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ABSTRACT 

 

The objective of this study on sorbate densities on 13X or NaX zeolite is to 

deduce a model equation to predict the intrinsic isotherm saturation loadings.  The input 

information for the model equation is the crystallographic zeolite information which is 

abstracted from the literature and the thermodynamic sorbate density. The modified 

Rackett equation is used to theoretically model the sorbate density below the critical 

point; above the critical point an empirical relation is derived. 

Data for the adsorption of various hydrocarbons and polar and non-polar gases on 

13X or NaX zeolite over a wide temperature and pressure range is collected from the 

literature.  The hydrocarbon gases include alkanes, alkenes, cyclic alkanes, aromatics and 

acetates from 22 different studies.  Polar and non polar gases include water, carbon 

dioxide, carbon monoxide, oxygen, nitrogen, argon, sulfur hexafluoride and iodine from 

33 different studies.  The total isotherms collected are approximately 600. Untabulated 

adsorption data on NaX or 13X is extracted by digitizing the appropriate figures. 

The data was screened for consistency. Isotherms with unknown % binder and 

crossing or misplaced isotherms are deleted from further consideration.  This reduces the 

isotherms to 350. Emphasis is placed on the saturation loadings. This is deduced from the 

horizontal plateauing of the isotherms as Psat is approached, or from the highest data 

points on the isotherms providing dlog(q)/dlog(p) is approaching zero.  The author and 

his two advisers systematically examined all data assigning a full black circle to saturated 

isotherms which appeared totally plateaued, a full white circle to doubtful isotherms and 

removed all isotherms which are clearly not saturated. 
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The results indicate that the model saturation loading equation for qmax approaches 

within 5-10 % of the experimental data for the subcritical isotherms. A tuning parameter 

is derived based on steric considerations to account for the lower observed experimental 

data. For the supercritical data, the experimental results appeared to be modeled best by 

saturation densities calculated equivalent to the subcritical value of 0.98Tr. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 



 

v 

 

Table of Contents 

ABSTRACT ....................................................................................................................... iii 

LIST OF ILLUSTRATIONS ............................................................................................ vii 

LIST OF TABLES ............................................................................................................ xii 

ABBREVIATIONS ......................................................................................................... xiii 

ACKNOWLEDGEMENTS .............................................................................................. xv 

Chapter 

 

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

                  1.1 Zeolites ........................................................................................................ 7 

                          1.1.1 Zeolites X and Y .............................................................................. 9 

                  1.2 Commercial Adsorbents............................................................................ 13 

                          1.2.1 Synthesis ........................................................................................ 13 

                          1.2.2 Pelletization.................................................................................... 15 

                          1.2.3 Dehydration and Calcination ......................................................... 16 

                  1.3 Deactivation .............................................................................................. 16 

                  1.4 Adsorbate systems: ................................................................................... 17 

                          1.4.1 Hydrocarbon Adsorbate Systems:.................................................. 18 

                                    1.4.1.1 Alkanes: ............................................................................ 18 

                                    1.4.1.2 Alkenes: ............................................................................ 18 

                                    1.4.1.3 Aromatics: ......................................................................... 18 

                          1.4.2 Non-Hydrocarbon Adsorbate Systems: ......................................... 19 

                                    1.4.2.1 Polar Gases: ...................................................................... 19 

                                    1.4.2.2 Non-Polar Gases: .............................................................. 19 

                  1.5 Deliverables: ............................................................................................. 19 

             REFERENCES .................................................................................................... 21 

             2. LITERATURE SURVEY ................................................................................ 22 

             REFERENCES .................................................................................................... 39 

 3. SATURATION LOADING FOR HYDROCARBON ADSORPTION ON 13X  

     ZEOLITE ......................................................................................................... 41 

            REFERENCES ................................................................................................... 100 



 

vi 

 

            4. SATURATION LOADING FOR NON-HYDROCARBON ADSORPTION   

                ON 13X ZEOLITE ......................................................................................... 103 

            REFERENCES ................................................................................................... 135 

            5. CONCLUSION AND RECOMMENDATIONS ........................................... 139 

Appendix 

 

            A. HYDROCARBON ISOTHERMS AT SUBCRITICAL CONDITIONS…...141 

            B. HYDROCARBON ISOTHERMS AT SUPERCRITICAL CONDITIONS..148 

            C. NON-HYDROCARBON ISOTHERMS AT SUBCRITICAL 

CONDITIONS……………………………………………………………….151 

            D. NON-HYDROCARBON ISOTHERMS AT SUPERCRITICAL 

CONDITIONS……………………………………………………………….153 

VITA ............................................................................................................................... 156 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vii 

 

LIST OF ILLUSTRATIONS  

Figure 

      1.1: Type I Adsorption Isotherm .................................................................................. 5 

       1.2: Type II Adsorption Isotherm ................................................................................ 6 

       1.3: Type III Adsorption Isotherm ............................................................................... 6 

       1.4: Type IV Adsorption Isotherm ............................................................................... 6 

       1.5: Type V Adsorption Isotherm ................................................................................ 7 

1.6: (a) secondary building units and (b) commonly occurring polyhedral units in                                                                                                                                                                    

zeolite framework structure [12]……………………………………………….10 

       1.7: Three dimensional framework of Faujasite [10]................................................. 11 

       1.8: Schematic representation showing framework of (a) zeolite A, (b) zeolite X and  

Y, (c) erionite and (d) chabazite [12]…………………………………………..14 

2.1: Different arrangement for Si and Al for different Si/Al ratios in 13X sodalite 

cages [5] ............................................................................................................. 30 

       2.2: Structure of Zeolite 13X [22].............................................................................. 36 

       2.3: Structure of zeolite 13X [22] .............................................................................. 36 

       2.4: Surface adsorption of small molecules on Zeolite 13X [22] .............................. 37 

       3.1: C1 isotherms before screening ............................................................................ 47 

       3.2: C1 isotherms after screening............................................................................... 48 

       3.3: C1 isotherms without the isotherms from Vermesse et al. (1996) ...................... 48 

       3.4: C1 isotherms in logarithmic scale ....................................................................... 49 

       3.5: C2 isotherms ....................................................................................................... 50 

       3.6: C2 isotherms on log-log scale ............................................................................. 50 

       3.7: C3 isotherms before screening ............................................................................ 51 

       3.8: C3 isotherms after deleting the Granato et al. (2007) isotherms ........................ 52 

       3.9: C3 isotherms after deleting the Granato et al. (2007) and Barrer et al. (1956) 

isotherm at Tr = 0.526 ........................................................................................ 52 

       3.10: C3 isotherms on a log-log scale ........................................................................ 53 

       3.11: Adsorption Isotherms for n-butane ................................................................... 54 

       3.12: Adsorption Isotherms for iso-butane ................................................................ 55 

       3.13: Adsorption Isotherms for n-butane on a log-log scale ...................................... 55 



 

viii 

 

       3.14: Adsorption Isotherms for iso-butane on a log-log scale………………………55 

       3.15: Adsorption Isotherms for pentane before screening ......................................... 57 

       3.16: Adsorption Isotherms for n-pentane after screening ......................................... 57 

       3.17: Adsorption Isotherms for iso-pentane after screening ...................................... 58 

       3.18: Adsorption Isotherms for neo-pentane after screening ..................................... 59 

       3.19: Adsorption Isotherms for hexane before screening .......................................... 60 

       3.20: Adsorption Isotherms for hexane after screening ............................................. 60 

       3.21: Adsorption Isotherms for hexane after screening on a log-log scale ................ 61 

       3.22: Adsorption Isotherms for heptanes ................................................................... 61 

       3.23: Adsorption Isotherms for heptanes from Barrer (1956) study .......................... 62 

       3.24: Adsorption Isotherms for heptanes on a log-log scale ...................................... 63 

       3.25: Adsorption Isotherms for octane before screening ........................................... 63 

       3.26: Adsorption Isotherms for n-octane after screening ........................................... 64 

       3.27: Adsorption Isotherms for iso-octane after screening ........................................ 65 

       3.28: Adsorption Isotherms for ethylene ................................................................... 65 

       3.29: Adsorption Isotherms for Propylene before screening ..................................... 66 

       3.30: Adsorption Isotherms for Propylene after screening ........................................ 67 

       3.31: Adsorption Isotherms for Propylene after screening on a log-log scale ........... 67 

       3.32: Adsorption Isotherms for 1-butene ................................................................... 68 

       3.33: Adsorption Isotherms for 1-butene on a log-log scale ...................................... 69 

       3.34: Adsorption Isotherms for 1-hexene .................................................................. 70 

       3.35: Adsorption Isotherms for 1-hexene on a log-log scale ..................................... 70 

       3.36: Adsorption Isotherms for Acetates before screening ........................................ 71 

       3.37: Adsorption Isotherms for Ethyl Acetates before screening .............................. 72 

3.38: Adsorption Isotherm for Benzene with Barrer et al. (1957) isotherms considered 

as adsorption on a porous 13X crystal…………………...……………………72  

       3.39: Adsorption Isotherms for Benzene with Barrer et al. (1957) isotherms 

considered as adsorption on a pelleted 13X sample. ........................................ 73 

       3.40: Adsorption Isotherms for Benzene on a log-log scale ...................................... 74 

       3.41: Adsorption Isotherms for Toluene with Barrer et al. (1957) isotherms 

considered as adsorption on a porous 13X crystal. .......................................... 75 



 

ix 

 

3.42: Adsorption Isotherms for Toluene with Barrer et al. (1957) isotherms 

considered as adsorption on a pelleted 13X sample. ........................................ 75 

       3.43: Adsorption Isotherms for Toluene on log-log scale ......................................... 76 

       3.44: Adsorption Isotherms for Mesitylene ............................................................... 77 

       3.45: Adsorption Isotherms for Mesitylene on a log-log scale .................................. 77 

       3.46: Adsorption Isotherms for Naphthalene ............................................................. 78 

       3.47: Adsorption Isotherms for 1,2,3,5-tetramethylbenzene ..................................... 79 

       3.48: Adsorption Isotherms for 1,2,3,5-tetramethylbenzene on a log-log scale ........ 79 

       3.49: Adsorption Isotherms for 1,3,5-Triethylbenzene .............................................. 80 

       3.50: Adsorption Isotherms for 1,3-dimethylnaphthalene ......................................... 81 

       3.51: Calculated density by modified Rackett equation ............................................ 82 

       3.52: Saturation loading for subcritical Alkane ......................................................... 83 

       3.53: Saturation loading for supercritical Alkane with the intrinsic value calculated at 

T=0.98Tc .......................................................................................................... 84 

       3.54: Saturation loading for supercritical Alkane with the intrinsic value calculated at 

T=0.99Tc .......................................................................................................... 85 

        3.55: Saturation loading for supercritical Alkane with the intrinsic value calculated 

at T=0.995Tc .................................................................................................... 85 

        3.56: Maximum saturation loading for sub and super critical methane along with 

predicted qmax by equation 2.6 .......................................................................... 87 

        3.57: Maximum saturation loading for subcritical Propane along with predicted qmax 

by equation 2.6 ................................................................................................. 88 

        3.58: Maximum saturation loading for sub and supercritical Propane along with 

predicted qmax by equation 2.6 .......................................................................... 88 

        3.59: Maximum saturation loading for subcritical iso-butane along with predicted 

qmax by equation 2.6 .......................................................................................... 89 

        3.60: Maximum saturation loading for subcritical hexane along with predicted qmax 

by equation 2.6 ................................................................................................. 90 

        3.61: Maximum saturation loading for subcritical heptane along with predicted qmax 

by equation 2.6 ................................................................................................. 90 

        3.62: Saturation loading for subcritical Alkene ........................................................ 91 



 

x 

 

        3.63: Saturation loading for supercritical alkene with the intrinsic value calculated at 

T=0.98Tc ......................................................................................................... 92 

        3.64: Saturation loading for supercritical alkene with the intrinsic value calculated at 

T=0.99Tc ......................................................................................................... 92 

        3.65: Saturation loading for supercritical alkene with the intrinsic value calculated at 

T=0.995Tc ....................................................................................................... 93 

        3.66: Maximum saturation loading for subcritical propylene along with predicted 

qmax by equation 2.6 ........................................................................................ 94 

        3.67: Maximum saturation loading for sub and supercritical propylene along with 

predicted qmax by equation 2.6 ........................................................................ 95 

        3.68: Saturation loading for subcritical Aromatics ................................................... 96 

        3.69: Maximum saturation loading for subcritical benzene versus Rackett predicted

......................................................................................................................... 97 

        3.70: Maximum saturation loading for subcritical Toluene versus Rackett predicted

......................................................................................................................... 97 

        4.1: N2 isotherms before screening……………………………………………….108 

        4.2: N2 isotherms after screening ........................................................................... 110 

        4.3: N2 isotherms after screening without isotherm from Vermesse (1996) .......... 111 

        4.4: N2 isotherms after screening on Log-Log scale .............................................. 111 

        4.5: CO2 isotherms after screening ......................................................................... 113 

        4.6: CO2 isotherms after screening on Log-Log scale ............................................ 114 

        4.7: H2O isotherms ................................................................................................. 115 

        4.8: H2O isotherms on a log-log scale .................................................................... 115 

        4.9: O2 isotherms .................................................................................................... 116 

        4.10: O2 isotherms without Barrer (1956) isotherms ............................................. 116 

        4.11: O2 isotherms on a log-log scale ..................................................................... 117 

        4.12: Ar isotherms ................................................................................................... 118 

        4.13: Ar isotherms without isotherm from Vermesse (1996) ................................. 118 

        4.14: Ar isotherms on a log-log scale ..................................................................... 119 

        4.15: Neon & Krypton isotherms ............................................................................ 120 

        4.16: Neon & Krypton isotherms on a log-log scale .............................................. 120 



 

xi 

 

        4.17: SF6 isotherms ................................................................................................ 121 

        4.18: SF6 isotherms on a log-log scale ................................................................... 122 

        4.19: Iodine isotherms ............................................................................................. 122 

        4.20: Iodine isotherms on a log-log scale ............................................................... 123 

        4.21: Saturation loading for subcritical non-hydrocarbon species .......................... 125 

        4.22: Saturation loading for supercritical non-hydrocarbon with the intrinsic value 

calculated at T = 0.98 Tc…………...………………………………………125 

        4.23: Saturation loading for supercritical non-hydrocarbons with the intrinsic value 

calculated at T=0.99Tc.................................................................................. 127 

        4.24: Saturation loading for supercritical non-hydrocarbons with the intrinsic value 

calculated at T=0.995Tc................................................................................ 127 

        4.25: Maximum saturation loading for sub and super critical nitrogen along with 

predicted qmax by equation 2.6 ...................................................................... 128 

        4.26: Maximum saturation loading for sub and super critical carbon dioxide along 

with predicted qmax by equation 2.6 .............................................................. 129 

        4.27: Maximum saturation loading for subcritical water along with predicted qmax by 

equation 2.6 ................................................................................................... 130 

        4.28: Maximum saturation loading for subcritical oxygen along with predicted qmax 

by equation 2.6 .............................................................................................. 131 

        4.29: Maximum saturation loading for sub and super critical argon along with 

predicted qmax by equation 2.6 ...................................................................... 132 

        4.30: Maximum saturation loading for subcritical sulfur hexafloride along with 

predicted qmax by equation 2.6 ...................................................................... 132 

        4.31: Maximum saturation loading for subcritical iodine along with predicted qmax 

by  equation 2.6 ............................................................................................. 133 

 

 

 

 



 

xii 

 

LIST OF TABLES 

Table 

          1.1: Zeolite 13X properties and characteristics [2] ................................................. 12 

          2.1: Summary of various models to evaluate adsorbed phase volumes .................. 26 

          2.2 Recalculation of Properties of Zeolite 13X from Breck’s Text [19]. ............... 32 

          2.3. Basic Building Units for Na86[(AlO2)86(SiO2)106].264H2O Zeolite ................... 33 

          2.4: Derived Properties from the Basic Building Units for 13X Zeolite ................ 33 

          3.1: Summery of the hydrocarbon Isotherms collected from the literature ............ 42 

          3.2: Steric Factor Summery .................................................................................... 98 

          3.2: Steric Factor Coefficients ................................................................................ 98 

          4.1: Summery of the hydrocarbon Isotherms collected from the literature…….. .104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xiii 

 

ABBREVIATIONS 

 

b van der Waals b, cc/mole 

c concentration of adsorbate in gas phase 

l linear slope for sorbate density decrease 

MW Molecular Weight 

n number of carbon atoms in molecule 

p Pressure, kPa 

Pc critical pressure, atm 

Pr reduced pressure 

q Zeolite Loading, g/100 gZ 

maxq
 Maximum Zeolite loading, g/100 gZ  

cqmax,  Defined by 2.7 

max
*q  Maximum adsorbate loading, g/100 g adsorbent 

R gas constant, 82.06 atm cc/gmol K  

Tb  normal boiling point temperature, K  

Tc critical temperature, K 

Tr reduced temperature 

u power law factor for density 

AV  sorbate volume, cc/g or cc/mol 

CV
 critical volume, cc/g 

satV
 saturated liquid volume, cc/g 

w power law factor for density 

Zc critical compressibility 

RAZ  Rackett parameter 

SP
 Saturation pressure 

m

X

 Mass of adsorbate per surface of adsorbent 

  Normalized loading, dimensionless, calculated in 2.8 



 

xiv 

 

Z  Crystallographic zeolite void volume 

Θ fractional loading 

sat
 sorbate liquid density, g adsorbate/cc 

Z  Zeolite crystallographic density 

  Fraction of zeolite crystals in the adsorbent 

  sorbate density expansion parameter 

 γ Steric Factor 

 β linear law coefficient for steric factor 

 λ linear law coefficient for steric factor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xv 

 

ACKNOWLEDGEMENTS 

 

Acknowledgment is due to the American University of Sharjah for support of this 

research. I wish to express my appreciation to my advisors Dr. Kevin F. Loughlin and Dr. 

Dana M. Abouelnasr. I also wish to thank the other members of my Thesis Committee, 

Dr. Naif Darwish and Yehya El Sayed.  

My special gratitude to my parents, brother, and sisters whose love and affection 

is the source of inspiration and encouragement for my studies.  

Last but not least, I would like to thank Petrofac and my working colleagues 

whose support and flexibility made this thesis possible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Dedicated To My Parents 

 

 

 

 

 

 



 

1 

 

Chapter 1: INTRODUCTION  

 

The ability of porous solids to reversibly adsorb large volumes of vapor was 

recognized in the eighteenth century and early experiments were carried out by Scheele 

and Fontana as mentioned in the text by McBain [1] but the practical application of this 

property to the large-scale separation and purification of industrial process streams is 

relatively recent. The application of adsorption as a means of separating mixtures into 

two or more streams, each enriched in a valuable component which is to be recovered, is 

a more recent development. Early examples include the Arosorb process for recovery of 

aromatic hydrocarbons which was introduced in the early 1950’s [2]. A variety of 

processes for the separation of linear paraffins from branched and cyclic isomers are 

introduced in the early 1960’s [2]. During the 1970’s [2], there has been a significant 

increase in both the range and scale of such processes. The economic incentive has been 

the escalation of energy prices; which has made the separation of close boiling 

components by distillation a costly and uneconomic process. For such mixtures it is 

generally possible to find an adsorbent for which the adsorption separation factor is much 

greater than the relative volatility, so that a more economic adsorptive separation is in 

principle possible. However; for an adsorption process to be developed on a commercial 

scale requires the availability of a suitable adsorbent in large quantities at economic cost. 

This has stimulated fundamental research in adsorption and led to the development of 

new adsorbents. The earlier adsorption processes used were either activated carbon or 

silica gel adsorbents but the potential of adsorption as a separation process was greatly 

enhanced by the development of molecular sieve adsorbents, especially the synthetic 

zeolites, which first became available on a commercial scale in the late 1950’s [2]. Since 

then a wide range of zeolite structures have been synthesized, several of which have 

proved to be useful adsorbents and are now available commercially. 

Because of its simplicity and near universal applicability, distillation has assumed 

a dominant role in separations technology and is the standard against which other 

potential processes are generally measured. However, distillation is not an energy 

efficient process and with the rising cost of energy alternative separation processes have 

attracted increasing attention. Although the cost of an adsorption separation process is 
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generally higher than that of a distillation unit with an equivalent number of theoretical 

stages, much higher separation factors are commonly attainable in an adsorption system. 

Thus, as the relative volatility decreases, an adsorption process eventually becomes the 

more economic option. The break-even point depends to a considerable extent on the 

particular system as well as on the cost of energy. As a rough guide it appears that, with 

present technology, adsorption becomes competitive with distillation for bulk separations 

when the relative volatility is less than about 1.25 [2]. For purification processes 

involving light gases, where the alternative is cryogenic distillation, the cost comparison 

is generally more favorable to adsorption so that adsorption is commonly the preferred 

route even when the relative volatility is high. The primary requirement for an economic 

separation process is an adsorbent with sufficiently high selectivity, capacity, and life. 

The selectivity may depend on a difference in either adsorption kinetics or adsorption 

equilibrium. The separation factor is defined analogous to the relative volatility, which 

measures the ease with which the components may be separated by distillation. The 

analogy is, however, purely formal and there is no quantitative relationship between the 

separation factor and relative volatility. For two given components the relative volatility 

is fixed whereas the separation factor may vary widely depending on the adsorbent. 

Natural gas is fractionated to produce a methane rich stream and natural gas 

liquids (C2,C3,C4 etc..). Since the boiling point of methane is very low this requires very 

low temperatures in order to separate the methane from the natural gas. To reach these 

low temperatures expensive refrigeration units are required and even still the methane 

produced is only about 92% pure. If most of the methane can be removed by other means 

the refrigeration units required for separation will be substantially reduced, and hence the 

cost of production will decrease. Pressure swing adsorption (PSA), which is also known 

as heatless adsorption or adiabatic adsorption process, is a cyclic process used for 

separation of gas mixtures into two different main streams. The PSA cycle operates 

between two pressures, adsorbing at higher pressure and desorbing at the lower pressure, 

on the same equilibrium isotherm, with a minimal change in temperature resulting from 

the heat of adsorption. If a pressure swing adsorption (PSA) unit is installed before the 

fractionator such that 98% of the methane from the natural gas stream can be recovered at 

atmospheric temperatures, the size of gas stream is reduced and consequently the size of 
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the fractionation and refrigeration units will be reduced. The energy savings in 

refrigeration would be substantial; also it is possible to produce pure methane which is 

difficult to reach at present. To successfully separate methane from other hydrocarbons 

by PSA in large quantities, high pressures such as 100 to 200 psia may be required. For 

successful design of processes where adsorbents are used, there exists a need for suitable 

techniques for modeling equilibrium adsorption data. 

