol CO2 and 303 K feed and 

1.2 bar(a) blowdown 

Figure IV.39 – Bed temperature swing 

for MOF adsorbents over adsorption 
pressure, 10 %mol CO2 and 303 K feed and 

1.2 bar(a) blowdown 
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AIV.3.1.1.3  Zeolite adsorbents 

 

  
Figure IV.40 – CO2 purity for zeolite 

adsorbents over adsorption pressure, 
10 %mol CO2 and 303 K feed and 1.2 

bar(a) blowdown 

Figure IV.41 – CO2 recovery for zeolite 

adsorbents over adsorption pressure, 
10 %mol CO2 and 303 K feed and 1.2 

bar(a) blowdown 
  

  
Figure IV.42 – CH4 purity for zeolite 
adsorbents over adsorption pressure, 
10 %mol CO2 and 303 K feed and 1.2 

bar(a) blowdown 

Figure IV.43 – CH4 recovery for zeolite 
adsorbents over adsorption pressure, 
10 %mol CO2 and 303 K feed and 1.2 

bar(a) blowdown 
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Figure IV.44 – CO2 working capacity for 

zeolite adsorbents over adsorption 

pressure, 10 %mol CO2 and 303 K feed and 
1.2 bar(a) blowdown 

Figure IV.45 – bed temperature swing 
for zeolite adsorbents over adsorption 

pressure, 10 %mol CO2 and 303 K feed and 
1.2 bar(a) blowdown 
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AIV.3.1.1.4  Selectivity metrics 

 

  
Figure IV.46 – Ideal selectivity (α) for 

carbon adsorbents over adsorption 
pressure, 10 %mol CO2 and 303 K feed and 

1.2 bar(a) blowdown 

Figure IV.47 – Ideal selectivity (α) for 

MOF adsorbents over adsorption 
pressure, 10 %mol CO2 and 303 K feed and 

1.2 bar(a) blowdown 
  

 

 

Figure IV.48 – Ideal selectivity (α) for 
zeolite adsorbents over adsorption 

pressure, 10 %mol CO2 and 303 K feed and 
1.2 bar(a) blowdown 
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Figure IV.49 – Binary selectivity (β) for 

carbon adsorbents over adsorption 

pressure, 10 %mol CO2 and 303 K feed and 
1.2 bar(a) blowdown 

Figure IV.50 – Binary selectivity (β) for 
MOF adsorbents over adsorption 

pressure, 10 %mol CO2 and 303 K feed and 
1.2 bar(a) blowdown 

  

 

 

Figure IV.51 – Binary selectivity (β) for 
zeolite adsorbents over adsorption 

pressure, 10 %mol CO2 and 303 K feed and 
1.2 bar(a) blowdown 
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Figure IV.52 – Working selectivity (γ) for 

carbon adsorbents over adsorption 

pressure, 10 %mol CO2 and 303 K feed and 
1.2 bar(a) blowdown 

Figure IV.53 – Working selectivity (γ) for 
MOF adsorbents over adsorption 

pressure, 10 %mol CO2 and 303 K feed and 
1.2 bar(a) blowdown 

  

 

 

Figure IV.54 – Working selectivity (γ) for 
zeolite adsorbents over adsorption 

pressure, 10 %mol CO2 and 303 K feed and 
1.2 bar(a) blowdown 
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AIV.3.1.2  Effect of adsorption temperature 

 

AIV.3.1.2.1  Carbon adsorbents 

 

  
Figure IV.55 – CO2 purity for carbon 

adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.56 – CO2 recovery for carbon 
adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
  

  
Figure IV.57 – CH4 purity for carbon 

adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.58 – CH4 recovery for carbon 
adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
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Figure IV.59 – CO2 working capacity for 

carbon adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

Figure IV.60 – bed temperature swing 
for carbon adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

 

 

 

  



120 

AIV.3.1.2.2  MOF adsorbents 

 

  
Figure IV.61 – CO2 purity for MOF 

adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.62 – CO2 recovery for MOF 

adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
  

  
Figure IV.63 – CH4 purity for MOF 

adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.64 – CH4 recovery for MOF 
adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
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Figure IV.65 – CO2 working capacity for 

MOF adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

Figure IV.66 – bed temperature swing 
for MOF adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 
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AIV.3.1.2.3  Zeolite adsorbents 

 