The search for a suitable adsorbent is generally the first step in the development 

of an adsorption separation process. Since the separation factor generally varies with 

temperature and often also with composition, the choice of suitable conditions to 

maximize the separation factor is a major consideration in process design. For an ideal 

Langmuir system, the separation factor is independent of composition and equal to the 

ratio of the Henry's law constants of the two relevant components. Preliminary selection 

of suitable adsorbents can therefore sometimes be made directly from available Henry 

constants. More commonly it is necessary to screen a range of possible adsorbents, which 

may be conveniently accomplished by the measurement of chromatographic retention 

times. In addition to providing a quick and reliable method of estimating separation 

factors, the chromatographic method has the advantage that it also provides information 

on the adsorption kinetics. Kinetic separations are in general possible only with 

molecular sieve adsorbents such as zeolites or carbon sieves. The kinetic selectivity is 

measured by the ratio of the micropore or intracrystalline diffusivities for the components 

considered. Differences in diffusion rates between molecules of comparable molecular 

weight become large enough to provide a useful separation only when diffusion is 

hindered by steric effects. This requires that the diameter of the micropore be comparable 

with the dimensions of the diffusing molecule. Molecular sieve separations, which 

depend on the virtually complete exclusion of the larger molecule from the micropores, 

as in the separation of linear from branched and cyclic hydrocarbons on 5A zeolite, may 

be regarded as the extreme limit of a kinetic separation in which the rate of adsorption of 

one component is essentially zero. Because the geometric requirements for a molecular 

sieve separation are stringent, such separations are less common than separations based 

on differences in adsorption equilibrium or on moderate differences in intracrystalline 

diffusivity. 



 

4 

 

The requirement for adequate adsorptive capacity restricts the choice of 

adsorbents for practical separation processes to microporous adsorbents with pore 

diameters ranging from a few Angstroms to a few tens of Angstroms. This includes both 

the traditional microporous adsorbents such as silica gel, activated alumina, and activated 

carbon as well as the more recently developed crystalline aluminosilicates or zeolites. 

There is however a fundamental difference between these materials. In the traditional 

adsorbents there is a distribution of micropore size, and both the mean micropore 

diameter and the width of the distribution about this mean are controlled by the 

manufacturing process. By contrast, the micropore size of a zeolitic adsorbent is 

controlled by the crystal structure and there is virtually no distribution of pore size. This 

leads to significant differences in the adsorptive properties, and it is therefore convenient 

to consider the zeolites and other crystalline adsorbents such as the aluminum phosphate 

molecular sieves as a separate class of adsorbents. In silica gel, the presence of hydroxyl 

groups imparts a degree of polarity to the surface so that molecules such as water, 

alcohols, phenols, and amines (which can form hydrogen bonds) and unsaturated 

hydrocarbons are adsorbed in preference to non-polar molecules such as saturated 

hydrocarbons.  

The equilibrium isotherms for all zeolites are similar, with a well-defined 

saturation plateau corresponding to complete filling of the intracrystalline micropore 

volume. By contrast, the isotherms for silica gel and alumina show a continuous increase 

in loading with vapor pressure as a result of the distribution of micropore size. As the 

vapor pressure increases the regime of multilayer surface adsorption merges into 

capillary condensation, which occurs in pores of ever increasing diameter as the pressure 

is raised. Thus, preliminary information concerning the distribution of pore size can often 

be deduced directly from the form of the equilibrium isotherm.  

The adsorption isotherm is generally measured by two different methods. The first 

one is the volumetric method which determines the quantity of gas present in the system 

by measurement of the pressure, volume, and temperature. The second method is the 

gravimetric method which measures the amount of gas adsorbed by weighing the sample 

in a closed system. Other methods can be used such Zero Length Column (ZLC), etc.  
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Brunauer et al. [3] has divided the isotherms for physical adsorption into five 

classes, as illustrated in Figures 1.1-1.5. Five types of adsorption isotherms are known. 

Each one has its unique shape and characteristics when plotted as amounts of adsorbate 

(x) adsorbed on the surface of adsorbent (m) versus pressure at constant temperature. 

Type I is shown in Figure 1.1. It results from monolayer adsorption and can be easily 

explained using Langmuir adsorption isotherm. Adsorption isotherm of type II is shown 

in Figure 1.2. It shows large deviation from Langmuir model of adsorption. The 

intermediate flat region in the isotherm corresponds to monolayer formation. Adsorption 

isotherm of type III is shown in Figure 1.3. Type III adsorption isotherm also shows large 

deviation from Langmuir model. This isotherm results from the formation of multiple 

layers. There is no flat portion in the curve which indicates that monolayer formation is 

missing. Adsorption isotherm of type IV is shown in Figure 1.4. At lower pressure region 

of graph is quite similar to type II. This explains formation of monolayer followed by 

multilayer. The saturation level is reached at a pressure below the saturation vapor 

pressure .This can be explained on the basis of a possibility of gases getting condensed in 

the tiny capillary pores of adsorbent at pressure below the saturation pressure of the gas. 

Adsorption isotherm of type V is shown in Figure 1.5. Explanation of type V graph is 

similar to type IV. Adsorption isotherms of types IV and V show phenomenon of 

capillary condensation of gas.  

 
Figure 1.1: Type I Adsorption Isotherm 
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Figure 1.2: Type II Adsorption Isotherm 

 
Figure 1.3: Type III Adsorption Isotherm 

 

 
Figure 1.4: Type IV Adsorption Isotherm 
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Figure 1.5: Type V Adsorption Isotherm 

 
The plot of zeolite loading as a function of pressure at constant temperature gives 

the adsorption isotherm. Increasing the temperature of the gas solid system at a constant 

pressure will decrease the quantity adsorbed. The process of adsorption involves a 

decrease in the free energy and the change in enthalpy must be positive since the change 

in entropy is negative; the adsorption process involves loss in degrees of freedom by the 

adsorbed molecules and the formation of a more ordered configuration in the adsorbed 

state. Therefore, the adsorption process is exothermic and heat is evolved. 

1.1 Zeolites  

The term “zeolite” was originally coined in 1756 by the Swedish mineralogist 

Axel Fredrik Cronstedt, who observed that upon rapidly heating the stilbite material, it 

produced large amounts of steam from water that had been adsorbed by the material. 

Based on this, he called the material zeolite [2]. Zeolites are porous crystalline 

aluminosilicates. The zeolite framework consists of an assemblage of SiO4, and AlO4 

tetrahedra, joined together in various regular arrangements through shared oxygen atoms, 

to form an open crystal lattice containing pores of molecular dimensions into which guest 

molecules can penetrate. Since the micropore structure is determined by the crystal lattice 

it is precisely uniform with no distribution of pore size. It is this feature which 

distinguishes the zeolites from the traditional microporous adsorbents. 

About 38 different zeolite framework structures have been mentioned in Breck’s book 

[2], including both natural and synthetic forms. However, many other structures may 

http://en.wikipedia.org/wiki/Sweden
http://en.wikipedia.org/wiki/Mineralogist
http://en.wikipedia.org/wiki/Axel_Fredrik_Cronstedt
http://en.wikipedia.org/wiki/Stilbite
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have been found since then. Detailed reviews have been given by Breck [2], Barrer [4], 

Meier [5], and Smith [6]. The Atlas of Zeolite Structures prepared by Meier and Olson 

[7] contains numerous stereo scan pictures. In considering zeolite frameworks it is 

convenient to regard the structures as built up from assemblages of secondary building 

units, which are themselves polyhedra made up of several SiO4, and AlO4 tetrahedra. The 

secondary building units and some of the commonly occurring polyhedra are shown 

schematically in Figure 1.6. In these diagrams each vertex represents the location of a Si 

or Al atom while the lines represent, approximately, the diameters of the oxygen atoms or 

ions which are very much larger than the tetrahedral Si or A1 atoms. Each aluminum 

atom introduces one negative charge on the framework which must be balanced by an 

exchangeable cation. The exchangeable cations are located at preferred sites within the 

framework and play a very important role in determining the adsorptive properties. 

Changing the exchangeable cation by ion exchange provides a useful and widely 

exploited means of modifying the adsorptive properties. Each zeolite is assigned a three 

character code (e.g. D4R for zeolite 5A and D6R for zeolite 13X) in order to identify the 

material which can have different chemical compositions but have the same topology. 

The zeolite pores are defined by the size of the aperture. For example, the term "8-ring" 

refers to a closed loop that is built from 8 tetrahedrally coordinated silicon (or aluminum) 

atoms and 8 oxygen atoms. The Si/Al ratio in a zeolite is never less than 1.0 but there is 

no upper limit and pure silica analogs of some of the zeolite structures have been 

prepared. The adsorptive properties show a systematic transition from the aluminum rich 

sieves, which have very high affinities for water and other polar molecules, to the 

microporous silicas such as silicalite which are essentially hydrophobic and adsorb n-

paraffins in preference to water. The transition from hydrophilic to hydrophobic normally 

occurs at a Si/Al ratio of between 8 and 10 [2]. Adsorbents with widely different 

adsorptive properties may be prepared by appropriate choice of framework structure, 

Si/Al ratio, and cationic form. It is therefore possible, in certain cases, to tailor the 

adsorptive properties to achieve the selectivity required for a particular separation. 

The intracrystalline diffusivity and hence the kinetic selectivity and, in extreme cases, the 

molecular sieve properties are determined mainly by the free diameters of the windows in 

the intracrystalline channel structure. In zeolites such as a sodalite, the channels are 
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constricted by six-member oxygen rings with free diameter of about 2.8 Å. These pores 

are so small that only small polar molecules such as water and ammonia can penetrate. In 

the small-port zeolites such as type A, chabazite, and erionite, the limiting constrictions 

are eight-membered oxygen rings with free diameter of 4.2 Å. In the large-port zeolites 

such as X, Y and mordenite, access is through twelve membered oxygen rings which 

have free diameters of 7-7.4 Å. The pentasil zeolites, which include ZSM-5, ZSM-I 1, 

and silicalite, are characterized by an intermediate channel size (5.7 Å) formed by 10-

membered oxygen rings. The window apertures quoted here are the free diameters 

calculated from structural models assuming a diameter of 1.4 Å for the oxygen atoms. 

Due to the effects of vibration of both the diffusing molecule and the crystal lattice, these 

windows may be penetrated by molecules with critical kinetic diameters which are 

somewhat greater than the nominal aperture. The effective diameters of the unobstructed 

8-, 10-, and 12-ring sieves are therefore approximately 4.5, 6.0, and 8.5 Å [2]. 

The reduction in the free diameter of the windows by blocking cations causes a 

dramatic reduction in the diffusivity of the guest molecules. The extent to which the 

windows are obstructed depends on the number and nature of the cations since different 

cations show differing affinities for the window sites. By appropriate choice of cationic 

form it is sometimes possible to develop kinetic selectivity and even, in certain cases, to 

obtain a molecular sieve separation between species which can both diffuse easily in an 

unobstructed sieve.  

1.1.1 Zeolites X and Y 

The synthetic zeolites X, Y and the natural zeolite faujasite all have the same 

framework structure which is sketched in Figures 1.7 and 1.8. The crystallographic unit 

cell consists of an array of eight cages containing a total of 192 A1O2, and SiO2 

tetrahedral units. The framework may be thought of as a tetrahedral lattice of sodalite 

units connected through six-membered oxygen bridges, or equivalently as a tetrahedral 

arrangement of double six-ring units. The resulting channel structure is very open with 
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Figure 1.6: (a) secondary building units and (b) commonly occurring polyhedral units in 

zeolite framework structure [12]. 

 

each cage connected to four other cages through twelve-membered oxygen rings of free 

diameter 7.4 Å. Quite large molecules such as neo-pentane and tertiary butyl amine can 

penetrate these pores. The difference between the X and Y sieves lies in the Si/Al ratio 

which is within the range 1-1.5 for X and 1.5-3.0 for Y. There is a corresponding 

difference in the number of exchangeable univalent cations, which varies from about 10-
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12 per cage for X to as low as 6 for high silica Y. The cation distribution, which is much 

more complex than in zeolite A has been discussed by Breck [2] and Smith [8]. The 

distribution of the cations between the various sites depends both on the nature and 

number of the cations and is affected by the presence of traces of moisture. The 

adsorptive properties of X and Y sieves may therefore be greatly modified by ion  

 

Figure 1.7: Three dimensional framework of Faujasite [10] 

 

exchange and improvements in selectivity can sometimes be obtained by using mixed 

cationic forms. While it is evident that the variation in adsorptive properties is probably 

related to a redistribution of the cations among the possible sites, the precise relationship 

between the adsorptive properties and the cation distribution is still not fully understood 

[2]. 

The highly polar surface within the pores plays the role of being the main driving force 

for adsorption. Because of this, in addition to the steric hindrance effect, different zeolites 

have different adsorption capabilities. Moreover; the quantity of gas or liquid adsorbed 

by a solid depends upon pressure, temperature, the nature of gas, and the nature of the 

solid. The major part of the adsorption capacity is contained within the intracrystalline 

voids; the external area of the zeolite structure is about 1% of the total equivalent surface 

area [2].  One of the main characteristics of zeolite is its capability of adsorbing chemical 

species by molecular sieving. Species with a kinetic diameter larger than the zeolite pore 

diameter are effectively sieved. This sieving effect can be utilized to separate molecules 

by size and shape. The term molecular sieve refers to the ability to selectively separate 

molecules based on size segregation. This is due to the nature of the regular pore 

http://en.wikipedia.org/wiki/Molecular_sieve
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structure of zeolites. The dimensions of the zeolite channels determine the maximum size 

of the molecule that can enter the pores. The zeolite pores are defined by the size of the 

aperture. For example, the term "8-ring" refers to a closed loop that is built from 8 

tetrahedrally coordinated silicon (or aluminum) atoms and 8 oxygen atoms [2]. On the 

other hand, the species affinity to diffuse to internal zeolite cavity depends on electronic 

considerations. For example, water which is a polar molecule adsorbs strongly in the 

micropores of the zeolite cavity due to the electrostatic field within channels of the 

zeolite [2]. Non-polar molecules are also strongly adsorbed due to the polarizing power 

of these electric fields. Thus, separations can be achieved as well by zeolites even when 

no steric hindrance occurs.  

The remarkably stable and rigid framework structure contains one of the largest void 

spaces of any known zeolite and amounts to about 50 volume % of the dehydrated 

crystal. The chemical composition of zeolite 13X is related to the synthesis method. The 

pore volume as determined by adsorption from n-pentane at 25°C is about 0.3 cm
3
/g [2]. 

The surface area determined by the BET method using nitrogen at 77 K is 525 m
2
/g. The 

characteristic properties of zeolite 13X type are presented in Table 1 [2]. The data in 

Table 1 are taken from Table 2.63 of Breck’s text for zeolite X. Adsorbent development 

has generally been based on empirical screening studies, guided by a few simple general 

principles. The large majority of these applications are purification processes in which 

the zeolite is used as a selective adsorbent to remove an undesirable impurity such as 

water, or radioactive Kr. Important examples of true separation processes include the 

linear/branched chain hydrocarbon separation, carried out with zeolite A and the 

separation of xylene isomers which utilizes various cationic forms of the X and Y 

zeolites. 

Table 1.1: Zeolite 13X properties and characteristics [2]  

Structure Group:                            4 

Chemical Composition  

       Typical oxide formula:           Na2O·Al2O3·2.5 SiO2·6H2O 

       Typical unit cell contents:        Na86[(AlO2)86 (SiO2)106]·264 H2O 

       Variations:                                Gas substitution for Al; Si/Al = 1 to 1.5;   

                                                         Na/Al = 0.7 to 1.1 
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Crystallographic data 

       Symmetry:                               Cubic 

       Density:                                   1.93 g/cm
3
 

       Space group:                           Fd3m 

       Unit cell Volume:                     15,362 – 15,670 Å
3
 

       Unit cell constants:                  a = 25.02 – 24.86 Å 

Structural properties 

       Framework:                             Truncated octahedral, β-cages, linked tetrahedrally  

                                                        through D6R’s in arrangement like carbon atoms in  

                                                        diamond. Contains eight cavities, ~ 13 Å
 
in diameter   

                                                        in each unit cell.  

                     SBU:                          D6R 

                     Void volume:             0.50 cm
3
/cm

3
 

                     Cage type:                  β, 26-hedron 

                     Framework density:   1.31 g/cc 

Channel system:                              Three dimensional 

Hydrated- 

        Free apertures:                        7.4 Å 

        Effect of dehydration:             Stable and reversible  

Largest molecule adsorbed:            (C4H9)3N 

Kinetic diameter, σ, Å:                   8.1         
 

 

1.2 Commercial Adsorbents 

1.2.1 Synthesis 

 

The manufacture of molecular sieve adsorbents has been reviewed by Breck [2] 

and more recently by Roberts [9]. A variety of different starting materials may be used. 

In the hydrogel process the reagents are added in soluble form as sodium silicate and 

sodium aluminate, whereas in the clay conversion process the alumina is added as a clay 

mineral, usually metakaolin. Formation of the desired zeolite depends on maintenance of 

the correct conditions of pH, temperature, and concentration. Seeding may be used to 
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promote crystallization. Since the required temperature is often above the boiling point of 

the solution, high-pressure operation may be required. Zeolites A, X, Y and mordenite  

 

 Figure 1.8: Schematic representation showing framework of (a) zeolite A, (b) zeolites X 

and Y, (c) erionite and (d) chabazite [12]. 

may be crystallized directly in the sodium form but the formation of some other zeolites 

depends on the addition of a quaternary amine which acts as a template. Following 

filtration to remove the zeolite crystals from the synthesis liquor, the required ionic form 

is prepared by cation exchange in aqueous solution. 
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1.2.2 Pelletization 

 

As synthesized, commercial molecular sieve zeolite crystals are quite small (typically 1-

10 µm). Preparation of practically useful adsorbent requires that these crystals to be 

formed into a macroporous pellet of suitable dimensions, porosity, and mechanical 

strength. The optimal pellet generally represents a compromise between various 

conflicting requirements and may therefore be different for different process applications. 

A composite pellet offers two distinct diffusional resistances to mass transfer: the 

micropore diffusional resistance of the individual zeolite crystals and the macropore 

diffusional resistance of the extracrystalline pores. A low resistance to mass transfer is 

normally desirable and this requires a small crystal size to minimize intracrystalline 

diffusional resistance. However, the diameter of the intercrystalline macropores is also 

determined by the crystal size and if the crystals are too small the macropore diffusivity 

may be reduced to an unacceptable level. The macropore resistance may of course be 

reduced by reducing the gross particle size but the extent to which this is possible is 

limited by pressure drop considerations. The optimal choice of crystal size and particle 

size thus depends on the ratio of inter- and intracrystalline diffusivities which varies 

widely from system to system. Thus, while small crystals are generally desirable in order 

to minimize intracrystalline diffusional resistance, any such advantage may easily be 

offset by decreased hydrothermal stability and increased surface resistance. 

At least three different pellet-forming processes are in common use: extrusion to 

form cylindrical pellets, granulation to form spherical particles, and combined processes 

involving extrusion followed by rolling to form spheres. Generally, a clay binder is added 

to help cement the crystals together in order to achieve satisfactory physical strength. The 

proportion of binder commonly amounts to 10-20% in the final product but in the so-

called binderless sieves some of the binder is converted to zeolite during the forming 

process, and the proportion of amorphous clay in the final product is therefore very much 

smaller. 

The commonly used binders consist of mixtures, in various proportions, of 

sepiolite, kaolinite, attapulgite, and montmorillonite, often with added silica or alumina. 

Since these materials also show adsorptive properties, there is commonly some loss in 
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selectivity in the pelleted material relative to the unaggregated crystals. Such effects tend 

to be more serious with attapulgite and sepiolite which are high-area clays and must be 

balanced against any advantage in the physical strength which may be gained from using 

these materials. Other problems which can arise as a result of a poor choice of binder 

and/or conditions for the pelletization process include blinding of the crystal surface, 

leading to low mass transfer rates, and coking due to the catalytic activity of the binder. 

1.2.3 Dehydration and Calcination 

 

Most zeolites, particularly the aluminum-rich members, show only limited 

hydrothermal stability. Thus; care must be taken in the selection of processing conditions 

for dehydration and calcination of the pellets. Under anhydrous conditions, many zeolites 

are stable to temperatures even exceeding 700°C at least for limited periods. In the 

presence of water, loss of crystallinity may occur quite rapidly even at much lower 

temperatures. Conditions involving a combination of high temperature and high humidity 

should generally be avoided and this may mean dehydrating the sieve relatively slowly at 

a moderate temperature and under good purge. 

1.3 Deactivation 

 

Deactivation of an adsorbent, involving either a loss of equilibrium capacity or an 

increase in mass transfer resistance, commonly occurs during service as a result of either 

coke formation or slow loss of crystallinity. The latter is a common problem in thermal 

swing cycles where the sieve is used as a desiccant or even when water is present as an 

impurity in the feed which is adsorbed in the first few layers of the adsorbent bed. During 

thermal regeneration the sieve is exposed to a combination of high temperature and high 

humidity and under these conditions a slow and irreversible breakdown of the crystal 

structure may occur. When reactive hydrocarbons such as olefins are present, slow 

formation of polymeric species may occur within the zeolite crystals. On thermal 

regeneration, these species are converted to coke, leading to a decline in the useful 

capacity of the adsorbent and in some cases also a decline in intracrystalline diffusivity. 

In the drying of cracked gas this problem may he avoided by using a 3A sieve in which 
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the micropores are too small to permit penetration by the olefinic species. Such a solution 

is not possible in olefin separation processes and in such cases it is usual to avoid high 

temperatures and regenerate the adsorbent by either pressure swing or displacement. 

Extracrystalline coke formation may also occur with similar adverse effects but such 

problems can generally be eliminated by proper choice of binder material and 

regeneration conditions. Since the catalytic activity of both clays and zeolites is greatly 

increased by the presence of trace amounts of moisture, rigorous pre-drying may help to 

reduce coke formation. 