  
Figure IV.67 – CO2 purity for zeolite 

adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.68 – CO2 recovery for zeolite 

adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
  

  
Figure IV.69 – CH4 purity for zeolite 

adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.70 – CH4 recovery for zeolite 
adsorbents over adsorption temperature, 
10 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
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Figure IV.71 – CO2 working capacity for 

zeolite adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

Figure IV.72 – Bed temperature swing 
for zeolite adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 
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AIV.3.1.2.4  Selectivity metrics 

 

  
Figure IV.73 – Ideal selectivity (α) for 

carbon adsorbents over adsorption 
temperature, 10 %mol CO2 and 100 bar(a) 

feed and 1.2 bar(a) blowdown 

Figure IV.74 – Ideal selectivity (α) for 

MOF adsorbents over adsorption 
temperature, 10 %mol CO2 and 100 bar(a) 

feed and 1.2 bar(a) blowdown 
  

 

 

Figure IV.75 – Ideal selectivity (α) for 
zeolite adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 
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Figure IV.76 – Binary selectivity (β) for 

carbon adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

Figure IV.77 – Binary selectivity (β) for 
MOF adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

  

 

 

Figure IV.78 – Binary selectivity (β) for 
zeolite adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 
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Figure IV.79 – Working selectivity (γ) for 

carbon adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

Figure IV.80 – Working selectivity (γ) for 
MOF adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

  

 

 

Figure IV.81 – Working selectivity (γ) for 
zeolite adsorbents over adsorption 

temperature, 10 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 
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AIV.3.1.3 Effect of blowdown pressure 

 

AIV.3.1.3.1  Carbon adsorbents 

 

  
Figure IV.82 – CO2 purity for carbon 

adsorbents over blowdown pressure, 10 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.83 – CO2 recovery for carbon 
adsorbents over blowdown pressure, 10 

%mol CO2, 303 K and 100 bar(a) feed 
  

  
Figure IV.84 – CH4 purity for carbon 

adsorbents over blowdown pressure, 10 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.85 – CH4 recovery for carbon 

adsorbents over blowdown pressure, 10 
%mol CO2, 303 K and 100 bar(a) feed 

 

 

 

  



128 

  
Figure IV.86 – CO2 working capacity for 

carbon adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 

Figure IV.87 – Bed temperature swing 
for carbon adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 
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AIV.3.1.3.2  MOF adsorbents 

 

  
Figure IV.88 – CO2 purity for MOF 

adsorbents over blowdown pressure, 10 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.89 – CO2 recovery for MOF 

adsorbents over blowdown pressure, 10 
%mol CO2, 303 K and 100 bar(a) feed 

  

  
Figure IV.90 – CH4 purity for MOF 

adsorbents over blowdown pressure, 10 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.91 – CH4 recovery for MOF 
adsorbents over blowdown pressure, 10 

%mol CO2, 303 K and 100 bar(a) feed 
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Figure IV.92 – CO2 working capacity for 

MOF adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 

Figure IV.93 – Bed temperature swing 
for MOF adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 
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AIV.3.1.3.3  Zeolite adsorbents 

 

  
Figure IV.94 – CO2 purity for zeolite 

adsorbents over blowdown pressure, 10 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.95 – CO2 recovery for zeolite 

adsorbents over blowdown pressure, 10 
%mol CO2, 303 K and 100 bar(a) feed 

  

  
Figure IV.96 – CH4 purity for zeolite 

adsorbents over blowdown pressure, 10 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.97 – CH4 recovery for zeolite 
adsorbents over blowdown pressure, 10 

%mol CO2, 303 K and 100 bar(a) feed 
 

 

  



132 

  
Figure IV.98 – CO2 working capacity for 

zeolite adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 

Figure IV.99 – Bed temperature swing 
for zeolite adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 

 

 

  



133 

AIV.3.1.3.4  Selectivity metrics 

 

  
Figure IV.100 – Ideal selectivity (α) for 

carbon adsorbents over blowdown 
pressure, 10 %mol CO2, 303 K and 100 

bar(a) feed 

Figure IV.101 – Ideal selectivity (α) for 

MOF adsorbents over blowdown 
pressure, 10 %mol CO2, 303 K and 100 

bar(a) feed 
  

 

 