1.4 Adsorbate systems: 

 

The property of zeolites to preferentially adsorb certain compounds depends upon 

polarity (permanent dipole moments), molecular weights and dimensions (size) of 

adsorbate molecules. This last seems to be the most important parameter, as almost all 

sorption is accompolished by cavity filling. Octahedral cavities of specific sizes comprise 

the basic units of zeolites which are repeated regularly all over the crystal lattice. These 

cavities are interconnected via windows of specific sizes, and in order to sorb molecules 

within zeolites, molecules must be able to pass through these windows. If the sorbate 

consists of several components that can enter the cavities of zeolites, there is competition 

for the limited space (volumes of cavities), and hence at equilibrium the amount and 

composition of the sorbed phase is governed by sorbent - sorbate and sorbate - sorbate 

interactions. Extensive equilibrium adsorption data of sorbates on zeolite are required to 

carry out this study. The extensive data includes n-alkanes, iso-alkanes, alkenes, 

aromatics, halogen compounds, and inorganics at wide temperature spectrum including 

sub-critical and super critical conditions. The sub-critical condition is when the 

adsorption isotherm is measured at a constant temperature lesser than the adsorbate 

critical temperature. On the other hand, the super-critical condition is when the 

adsorption isotherm is measured at a constant temperature larger than the adsorbate 

critical temperature.   
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1.4.1 Hydrocarbon Adsorbate Systems: 

1.4.1.1 Alkanes: 

 

Alkanes (paraffins) consist chemically of elements with carbon atoms and 

hydrogen atoms. Atoms are linked by single bond making them saturated compounds. 

They are either straight or branched molecules but without any rings. The number of the 

linked carbon atoms indicates the size of the molecule. The adsorption of alkanes in 

zeolite is simply physisorption. The molecular structure of the alkanes directly affects 

their physical and chemical characteristics. The most important commercial sources for 

alkanes are natural gas and oil [11].  

1.4.1.2 Alkenes: 

 

Alkenes are unsaturated chemical compounds. Several cyclic and non-cyclic 

alkenes were studied. Alkenes are relatively stable compounds, but are more reactive than 

alkanes due to the presence of a carbon-carbon pi-bond. Alkenes serve as a feedstock for 

the petrochemical industry because they can participate in a wide variety of reactions 

[11].  

1.4.1.3 Aromatics: 

 

Key aromatic hydrocarbons are benzene, toluene, naphthalene, mesitylene, and 

xylene. Aromatics compounds are often drawn as cyclic alkenes, but their structure and 

properties are different and they are not considered to be alkenes. Of particular interest in 

natural gas processing area is the processing of BTX (benzene, toluene, xylene). The 

aromatic ring plays a significant role in the adsorptive properties of aromatics. Another 

important factor that could affect the adsorption and diffusion properties significantly is 

the sorbate–sorbate interactions on the surface of the adsorbent, which become more 

important for aromatic sorbates because of the stronger interactions between the 

hydrogen atoms (either in the ring or in the alkyl groups) of one molecule and the 

aromatic ring of another [11]. The adsorption behavior of aromatics in zeolites depends 

not only on the Si/Al ratio, but also on the zeolite’s structural defects. For the case of 

aromatic systems, the defect effect may be more important than that for alkanes systems. 

file:///F:/CHE%20699/Thesis/Thesis%20Proposal%20Rev(A).doc
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This is due to the fact that an additional interaction between sorbate–sorbate molecules 

and the sorbent-zeolite will be involved in the aromatics systems compared with the 

simple interaction that are involved with the alkanes [11]. 

1.4.2 Non-Hydrocarbon Adsorbate Systems: 

1.4.2.1 Polar Gases: 

 

The sorption of polar gases such as ammonia, carbon dioxide, carbon monoxide, 

and water vapor will be investigated.  

1.4.2.2 Non-Polar Gases: 

 

The sorption of non polar gases such as nitrogen, oxygen, sulfur dioxide will be 

investigated. The non polar gases possess no dipoles; therefore in their sorption only van 

der Waals forces are encountered. In contrast, more complex interactions occur in the 

case of polar gases such as ammonia [11].  

1.5 Deliverables:  

 

Although review articles and conferences proceedings cover various aspects of 

the science and application of 13X zeolites, engineer is still at loss to readily find specific 

information about saturation loading of various systems on 13X zeolites. It is this void 

that we hope to fill with this master thesis through providing comprehensive literature 

survey of all available equilibrium adsorption data as one part. Moreover, the capability 

of modified Rackett equation as a model of sorbate density will be investigated in 

modeling sorbate volume loadings covering wide temperature spectrum for various 

adsorbate groups including hydrocarbons molecules and non hydrocarbons.  

The focus in this study will be on equilibrium adsorption in the micropores of the 

13X zeolite. Researchers have been calculating the maximum adsorption amount using 

various isotherms models densities derived from equations of states and modulated 

isotherms such as Langumir, Freindlich, Toth, Dubinin etc. In this work; however, 

physical property density model based such as modified Rackett equation together with 

13X zeolite crystallographic information will be investigated in calculating the intrinsic 

file:///F:/CHE%20699/Thesis/Thesis%20Proposal%20Rev(A).doc
Thesis%20Proposal%20Rev(A).doc
file:///F:/CHE%20699/Thesis/Thesis%20Proposal%20Rev(A).doc
Thesis%20Proposal%20Rev(A).doc


 

20 

 

value of maximum 13X zeolite loading. How close this intrinsic value predicted based on 

thermodynamic equations to the experimental value is the void that we hope to fill. The 

experimental data abstracted from the literature for alkanes group, alkenes group, 

aromatics group, cyclic hydrocarbons group, polar gases and non-polar gases groups will 

be used in carrying out the study.    
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Chapter 2: LITERATURE SURVEY 

 

Almost all adsorptive separation processes depend on physical adsorption rather 

than chemisorptions. Physical adsorption from the gas phase is invariably exothermic. 

The isotherms for true microporous adsorbents, in which the pore size is not very much 

greater than the molecular diameter of the sorbate molecules are normally of type I. The 

Langmuir model is based on the assumption of ideal localized adsorption without 

interaction on a set of identical sites. The assumption of no interaction between molecules 

in neighboring cages may not be fulfilled quite as well as for the polar gases in sodalite. 

Systems which conform accurately to the Langmuir model are, however, exceptional. For 

most systems the basic assumptions of the Langmuir model are not fulfilled and the 

equilibrium isotherms deviate to a greater or lesser extent from the Langmuir form. As a 

result, it is not uncommon to find that the equilibrium isotherm obeys the Langmuir 

model at low concentrations with deviations becoming serious as saturation is 

approached. In the systems so far discussed the ideal Langmuir model gives an 

appropriate representation of the system behavior at low concentration but breaks down 

in the saturation region where the effects of molecular interaction become pronounced. 

However, even at low sorbate concentrations, not all systems conform to the Langmuir 

model. Deviations can occur due to either heterogeneity of sites or interaction between 

adsorbed molecules. This is because with such adsorbents there is a definite saturation 

limit corresponding to complete filling of the micropores. Occasionally if intermolecular 

attraction effects are large an isotherm of type V is observed, as for example in the 

sorption of phosphorous vapor on NaX. An isotherm of type IV suggests the formation of 

two surface layers either on a plane surface or on the wall of a pore, very much wider 

than the molecular diameter of the sorbate. Isotherms of types II and III are generally 

observed only in adsorption which there is a wide range of pore sizes. In such systems 

there is a continuous progression with increasing loading from monolayer to multilayer 

adsorption and then to capillary condensation. The increase in capacity at high pressures 

is due to capillary condensation occurring in pores of increasing diameter as the pressure 

is raised. 

In a porous adsorbent there is a continuous progression from multilayer 

adsorption to capillary condensation in which the smaller pores become completely filled 
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with liquid sorbate. The onset of capillary condensation generally coincides with an 

inflection in the equilibrium isotherm, that is, a type IV isotherm of Brunauer's 

classification. In the capillary condensation region the isotherm generally shows 

hysteresis so that the apparent equilibrium pressures observed in adsorption and 

desorption experiments are different. Several plausible explanations for this effect have 

been put forward. Foster [1] suggested that during adsorption, multilayer build up occurs 

on the capillary walls but a complete meniscus is not formed until saturation is reached at 

which all pores are filled. The relationship between pressure and adsorbed phase 

concentration along the adsorption branch of the isotherm will therefore be governed by 

an appropriate multilayer isotherm analogous to the BET equation. (Note that the BET 

equation itself is not applicable in this region since its range of validity is limited to 

relative pressures of less than about 0.35.) Once the saturation limit for capillaries of a 

particular size has been reached desorption will occur from a curved meniscus and the 

equilibrium pressure will be governed by the Kelvin equation. According to this theory 

the adsorbed film formed during adsorption is in a metastable state, the true equilibrium 

state being represented by the capillary condensed liquid. The apparent stability of the 

multilayer film depends on the absence of nuclei to allow condensation to the bulk liquid. 

The adsorbed species within the micropores is considered to behave as a liquid 

although, due to the effect of the force field of the adsorbent, the properties of this liquid 

phase may differ from the properties of the bulk liquid at the same temperature. Various 

semiempirical methods of estimating the molar volume, which is temperature dependent, 

from the density of the liquid sorbate have been proposed. At temperatures below the 

normal boiling point the molar volume of the adsorbed fluid is taken to be the same as 

that of the saturated liquid. At temperatures above the boiling point either an 

extrapolation along the tangent to the molar volume-temperature curve at the normal 

boiling point or an interpolation between the molar volume at the boiling point and the 

van der Waals co-volume at the critical temperature have been recommended. The van 

der Waals co-volume is the volume "occupied" by an individual atom (or molecule). 

More recent methods for correlating the molar volume at temperatures above the boiling 

point discussed below were proposed and found more correct.   
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Historically, sorption equilibrium has been approached from different viewpoints. 

For adsorption, many models for flat surfaces have been used to develop explicit 

equations and equations of state for pure components and mixtures, and many of the 

resulting equations are routinely applied to porous materials. Explicit equations for pore 

filling have also been proposed, generally based on the Polanyi potential theory [2]. 

Statistical mechanics and molecular dynamics contribute to our understanding of all of 

these approaches [3].  Mixture models are often based on the adsorbed solution theory, 

which uses thermodynamic equations from vapor-liquid equilibrium with volume 

replaced by surface area and pressure replaced by a two-dimensional spreading pressure. 

Other approaches include lattice theories and mass action exchange equilibrium.  

Though the temperature is considered as a significant factor in determining the 

capacity of zeolite as adsorbents, this variation cannot be modeled by simple correlation. 

Since the saturation capacity of the zeolite adsorbent cannot be measured easily, it is 

correlated with more easily measured variables such as molar volume of the adsorbate. 

Several types of correlations have been proposed. These correlations are categorized 

based on the dependence of the molar volume of the adsorbate (liquid density) and the 

zeolite saturation capacity. One type of these dependences is the linear relationship. This 

linear relationship predicts that the molecules in the adsorbed phase are free from the 

surface forces. However, this relation has been proved by researchers [4] to be a weak 

relation. The reason is that zeolite’s nature as adsorbent does not allow multilayer 

adsorption. The molar volume of the adsorbed phase provides an estimation of the liquid 

like molecules effective size. Hence, it can be concluded that molar volume will affect 

the saturation capacity. This effect is a function of the zeolite structure and framework. 

Therefore, the molar volume of the adsorbate can be pictured as a measure of the 

maximum micropore volume occupied by the adsorbate. As a result; the liquid density 

(molar volume) is used in various correlations for estimating the effective size of the 

molecules of the adsorbate in the adsorbed phase.    

The volume of the adsorbed phase which is equivalent to the volume of the 

micropores cannot be measured directly; hence, its value is correlated with the molar 

volume of the adsorbate at a specific temperature as an approximation. A number of 

empirical methods have been used by different workers to estimate the adsorbed phase 
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molar volumes. In general, the adsorbed volume correlations are categorized based on the 

adsorption temperature whether it is above or below the adsorbate boiling temperature.  

For adsorption at or below the adsorbate boiling temperature, the adsorbate is in the 

liquid phase and hence the adsorbed volume is considered equivalent to the 

corresponding liquid molar volume at the specific temperature. At a temperature above 

the boiling point but below the critical temperature, either an extrapolation along the 

tangent to the molar volume – temperature curve at the normal boiling point or an 

interpolation between the molar volume at the boiling point and the van der Waals co-

volume at the critical temperature have been recommended [5]. For adsorption at a 

temperature above the critical temperature, the adsorbate is in the gas phase and hence 

different approximations have been used. These approximations are similar in the 

principle of postulating certain temperature dependence between the molar volume of the 

adsorbate (VS) and the adsorbed volume (VA). Yet, these methods of approximation vary 

in the type of temperature dependence. Methods to evaluate the adsorbed phase molar 

volume applicable to volumetric based adsorbents such as zeolite appears in the work of 

Tien (1994) [6]. A summarized version appears in the work of Agarwal and Schwartz [4]. 

More concise details are provided in the paper by Loughlin and Abouelnasr (2009) [7] for 

zeolites having a limited intrinsic pore volume. An expanded version of what appears in 

the work by Loughlin and Abouelnasr (2009) [7] is tabulated in Table 1. In all works, 

they segregate these methods into three groups. Methods of linear correlation between the 

molar volume of the adsorbate in the adsorbed phase and the temperature are listed under 

group 1. Methods of exponential modeling of the molar volume of the adsorbate in the 

adsorbed phase and the temperature are listed under group 2 while group 3 models a 

power variation with temperature.  

For all temperatures in the first entry of group 1, it is assumed that the specific 

adsorbed phase volume is constant and equal to the specific volume at the boiling point. 

However, due to the greater rotational and vibration energy of the molecules, the specific 

volume increases with temperature [8]. This is consistent with the fact the adsorptions is 

favored at lower temperature and desorption or regeneration is favored at elevated 

temperatures. The product of the saturated adsorption amounts and the specific volume is 

representative of the adsorption space. The first member of group 1 implies that as 
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temperature increases, the adsorption space of the zeolite in the micropores decreases. 

This is because the product of a decreasing adsorption amount as temperature increases 

and constant specific volume as predicted by this member is a decreasing value which is 

nothing but the adsorption space. However, it is known that the adsorption space pore 

volume in zeolites is not a function of temperature. In the second entry under group 1, it 

segregates the specific adsorbed phase volume dependence on temperature into two 

approximations. This segregation is based on high pressure adsorption and low pressure 

adsorption. High pressure adsorption occurs at a temperature above the critical point of 

  

Table 2.1: Summary of various models to evaluate adsorbed phase volumes   

Approximation for AV                          Temperature Range              Author 

Group 1 

 bSA TVV                                          All T                                 Rogers (1973) [9] 

                  Findenegg (1984) [10] 

   bbsA TTlTVV                        Cb TTT                        Dubinin (1960) [11] 

      = b                                                 
CTT   

    bcbS TTTVbl  /  

Group 2 

    bbSA TTTVV  exp                 bTT                               Ozawa et al. (1976) [12] 

0025.0  

    bcbS TTTVbnl                                                           Dubinin (1975) [13]   

Group 3    

w

A uTV                                             TTb                Cook and Basmadjian (1965) [14] 

    u and w are parameters for tangent line to ln SV  vs. lnT curve at bT  

 TVV SA                                           CTT                Spencer and Danner (1985) [15] 

       CS TV                                        CTT 
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CTT 

             

Loughlin and Abouelnasr (2009) [7]

                   

 

Note: b = van der Waals volume ( = Vc/3 for the van del Waals equation of state) 
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the adsorbate because the pressure cannot be high unless the temperature is above the 

critical temperature of the adsorbate due to saturation pressure limitation. For adsorption 

at or below the critical temperature of the adsorbate, the specific adsorbed phase volume 

varies linearly with temperature between the specific volume at the normal boiling point 

temperature and ven der Waals volume at the critical point temperature. For adsorption 

above the critical temperature, the specific volume is assumed to be constant and equal to 

the ven der Waals volume.  

In group 2, exponential increase of the molar volume of the adsorbate in the 

adsorbed phase at saturation and the temperature is presented by two similar expressions 

in the way of involving a volumetric expansion coefficient Ω. Ozawa et al. (1976) [12] 

selected the same expansion coefficient for all adsorbates. On the other hand, expression 

for the volumetric expansion coefficient employs different values for different adsorbates 

as selected by Dubinin (1960) [11].  

In group 3, a power increase of the molar volume of the adsorbate in the adsorbed 

phase at saturation and the temperature is presented. The first entry under this group is 

the method of Cook and Basmadjian (1965) [14]. For all temperatures above the boiling 

point, Cook and Basmadjian [14] equation predicts a power law correlation of saturated 

adsorbed phase versus temperature estimated at the normal boiling. The second entry of 

group 3, a model proposed by Spencer and Danner (1985) [15] uses the Rackett equation 

derived by Spencer and Danner (1972) [15] to calculate the specific volume of the 

adsorbate in the adsorbed phase at or below the critical temperature of the adsorbate. At a 

temperature above the critical temperature of the adsorbate, the specific volume is 

assumed to be constant and equal to that at the critical temperature. This member appears 

in Group 1 in the work by the Agarwal and Schwarz [4]; however, this is not a linear 

variation with temperature but is a power law relationship as indicated in [7]. The third 

entry under this group is similar to that of the second entry but uses the modified Rackett 

equation.  

Agarwal and Schwartz (1988) [4] studied the capability of all the methods in the 

three groups except the third entry under group 3 on their adsorption isotherms data on 

activated carbon in their analysis for the potential theory. Members under group 1 which 

predicts linear correlation between the molar volume of the adsorbate in the adsorbed 
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phase and the temperature did not yield in satisfactory modeling of the data. As a 

consequence, only exponential and power temperature dependent forms of Cook and 

Basmadjian (1965) [14]; Dubinin (1975) [13]; Ozawa et al. (1976) [12] were considered 

further. Though these methods resulted in satisfactory results in modeling their 

adsorption isotherms for activated carbon, they could not conclude which of these 

approximations should be used under specific circumstances or conditions. One possible 

reason for that is the temperature range selected was not large enough for discrimination 

of the various methods for properly evaluating the adsorbed phase molar volumes.  

The analysis for the potential theory [4] does not discriminate between the critical 

temperature of the adsorbed phase (Tcar) and that of the vapor liquid equilibrium (VLE). 

It is assumed that both are the same. However; It has been shown in the work of Loughlin 

and Abouelnasr (2009) [7] that critical adsorbate reduced temperature is less than unity. 

De Boer (1968) [16] discusses this topic in detail and indicates that the critical 

temperature for the adsorbed phase is much less than the critical temperature for the 

equivalent vapor-liquid system. For a zeolite-adsorbate system, both surface coverage 

and microporous volume filling adsorption occur. The large difference between the 

critical temperature for the adsorbate phase and the critical temperature for the equivalent 

vapor-liquid system should not be anticipated as both surface forces and volume filling 

phenomena exist even though adsorption forces occupy the total force field. However, we 

should expect it to be somewhat less than the vapor–liquid critical temperature.  

Assuming 100% accessibility for the adsorbates Do et al. (2009) [17], from the 

first principles of zeolite crystals and pellets, the theoretical saturation loading of 

adsorbates on various zeolites may be calculated as  

Z

Zsat

gZ

g
q
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                                             (2.1) 

For molecular sieves containing a fraction  of crystal with a fraction of  1 of 

binder, a factor of  must be used to relate the reported loading based on adsorbent
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For pure crystals, 0.1 , various zeolites have different values for . For example, the 

fraction of binder in the Linde pellets is generally stated as 20% [2,3,5]. Hence, 8.0  , 

and for this case the saturation loading of an adsorbent is 80% of that for the pure 

crystals. In 13X zeolite, the Si/Al ratio ranges between 1.0 and 1.5. This affects the 

adsorbent loading capability. In papers where the Si/Al ratio is not specified, Si/Al ratio 

of 1.2 is considered as a reference point. Figure 2.1 shows different arrangement for Si 

and Al for different Si/Al ratios in sodalite cages. The Si/Al ratio and crystal factor 

effects are reflected in the modified Rackett equation as follow:  
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            (2.3) 

In this relation, it has been assumed that the maximum adsorbed amount varies 

linearly with the Si/Al ratio. However; this dependence could be quadratic. Sensitivity 

analysis of maximum adsorbed amount in the pores of the 13X zeolites is required to 

confirm the actual dependence. This can be done by plotting the maximum adsorbed 

amount as a function of the Si/Al ratio range for 13X zeolite at a specific temperature. In 

any case, the extreme cases result in a difference of 2% which is within the tolerance of 

the experimental error. Hence, sensitivity analysis to the Si/Al ratio is not considered 

further. In these equations the saturation density for the liquids below the critical point is 

calculated using the modified Rackett equation: 
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or the Rackett equation: 

  2857.0
11

rT

CC

sat

sat ZVV





                                       (2.5) 

The modified Rackett equation is reported to be a  2.4% improvement over the 

Rackett equation (Spencer and Danner 1972) [15]. However, Loughlin and Abouelnasr 

(2009) [7] found in one instance that the Rackett equation to be significantly better. 

RAZ is a particular constant for the modified Rackett equation; values are given in the 

paper by Spencer and Danner (1972).  

 

Thesis%20Proposal%20Rev(A).doc
Thesis%20Proposal%20Rev(A).doc
Thesis%20Proposal%20Rev(A).doc


 

30 

 

 
Figure 2.1: Different arrangement for Si and Al for different Si/Al ratios in 13X sodalite 

cages [5] 

In addition, values for all the critical constants and the Rackett parameter RAZ are also 

given on the CHERIC website [18].  Combining (2.1) and (2.4) gives the final equation 

for maxq
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An alternative expression is: 
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where cqmax, is the theoretical loading at the critical vapor-liquid conditions: 
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Equation (2.7) may be rearranged to give a normalized value for the loading  by taking 

logarithms 
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Loughlin and Abouelnasr (2009) [3] applied the above equations for the 

evaluation and modeling of sorbate densities on 5A zeolite above and below the critical 

conditions using n alkane data abstracted from the literature. However, much is still to be 

done using data for the adsorption of various adsorbate groups on various types of 

zeolites. It is this void that we hope to fulfill in this master thesis.  