Figure IV.102 – Ideal selectivity (α) for 
zeolite adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 
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Figure IV.103 – Binary selectivity (β) for 

carbon adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 

Figure IV.104 – Binary selectivity (β) for 
MOF adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 

  

 

 

Figure IV.105 – Binary selectivity (β) for 
zeolite adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 
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Figure IV.106 – Working selectivity (γ) 
for carbon adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 

Figure IV.107 – Working selectivity (γ) 
for MOF adsorbents over blowdown 

pressure, 10 %mol CO2, 303 K and 100 
bar(a) feed 

  

 

 

Figure IV.108 – Working selectivity (γ) 
for zeolite adsorbents over blowdown 
pressure, 10 %mol CO2, 303 K and 100 

bar(a) feed 
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AIV.3.2  30 %mol CO2 feed concentration 

 

AIV.3.2.1  Effect of adsorption pressure 

 

AIV.3.2.1.1  Carbon adsorbents 

 

  
Figure IV.109 – CO2 purity for carbon 

adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 

Figure IV.110 – CO2 recovery for carbon 
adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 
  

  
Figure IV.111 – CH4 purity for carbon 

adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 

Figure IV.112 – CH4 recovery for carbon 
adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 
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Figure IV.113 – CO2 working capacity 
for carbon adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 

Figure IV.114 – Bed temperature swing 
for carbon adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 
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AIV.3.2.1.2  MOF adsorbents 

 

  
Figure IV.115 – CO2 purity for MOF 

adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 

Figure IV.116 – CO2 recovery for MOF 
adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 
  

  
Figure IV.117 – CH4 purity for MOF 

adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 

Figure IV.118 – CH4 recovery for MOF 
adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 
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Figure IV.119 – CO2 working capacity 
for MOF adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 

Figure IV.120 – Bed temperature swing 
for MOF adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 
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AIV.3.2.1.3  Zeolite adsorbents 

 

  
Figure IV.121 – CO2 purity for zeolite 

adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 

Figure IV.122 – CO2 recovery for zeolite 
adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 
  

  
Figure IV.123 – CH4 purity for zeolite 

adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 

Figure IV.124 – CH4 recovery for zeolite 
adsorbents over adsorption pressure, 30 
%mol CO2 and 303 K feed and 1.2 bar(a) 

blowdown 
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Figure IV.125 – CO2 working capacity 
for zeolite adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 

Figure IV.126 – Bed temperature swing 
for zeolite adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 
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AIV.3.2.1.4  Selectivity metrics 

 

  
Figure IV.127 – Ideal selectivity (α) for 

carbon adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 

Figure IV.128 – Ideal selectivity (α) for 
MOF adsorbents over adsorption 

pressure, 30 %mol CO2 and 303 K feed 
and 1.2 bar(a) blowdown 

  

 

 

Figure IV.129 – Ideal selectivity (α) for 
zeolite adsorbents over adsorption 

pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 
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Figure IV.130 – Binary selectivity (β) for 

carbon adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 

Figure IV.131 – Binary selectivity (β) for 
MOF adsorbents over adsorption 

pressure, 30 %mol CO2 and 303 K feed 
and 1.2 bar(a) blowdown 

  

 

 

Figure IV.132 – Binary selectivity (β) for 
zeolite adsorbents over adsorption 

pressure, 30 %mol CO2 and 303 K feed 
and 1.2 bar(a) blowdown 
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Figure IV.133 – Working selectivity (γ) 
for carbon adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 

Figure IV.134 – Working selectivity (γ) 
for MOF adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 
  

 

 

Figure IV.135 – Working selectivity (γ) 
for zeolite adsorbents over adsorption 
pressure, 30 %mol CO2 and 303 K feed 

and 1.2 bar(a) blowdown 
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AIV.3.2.2  Effect of adsorption temperature 

 

AIV.3.2.2.1  Carbon adsorbents 

 

  
Figure IV.136 – CO2 purity for carbon 

adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.137 – CO2 recovery for carbon 

adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
  

  
Figure IV.138 – CH4 purity for carbon 

adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.139 – CH4 recovery for carbon 
adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
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Figure IV.140 – CO2 working capacity 
for carbon adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

Figure IV.141 – Bed temperature swing 
for carbon adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 
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AIV.3.2.2.2  MOF adsorbents 

 

  
Figure IV.142 – CO2 purity for MOF 

adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.143 – CO2 recovery for MOF 
adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
  