The values of Z and Z  may be found from Breck’s text (1984) [19] in his Tables 

[Table 2.18 and Table 2.63]. However, the parameters were recalculated from first 

principles in a study by Dirar and Loughlin (2011) [20]. The data in Table 1 are taken 

from Table 2.63 of Breck’s text [19] for zeolite X. Only the data relevant to this work is 

included. For the crystal unit cell of NaX given in Table 2, the basic building units of the 

crystal are itemized in Table 3; assuming covalent bonding, the atomic volume for each 

species and for all species is calculated for both the dehydrated and hydrated crystal. The 

total solid volume and the volume of solid plus occluded water is also calculated. The 

derived properties for the crystal are presented in Table 4.The unit cell volume is 

calculated using 25 Å as the X-ray crystallographic width. The fraction solids, fraction 

water and the excluded volume are then calculated. As water is occluded in both the β 

and large cages, the excluded fractional volume of 0.28 is the volume unavailable to 

water due to the repulsion forces between the crystal lattice and the occluded water.  

The fractional volume of the β cage (  8*151 Å (volume of sodalite cage in 

Breck’s text)) is 0.077. Therefore the fractional occluded volume of the large cage is 

fractional volume of water minus 0.077 and is 0.428. The fractional occluded volume of 

both cages is taken equivalent to water ( This is in agreement with the void 

volume given in Breck’s text (Table 2).  

The framework density for the dehydrated zeolite is calculated using the equation 

(Tutorvista.com) 

                            (2.10) 
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where Z is the formula unit (=1 puc), M is the atomic mass unit of the cell, a is the cell 

width in pica meter (pm) and N0 is Avogadro’s number (6.02257*10
23

).The framework 

density is found to be 1.43 g/cc, similar to that calculated by Dubinin and coworkers but 

different from the value of 1.31 g/cc given in Breck’s book. Finally the conversion factor 

from molecules per unit cell to mmoles per gram may be calculated from the inverse of 

the expression and is presented in the last two lines of Table 2.4.  

 

 (2.11) 

 

Table 2.2 Recalculation of Properties of Zeolite 13X from Breck’s Text [19]. 

Chemical Composition  

Typical Unit Cell Contents Na86[(AlO2)86(SiO2)106].264H2O 

Variations Si/Al = 1 to 1.5 

Crystallographic Data  

Symmetry Cubic 

Density 1.93 g/cc 

Unit Cell Constants 
a=25.02 -24.86  Å;  X-Ray powder 

data 

Unit Cell Volume 15,362 – 15,670 Å
3
 

Structural Properties  

Void Volume 0.50 cc/cc 

Framework Density 1.31 g/cc 

Free aperture 12-ring, 7.4 Å; 6-ring 2.2 Å 

Largest Molecule admitted to 12 ring (C4H9)3N; kinetic Diameter, is 8.1 Å 

Largest Molecule admitted to 6 ring (from  

page 636) 
H2O; kinetic Diameter, is 2.65 Å 
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Table 2.3. Basic Building Units for Na86[(AlO2)86(SiO2)106].264H2O Zeolite 

S

pecie 

Atomic 

Mass 
n 

Covalent 

Radius (pm) 

Atomic 

Volume (pm
3
) 

Atomic 

Volume 

(m
3
) 

Sigma 

Volume 

(m
3
) 

Dehydrated Crystal 

Si 28.086 106 111 5728732.733 5.7287E-30 6.07E-28 

O 15.999 384 66 1204263.245 1.2042E-30 4.62E-28 

Al 26.982 86 121 7420714.717 7.4207E-30 6.38E-28 

Na 22.99 86 166 19160811.08 1.9160E-29 1.64E-27 

Total Solid Volume m
3
 3.35E-27 

Hydrated Crystal 

H2O 18.01056       664         4754.788 29905100 2.9905E-29 7.89E-27 

Total Volume (Solid + Occluded Water) m
3
 1.12E-26 

Note: pm is pica meter 

Table 2.4: Derived Properties from the Basic Building Units for 13X Zeolite 

Unit Cell Volume (a^3 in m
3
) 1.5625E-26 

Fraction Solids puc 0.215 

Fraction Water puc 0.505 

Fraction Excluded Volume puc 0.280 

Volume (large or   cage) puc m
3
 1.21E-27 

Fractional Volume β cage puc 0.077 

Fractional Volume large cage 0.428 

Fractional Void Volume (β+large or  cage) 0.505 

Fractional Void Volume (Occluded) total cell 0.505 

Fractional Void Volume (Occluded) (large or   

cage) 
0.455 

Framework Density  g/cc 1.43 

Moles in 1 cc (=ρ/MW( MW=cell atomic mass)) 0.000106571 

Cells in 1 cc (=moles*N0) 6.41829E+19 

Conversion Factor (molecule puc)/(mmole/g) 13.42 

Conversion Factor for 1/8th of cell 1.68 
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Experiments show that the difference between the excess and the absolute adsorption 

becomes remarkable only at relatively high pressures. In fact, this difference cannot be 

identified for quite a large pressure range before the maximum of isotherms. A linear 

model can generate the quantity of absolute adsorption corresponding to each 

experimental excess quantity. The volume of adsorbed phase is then evaluated based on 

the Gibbs definition formula of adsorption: 

agexabs Vqq *
                      (2.12) 

Here Va is the volume of adsorbed phase, ρg is the gas phase density, qabs and qex 

are the absolute and excess quantity of adsorption, respectively. The absolute adsorption 

is determined based on the experimental values of excess adsorption; therefore, 

measurement of the latter must be reliable. Although there are different measurement 

methods for high-pressure adsorption, gravimetric and volumetric method are the most 

widely applied in practice. The gravimetric method is suitable for measuring the 

adsorption on little quantity of sample with satisfactory precision. The relative errors do 

not accumulate in the procedure of increasing adsorption pressure. However, it usually 

takes a long time to reach a stable reading because the  microbalance is very sensitive to 

any temperature gradient possibly existed inside the instrument space, which may subject 

to the influence of room temperature fluctuation. The pressure range of gravimetric 

measurement is usually less than 100 kPa. It may be enlarged to 10-15MPa recently with 

excessive cost. The pressure range of volumetric measurement is high, usually higher 

than 15MPa with low cost. It may reach satisfactorily high precision, though the relative 

errors of measurement accumulate in the procedure of increasing adsorption pressure. 

The necessary condition for a reliable measurement includes the following: large quantity 

of sample; temperature and pressure are precisely controlled; an appropriate equation of 

state for testing gas if the adsorption pressure is higher than 0.5 MPa [21]. 

Researchers have been calculating the maximum adsorption amount using various 

isotherm models densities derived from equations of states and modulated isotherms such 

as Langumir, Frendlich, Toth, Dubinin, etc. In this work; however, physical property 

density model based such as modified Rackett equation will be investigated in 

conjunction with the crystallographic data of 13X zeolite in calculating the intrinsic value 

of maximum 13X zeolite loading. The intrinsic value of maximum adsorbate loading is 
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expected to be found closer to the experimental value than the maximum adsorbate 

loading calculated from isotherm models. One possible explanation is due to the 

interaction that exists between the isotherm parameters. On the other hand, models 

derived based on physical property densities are free from parameters interaction.  

When zeolite is manufactured industrially it forms fine crystals (a few microns in 

diameter). Figures 2.2 and 2.3 show the structure for 13X zeolite crystal. The crystals in 

this form are like a powder and cause significant pressure drop in packed beds. Therefore, 

they are usually pelletized using appropriate clay as a binder. Figure 2.4 shows a 

schematic representation for the surface adsorption. In addition, the powder form cannot 

sustain the circulation needed for the binary adsorption studies. Commercial producers 

reported that the percentage of binder can vary from 17 to 20%. In this work, a value of 

20% is considered for Linde zeolites while a value of 17% is used for CECA zeolites. In 

general; the adsorption capacity of a zeolite may be affected by different factors such as 

the origin of the zeolite. Duplication of results in synthesizing zeolites is difficult. This 

affects the capacity of different samples prepared at different laboratories as reported by 

Ruthven [5]. The same behavior is reported for samples of natural zeolites obtained from 

different places. Moreover; the percentage and type of binder used may alter the sorption 

capacity. This is because the binder may participate in sorption and hence affect the 

zeolite capacity and heat of adsorption. Examples of inconsistency of the isotherms from 

literature are some isotherms at different temperatures cross each others; some isotherms 

at lower temperature come below others at higher temperature, some isotherms at the 

same temperature show noticeable difference, and some at different temperatures fall on 

each other. This required that data should be screened before proceeding further. The 

emphasis was on gathering data near saturation loadings. These abstracted data from the 

literature are tabulated in Appendixes I-IV. The maximum intrinsic adsorbent loading 

values of saturation loading is calculated using equation (2.6) and. The saturated loading 

decreases monotonically as the reduced temperature increases and rapidly decreases as Tr 

= 1 is approached. Furthermore, data are plotted as q versus reduced pressure on a semi-

logarithmic scale.  

In this work, we focus on sorbate densities for the saturation adsorption loading of 

various hydrocarbon and non-hydrocarbon adsorbates namely alkanes, alkenes, acetates, 
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aromatics, polar, and non-polar gases in 13X zeolite crystals only. The fractional 

crystalline zeolite volume is occupied fully under the condition of saturation loading (Ө = 

1).  

 

Figure 2.2: Structure of Zeolite 13X [22] 

 

 

Figure 2.3: Structure of zeolite 13X [22] 
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Figure 2.4: Surface adsorption of small molecules on Zeolite 13X [22] 

 

Capillary condensation can be predicted from the shape of the isotherm. In general, 

capillary condensation occurs in the mesopores of the zeolite pellet after saturation 

adsorption amount is reached. This phenomenon is presented by a convex curve at the 

apex of the isotherm. In this work, the experimental maximum adsorption amount as the 

zeolite saturates was found from the last point on the concave downward portion of the 

isotherm expressed on a crystal basis. 

Loading (q) versus pressure (P), natural logarithm of loading (ln q) versus natural 

logarithm of pressure (ln P), and loading (q) versus natural logarithm of pressure (ln P) 

are just three methods of the various ones used in plotting the experimental data of 

adsorption isotherms. In general, complete isotherm has italic S shape when plotted in 

specific format that gives the best representation of the data. This indicates that the 

determination of the saturation loading from the shape of a plot of experimental data 

alone is possible by plotting the adsorption isotherm as loading (q) versus natural 
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logarithm of pressure (ln P). If it does not reach this complete italic S shape, the zeolite 

has not been saturated yet with adsorbate.  

Furthermore, data are plotted as q versus reduced pressure on a semi-logarithmic 

scale. Loughlin and Abouelnasr (2009) [7] have observed that the coordinate axis of the 

curves appear to saturate at a reduced pressure of 0.02 for all subcritical isotherms at 

which stage the 5A zeolites appear to be saturated with the adsorbate. This indicates that 

the operating pressure of adsorption columns needs not to exceed reduced pressure of 

0.02 of the adsorbate; otherwise, it will be just a waste of the plant utilities. Similar 

conclusion will be investigated for the 13X zeolite from the plots in this work. 

The rotational and vibrational energy of the molecules increases as the 

temperature increases. This indicates that the zeolite saturated loading should decrease as 

the reduced temperature increases. The saturated loading decreases monotonically as the 

reduced temperature increases and rapidly decreases as Tr = 1 is approached. For alkanes 

and alkenes, the loading increases monotonically as the carbon number increases. 
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Chapter 3: SATURATION LOADING FOR HYDROCARBON 

ADSORPTION ON 13X ZEOLITE 

 

In this study, the authors abstracted a significant quantity of data from the 

literature for the adsorption of various hydrocarbons on 13X zeolite. For analysis 

purposes, this data is analyzed thoroughly. Untabulated adsorption data on NaX are 

extracted by digitizing the appropriate figures. Statistical analysis is performed for a set 

of data from two different studies in which data is tabulated and drawn in figures in order 

to find out the accuracy of the digitizing process. The absolute mean percentage error 

between the extracted and actual experimental pressure was found to be 0.44% for the 

first study and 0.06% for the second study. The absolute mean percentage error between 

the extracted and actual experimental loading was found to be 3.76% for the first study 

and 0.37% for the second study. The pressure standard deviation is found to be 1.95 for 

the first study and 2.57 for the second study. The loading standard deviation is found to 

be 3.89 for the first study and 1.29 for the second study. The statistical analysis shows 

negligible standard deviation and percentage error and acceptable digitizing process for 

the study purpose. The focus was on acquiring as much adsorption data near saturation as 

possible. However, in general, saturated isotherms on 13X zeolite are rare when 

compared to studies for 5A zeolites.  

The data has been systematically evaluated for consistency using the following criteria: 

1. In a figure of q versus Pr, isotherms should follow the pattern, that is Tr should   

    increase from left to right as Pr increases. 

2. q isotherms, for the same substance, should not cross when plotted against Pr.  

3. Excess isotherms are changed to absolute isotherms.  

4. All isotherms are on a crystal basis. Pellets are transformed to crystal basis  

    to be plotted. This implies that the % binder must be known.  

5. The isotherm shape should be similar for each substance. 

6. At low pressures, thermal transpiration effects may arise and result in isotherms 

deviating from the expected pattern. 

7. At high pressures in constant volume experiments, the additivity of individual 

    experimental point errors may result in gross errors arising.  
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8. Isotherms having capillary condensation are treated as follows: the last concave 

up point is taken as qmax, and the convex points are omitted.   

The adsorption isotherms extracted from the literature are summarized in Table 3.1 

for subcritical and supercritical data. In column 1, the author’s name as well as the legend 

used for referring to the data in the figures is indicated. In column 2, species and the 

reduced temperatures of the adsorption isotherms are specified. In column 3, all deleted 

isotherms and the reason behind its deletion is indicated. In column 4, the experimental 

technique used whether gravimetric, volumetric, and chromatographic or packed bed is 

itemized. In column 5, the % crystal of the 13X pellet is indicated as per the respective 

paper. Papers that do not mention the % binder were omitted from further consideration. 

In column 6, the supplier of the zeolite used in carrying out the study is mentioned. 

Further effort was carried out to contact the suppliers of the zeolite that is used in a study 

using unknown % binder whenever was required.  

Table 3.1: Summery of the hydrocarbon Isotherms collected from the literature  

Authors / 
Paper 

Reduced 
Temperature 

Reason 
Deleted 

Method % Crystal Supplier 

Cavenate et 
al. (2004) / 
Ca1095(04) 

C1: 1.56, 1.62, 1.69 Deleted 
because they 
are crossing all 
other C1 
isotherms 

Gravimetric 0.83 CECA 
France 

Lopes et al. 
(2010) / 
lo184(10) 

C1: 1.59, 1.62, 1.69 Deleted 
because 
percentage 
binder is not 
available 

Magnetic 
Suspension 
Microbalance 

Not 
available 

Trade/ 
Shanli, 
China 

Vermesse et 
al. (1996) / 
Ve4190(96)
* 

C1: 1.56   Volumetric 0.83 CECA 
France 

Pinto et al. 
(2005) / 
Pi253(05) 

Toluene: 0.504   Gravimetric 0.8 BDH 
(molecular 
sieve) 

Salem et al. 
(1998) / 
Sa3376(98)* 

C1: 1.35, 1.43, 1.51, 
1.62, 1.67 

  Gravimetric 0.8 Molecular 
Sieve 

Hyun and 
Danner 
(1982) / 
Hy196(82) 

C2: 0.895, 0.977, 
1.06, 1.22 
iC4: 0.731, 0.792, 
0.915 

  Volumetric 0.8 Union 
Carbide 



 

43 

 

Ethylene: 1.06, 
1.14, 1.32 

Barrer et al. 
(1956) / 
ba439(56) 

C1: 1.43, 1.56, 1.02, 
0.472 
C2: 0.895, 0.976, 
1.0, 0.637 
C3: 0.833, 0.873, 
0.526 
n-C4: 0.701, 0.713, 
0.724, 0.736, 0.748, 
0.76, 0.771, 0.783, 
0.795, 0.807 
i-C4: 0.731, 0.743, 
0.755, 0.768, 0.78, 
0.792, 0.804, 0.817, 
0.829, 0.841 
n-C5: 0.635, 0.645, 
0.656, 0.667, 0.677, 
0.688, 0.698, 0.709, 
0.72, 0.73 
i-C5: 0.647, 0.658, 
0.669, 0.68, 0.691, 
0.702, 0.713, 0.723, 
0.734, 0.745 
neo-C5: 0.687, 
0.698, 0.71, 0.722, 
0.733, 0.745, 0.756, 
0.768, 0.779, 0.791 
n-C6: 0.587, 0.597, 
0.606, 0.616, 0.626, 
0.636, 0.646, 0.656, 
0.666, 0.675 
n-C7: 0.552, 0.561, 
0.57, 0.579, 0.589, 
0.598, 0.607, 0.616, 
0.626, 0.635 
i-C8: 0.548, 0.557, 
0.566, 0.576, 0.585, 
0.594, 0.603, 0.612, 
0.622, 0.631 
n-C8: 0.55, 0.568, 
0.586, 0.603 

  Gravimetric & 
Volumetric 

0.8 Linde Air 
Products 

Loughlin et 
al. (1990) / 
lo1535(90) 

C1: 1.44, 1.57, 1.71, 
1.84 
C3: 0.744, 0.811, 
0.879, 0.946 

  Volumetric 0.8 Union 
Carbide 
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Paul and 
Riki (1980) / 
Pa616(80) 

C1: 1.51, 1.56, 1.62   Packed Bed 
Column 

0.8 Molecular 
Sieve 

Lamia et al. 
(2008) / 
La1124(08) 

1-butene: 0.794, 
0.841, 0.889, 0.937 

  Gravimetric 0.83 CECA 
France 

Lamia et al. 
(2007) / 
La2539(07) 

C3: 1.06, 1.01, 
0.954, 0.9 
Propylene: 1.08, 
1.02, 0.967, 0.913 
iC4: 0.964, 0.915, 
0.866, 0.817 

  Magnetic 
Suspension 
Microbalance 

0.83 CECA 
France 

Da Silva and 
Rodrigues 
(1999) / 
Si2051(99) 

C3: 1.28, 1.14, 1.01, 
0.927, 0.873, 0.819 
Propylene: 1.3, 
1.16, 1.02, 0.94, 
0.885, 0.83 

  Magnetic 
Suspension 
Microbalance 

0.83 CECA 
France 

Zdhanov et 
al.  (1962) / 
Zh445(62) 

nC6: 0.587 
Benzene: 0.53 

The pelleted 
isotherms for 
both C6H6 and 
n-C6 are 
deleted since 
they are 
inconsistent in 
position. 

McBain-Back 
balance 

0.8, 
crystal 

Union 
Carbide 

Barrer et al. 
(1957) / 
Ba1111(57) 

benzene: 0.53, 
0.539, 0.557, 0.575, 
0.592, 0.61 
Toluene: 0.529, 
0.546, 0.563, 0.58, 
0.597 

  Gravimetric & 
Volumetric 

crystal Union 
Carbide 

Ruthven 
and Doetsch 
(1976) / 
Ru882(76) 

nC7: 0.757, 0.809, 
0.848, 0.903 
1-hexene: 0.812, 
0.867, 0.909, 0.968 
benzene: 0.778, 
0.815, 0.868, 0.913 
Toluene: 0.774, 
0.825, 0.867 

  Cahn Vacuum 
Microbalance 

crystal Union 
Carbide 

Manjare 
and Ghoshal 
(2006) / 
ma1185(06) 

Ethylacetate: 0.589, 
0.608, 0.627 

Deleted as they 
are exhibiting 
unusual 
adsorbed 
amount.  

Packed Bed 
Column 

0.8 Molecular 
Sieve by E-
merck 
India 
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Wang et al. 
(2004) / 
wa527(04) 

benzene: 0.53 
o-xylene: 0.473 
m-xylene: 0.483 
p-xylene: 0.484 

Deleted 
because 
percentage 
binder is not 
available 

Gravimetric Not 
available 

Lancaster 
Synthesis 
Company 

Ruthven 
(1990) / 
Ru581(90) 

benzene: 0.717   Gravimetric Crystal Union 
Carbide 

Sung et al. 
(2005) / 
Su131(05) 

benzene: 0.53 Deleted 
because 
percentage 
binder is not 
available 

Packed Bed 
Column 

Not 
available 

Aldrich 
Company 

Wang et al. 
(2005)/ 
Wa811(05) 

Ethylacetate: 0.57 
methylacetate: 
0.589 
n-butylacetate: 
0.515 
iso-propylacetate: 
0.561 
n-propylacetate: 
0.542 
iso-butylacetate: 
0.531 

Deleted 
because 
percentage 
binder is not 
available 

Gravimetric Not 
available 

Lancaster 
Synthesis 
Company 

Ruthven 
and Kaul 
(1993) / 
Do2047(93) 

Mesitylene:0.632, 
0.695, 0.868, 0.899, 
0.943 
Naphthalene: 
0.632, 0.699, 0.732, 
0.766, 0.806, 0.832 
1,2,3,5-
tetramethylbenzen
e: 0.806, 0.853, 
0.898, 0.937 
1,3,5-
Triethylbenzene: 
0.849, 0.891, 0.928, 
0.964 
1,3-
dimethylnaphthale
ne: 0.75 

  Gravimetric 
by Cahn 
Vacuum 
Microbalance 

Crystal Union 
Carbide 

Granato et 
al. (2007) / 
Gr7239(07) 

C3: 1.28, 1.14, 1.01, 
0.927, 0.873, 0.819 
Propylene: 1.3, 
1.16, 1.02, 0.94, 
0.885, 0.83 

All are deleted 
since the 
reference does 
not exist 

Packed Bed 
Column 

0.8 Not 
available 

*Excess adsorption isotherms  



 

46 

 

The isotherms in Table 3.1 are plotted component by component for the purpose of 

screening the consistency of the adsorption isotherms as per the criteria mentioned above. 

Isotherms passing the data consistency criteria are then assessed according to the criteria 

for choosing the saturation loading from experimental data. Furthermore; the saturation 

loading was deduced from isotherms which pass the consistency criteria. Only isotherms 

which are saturated and approaching saturation were considered further. Isotherms far 

from saturation are excluded. The criteria for choosing qmax from the experimental data 

are as follow: 

1. For Langmuir-like isotherms, qmax may be obtained from the highest data point 

where P/P0 is greater than 0.95 and Tr is less than 1. This does not apply for data 

having capillary condensation. 

2. If Tr is greater than 1, qmax may be obtained from the highest data point providing 

dq/dp is approaching zero and the data point is taken from the highest isotherm if 

multiple isotherms exist. Lower isotherms where dq/dp is not approaching zero 

are not considered. 

3. If isotherms are Freundlich like, rather than having Langmuir behavior, the 

highest data point may be used. Data with P/P0 > 0.5 is assigned a closed 

darkened circle. Anything below P/P0 < 0.5 is assigned an open circle. 

4. If the isotherm exhibits capillary condensation behavior, the last data point on the 

concave portion may be used, before the convex behavior commences. P/P0 

should be greater than 0.95.  

Plots of log(q/(g/100 g Z)) versus log(Pr) show the saturation limit while plots of 

q/(g/100 g Z) versus log(Pr) assist in verifying the consistency of studies, i.e. verifying 

whether isotherms are crossing or are in the incorrect location or have wrong shape. 

Figure 3.1 shows the isotherms for species methane before screening ranging 

from a Tr of 0.472 on the left hand side of the plot to a Tr of 1.84 on the right hand side 

of the plot. Isotherms from 6 different studies are included. The shape of some of the 

isotherms appears to be inconsistent. Two of the isotherms were modified. The Barrer et 

al. (1956) isotherm of C1 at Tr of 0.472 exhibits capillary condensation. The convex 

points were deleted. The Barrer isotherm for C1 at Tr of 1.02 is in excellent agreement 

with the rest in the low pressure region but the top points in the high pressure region as 
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may be observed in Figure 3.1 are crossing other isotherms in this region. These points 

were deleted. The Cavenati et al. (2004) isotherms were deleted completely as they suffer 

from inconsistency in position and crossing the rest of the isotherms. All other isotherms 

from Loughlin et al. (1990), Vermesse et al. (1996), Paul and Riki (1980), Barrer et al. 

(1956), and Salem et al. (1998) are retained. Figure 3.2 shows the methane isotherms 

after deleting the Cavenati et al. (2004) isotherms. The shapes of the isotherms are 

consistent in shape and position. The methane isotherm from Vermesse et al. (1996) 

study in which the methane adsorption is measured at pressure up to 500MPa could not 

be verified. This paper was found to be unique in its pressure range for a laboratory scale 

study. Hence, its consistency at such high pressure could not be assessed. Figure 3.3 

shows the methane isotherms without it to provide an expanded plot of the rest of the 

isotherms. Methane isotherms from Barrer et al. (1956) at a Tr of 0.472 measurements at 

a temperature down to 90°K is unique as well. Its accuracy could not be assessed as well 

but it is retained. As per the criteria for choosing the saturation loading from the 

experimental data, it may be observed that all methane isotherms are saturated since they 

are leveling off with the exception of three only. These three isotherms from Loughlin et 

al. (1990) at a Tr of 1.84, Barrer et al. (1956) at a Tr of 1.43 and 1.56 are far from 

saturation and hence excluded. This is very clear when data are plotted as loading versus 

reduced pressure on a logarithmic scale as shown in Figure 3.4.     

 
Figure 3.1: C1 isotherms before screening 
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Figure 3.2: C1 isotherms after screening 

 

 
Figure 3.3: C1 isotherms without the isotherms from Vermesse et al. (1996) 
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Figure 3.4: C1 isotherms in logarithmic scale 

Figure 3.5 shows the collected adsorption isotherms for ethane without any 

modification from the original data that were extracted from the respective papers 

summarized in Table 3.1. Data from two different studies Barrer et al. (1956) and Hyun 

and Danner (1982) are included ranging from a Tr of 0.637 on the left hand side of the 

plot to a Tr of 1.22 on the right hand side of the plot. The isotherms appear to be 

consistent in shape and position with the exception of the C2 isotherm from Barrer et al. 

(1956) at Tr of unity. This volumetric isotherm for ethane from Barrer et al. (1956) at Tr 

of 1.0 position is inconsistent with that from Hyun and Danner (1982) at Tr of 0.977 

since it comes below it. However, both are very close to each other and it cannot be 

judged which one of them is the correct one. Hence, both were retained. As per the 

criteria for choosing the saturation loading from the experimental data, ethane isotherm 

from Hyun and Danner (1982) at a Tr of 1.06 is approaching saturation while at a Tr of 

1.22 from the same study is far from saturation and hence is excluded. All other 

isotherms are leveling off and hence saturated. This is evident from ethane isotherms 

plotted on a logarithmic scale shown in Figure 3.6. 
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Figure 3.5: C2 isotherms  

 

 

 
Figure 3.6: C2 isotherms on log-log scale 
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Figure 3.7 shows the isotherms for the species propane before screening ranging 

from a Tr of 0.526 on the left hand side of the plot to a Tr of 1.28 on the right hand side 

of the plot. Data are collected from 5 different studies. These are Granato et al. (2007), 

Lamia et al. (2007), Loughlin et al. (1990), Da Silva and Rodrigues (1999), and Barrer et 

al. (1956). The shape of some of the isotherms appears to be inconsistent. Two of the  

isotherms were modified. The Barrer et al. (1956) isotherm of C3 at Tr of 0.526 exhibits 

capillary condensation. The convex points were deleted. The high pressure range of 

another Barrer et al. (1956) isotherm for C3 at Tr of 0.526 is in excellent agreement with 

the rest in the high pressure region but the bottom point in the low pressure region where 

it is crossing other isotherms in this region. This point is deleted. Isotherms sourced out 

from both Da Silva and Rodrigues (1999) and Barrer et al. (1956) are not lying in a 

perfect position with respect to the rest of the isotherms; however, they are very close and 

hence retained in terms of both reduced temperature as well as consistent position. The 

Granato et al. (2007) isotherms were deleted completely as the reference of the data does 

not exist in the literature. Figure 3.8 shows the propane isotherms after deleting the 

Granato isotherms. To have better observation of the consistency of the propane 

isotherms after deleting the Granato isotherms, Figure 3.9 shows the filtered isotherms  

 
Figure 3.7: C3 isotherms before screening 
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Figure 3.8: C3 isotherms after deleting the Granato et al. (2007) isotherms 

 

 

 
Figure 3.9: C3 isotherms after deleting the Granato et al. (2007) and Barrer et al. (1956) 

isotherm at Tr = 0.526 
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Figure 3.10: C3 isotherms on a log-log scale 

 

without Barrer et al. (1956) isotherm at Tr = 0.526. As per the criteria for choosing the 

saturation loading from the experimental data, as may be observed from Figure 3.10, two 

isotherms from Da Silva and Rodrigues (1999) at a Tr of 1.14 and 1.28 are far from 

saturation and hence excluded. One isotherm from the same study at a Tr of 1.01 is 

approaching saturation is yet to start leveling off.  All rest are well saturated. Isotherms 

saturated and approaching saturation only are considered for further study. 

Adsorption isotherms for straight and branched are collected. Straight butane data 

are found in a single study Barrer et al. (1956). The branched butane data are coming 

from three different studies butane ranging from a Tr of 0.701 on the left hand side of the 

plot to a Tr of 0.964 on the right hand side of the plot are collected. These are Hyun and 

Danner (1982), Lamia et al. (2007), and Barrer et al. (1956). The branched and straight 

butane isotherms appear crossing and hence they were split in different plots. Figure 3.11 

shows the straight butane isotherms only ranging from a Tr of 0.701 on the left hand side 

of the plot to a Tr of 0.807 on the right hand side of the plot. Figure 3.12 show the 

isotherms for branched butane ranging from a Tr of 0.731 on the left hand side of the plot 

to a Tr of 0.964 on the right hand side of the plot. The n-butane isotherms show excellent 
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agreement in the entire pressure range and hence neither modification nor any point 

deletion was required.  This was expected since only a single study is available from 

Barrer et al. (1956). As per the criteria for choosing the saturation loading from the 

experimental data, straight butane isotherms at a Tr of 0.783, 0.795, and 0.807 are far 

from leveling off and hence saturation. This can be observed from Figure 3.13. These 

isotherms are ruled out. Isotherms at a Tr of 0.748, 0.76, and 0.771 are yet to start 

leveling off and hence approaching saturation. The rest are well saturated. Only isotherms 

approaching saturation and saturated are considered for further consideration. The iso-

butane isotherms from the three studies in general were consistent in shape and position 

with some exceptions. Data from Hyun and Danner (1982) and Lamia et al. (2007) are 

consistent in both low and high pressure ranges. Iso-butane at a Tr of 0.792 from Hyun 

and Danner is lying between isotherms at a Tr of 0.866 and 0.817 from lamia et al. (2007) 

which suggest its position inconsistency. However, it is very close to the right position 

with respect to the isotherm at a Tr of 0.804 from Barrer et al. (1956) and hence is 

retained. As may be observed from Figure 3.12, iso-butane isotherms from Hyun and 

Danner (1982) and Lamia (2007) are leveling off a bit earlier than data coming from  

 
Figure 3.11: Adsorption Isotherms for n-butane 
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Figure 3.12: Adsorption Isotherms for iso-butane  

 

  
Figure 3.13: Adsorption Isotherms for n-butane on a log-log scale 
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Barrer et al. (1956). Although data from Lamia et al. and Hyun and Danner are not lying 

in a perfect position with respect to data from Barrer et al., they are very close and hence 

retained for further assessment. As per the criteria for choosing the saturation loading 

from the experimental data, Figure 3.14 suggests that all branched butane isotherms are 

saturated. 

 
Figure 3.14: Adsorption Isotherms for iso-butane on a log-log scale 

 

Pentane isotherms were found in a single study by Barrer et al (1956). Figure 3.15 

shows the isotherms for straight, branched, and neo pentanes all together before  

screening ranging from a Tr of 0.635 on the left hand side of the plot to a Tr of 0.791 on 

the right hand side of the plot. However, it may be observed that neo pentane follows 

different pattern than straight and iso pentane probably due to the steric effect. Hence, 

neo pentane is plotted in Figure 3.18 separately. Moreover; straight and branched pentane 

were split in separate Figures 3.16 and 3.17 respectively for the purpose of reviewing the 

isotherms consistency more conveniently. In Figure 3.16, the straight pentane isotherms 

show excellent agreement in the entire pressure range which is expected since they are 



 

57 

 

sourced from the same study as mentioned earlier. Similarly, iso-pentane and neo pentane 

isotherms show excellent agreement in the entire pressure range as can be seen from  

 
Figure 3.15: Adsorption Isotherms for n-pentane before screening 

 
Figure 3.16: Adsorption Isotherms for n-pentane after screening 
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Figures 3.17 and 3.18 respectively. Hence, neither modification nor isotherms deletion 

was required. As per the criteria for choosing the saturation loading from the 

experimental data, straight pentane at a Tr of 0.667 and 0.73 are far from saturation as the 

isotherm is still rising and hence excluded. The rest of the straight pentane isotherms are 

yet to start leveling and hence approaching saturation. Branched pentane at a Tr of 0.713 

and 0.745 are still rising and hence far from saturation. These isotherms are excluded. 

The rest of the iso-pentane isotherms are approaching saturation as they are about to level 

off. Neo-pentane isotherms are all rising and hence all are excluded as they are far from 

saturation.       

 
Figure 3.17: Adsorption Isotherms for iso-pentane after screening 

 

Figure 3.19 shows hexane isotherms collected from two different studies by 

Barrer et al. (1956) and Zhdanov et al. (1962) before screening ranging from a Tr of 

0.587 on the left hand side of the plot to a Tr of 0.675 on the right hand side of the plot. 

Figure 3.19 includes two isotherms from Zhdanov et al. (1962) study at a Tr of 0.587 one 

on a porous 13X crystal and one on a pelleted sample of Linde 13X presented on crystal 

basis after dividing by percentage crystal. It may be observed that the isotherm measured  
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Figure 3.18: Adsorption Isotherms for neo-pentane after screening 

on a pelleted sample exhibits capillary condensation since the binder promotes this 

phenomenon while the isotherm measured on porous crystal does not at the same Pr since 

capillary condensation is not expected inside the micropores. The isotherm measured on a 

pelleted sample of Linde 13X from Zhdanov et al. (1962) study at a Tr of 0.587 has been 

deleted because it is crossing other isotherms from Barrer et al. (1956) study and its 

inconsistent in position. Furthermore, one isotherm has been modified from Barrer et al. 

(1956) at a Tr of 0.636 in the low pressure region by deleting the first point. Figure 3.20 

shows the hexane isotherms after screening. As per the criteria for choosing the saturation 

loading from the experimental data, all hexane isotherms are considered for further study 

as they leveled off to the saturation limit as may be observed from Figure 3.21. 

Figure 3.22 shows heptane isotherms collected from two different studies by 

Barrer et al. (1956) and Ruthven and Doetsch (1976) before screening ranging from a Tr 

of 0.552 on the left hand side of the plot to a Tr of 0.903 on the right hand side of the 

plot. As may be observed all isotherms appears to be consistent in shape and position and 

hence neither deletion nor modification was required. Figure 3.23 shows the expanded  
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Figure 3.19: Adsorption Isotherms for hexane before screening 

 

 
      Figure 3.20: Adsorption Isotherms for hexane after screening 
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Figure 3.21: Adsorption Isotherms for hexane after screening on a log-log scale 

 
Figure 3.22: Adsorption Isotherms for heptanes 
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Figure 3.23: Adsorption Isotherms for heptanes from Barrer (1956) study 

plot of the isotherms from Barrer et al. (1956) study. As mentioned above, all are 

consistent in shape and position. As per the criteria for choosing the saturation loading 

from the experimental data, all heptanes isotherms have plateaued to the saturation limit 

and hence all are considered for further study as can be seen from Figure 3.24.  

Octane isotherms were found in a single study by Barrer et al. (1956). Figure 3.25 

shows the isotherms for straight and branched octane all together before screening 

ranging from a Tr of 0.55 on the left hand side of the plot to a Tr of 0.631 on the right 

hand side of the plot. However, it may be observed that each follows a different pattern 

than the other probably due to the steric effect. Hence, n-octane and iso-octane are plotted 

separately in Figures 3.26 and 3.27 respectively. In Figure 3.26, the straight octane 

isotherms show excellent agreement in the entire pressure range which is expected since 

they are sourced from the same study as mentioned earlier. One isotherm has been 

modified. The top 3 points of the n-octane isotherm at a Tr of 0.55 are omitted as they 

represent capillary condensation. As per the criteria for choosing the saturation loading 

from the experimental data, straight octane isotherms at a Tr of 0.586 and 0.603 are 

excluded as the shape of the isotherms is not correct. Isotherms at a Tr of 0.55 and 0.568  
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Figure 3.24: Adsorption Isotherms for heptanes on a log-log scale 

 

 
Figure 3.25: Adsorption Isotherms for octane before screening 



 

64 

 

are saturated and hence considered for further qualification. Iso-octane isotherms show 

excellent agreement as well in the entire pressure range as can be seen from Figure 3.27. 

Two isotherms were modified. Figures 3.26 and 3.27 show the n-octane and iso-octane 

isotherms respectively after screening the isotherms. As per the criteria for choosing the 

saturation loading from the experimental data, iso-octane isotherms at a Tr of 0.548, 

0.557, 0.566, 0.576, 0.585, and 0.631 are all excluded as the shape of the isotherm is not 

correct as can be observed from Figure 3.27. The rest are approaching saturation and 

hence considered further.      

 
Figure 3.26: Adsorption Isotherms for n-octane after screening  

Figure 3.28 shows the volumetric adsorption isotherms for ethylene ranging from 

a Tr of 1.06 on the left hand side of the plot to a Tr of 1.32 on the right hand side of the 

plot. The ethylene isotherms were found in a single study by Hyun and Danner (1982). 

The isotherms appear to be consistent in shape and position. Furthermore, since there are 

no further ethylene isotherms available from a different study, the ethylene isotherms by 

Hyun and Danner (1982) consistency could not be judged. Hence, the ethylene isotherms 

were all retained without any modification or point’s deletion. As per the criteria for  
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Figure 3.27: Adsorption Isotherms for iso-octane after screening 

 
Figure 3.28: Adsorption Isotherms for ethylene  
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choosing the saturation loading from the experimental data, ethylene isotherm at a Tr of 

1.32 is excluded as the shape of the isotherm imply that saturation limit is still far from 

being reached. The other two isotherms at a Tr of 1.06 and 1.14 plateaued to the 

saturation limit. These two isotherms are considered for further study.        

Figure 3.29 shows the isotherms for the species propylene before screening 

ranging from a Tr of 0.83 on the left hand side of the plot to a Tr of 1.3 on the right hand 

side of the plot. Data are collected from 3 different studies. These studies are Granato et 

al. (2007), Lamia et al. (2007), and Da Silva and Rodrigues (1999). The Granato et al. 

(2007) isotherms were deleted completely as the reference of the data does not exist in 

the literature. Figure 3.30 shows the propylene isotherms after deleting the Granato 

isotherms. Data from Lamia et al. (2007) and Da Silve and Rodrigues (1999) appear 

consistent in shape. The propylene isotherm at a Tr of 0.913 from Lamia et al. (2007) 

present in an inconsistent position between isotherms at Tr’s of 0.885 and 0.83 coming 

from Da Silva and Rodrigues (1999). However, it is very close in position and hence is 

retained. As per the criteria for choosing the saturation loading from the experimental 

data, two isotherms at a Tr of 1.16 and 1.3 are far yet from saturation as the isotherms 

seems still rising. All others are leveling off to what it seems is the complete filling of the 

 
Figure 3.29: Adsorption Isotherms for Propylene before screening  
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micropores of the adsorbent. This can be better observed from Figure 3.31 in which the 

data are plotted on a logarithmic scale. This Figure shows how dlog q / dlog Pr is 

approaching zero as saturation is approached more clearly.   

 
Figure 3.30: Adsorption Isotherms for Propylene after screening  

 
Figure 3.31: Adsorption Isotherms for Propylene after screening on a log-log scale 
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Figure 3.32 shows the adsorption isotherms for 1-butene ranging from a Tr of 

0.794 on the left hand side of the plot to a Tr of 0.937 on the right hand side of the plot. 

The isotherms were found in a single study by Lamia et al. (2008). The isotherms appear 

to be consistent in shape and position as expected as they are all sourced from a single 

study. Furthermore, since there are no further 1-butene isotherms available from different 

studies, the isotherms by Lamia et al. (2008) consistency could not be judged. Hence, all  

1- butene isotherms were retained without any modification or point’s deletion. As per 

the criteria for choosing the saturation loading from the experimental data which is 

clearly visible from Figure 3.33, dlog q / dlog Pr is approaching zero for all 1-butene 

isotherms and hence all considered for further study.   

 
Figure 3.32: Adsorption Isotherms for 1-butene  

Figure 3.34 shows the adsorption isotherms for 1-hexene ranging from a Tr of 

0.812 on the left hand side of the plot to a Tr of 0.968 on the right hand side of the plot. 

The isotherms were found in a single study by Ruthven and Doetsch (1976). The 

isotherms appear to be consistent in shape and position as expected as they are all 

sourced from a single study. Furthermore, since there are no further 1-hexene isotherms 

available from different studies, the isotherms by Ruthven (1976) consistency could not  
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Figure 3.33: Adsorption Isotherms for 1-butene on a log-log scale 

be judged. Hence, all 1-hexene isotherms were retained without any modification or 

point’s deletion. As per the criteria for choosing the saturation loading from the 

experimental data, only one isotherm at a Tr of 0.968 is considered as approaching to 

saturation. All others are well saturated. This can be better anticipated from the data 

plotted on a logarithmic scale shown in Figure 3.35. Hence, all considered for further 

study.   

The acetates isotherms are collected from two different studies and shown in 

Figure 3.36. Methyl-acetate, ethyl acetate, n-butyl acetate, iso-propyl acetate, n-propyl 

acetate, and iso-butyl acetate are sourced from Wang et al. (2005). However, neither the 

percentage binder nor the supplier of the zeolite are mentioned and hence are ruled out. 

The other study by Manjare and Ghoshal (2006) provides ethyl acetates isotherms 

ranging from a Tr of 0.589 on the right hand side of the plot to a Tr of 0.627 on the left 

hand side of the plot and shown in Figure 3.37. These isotherms are exhibiting an unusual 

adsorbed amount and still rising. As it may be observed from Figure 3.36, isotherms from 

Wang et al. (2005) appears only at very low adsorbed amount relative to the isotherms by  
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Figure 3.34: Adsorption Isotherms for 1-hexene 

 

 
Figure 3.35: Adsorption Isotherms for 1-hexene on a log-log scale 
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Manjare and Ghoshal (2006). Though the isotherms by Wang et al. (2005) are ruled out 

since the percentage binder is not mentioned; it gives a clue about the expected range. 

These question the accuracy of the isotherms by Manjare and Ghoshal (2006) and hence 

are excluded from further considerations due to their excessive adsorption. The loadings 

of ethyl acetates isotherms by Manjare and Ghoshal (2006) are approximately three times 

these expected from calculation by equation 2.6. 

 
Figure 3.36: Adsorption Isotherms for Acetates before screening  

Figure 3.38 shows benzene isotherms collected from four different studies by 

Barrer et al. (1957), Zhdanov et al. (1962), Ruthven and Doetsch (1976), and Ruthven 

(1990) ranging from a Tr of 0.53 on the left hand side of the plot to a Tr of 0.913 on the 

right hand side of the plot. Figure 3.38, includes two isotherms from Zhdanov et al. 

(1962) study at a Tr of 0.53 one on a porous 13X crystal and one on a pelleted sample of 

Linde 13X presented on crystal basis after dividing by percentage crystal. It may be 

observed that the isotherm measured on a pelleted sample exhibits capillary condensation 

since the binder promotes this phenomenon while the isotherm measured on porous 

crystal do not at the same Pr since capillary condensation is not expected inside the 

micropores. The isotherm measured on a pelleted sample of Linde 13X from Zhdanov et  
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Figure 3.37: Adsorption Isotherms for Ethyl Acetates before screening  

 

al. (1962) study at a Tr of 0.53 has been deleted because it is crossing other isotherms 

from Ruthven (1990) study and is also inconsistent in position. Figure 3.39 shows the 

benzene isotherms after deleting Zhdanov et al. isotherm on the pelleted sample. Barrer et 

al. (1957) has mentioned in his study that sorption isotherms were measured considering 

a porous crystal of 13X and hence the same is reflected in Figure 3.38. However, as may 

be observed from Figure 3.39 Barrer et al. (1957) isotherms show excellent agreement 

with the data from Zhdanov et al. if they considered as sorption on a pelleted sample of 

Linde 13X presented on crystal basis after dividing by percentage crystal. The percentage 

crystal assumed is 80%. This questions the probability of using a pelleted sample of 13X 

without knowing it.  As per the criteria for choosing the saturation loading from the 

experimental data, benzene isotherms at a Tr of 0.717 are all excluded as the isotherms 

appears incomplete and hence far from saturation. The rest all seem to plateau to what is 

believed is the saturation limit corresponding to complete filling of the microporse. This 

can be observed from Figure 3.40. 
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Figure 3.38: Adsorption Isotherms for Benzene with Barrer et al. (1957) isotherms 

considered as adsorption on a porous 13X crystal. 