  
Figure IV.144 – CH4 purity for MOF 

adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.145 – CH4 recovery for MOF 
adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
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Figure IV.146 – CO2 working capacity 
for MOF adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

Figure IV.147 – Bed temperature swing 
for MOF adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 
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AIV.3.2.2.3  Zeolite adsorbents 

 

  
Figure IV.148 – CO2 purity for zeolite 

adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.149 – CO2 recovery for zeolite 
adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
  

  
Figure IV.150 – CH4 purity for zeolite 

adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 

Figure IV.151 – CH4 recovery for zeolite 
adsorbents over adsorption temperature, 
30 %mol CO2 and 100 bar(a) feed and 1.2 

bar(a) blowdown 
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Figure IV.152 – CO2 working capacity 
for zeolite adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

Figure IV.153 – Bed temperature swing 
for zeolite adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 
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AIV.3.2.2.4  Selectivity metrics 

 

  
Figure IV.154 – Ideal selectivity (α) for 

carbon adsorbents over adsorption 
temperature, 30 %mol CO2 and 100 bar(a) 

feed and 1.2 bar(a) blowdown 

Figure IV.155 – Ideal selectivity (α) for 
MOF adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

  

 

 

Figure IV.156 – Ideal selectivity (α) for 
zeolite adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 

feed and 1.2 bar(a) blowdown 
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Figure IV.157 – Binary selectivity (β) for 

carbon adsorbents over adsorption 
temperature, 30 %mol CO2 and 100 bar(a) 

feed and 1.2 bar(a) blowdown 

Figure IV.158 – Binary selectivity (β) for 
MOF adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

  

 

 

Figure IV.159 – Binary selectivity (β) for 
zeolite adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 
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Figure IV.160 – Working selectivity (γ) 
for carbon adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

Figure IV.161 – Working selectivity (γ) 
for MOF adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 

  

 

 

Figure IV.162 – Working selectivity (γ) 
for zeolite adsorbents over adsorption 

temperature, 30 %mol CO2 and 100 bar(a) 
feed and 1.2 bar(a) blowdown 
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AIV.3.2.3 Effect of blowdown pressure 

 

AIV.3.2.3.1  Carbon adsorbents 

 

  
Figure IV.163 – CO2 purity for carbon 

adsorbents over blowdown pressure, 30 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.164 – CO2 recovery for carbon 

adsorbents over blowdown pressure, 30 
%mol CO2, 303 K and 100 bar(a) feed 

  

  
Figure IV.165 – CH4 purity for carbon 

adsorbents over blowdown pressure, 30 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.166 – CH4 recovery for carbon 
adsorbents over blowdown pressure, 30 

%mol CO2, 303 K and 100 bar(a) feed 
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Figure IV.167 – CO2 working capacity 
for carbon adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 

Figure IV.168 – Bed temperature swing 
for carbon adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 
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AIV.3.2.3.2  MOF adsorbents 

 

  
Figure IV.169 – CO2 purity for MOF 

adsorbents over blowdown pressure, 30 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.170 – CO2 recovery for MOF 
adsorbents over blowdown pressure, 30 

%mol CO2, 303 K and 100 bar(a) feed 
  

  
Figure IV.171 – CH4 purity for MOF 

adsorbents over blowdown pressure, 30 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.172 – CH2 recovery for MOF 
adsorbents over blowdown pressure, 30 

%mol CO2, 303 K and 100 bar(a) feed 
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Figure IV.173 – CO2 working capacity 
for MOF adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 

Figure IV.174 – Bed temperature swing 
for MOF adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 
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AIV.3.2.3.3  Zeolite adsorbents 

 

  
Figure IV.175 – CO2 purity for zeolite 

adsorbents over blowdown pressure, 30 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.176 – CO2 recovery for zeolite 
adsorbents over blowdown pressure, 30 

%mol CO2, 303 K and 100 bar(a) feed 
  

  
Figure IV.177 – CH4 purity for zeolite 

adsorbents over blowdown pressure, 30 
%mol CO2, 303 K and 100 bar(a) feed 

Figure IV.178 – CH4 recovery for zeolite 
adsorbents over blowdown pressure, 30 

%mol CO2, 303 K and 100 bar(a) feed 
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Figure IV.179 – CO2 working capacity 
for zeolite adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 