 

 
Figure 3.39: Adsorption Isotherms for Benzene with Barrer et al. (1957) isotherms 

considered as adsorption on a pelleted 13X sample. 
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Figure 3.40: Adsorption Isotherms for Benzene on a log-log scale 

 

Figure 3.41 shows Toluene isotherms collected from three different studies by 

Barrer et al. (1957), Ruthven and Doetsch (1976), and Pinto et al. (2005) ranging from a 

Tr of 0.529 on the left hand side of the plot to a Tr of 0.867 on the right hand side of the 

plot. Similar to the benzene isotherms from Barrer et al. (1957) study, it has been 

mentioned in his study that sorption isotherms were measured considering a porous 

crystal of 13X and hence the same is reflected in Figure 3.41. However, as may be 

observed from Figure 3.42 Barrer et al. (1957) isotherms would show excellent 

agreement with the data from Pinto et al. (2005) if they were considered as sorption on a 

pelleted sample of Linde 13X. The percentage crystal assumed is 80%. The probability of 

using a pelleted sample of 13X in conducting the study by Barrer et al. (1957) without 

knowing it is considered very high considering a coincidence happening twice. As per the 

criteria for choosing qmax from the experimental data, all toluene isotherms are leveling 

off to the saturation limit with the exception of one isotherm at a Tr of 0.867 which is 

approaching to saturation. Hence, all isotherms were retained for further study. 

Adsorption isotherms for toluene on a logarithmic scale are shown in Figure 3.43.   
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Figure 3.41: Adsorption Isotherms for Toluene with Barrer et al. (1957) isotherms 

considered as adsorption on a porous 13X crystal. 

 

 
Figure 3.42: Adsorption Isotherms for Toluene with Barrer et al. (1957) isotherms 

considered as adsorption on a pelleted 13X sample. 
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Figure 3.43: Adsorption Isotherms for Toluene on log-log scale 

Figure 3.44 shows the adsorption isotherms for Mesitylene ranging from a Tr of 

0.632 on the left hand side of the plot to a Tr of 0.943 on the right hand side of the plot. 

The isotherms were found in a single study by Ruthven and Kaul (1993). The isotherms 

appear to be consistent in shape and position as expected as they are all sourced from a 

single study. Furthermore, since there are no further Mesitylene isotherms available from 

different studies, the isotherms by Ruthven and Kaul (1993) consistency could not be 

judged. Hence, all Mesitylene isotherms were retained without any modification or point 

deletion. As per the criteria for choosing qmax from the experimental data, all mesitylene 

isotherms are about to start leveling off and hence considered as approaching to 

saturation. One isotherm at a Tr of 0.868 is evident from its shape that it is incomplete 

and hence it is excluded. Deducing qmax from experimental data is clearer from Figure 

3.45 when data are plotted on log-log scale.         

Figure 3.46 shows the adsorption isotherms for naphthalene ranging from a Tr of 

0.632 on the left hand side of the plot to a Tr of 0.832 on the right hand side of the plot. 

The isotherms were found in a single study by Ruthven and Kaul (1993). The isotherms 

appear to be consistent in shape and position as expected as they are all sourced from a  
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Figure 3.44: Adsorption Isotherms for Mesitylene 

 
Figure 3.45: Adsorption Isotherms for Mesitylene on a log-log scale 
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single study. Furthermore, since there are no further naphthalene isotherms available 

from different studies, the isotherms by Ruthven and Kaul (1993) consistency could not 

be judged. Hence, all naphthalene isotherms were retained without any modification or 

point’s deletion. As per the criteria for choosing the saturation loading from the 

experimental data, only one isotherm at a Tr of 0.632 is saturated since the isotherm’s 

dlog q / dlog Pr is approaching zero when data are plotted on a logarithmic scale. The rest 

are all excluded as they appear to be far from saturation.       

 
Figure 3.46: Adsorption Isotherms for Naphthalene 

Figure 3.47 shows the adsorption isotherms for 1,2,3,5-tetramethylbenzene 

ranging from a Tr of 0.806 on the left hand side of the plot to a Tr of 0.937 on the right 

hand side of the plot. The isotherms were found in a single study by Ruthven and Kaul 

(1993). The isotherms appear to be consistent in shape and position as expected as they 

are all sourced from a single study. Furthermore, since there are no further 1,2,3,5-

tetramethylbenzene isotherms available from different studies, the isotherms by Ruthven 

(1993) consistency could not be judged. Hence, all 1,2,3,5-tetramethylbenzene isotherms 

were retained without any modification or point deletion. As per the criteria for choosing 

the saturation loading from the experimental data, the top three isotherms at a Tr of 

0.806, and 0.853 are saturated since the isotherm’s dlog q / dlog Pr is approaching zero 
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when data are plotted on a logarithmic scale. The bottom three are excluded as they 

appear to be far from saturation. 1,2,3,5-tetramethylbenzene isotherms on a log-log scale 

are shown in Figure 3.48.  

 
Figure 3.47: Adsorption Isotherms for 1,2,3,5-tetramethylbenzene 

 

 
Figure 3.48: Adsorption Isotherms for 1,2,3,5-tetramethylbenzene on a log-log scale 
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Figures 3.49 and 3.50 show the adsorption isotherms for 1,3,5-Triethylbenzene 

and 1,3-dimethylnaphthalene respectively. The isotherms are measured at a reduced 

temperature ranging from a Tr of 0.849 on the left hand side of the plot to a Tr of 0.964 

on the right hand side of the plot for 1,3,5-Triethylbenzene. Only single isotherm found 

in the literature for 1,3-dimethylnaphthalene species. The isotherms were found in a 

single study by Ruthven and Kaul (1993). The isotherms appear to be consistent in shape 

and position as expected as they are all sourced from a single study. Furthermore, since 

there are no further 1,3,5-Triethylbenzene or 1,3-dimethylnaphthalene isotherms 

available from different studies, the isotherms by Ruthven and Kaul (1993) consistency 

could not be judged. Hence, all 1,3,5-Triethylbenzene and 1,3-dimethylnaphthalene 

isotherms were retained without any modification or point’s deletion. As per the criteria 

for choosing the saturation loading from the experimental data, 1,3,5-Triethylbenzene top 

isotherm at a Tr of 0.899 is leveling off to what seems is the saturation limit 

corresponding to the complete filling of the microporse. Similar conclusion is deduced 

for the 1,3-dimethylnaphthalene isotherm. The rest of the 1,3,5-Triethylbenzene 

isotherms are excluded as they appear incomplete.         

 
Figure 3.49: Adsorption Isotherms for 1,3,5-Triethylbenzene 
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Figure 3.50: Adsorption Isotherms for 1,3-dimethylnaphthalene 

 

From this point onward, only saturation loading deduced from isotherms which 

pass the data consistency and saturation criteria appear. The loadings deduced from 

saturated isotherms are denoted by a closed darkened circle. Loadings deduced from 

isotherms approaching saturation are denoted by an open circle. These data points are 

summarized in Appendix A for subcritical temperature and Appendix B for supercritical 

temperature. Saturation loading deduced from experimental data in comparison with 

intrinsic saturation loading calculated from equation 2.6 were plotted in two different 

ways. In the first way, the data are categorized into all alkane species together, all alkene 

species together, and all aromatics species together for subcritical temperature and super 

critical temperatures. In the second way, saturation loading deduced from experimental 

data in comparison with intrinsic saturation loading calculated from Rackett equation 

along with crystallographic parameters of the 13X zeolite were plotted component by 

component. This plotting method is used for components for which we have several data 

points. The Rackett equation predicts that density increases as the carbon atom number in 

the species increases and decreases as the temperature increases for the same species. 
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This is shown in Figure 3.51. The same phenomenon will be observed in the 

experimental data which are plotted on a unified scale. 

 
Figure 3.51: Calculated density by modified Rackett equation 

 

It is expected that the excluded volume will play a factor in preventing the 

modified Rackett equation along with crystallographic parameters of the 13X zeolite 

from predicting the experimental saturation loading precisely. This is because the free 

volume of the cage is smaller than the actual cage volume. Thus, the sorbate molecule 

cannot approach the cage wall due to its finite size. Theoretically, the cage free volume 

can be considered as the volume of a sphere of diameter equal to the actual cage diameter 

minus the van der Waals diameter of the sorbate molecule. Experimentally, the excluded 

volume factor in this work was considered by least square error minimization between 

the experimental saturation loading and the intrinsic value calculated by the modified 

Rackett equation. In this work, a first attempt was considered by applying the 

minimization based on steric factor independent of temperature as follow: 

  2expmax,*)( erimentalRackett qqLSEErrorSquareLeast                              3.1 



 

83 

 

where   is the steric factor. When it is observed that this independent relation of 

temperature is inadequate, a linear dependency for the steric factor with reduced 

temperature is considered as follow: 

  2expmax,**)( erimentalRackettr qqTLSEErrorSquareLeast                          3.2 

where the steric factor is   rT* . Equation 3.2 considers the effective molecular 

volume increase with temperature as it generally does. 

The subcritical saturation loading for alkanes specis deduced from the 

experimental data divided by the intrinsic saturation loading calculated from Rackett 

equation along with crystallographic parameters of the 13X zeolite are plotted in Figure 

3.52 versus reduced temperature. In principle, the data should scatter below unity to 

imply a potential for the modified Rackett equation along with crystallographic 

parameters of the 13X zeolite in predicting the actual saturation loading. As may be 

observed from Figure 3.52, some data points are just on the top unity line. The majority 

of the data points for straight molecules ranging from methane to octane are scattered  

 
Figure 3.52: Saturation loading for subcritical Alkane 
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around 0.95. This implies that a steric factor can be applied. The open circles correspond 

to iso-pentane and iso-octane. They are scattering around a y-value of 0.92 and 0.87 

respectively. These data points are deduced from isotherms approaching saturation. This 

implies that if the isotherms were complete, it will be expected that the data points would 

lie just on the top of the qmax, experimental / qmax, Rackett of unity. The iso-octane open circles 

points lie at a qmax, experimental / qmax, Rackett lower than that for the iso-pentane. This may 

imply that the occluded volume for the iso-octane is smaller due to the larger size of the 

molecule. Few others are around a qmax, experimental / qmax, Rackett of 0.8. These data points 

around the 0.8 line are branched molecules such as iso-butane and iso-pentane. This 

indicates that the excluded volume for these molecules is larger than the straight 

molecules. Two data points lie on the 1.2 line. These two data points correspond to 

propane at the same temperature from the same study by Barrer et al. (1956). This can 

due to experimental error. Moreover, this can be due to the probability of whether a 

crystal or a pellet is used is unclear. In addition, as can be noticed from Figure 3.52, data 

points scatter more widely with reduced temperature. This can indicate that the occluded 

volume can be a function of temperature for some molecules. In general, the intrinsic  

 
Figure 3.53: Saturation loading for supercritical Alkane with the intrinsic value calculated 

at T=0.98Tc 
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Figure 3.54: Saturation loading for supercritical Alkane with the intrinsic value calculated 

at T=0.99Tc 

 
Figure 3.55: Saturation loading for supercritical Alkane with the intrinsic value calculated 

at T=0.995Tc 
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saturation loading calculated from Rackett equation along with crystallographic 

parameters of the 13X zeolite seems promising and presents a strong capability of 

simulating the actual loading with the need for a tuning factor reflecting the excluded 

volume behavior. This has to be done for components as case by case as shown below.    

 The supercritical saturation loading for alkanes species deduced from the 

experimental data divided by the intrinsic saturation loading calculated from Rackett 

equation along with crystallographic parameters of the 13X zeolite are plotted in Figure 

3.53-3.55 versus reduced temperature. The intrinsic saturation loading was calculated at 

several reduced temperatures namely 0.98, 0.99, and 0.995. As may be observed from 

these Figures 3.53-3.55, the majority of the data are scattering above a y-value of unity. 

This indicates that the actual saturation loading is higher than intrinsic value. This 

indicates that the intrinsic value calculated at a Tr of 0.98 shown in Figure 3.53 would 

reflect the best result out of the three reduced temperatures. As can be observed from 

Figure 3.53, the Rackett equation along with crystallographic parameters shows superior 

potential at a Tr around unity and reduces with increasing reduced temperature.   

 In Figure 3.56, the experimental maximum saturation loading is plotted along 

with that from modified Rackett equation versus reduced temperature for methane. The 

only subcritical data point for methane from Barrer et al. (1956) study lies just on top of 

curve reflecting the intrinsic saturation loading expression that uses modified Rackett 

equation as a means for calculating the molar volume. The super critical data points from 

Loughlin et al. (1990), Salem et al. (1998) and Paul et al. (1980) follows a different trend. 

They are consistent in shape but not collinear. The data from Loughlin et al. (1990) 

follows an extended tangent line to the intrinsic saturation loading expression curve at 

low reduced temperature. The steric factor coefficient could not be calculated as only a 

single subcritical data points is available.    

In Figure 3.57, the experimental maximum subcritical saturation loading is plotted 

along with that from intrinsic loading expression versus reduced temperature for propane. 

The dashed line shows the expression with the excluded volume factor. The steric factor 

was found to be 0.975. Moreover, the steric factor calculated from temperature 

independent relation is satisfactory. Many data points from different studies namely 

Barrer et al. (1956), Loughlin et al. (1990), Da Silva and Rodrigues (1999) and Lamia et 
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al. (2007) lie just on the top of the curve. Two data points at a Tr of 0.526 from Barrer et 

al. (1956) study are out of the tolerance. This can be due to experimental error in 

measuring the loading. The rest shows a nice agreement with the intrinsic saturation 

loading. Figure 3.58 shows propane supercritical data points in addition to the subcritical 

data points. The dashed line shows the intrinsic saturation loading corrected by the steric 

factor 0.975. The supercritical data points from Lamia (2007) study follows a Trend 

tangent to the intrinsic saturation loading expression.  

In Figure 3.59, the experimental maximum subcritical saturation loading is plotted 

along with that from intrinsic loading expression versus reduced temperature for iso- 

butane. The dashed line shows the expression corrected for the excluded volume factor.  

The steric factor was found to be better presented by linear temperature dependence as in 

equation 3.2. The coefficients of the steric factor relation are -0.744 and 1.524. This 

shows that the temperature effect for branched molecules such as iso-butane is more 

pronounced. The dashed line presenting the intrinsic saturation loading correlates the 

experimental data very well from different studies by Barrer et al. (1956), Hyun and 

Danner (1982), and Lamia et al. (2007). The two data points from Hyun and Danner 

(1982) study is the only exception. 

 
Figure 3.56: Maximum saturation loading for sub and super critical methane along with 

predicted qmax by equation 2.6 
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Figure 3.57: Maximum saturation loading for subcritical Propane along with predicted 

qmax by equation 2.6 

 

 
Figure 3.58: Maximum saturation loading for sub and supercritical Propane along with 

predicted qmax by equation 2.6 
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Figure 3.59: Maximum saturation loading for subcritical iso-butane along with predicted 

qmax by equation 2.6 

 In Figure 3.60, the experimental maximum subcritical saturation loading is plotted 

along with that from intrinsic loading expression versus reduced temperature for hexane. 

The dashed line shows the expression corrected for the excluded volume factor. The 

steric factor was found to be 0.939. Moreover, the steric factor calculated from 

temperature independent relation is satisfactory. The data points from two different 

studies by Barrer et al. (1956) and Zdhanov et al. (1962) are perfectly matching the 

intrinsic saturation loading. 

 In Figure 3.61, the experimental maximum subcritical saturation loading is plotted 

along with that from intrinsic loading expression versus reduced temperature for heptane. 

The dashed line shows the expression corrected for the excluded volume factor. The 

steric factor was found to be 0.954. Moreover, the steric factor calculated from 

temperature independent relation is satisfactory. The intrinsic saturation loading 

expression based on modified Rackett equation as a mean for calculating the molar  
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Figure 3.60: Maximum saturation loading for subcritical hexane along with predicted 

qmax by equation 2.6 

 
Figure 3.61: Maximum saturation loading for subcritical heptane along with predicted 

qmax by equation 2.6 
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volume for the sorbate is perfectly predicting the experimental values from a two 

different studies by Barrer et al. (1956) and Ruthven and Doetsch (1976).    

The subcritical saturation loading for alkenes species deduced from the 

experimental data devided by the intrinsic saturation loading calculated from Rackett 

equation along with crystallographic parameters of the 13X zeolite are plotted in Figure 

3.62 versus reduced temperature. The data points are fewer than that for alkanes. The 

majority of the data points are scattering around a y-value of 0.9. The mean average is 

lower than that for saturated hydrocarbons. This reflects that the occluded volume will be 

different than that for saturated molecules. Moreover, it appears from Figure 3.62 that 

steric factor is not a function of temperature for alkenes molecules since the scattering 

tendency do not change with reduced temperature. Again, the intrinsic saturation loading 

calculated from Rackett equation along with crystallographic parameters of the 13X 

zeolite presents good potential of modeling the actual loading with the need for a steric 

factor to be included in calculated saturation loading expression. 

The supercritical saturation loading for alkenes species deduced from the 

experimental data devided by the intrinsic saturation loading calculated from Rackett 

       
Figure 3.62: Saturation loading for subcritical Alkene 
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Figure 3.63: Saturation loading for supercritical alkene with the intrinsic value calculated 

at T=0.98Tc 

 

 
Figure 3.64: Saturation loading for supercritical alkene with the intrinsic value calculated 

at T=0.99Tc 
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Figure 3.65: Saturation loading for supercritical alkene with the intrinsic value calculated 

at T=0.995Tc 

 

equation along with crystallographic parameters of the 13X zeolite are plotted in Figure 

3.63-3.65 versus reduced temperature. The intrinsic saturation loading was calculated at 

several reduced temperatures namely 0.98, 0.99, and 0.995. Similar observation may be 

deduced for the supercritical alkenes to that for the supercritical alkanes. The intrinsic 

value calculated at a Tr of 0.98 shown in Figure 3.63 reflect the best result out of the 

three reduced temperatures. Scattering tendency does not change with temperature. This 

alkenes characteristic is observed for both subcritical and supercritical temperatures. The 

data points lie around unity in the entire reduced temperature range. This shows an 

excellent potential for the modified Rackett equation along with crystallographic 

parameters of the 13X zeolite to model the supercritical alkenes data.  

 In Figure 3.66, the experimental maximum subcritical saturation loading is plotted 

along with that from intrinsic loading expression versus reduced temperature for 

propylene. The dashed line shows the expression corrected for the excluded volume 

factor. The steric factor was found to be 0.943. Moreover, the steric factor calculated 

from temperature independent relation is satisfactory. The intrinsic saturation loading 
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expression based on modified Rackett equation as a mean for calculating the molar 

volume for the sorbate is perfectly predicting the experimental values from a two 

different studies by Lamia et al. (2007) and Da Silva and Rodrigues (1999). Figure 3.67 

shows the supercritical data points for propylene in addition to the subcritical. As may be 

observed, the supercritical data points from both studies follow a Trend tangent to the 

intrinsic saturation loading curve.     

 
Figure 3.66: Maximum saturation loading for subcritical propylene along with predicted 

qmax by equation 2.6 

The subcritical saturation loading for aromatics species deduced from the 

experimental data devided by the intrinsic saturation loading calculated from Rackett 

equation along with crystallographic parameters of the 13X zeolite are plotted in Figure 

3.68 versus reduced temperature. The majority of benzene and toluene scatters around a  

qmax, experimental / qmax, Rackett of 0.9. Other larger molecules such as Naphthalene, 1,2,3,5-

tetramethylbenzene, and 1,3-dimethylnapthalene are scattering more wider. This may be 

anticipated as larger molecules will have less occluded volume and hence less saturation 

capacity per gram of zeolite than that for saturated and unsaturated hydrocarbons. 

Nevertheless, as may be observed from Figure 3.68, the aromatics in general scattering  
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Figure 3.67: Maximum saturation loading for sub and supercritical propylene along with 

predicted qmax by equation 2.6 

 

tendency more widely increases with reduced temperature. This suggests that the steric 

factor for aromatics can a function of temperature for some aromatics molecules like 

alkanes and unlike alkenes. Again, the intrinsic saturation loading calculated from 

Rackett equation along with crystallographic parameters of the 13X zeolite presents good 

potential of modeling the actual loading with the need for a steric factor to be included in 

calculated saturation loading expression. 

 In Figure 3.69, the experimental maximum subcritical saturation loading for 

benzene is plotted along with that from intrinsic loading expression versus reduced 

temperature. The dashed line shows the expression corrected for the excluded volume 

factor. The steric factor was found to be 0.92. Moreover, the steric factor calculated from 

temperature independent relation is satisfactory. The intrinsic saturation loading 

expression based on modified Rackett equation as a mean for calculating the molar 

volume for the sorbate is perfectly predicting the experimental values from a three 

different studies by Ruthven and Doetsch (1976), Barrer et al. (1957), and Zdhanov et al. 
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(1962) with the exception of two data point from Ruthven and Doetsch (1976) study. One 

point lies on the top of the intrinsic curve. This may be attributed due to adsorption on the 

binder. The other point lies below the curve. This may be anticipated due to binder 

blocking some adsorption sites as a result of a poor choice of binder and/or conditions for 

the pelletization process. 

 
Figure 3.68: Saturation loading for subcritical Aromatics 

 

 In Figure 3.70, the experimental maximum subcritical saturation loading for 

Toluene is plotted along with that from intrinsic loading expression versus reduced 

temperature. The dashed line shows the expression corrected for the excluded volume 

factor.  The steric factor was found to be better presented by linear temperature 

dependence as in equation 3.2. The coefficients of the steric factor relation are -0.457 and 

1.176. This shows that the temperature effect for branched molecules such as toluene is 

more pronounced similar to what observed for iso-butane. The dashed line presenting the 

intrinsic saturation loading correlates the experimental data perfectly from different 

studies by Barrer et al. (1957), Pinto et al. (2005), and Ruthven and Doetsch (1976). The 

two data points from Hyun and Danner (1982) study is the only exception. 
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Figure 3.69: Maximum saturation loading for subcritical benzene along with Rackett 

predicted 

 
Figure 3.70: Maximum saturation loading for subcritical Toluene along with Rackett 

predicted 
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Table 3.2 summarizes the steric factor for species that theirs molecules size seems 

independent of temperature for the straight alkanes and alkenes. The constancy of the 

steric factor evidently results from the orientation of the molecules in the zeolite cavity.     