Figure IV.180 – Bed temperature swing 
for zeolite adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 
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AIV.3.2.3.4  Selectivity metrics 

 

  
Figure IV.181 – Ideal selectivity (α) for 

carbon adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 

Figure IV.182 – Ideal selectivity (α) for 
MOF adsorbents over blowdown 

pressure, 30 %mol CO2, 303 K and 100 
bar(a) feed 

  

 

 

Figure IV.183 – Ideal selectivity (α) for 
zeolite adsorbents over blowdown 

pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 
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Figure IV.184 – Binary selectivity (β) for 

carbon adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 

Figure IV.185 – Binary selectivity (β) for 
MOF adsorbents over blowdown 

pressure, 30 %mol CO2, 303 K and 100 
bar(a) feed 

  

 

 

Figure IV.186 – Binary selectivity (β) for 
zeolite adsorbents over blowdown 

pressure, 30 %mol CO2, 303 K and 100 
bar(a) feed 
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Figure IV.187 – Working selectivity (γ) 
for carbon adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 

Figure IV.188 – Working selectivity (γ) 
for MOF adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 
  

 

 

Figure IV.189 – Working selectivity (γ) 
for zeolite adsorbents over blowdown 
pressure, 30 %mol CO2, 303 K and 100 

bar(a) feed 
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AIV.4  Model adsorbent properties 

 

This section contains the dual-site Langmuir parameters and adsorbent physical properties 

used as inputs to the simple model for the model isotherms/adsorbents. The table of 

adsorbent scenarios is duplicated from Chapter 6 for reference. 

 

Table IV.11 – Scenarios investigated using model adsorbents 

Name Capacity H Selectivity 

S1 Moderate High Low 

S2 Moderate Moderate Low 

S3 Moderate Low Low 

S4 High High Low 

S5 High Moderate Low 

S6 High Low Low 

S7 Low High High 

S8 Low Moderate High 

S9 Low Low High 

 

 

The units for the parameters presented below are as follows: m1 and m2 [mol·kg-1], b0,1 and 

b0,2 [bar-1], Q1 and Q2 [J·mol-1], ρ [kg·m-3], ε [m3·m-3], and CP [J·kg-1·K-1]. 

 

  S1 S2 S3 

CO2 

m1 10.0 10.0 10.0 

b0,1 1.00×10-6 1.00×10-6 1.00×10-6 

Q1 50000 35000 25000 

m2 - - - 

b0,2 - - - 

Q2 - - - 

CH4 

m1 6.67 6.67 6.67 

b0,1 5.00×10-6 5.00×10-6 5.00×10-6 

Q1 35000 25000 17000 

m2 - - - 

b0,2 - - - 

Q2 - - - 

 

ρ 480.5 480.5 480.5 

ε 0.69 0.69 0.69 

CP 1050 1050 1050 
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The units for the parameters presented below are as follows: m1 and m2 [mol·kg-1], b0,1 and 

b0,2 [bar-1], Q1 and Q2 [J·mol-1], ρ [kg·m-3], ε [m3·m-3], and CP [J·kg-1·K-1]. 

 

  S4 S5 S6 

CO2 

m1 60.0 60.0 60.0 

b0,1 1.00×10-6 1.00×10-6 1.00×10-6 

Q1 50000 35000 25000 

m2 - - - 

b0,2 - - - 

Q2 - - - 

CH4 

m1 40.0 40.0 40.0 

b0,1 5.00×10-6 5.00×10-6 5.00×10-6 

Q1 35000 25000 17000 

m2 - - - 

b0,2 - - - 

Q2 - - - 

 

ρ 480.5 480.5 480.5 

ε 0.69 0.69 0.69 

CP 1050 1050 1050 

 

  S7 S8 S9 

CO2 

m1 2.00 2.00 2.00 

b0,1 1.00×10-6 1.00×10-6 1.00×10-6 

Q1 50000 35000 25000 

m2 - - - 

b0,2 - - - 

Q2 - - - 

CH4 

m1 0.200 0.200 0.200 

b0,1 5.00×10-6 5.00×10-6 5.00×10-6 

Q1 35000 25000 17000 

m2 - - - 

b0,2 - - - 

Q2 - - - 

 

ρ 480.5 480.5 480.5 

ε 0.69 0.69 0.69 

CP 1050 1050 1050 
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