 

Table 3.2: Steric Factor Summery 

Component Steric Factor 

C1 1.0 

C3 0.975 

C6 0.939 

C7 0.954 

Propylene 0.943 

Benzene 0.920 

 

In general, it seems that the steric factor decreases with increasing the carbon atom 

number for alkanes with the exception of heptanes. Similar conclusion can be drawn for 

propylene.   

Table 3.3 summarizes the parameters for the linear steric factor relation with 

reduced temperature for the components iso-butane and toluene. The steric factor was 

found to be below 0.9 when calculated independent of temperature for both components 

while the steric factor as can be seen from Table 3.2 is above 0.9 for all other 

components. This has resulted in poor correlation of the experimental saturation loading 

for both iso-butane and toluene. Both iso-butane and toluene are branched molecules with 

a methyl group. Molecular size increases with temperature indicating that the excluded 

volume increases and the steric factor decreases. The temperature effect on the steric 

factor was visible for both of these components.    

Table 3.2: Steric Factor Coefficients  

Component lambda beta 

Toluene -0.457 1.1756 

i-C4 -0.744 1.5236 

 

In conclusion, equation 2.6 seems to have good potential in predicting the saturation 

loading at subcritical condition. A tuning factor anticipated as steric factor may be 
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required. The steric factor ranges between 0.92 and 0.975 for hydrocarbons. The 

temperature effect was found to be pronounced in case of toluene and iso-butane.  
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CHAPTER 4: SATURATION LOADING FOR NON-HYDROCARBON 

ADSORPTION ON 13X ZEOLITE 

 

In this study, the authors abstracted as much data as possible for the adsorption of 

various non-hydrocarbons on 13X zeolite. For analysis purposes, this data is analyzed 

thoroughly. Untabulated adsorption data on NaX are extracted by digitizing the 

appropriate figures. Statistical analysis is performed for a set of data from two different 

studies in which data is tabulated and drawn in figures in order to find out the accuracy of 

the digitizing process. The absolute mean percentage error between the extracted and 

actual experimental pressure was found to be 0.44% for the first study and 0.06% for the 

second study. The absolute mean percentage error between the extracted and actual 

experimental loading was found to be 3.76% for the first study and 0.37% for the second 

study. The pressure standard deviation is found to be 1.95 for the first study and 2.57 for 

the second study. The loading standard deviation is found to be 3.89 for the first study 

and 1.29 for the second study. The statistical analysis shows negligible standard deviation 

and percentage error and acceptable digitizing process for the study purpose. The focus 

was on acquiring as much adsorption data near saturation as possible. However, in 

general, saturated isotherms on 13X zeolite are rare when compared to studies for 5A 

zeolites.  

The data has been systematically evaluated for consistency using the following criteria 

similar to the one used for the hydrocarbon species: 

1. In a figure of q versus Pr, isotherms should follow the pattern, that is Tr should   

    increase from left to right as Pr increases. 

2. Adsorption isotherms, for the same substance, should not cross when plotted  

    against reduced pressure.    

3. Excess isotherms must be changed to absolute isotherms.  

4. All isotherms are on a crystal basis. Pellets must be transformed to crystal basis  

    to be placed on a plot. This implies that the % binder must be known.  

5. The isotherm shape should be similar for each substance. 

6. At low pressures, thermal transpiration effects may arise and result in isotherms   

    deviating from the expected pattern. 

7. At high pressures in constant volume experiments, the additivity of individual 
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    experimental point errors may result in gross errors arising.  

8. Isotherms having capillary condensation are treated as follows: the last concave 

    up point is taken as qmax, and the convex points are omitted.   

The adsorption isotherms extracted from the literature are summarized in Table 4.1 for 

subcritical and supercritical data. In column 1, the author’s name as well as the legend 

used for referring to the data in the figures is indicated. In column 2, species and the 

reduced temperatures of the adsorption isotherms are specified. In column 3, all deleted 

isotherms and the reason behind its deletion is indicated. In column 4, the experimental 

technique whether gravimetric, volumetric, chromatographic or packed bed is itemized. 

In column 5, the % crystal of the 13X pellet is indicated as per the respective paper. 

Papers that do not mention the % binder were ruled out. In column 6, the supplier of the 

zeolite used in carrying out the study is mentioned. Further effort is carried in contacting 

the suppliers of the zeolite that is used in the study but its % binder is not mentioned in 

the paper whenever was required.  

 

Table 4.1: Summery of the hydrocarbon Isotherms collected from the literature  

Authors / 

Paper 

Reduced 

Temperature 

Reason 

Deleted 

Method % Crystal Supplier 

Ahn et al. 

(2006)/ 

Ah451(06) 

C2F6 - 1.03, 

1.1, 1.17 

CF4 - 1.33, 

1.42, 1.51 

N2 - 2.4 

percentage 

binder is not 

available 

Volumetric Not 

available 

Aldrich 

company 

Cavenati et 

al. (2004) / 

Ca1095(04) 

N2 - 2.36, 

2.44, 2.56 

CO2 - 0.98, 

1.01, 1.06 

  Gravimetric 0.83 CECA 

France 

Ko et al. 

(2003) / 

Ko339(03) 

N2 - 2.4, 2.48, 

2.56 

CO2 - 0.996, 

1.03, 1.06 

percentage 

binder is not 

available 

PSA bed Not 

available 

Not 

available 

Merel et al. 

(2008)/ 

Me209(08) 

N2 - 2.36, 

2.56 

CO2 - 0.98, 

1.06 

percentage 

binder is not 

available 

bed Not 

available 

AXENS 

(IFP 

group) 

Yong et al. 

(2006) / 

Yo1001(06) 

N2 - 2.34 

O2 - 1.91 

  Gravimetric  

 

0.8 

Linde Air 

Products 
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Authors / 

Paper 

Reduced 

Temperature 

Reason 

Deleted 

Method % Crystal Supplier 

Yong et al. 

(2006) / 

Yo1001(06) 

N2 - 2.36, 

2.44 

  Gravimetric  

0.83 

CECA 

France 

Yong et al. 

(2006) / 

Yo1001(06) 

N2 - 2.32, 2.4, 

2.48 

O2 - 1.9, 1.96, 

2.02 

Ar - 1.94, 

2.01, 2.07 

percentage 

binder is not 

available 

Gravimetric Not 

available 

Baylith 

WE-G 

652 

Jianyu and 

Zhenhua  

(1990) / 

Ji187(90) 

N2 - 2.36, 

2.44 

O2 - 1.93, 

1.99 

percentage 

binder is not 

available 

N/A Not 

available 

Not 

available 

Lopes et al. 

(2010) / 

lo184(10) 

N2 - 2.38, 2.4, 

2.56 

CO2 - 0.996, 

1.06 

CO - 2.28, 

2.43 

H2 - 9.19, 9.8 

percentage 

binder is not 

available 

Magnetic 

Suspension 

Microbalance 

Not 

available 

Tradea/ 

Shanli, 

China 

George 

Miller  

(1983) / 

Ge259(83) 

N2 - 1.61, 

1.85, 2.35, 

2.56 

O2 - 1.31, 

1.51, 1.92, 

2.09 

Ar - 1.35, 

1.55, 1.97, 

2.14 

N2 isotherms 

at Tr of 1.61 & 

1.85 are 

deleted 

because they 

are crossing 

other 

isotherms. 

Volumetric 0.8 Union 

Carbide 

Yang et al. 

(1982) / 

Ya2275(82) 

N2 - 1.18, 

1.38, 1.67, 

1.97, 2.16, 

2.95 

  Adsorption 

cell 

measuring the 

amount of 

desorption 

0.8 Union 

Carbide 

Linde 

Barrer et al. 

(1956) / 

ba439(56) 

N2 - 0.713, 

1.54, 2.16 

O2 - 0.582, 

1.26, 1.77 

Ar - 0.597, 

1.29, 1.81 

  Gravimetric 

and 

Volumetric 

0.8 Linde Air 

Products 

Vermesse et 

al. (1996) / 

Ve4190(96)* 

N2 - 2.36 

Ar - 1.98 

Ne - 6.71 

Kr - 1.42 

  Volumetric 0.83 CECA 

France 
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Authors / 

Paper 

Reduced 

Temperature 

Reason 

Deleted 

Method % Crystal Supplier 

Pinto et al. 

(2005) / 

Pi253(05) 

N2 - 0.611   Gravimetric 0.8 BDH 

(molecul

ar sieve) 

Salem et al. 

(1998) / 

Sa3376(98)* 

N2 - 2.05, 

2.16, 2.28, 

2.44, 2.52 

Ar - 1.71, 

1.81, 1.91, 

2.04, 2.11 

  Gravimetric 0.8 Molecula

r Sieve 

Hyun and 

Danner  

(1982) / 

Hy196(82) 

CO2 - 0.98, 

1.06 

  Volumetric 0.8 Union 

Carbide 

Lee et al. 

(2002) / 

Le1237(02) 

CO2 - 0.898, 

0.964, 1.03, 

1.1, 1.16 

percentage 

binder is not 

available 

Volumetric Not 

available 

Aldrich 

company 

Wang and Le 

Van (2009) / 

Wa2839(09) 

CO2 - 0.75, 

0.816, 0.898, 

0.98, 1.06, 

1.14, 1.23, 

1.31, 1.39, 

1.47 

H2O - 0.422, 

0.461, 0.499, 

0.538, 0.577 

  Volumetric 0.8 Grace 

Davison 

Hocker et al. 

(2003) /  

Ho1254(03)* 

CO2 - 1, 1.01, 

1.06, 1.17, 

1.28 

He - 57.98, 

61.4, 65.97, 

70.53, 75.28, 

79.84 

percentage 

binder is not 

available 

Magnetic 

Suspension 

Microbalance 

Not 

available 

Chemie 

Uetilkon, 

Switzerla

nd 

Helminen et 

al. (2001)  / 

He391(01) 

NH3 - 0.735 percentage 

binder is not 

available 

Volumetric Not 

available 

Bayer 

AG 

Adam and 

Jozef  (1983) 

/ Wy476(83) 

NH3 - 0.698 percentage 

binder is not 

available 

Not available Not 

available 

Not 

available 

Kim et al. 

(2003) / 

Ki137(03) 

H2O - 0.453, 

0.484, 0.515, 

0.546 

percentage 

binder is not 

available 

Volumetric Not 

available 

Aldrich 

company 

Sharma and 

Phillip 

H2O - 0.546, 

0.515, 0.484 

percentage 

binder is not 

PSA bed Not 

available 

Not 

available 
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Authors / 

Paper 

Reduced 

Temperature 

Reason 

Deleted 

Method % Crystal Supplier 

(2009) / 

Sh6405(09) 

available 

Ruthven and 

Doetsch  

(1976) / 

Ru1043(76) 

SF6 - 0.703, 

0.857, 1.01 

  Cahn Vacuum 

microbalance 

Crystal Prof H. 

Pfeifer 

Saha and 

Deng (2009) 

/ Sa2245(09) 

CO - 1.46, 

1.78, 2.24 

percentage 

binder is not 

available 

Volumetric Not 

available 

SINOPE

C, China 

Barrer and 

Wasilewski  

(1960) / 

ba1140(60) 

I2 - 0.7, 0.657, 

0.614, 0.571, 

0.523, 0.48 

  Gravimetric 0.8 Linde Air 

Products 

Avgul et al. 

(1968) / 

Av1424(68) 

CO2 - 1.128, 

1.227, 1.39, 

0.832, 0.898, 

0.93, 0.98, 

1.046 

Isotherms at a 

Tr of 1.128, 

1.227, and 1.39 

are deleted 

because they 

are 

inconsistent in 

shape. 

Volumetric Crystal NaX -

0.06H:0.

94NaAlO

2:1.38SiO

2 

Burgess 

(1989) 

CO2 - 0.92, 

0.987, 1.07, 

1.15 

  Volumetric 0.8 Linde 

13X 

pellets 

Kyaw et al. 

(1997) / 

Ky1025(97) 

CO2 - 0.92, 

0.987, 1.07, 

1.16 

percentage 

binder is not 

available 

Volumetric Not 

available 

13X Fuji-

Davison 

Siriwardane 

et al. (2001) / 

Si279(01) 

CO2 - 0.92, 

0.987, 1.07, 

1.16 

percentage 

binder is not 

available 

Volumetric Not 

available 

Su¨d  

Chemie 

Inc 

Pulin et al. 

(2001) / 

Pu57(01) 

CO2 - 0.64, 

0.71, 0.8, 0.9, 

1.0, 1.16, 1.39 

  Gravimetric 

for < 100 kPa 

and 

Volumetric 

for > 100 kPa 

Crystal NaX 

Brandani et 

al. (2003) / 

Br1451(03) 

CO2 - 0.964, 

1.026, 1.079, 

1.145, 1.227, 

1.31 

All isotherms 

are deleted 

because they 

are crossing 

other isotherms 

ZLC 0.82 NaX 
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Authors / 

Paper 

Reduced 

Temperature 

Reason 

Deleted 

Method % Crystal Supplier 

Li et al. 

(2009) / 

Li1123(09) 

CO2 - 0.92, 

0.987, 1.07, 

1.16 

percentage 

binder is not 

available 

Gravimetric Not 

available 

13X 

pellets 

*Excess adsorption isotherms 

 

The isotherms in table 4.1 are plotted component by component for the purpose of 

screening the consistency of the adsorption isotherms as per the criteria mentioned above. 

Isotherms passing the data consistency criteria are only qualified to be assessed according 

to the criteria for choosing the saturation loading from experimental data. Furthermore; 

the saturation loading was deduced from isotherms which pass the consistency criteria. 

Only isotherms which are saturated and approaching saturation were considered further. 

Isotherms far from saturation are excluded. The criteria for choosing qmax from the 

experimental data are as follow: 

1. For Langmuir-like isotherms, qmax may be obtained from the highest data point 

where P/P0 is greater than 0.95 and Tr is less than 1. This does not apply for 

data having capillary condensation. 

2. If Tr is greater than 1, qmax may be obtained from the highest data point 

providing dq/dp is approaching zero and the data point is taken from the 

highest isotherm if multiple isotherms exist. Lower isotherms may not be 

considered. 

3. If isotherms are Freundlich-like, rather than having Langmuir behavior, the 

highest data point may be used. Data with P/P0 > 0.5 is assigned a closed 

darkened circle. Anything below P/P0 < 0.5 is assigned an open circle. 

4. If the isotherm exhibits capillary condensation behavior, the last data point on 

the concave portion may be used, before the convex behavior commences. 

P/P0 should be greater than 0.95.  

Plots of log(q/(g/100 g Z)) versus log(Pr) show the saturation limit while plots of 

q/(g/100 g Z) versus log(Pr) assist in verifying the consistency of studies, i.e. verifying 

whether isotherms are crossing or are in the incorrect location or have wrong shape. 

Figure 4.1 shows the isotherms for species nitrogen before screening ranging from 

a Tr of 0.713 on the left hand side of the plot to a Tr of 2.95 on the right hand side of the 
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plot. Isotherms from 8 different studies are included and indicated in table 4.1. The shape 

of some of the isotherms appears to be inconsistent. Two of the isotherms were modified. 

The Pinto et al. (2005) isotherm of N2 at Tr of 0.611 exhibits capillary condensation. The 

convex points were deleted. For Barrer et al. (1956) isotherms at low pressures, thermal 

transpiration effects may arise and result in isotherms deviating from the expected 

pattern. These points were deleted. Two of the Miller (1983) isotherms at a Tr of 1.61 

and 1.85 were deleted as they suffer from inconsistency in position and crossing the rest 

of the isotherms. All other isotherms from Cavenati et al. (2004), Yang et al. (1982), 

Miller (1983), Barrer et al. (1956), Vermesse et al. (1996), Pinto et al. (2005), Yong et al. 

(2006), and Salem et al. (1998) are retained. Figure 4.2 shows the nitrogen isotherms 

after deleting the two isotherms from Miller (1983) data and modifying the Barrer et al. 

(1956) and Pinto et al. (2005) isotherms. The shapes of the isotherms are consistent in 

pattern but not in position. Some isotherms are positioned very close to the right position 

(Tr should increase from left to right as Pr increases). These isotherms could not be 

judged and hence retained for further assessment. For example, The N2 isotherm from 

Barrer et al. (1956) at Tr of 0.713 lies above the isotherm from Pinto et al. (2005) at a Tr 

of 0.611.  

Figure 4.1: N2 isotherms before screening 
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Figure 4.2: N2 isotherms after screening 

However, it could not be decided which of which is positioned correctly and hence delete 

the other one. Thus, both were considered passing the criteria. The nitrogen isotherm 

from Vermesse et al. (1996) study in which the nitrogen adsorption is measured at 

pressure up to 500MPa could not be verified. This paper was found to be unique in its 

pressure range in a laboratory scale. Hence, its consistency at such high pressure could 

not be assessed. Figure 4.3 shows the nitrogen isotherms without it to provided expanded 

plot of the rest of the isotherms. As per the criteria for choosing the saturation loading 

from the experimental data, six isotherms were excluded as the shape of the isotherms 

seems incomplete and hence far from saturation. These isotherms were originally sourced 

out from Barrer et.al. (1956) at a Tr of 2.16, Yang et. al. at a Tr of 2.95, Miller (1983) at a 

Tr of 2.35, and Yong et. al. (2006) at a Tr of 2.34, 2.36 and 2.44. The rest are all 

saturated isotherms and hence qualified to deduce the saturation loading from them. 

Application of the saturation loading criteria is very clear when data are plotted as 

loading versus reduced pressure on a logarithmic scale as shown in Figure 4.4. 
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Figure 4.3: N2 isotherms after screening without isotherm from Vermesse (1996) 

 

 
Figure 4.4: N2 isotherms after screening on Log-Log scale 
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Figure 4.5 shows the isotherms for species carbon dioxide ranging from a Tr of 

0.64 on the left hand side of the plot to a Tr of 1.39 on the right hand side of the plot. The 

data for the adsorption of carbon dioxide on 13X are sourced out from Dirar and 

Loughlin (2011) [1]. The data are originally coming from eight different studies 

mentioned in Table 4.1. Dirar and Loughlin (2011) [1] have screened the data according 

to the same criteria mentioned above. They mentioned that CO2 isotherms from Avgul et 

al. (1968) at a Tr of 1.13, 1.23, and 1.39 are eliminated because they were crossing other 

isotherms. Furthermore, Dirar and Loughlin (2011) [1] in their study have excluded the 

isotherms from Brandani et al. (2003) study since data appears to be inconsistent in shape 

with the rest of the isotherms. Other Isotherms from the rest of the studies in which the 

percentage binder is available was retained without any modification. The data after 

screening are plotted in Figure 4.5. Similar to the analysis in this work, studies for CO2 

on 13X from [1] are plotted in two ways, as log(q/(g/100 g Z) versus log(p/kPa) shown in 

Figure 4.5 and as q/(g/100 g Z) versus log(p/kPa) shown in Figure 4.6, to check for 

consistency and show the saturation limit respectively. After careful analysis, the data at 

low concentration which consequently didn’t reach saturation from Wang and LeVan 

(2009) study at a Tr of 1.14, 1.23, 1.31, 1.39, and 1.47 are omitted from the analysis of 

the saturation loading, qmax/(g/100 g Z). These isotherms seems incomplete and hence far 

from saturation. Figure 4.6 shows the accepted isotherms form which the saturation 

loading was deduced.  

Figure 4.7 shows the isotherms for species water vapor ranging from a Tr of 0.422 

on the left hand side of the plot to a Tr of 0.577 on the right hand side of the plot. 

Isotherms from 3 different studies were included originally and indicated in table 4.1. 

However, two studies (Jong and Chang (2003) and Pradeep and Philip (2009)) have not 

mentioned the percentage binder in the respective studies. Further effort was made to 

contact the supplier but no response. This leaves the isotherms from Wang and Gouglase 

(2009) standing alone in Figure 4.7. The isotherms are clearly consistent in pattern and 

position. Neither isotherm modification nor deletion was required and all the isotherms 

pass the above consistency criteria. As per the criteria for choosing the saturation loading 

from the experimental data, the top three isotherms at a Tr of 0.422, 0.461, and 0.499 are 

leveling off and hence treated as saturated isotherms. This observation can be better seen  
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Figure 4.5: CO2 isotherms after screening 

when data are plotted on logarithmic scale as shown in Figure 4.8. The bottom two 

isotherms at a Tr of 0.538, and 0.577 are still rising as can be seen from Figure 4.8 and 

hence far from saturation. These two isotherms are not considered further. 

Figure 4.9 shows the isotherms for species oxygen ranging from a Tr of 0.582 on 

the left hand side of the plot to a Tr of 2.09 on the right hand side of the plot. Isotherms 

from 3 different studies by Miller (1983), Barrer et al. (1956), and Yong et al. (2006) are 

included and indicated in table 4.1. The isotherms are clearly consistent in pattern and  
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Figure 4.6: CO2 isotherms after screening on Log-Log scale 

position. Neither isotherm modification nor deletion was required and all the isotherms 

pass the above consistency criteria. Figure 4.10 shows the oxygen isotherms without 

Barrer et al. (1956) isotherms for the sake of presenting the bottom isotherms more 

clearly. As per the criteria for choosing the saturation loading from the experimental data, 

the only two isotherms in which dlog(q)/dlog(Pr) is approaching zero are from Barrer et 

al. (1956) study at a Tr of 0.582 as may be seen clearly from Figure 4.11 when data are 
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plotted on a logarithmic scale. The rest are all rising and hence incomplete. These 

isotherms are not considered further.   

 
Figure 4.7: H2O isotherms 

 

 
Figure 4.8: H2O isotherms on a log-log scale 
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Figure 4.9: O2 isotherms 

 
Figure 4.10: O2 isotherms without Barrer (1956) isotherms 
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Figure 4.11: O2 isotherms on a log-log scale 

                Figure 4.12 shows the isotherms for species argon ranging from a Tr of 0.597 

on the left hand side of the plot to a Tr of 2.14 on the right hand side of the plot. 

Isotherms from 4 different studies Miller (1983), Barrer et al. (1956), Vermesse et al. 

(1996), and Salem and coworkers (1998) are included and indicated in table 4.1. The 

isotherms are clearly consistent in pattern and position. Neither isotherm modification nor 

deletion was required and all the isotherms pass the above consistency criteria. The argon 

isotherm from Vermesse et al. (1996) study in which the argon adsorption is measured at 

pressure up to 500MPa could not be verified. This paper was found to be unique in its 

pressure range in a laboratory scale. Hence, its consistency at such high pressure could 

not be assessed but still the isotherm is retained. Figure 4.13 shows the argon isotherms 

without it to provided better picture of the rest of the isotherms. Isotherms from both 

Vermesse et al. (1996) and Salem and coworkers (1998) studies were in terms of excess 

adsorption. These excess isotherms are changed to absolute isotherms to match with the 

rest of the isotherms. This conversion considers the adsorbed volume of the 13X zeolite 

calculated from the 13X framework density and large cage fractional volume. As per the 

criteria for choosing the saturation loading from the experimental data, the argon 
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isotherm from Barrer et al. (1956) study at a Tr of 0.597 has plateau as may be observed 

from Figure 4.14. Though the isotherms from Vermesse et al (1996) and Salem and 

coworkers (1998) are excess adsorption isotherms; the isotherms are still rising and not  

 
Figure 4.12: Ar isotherms 

 

 
Figure 4.13: Ar isotherms without isotherm from Vermesse (1996) 
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Figure 4.14: Ar isotherms on a log-log scale 

platitude. These isotherms are considered as approaching saturation. The rest of the 

isotherms from Miller (1983) and Barrer et al. (1956) are far from saturation and hence 

not considered any further.   

Figure 4.15 shows the isotherms for species neon and krypton at a Tr of 6.72 and 

at a Tr of 1.42 respectively. Isotherms are found in a single study by Vermesse et al. 

(1996) as mentioned in table 4.1. The isotherms appear consistent in pattern and position. 

Neither isotherm modification nor deletion was required and all the isotherms pass the 

above criteria. The isotherms from Vermesse et al. (1996) study in which the adsorption 

is measured at pressure up to 500MPa could not be verified. This paper was found to be 

unique in its pressure range in a laboratory scale. Hence, its consistency at such high 

pressure could not be assessed but still the isotherms are retained. Isotherms from 

Vermesse et al. (1996) study were in terms of excess adsorption. These excess isotherms 

are converted to absolute isotherms. This conversion considers the adsorbed volume of 

the 13X zeolite calculated from the 13X framework density and large cage fractional 

volume. As can be observed when data are plotted on a logarithmic scale from Figure 
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4.16, krypton isotherm is considered as saturated while neon isotherm as approaching 

saturation. 

 
Figure 4.15: Neon & Krypton isotherms 

 

 
Figure 4.16: Neon & Krypton isotherms on a log-log scale 
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Figure 4.17 shows the adsorption isotherms for sulfur hexaflouride ranging from a 

Tr of 0.703 on the left hand side of the plot to a Tr of 1.01 on the right hand side of the 

plot. The isotherms were found in a single study by Ruthven and Doetsch (1976). The 

isotherms appear to be consistent in shape and position as expected as they are all 

sourced from a single study. Furthermore, since there are no further sulfur hexaflouride 

isotherms available from different studies, the isotherms by Ruthven and Doetsch (1976) 

consistency could not be judged. Hence, all sulfur hexaflouride isotherms were retained 

without any modification or point deletion. Moreover, data are plotted on logarithmic 

scale shown in Figure 4.18 in order to check for the saturation loading. It is observed that 

the top two isotherms at a Tr of 0.703 and 0.857 leveled off. These two isotherms are 

considered saturated. The bottom one at a Tr of 1.01 is still rising and incomplete. This 

isotherm is not considered further.        

Figure 4.19 shows the adsorption isotherms for iodine ranging from a Tr of 0.48 

on the left hand side of the plot to a Tr of 0.7 on the right hand side of the plot. The 

isotherms were found in a single study by Barrer and Wasilewski (1960). The isotherms 

appear to be consistent in shape and position as expected as they are all sourced from a 

single study.  

 
Figure 4.17: SF6 isotherms 
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Figure 4.18: SF6 isotherms on a log-log scale 

 

 
Figure 4.19: Iodine isotherms 
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Furthermore, since there are no further iodine isotherms available from different studies, 

the isotherms by Barrer and Wasilewski (1960) consistency could not be judged. Hence, 

all isotherms were retained without any modification or point deletion. As may be 

observed from Figure 4.20 when data are plotted on a logarithmic scale, dlog(q)/dlog(Pr) 

approached zero and the isotherms plateau. Hence, all iodine isotherms are considered 

further.          

 
Figure 4.20: Iodine isotherms on a log-log scale 

 

Saturation loading deduced from isotherms which passes the data consistency and 

choosing qmax from experimental data criterion are summarized in Appendix C for 

subcritical temperature and Appendix D for supercritical temperature. Saturation loading 

deduced from complete isotherms are denoted by closed darkened circle. Saturation 

loading deduced from isotherms approaching saturation are denoted by opened circle. 

Similar to the hydrocarbon analysis, saturation loading deduced from experimental data 

in comparison with intrinsic saturation loading calculated from Rackett equation along 

with crystallographic parameters of the 13X zeolite were plotted in two different ways. In 

the first way, the data are for non-hydrocarbon species are all plotted together for 



 

124 

 

subcritical temperature and super critical temperatures separately. In the second way, 

saturation loading deduced from experimental data in comparison with intrinsic 

saturation loading calculated from Rackett equation along with crystallographic 

parameters of the 13X zeolite were plotted component by component. This plotting 

method is used for components that we have enough data points. It is expected that the 

excluded volume will play a factor in preventing the modified Rackett equation along 

with crystallographic parameters of the 13X zeolite from predicting the experimental 

saturation loading precisely. This is because the free volume of the cage is smaller than 

the actual cage volume. Thus; the sorbate molecule cannot approach the cage wall due to 

its finite size. Theoretically, the cage free volume can be considered as the volume of a 

sphere of diameter equal to the actual cage diameter minus the van der Waals diameter of 

the sorbate molecule. Empirically, the excluded volume factor in this work was 

considered by least square error minimization between the experimental saturation 

loading and the intrinsic value calculated by the modified Rackett equation. In this work, 

a first attempt was considered by applying the minimization based on steric factor 

independent of temperature as follow: 

  2expmax,*)( erimentalRackett qqLSEErrorSquareLeast  
                           3.1 

where   is the steric factor. When it is observed that this independent relation of 

temperature inadequate, a linear dependency for the steric factor with reduced 

temperature is considered as follow: 

  2expmax,**)( erimentalRackettr qqTLSEErrorSquareLeast  
                       3.2 

where the steric factor is   rT* . Equation 3.2 considers the effective molecular 

volume increase with temperature as it generally does. 

 The subcritical saturation loading for non-hydrocarbon specis deduced from the 

experimental data devided by the intrinsic saturation loading calculated from Rackett 

equation along with crystallographic parameters of the 13X zeolite are plotted in Figure 

4.21 versus reduced temperature. In principle, the data should scatter around unity to 

imply a potential for the modified Rackett equation along with crystallographic 

parameters of the 13X zeolite in predicting the actual saturation loading. As may be 

observed from Figure 4.21, the majority of the data points are scattering between 0.8 and 



 

125 

 

unity for various components. Few are just lying on the unity line indicating exact 

modulation of equation 2.6 to the experimental saturation loading. These points 

correspond to O2 and Ar from Barrer et al. (1956). Two other data points for CO2 from 

two different studies by Hyun and Danner (1982) and Wang and Le Van (2009) are 

extremely close to the unity line. Few others are lying below the 0.8 line. These data 

points may correspond to isotherms approaching saturation though the isotherms 

corresponding to them are leveling off. These data points correspond to water and iodine 

components. Two data points are heading the 1.1 line. These points correspond to N2 and 

CO2.   

 
Figure 4.21: Saturation loading for subcritical non-hydrocarbon species 

It worth mentioning that data points from Vermesse et al. (1996) study were all excluded 

as the range of these data points seems odd relative with the rest. This includes nitrogen 

isotherm at a Tr of 2.36, argon isotherm at a Tr of 1.98, neon isotherm at a Tr of 6.71, and 

krypton isotherm at a Tr of 1.42. This study was performed at pressure up to 500MPa in a 

laboratory scale. This questioned the accuracy of measurement and experiment set up. 

The saturation loading is high relative to the intrinsic value and hence excluded.  

 The supercritical saturation loading for non-hydrocarbon specises deduced from 

the experimental data divided by the intrinsic saturation loading calculated from Rackett 
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equation along with crystallographic parameters of the 13X zeolite are plotted in Figure 

4.22-4.24 versus reduced temperature. The intrinsic saturation loading was calculated at 

several reduced temperatures namely 0.98, 0.99, and 0.995. As may be observed from 

these Figures 4.22-4.24, some data are scattering above a y-value of unity. This indicates 

that the actual saturation loading is higher than intrinsic value. This indicates that the 

intrinsic value calculated at a Tr of 0.98 shown in Figure 4.22 would reflect the best 

result out of the three reduced temperatures. As can be observed from figure 4.22, one 

data point lies at a y-value of 0.2. This corresponds to nitrogen from Miller (1983) study. 

At the same reduced temperature, a y-value of 0.83 corresponds to a data point from 

Cavenati et al. (2004) study. This indicates that the nitrogen isotherm from Miller (1983) 

study has not reached saturation though the isotherm has leveled off. Alternatively, 

experimental error in the measurement occurred. Moreover; binder may have blocked 

some crystal sites and hence reducing the saturation loading. The excess adsorption 

isotherms from Salem and coworkers (1998) study for the argon species are indicated by 

open circle indicating that they were deduced from isotherms approaching saturation 

because the shape of the isotherms does not show leveling off. However, these data 

points are very close to the unity y-axis indicating that saturation  

 
Figure 4.22: Saturation loading for supercritical non-hydrocarbons with the intrinsic 

value calculated at T=0.98Tc 
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Figure 4.23: Saturation loading for supercritical non-hydrocarbons with the intrinsic 

value calculated at T=0.99Tc 

 

 
Figure 4.24: Saturation loading for supercritical non-hydrocarbons with the intrinsic 

value calculated at T=0.995Tc 
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may have already reached or binder adsorption is contributing. CO2 saturation loading 

data points at a Tr of 1.0 and 1.06 from Cavenati et al. (2004) are very high. Again, this 

might be due to adsorption on the binder or the actual percentage binder is more than the 

indicated figure.  

In figure 4.25, the experimental maximum subcritical and supercritical saturation 

loading is plotted along with that from intrinsic loading expression versus reduced 

temperature for nitrogen. The straight line shows the intrinsic value expression by 

equation 2.6. Figure 4.25 is not showing any indication that steric factor plays any role. 

Moreover, there are only two subcritical data points from Pinto et al. (2005) and Barrer et 

al. (1956) studies. This is not enough to calculate a reliable empirical value for the steric 

factor. It may be observed as well that for supercritical nitrogen the studies by Cavenati et 

al. (2004), Salem et al. (1998) and Yang et al. (1982) are not collinear but the shape is 

consistent. This questions why two different laboratories cannot reproduce the same 

results for the same zeolite sample for super critical nitrogen. One data points at a Tr of 

2.56 from Miller (1983) study is out of the pattern. This can be due to experimental error 

in measuring the loading.     

 
Figure 4.25: Maximum saturation loading for sub and super critical nitrogen along with 

predicted qmax by equation 2.6 
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Theoretical values derived from employing Modified Rackett’s equation are 

calculated using equation 2.6 for carbon dioxide and are shown as the dashed lines in 

Figure 4.26. Figure 4.26 demonstrate a good agreement between the Modified Rackett 

equation and the experimental values at subcritical region below Tr = 0.9, but at values 

above this value and in the supercritical region the deviation increases with the increase 

of temperature. The data by Pulin et al. (2001) and Cavenati et al. (2004) are significantly 

higher than other studies. It can be seen that the data by Pulin et al. (2001) follows the 

same trend as other studies when increasing temperature while this conclusion cannot be 

made for the data of Cavenati et al. (2004), as more data is needed. Further, the molar 

volumes of both these studies are extremely low. The reliability of the data of Pulin et al. 

(2001) and Cavenati et al. (2004) is required to be verified by other laboratories. The qmax 

values are slightly above the theoretical value suggesting that the molar volumes of CO2 

are smaller in the zeolite than in the liquid phase [1]. Further many of the values are 

above a Tr of 1 for which we have no prediction. The saturation loading appears to 

change linearly with temperature above a Tr of 0.9, and to test this observation the values 

above Tr of 0.9 are fitted through a straight line.  

 
Figure 4.26: Maximum saturation loading for sub and super critical carbon dioxide along 

with predicted qmax by equation 2.6 
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In all other studies, the majority of qmax/(g/100 g Z) data is observed to be below the 

value estimated by the Rackett equation up to the critical adsorbate reduced temperature 

for 13X zeolite [1]. Dirar [2] has been unable to estimate a critical adsorbate reduced 

temperature for the CO2 molecule as there is no leveling off of the loading above a 

reduced temperature of 1.0 as was observed for the n-alkanes on 5A zeolite. We can 

conclude that qmax/(g/100 g Z) can satisfactorily be calculated using equation 2.6 up to a 

reduced temperature of 0.9. Different approaches have been suggested in [1][2] above 

this Tr in calculating the saturation loading for the CO2-5A and CO2-13X systems. More 

experimental data is required above a Tr of 1.2. 

 In Figure 4.27, the subcritical saturation loading for water species is shown versus 

the derived values from equation 2.6. It may be clear that the excluded volume plays a 

factor in case of water. The dashed line shows the intrinsic value corrected for the steric 

factor. The empirical steric factor using 3.1 was found to be 0.84. The temperature effect 

seems not important for the water molecule size and hence the steric factor. However,  

 
Figure 4.27: Maximum saturation loading for subcritical water along with predicted qmax 

by equation 2.6 



 

131 

 

more data are required to properly study the reliability of modeling the water saturation 

loading using 2.6.  

In Figure 4.28, the experimental oxygen saturation loading by Barrer et al. (1956) 

is exactly matching the intrinsic value predicted by equation 2.6. Though the steric factor 

is calculated as temperature independent from 3.1 and found to be 1.0, the scarce of 

subcritical oxygen data is a barrier in determining the correct behavior for O2-13X 

system.    

 
Figure 4.28: Maximum saturation loading for subcritical oxygen along with predicted 

qmax by equation 2.6 

 

            In Figure 4.29, subcritical and supercritical data for argon are shown. The only 

subcritical data point by Barrer et al. (1956) lie exactly on the top of the curve derived 

from equation 2.6. The saturation loading appears to change linearly with temperature for 

supercritical data from Salem and coworkers (1998). These data points are fitted through 

a straight line as shown in Figure 4.29. The steric factor effect could not be determined 

due to the scarce of the subcritical data points.  

In Figure 4.30, the experimental maximum subcritical saturation loading is plotted 

along with that from intrinsic loading expression versus reduced temperature for sulfur 

hexafluoride. The dashed line shows the expression corrected for the excluded volume  
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Figure 4.29: Maximum saturation loading for sub and super critical argon along with 

predicted qmax by equation 2.6 

 

 
Figure 4.30: Maximum saturation loading for subcritical sulfur hexafluoride along with 

predicted qmax by equation 2.6 
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factor. The steric factor was found to be 0.86. Moreover, the steric factor calculated from 

temperature independent relation is satisfactory. The data points are sourced from single 

study by Ruthven and Doetsch (1976). The steric factor effect outside the temperature 

range shown in Figure 4.30 should be assessed with more experimental data. 

 In Figure 4.31, the experimental maximum subcritical saturation loading for 

iodine is plotted along with that from intrinsic loading expression versus reduced 

temperature. The dashed line shows the expression corrected for the excluded volume  

 
Figure 4.31: Maximum saturation loading for subcritical iodine along with predicted qmax 

by equation 2.6 

 

factor.  The steric factor was found to be better presented by linear temperature 

dependence as in equation 3.2. The coefficients of the steric factor relation are -1.107 and 

1.53. This shows that the temperature effect for iodine is more pronounced similar to 

what observed for iso-butane and toluene unlike all other non-hydrocarbons. The dashed 

line presenting the intrinsic saturation loading correlates the experimental data perfectly 

from the same study studies by Barrer and Wasilewsid (1960). Ruthven [3] has discussed 

the iodine adsorption data of Barrer and Wasilewsid (1960) since they show conformity 

with the simple Langmuir model over very wide concentration ranges. More detailed 
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analysis by [3] reveals that the heat of sorption varies strongly with sorbate concentration. 

However, constant heat of sorption is one of the requirements of the Langmuir model so 

the variation of heat of adsorption with coverage implies that the basic postulates of the 

Langmuir theory are not in fact obeyed in this system. The constancy of the Langmuir 

constants evidently results from an almost exact compensation between the variation of 

the thermal entropy and heat of sorption with loading. 

           It can be observed that the steric factor for non-hydrocarbons is around 0.85 unlike 

for hydrocarbons which ranges between 0.92 and 0.975. However, more non-

hydrocarbon data are required to assess the effect for the excluded volume with 

temperature.  
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 

 

The objective was to deduce an equation for the prediction of the intrinsic saturation 

loadings using as input the crystallographic parameters of the zeolite and the 

thermodynamic parameters of the sorbates. In this study, the intrinsic property qmax, the 

saturation loading is derived from literature studies. The intrinsic qmax values agree with 

values estimated from crystallographic properties and the saturated density calculated by 

the Rackett equation. This conclusion appears to be valid above a Tr of 1.0 when 

Rackett’s model is evaluated at Tr of 0.98 for supercritical. More data is required to 

definitively establish this point. Data for the adsorption of various hydrocarbons and non-

hydrocarbons including alkanes, alkenes, cyclic alkenes, aromatics, acetates, polar and 

non polar gases on 13X zeolite at wide temperature range including subcritical and super 

critical temperatures was collected from the literature and screened for consistency. The 

focus was on acquiring adsorption data near saturation loadings. The data has been 

systematically evaluated for consistency; inconsistent data were removed from 

consideration. The consistent adsorption data of sorbates on 13X zeolite are examined in 

order to deduce the saturation loading. The isotherms plateaued as Psat is approached and 

the corresponding saturation loading (qmax) for 13X was then obtained from the highest 

data point of the isotherm providing d log(q)/d log(p) is approaching zero. The 

experimental saturation loadings are then compared to the value of the maximum 

adsorbate loading calculated from the modified Rackett equation as a mean for 

calculating the sorbate molar volume along with the crystallographic zeolitic data. 

 In general, the results indicate that the modified Rackett thermodynamic model 

provides a pleasing estimate of the saturation loadings for subcritical hydrocarbons such 

as alkanes, alkenes, cyclic alkenes, and some aromatics such as Benzene and Toluene on 

13X zeolite when combined with the crystallographic zeolitic data. Other aromatics such 

mesitylene, naphthalene, 1,2,3,5-tetramethylbenzene and higher are less satisfactory. 

Scarcity of data was considered a barrier. Similar conclusion can be drawn for non- 

hydrocarbons species. At supercritical conditions, the modified Rackett thermodynamic 

model combined with the crystallographic zeolitic data shows a good potential. However; 

more supercritical data are required in order to establish a systematic criterion for 

determining the intrinsic saturation loading. Either an extrapolation along the tangent to 
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the intrinsic saturation loading – temperature curve at a point to be examined or an 

interpolation around a reduced temperature equal to unity. Our study shows that the 

intrinsic saturation loading calculated at a reduced temperature of 0.98 would best 

correlate the experimental saturation loading for both hydrocarbon and non-hydrocarbon.  

The statistical analysis shows negligible standard deviation between the extracted and 

actual experimental data whenever the digitization of the plots was required. Observed 

deviation from the model most probably is associated with the errors in experimental 

measurements and set up.   

An empirical tuning factor was calculated by regression in order to match the intrinsic 

saturation loading with experimental data. This factor can be anticipated as steric factor. 

The occluded volume factor was found to be a linear function of temperature for some 

species namely iso-butane and toluene. Both components are common in having 

branched methyl group. It seems that the temperature effect for branched molecules is 

more pronounced. For other species, the steric factor was found to a constant parameter. 

In general, the steric factor range is 0.92-0.975 to hydrocarbons and around 0.85 for non-

hydrocarbons. In this work, the steric factor was calculated component by components. If 

more data are available, the steric factor may be generalized for each group of chemical 

molecules. In conclusion, the following recommendations are proposed: 

 Systematic study at supercritical temperature is required to establish a criterion 

for determining the intrinsic saturation loading from equation 2.6. More 

supercritical data are required.  

 Significant interaction can arise between the constants in the modulated isotherms 

(i.e. Henry’s constant and the saturation loading (qmax)). This can cause the 

modulated saturation loading to be substantially different than the intrinsic 

saturation loading. In this case, the intrinsic saturation loading should provide 

better estimate.  
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HYDROCARBON ISOTHERMS AT SUBCRITICAL CONDITIONS 
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Sym
bol Component Source 

Reduced 
Temp (P/Po)max 

qmax, 
exp 
(g/100gz) 

qmax, Rackett 
(g/100gz) 

● C1 ba439(56) 4.72E-01 9.79E-01 1.38E+01 13.54768918 

● C2 hy196(82) 8.95E-01 4.06E-02 9.81E+00 11.99460356 

● C2 hy196(82) 9.77E-01 3.28E-02 8.61E+00 9.502620757 

● C2 ba439(56) 8.95E-01 2.60E-02 1.14E+01 11.99460356 

● C2 ba439(56) 9.76E-01 1.31E-02 9.24E+00 9.543371723 

● C2 ba439(56) 6.37E-01 4.42E-01 1.65E+01 15.91879471 

● C3 la2539(07) 9.54E-01 4.86E-02 1.04E+01 11.21751903 

● C3 la2539(07) 9.00E-01 7.29E-02 1.17E+01 12.8170366 

● C3 lo1535(90) 7.44E-01 5.39E-01 1.48E+01 15.75327881 

● C3 lo1535(90) 8.11E-01 2.92E-01 1.36E+01 14.64526172 

● C3 lo1535(90) 8.79E-01 1.16E-01 1.23E+01 13.31888529 

● C3 lo1535(90) 9.46E-01 1.17E-01 1.18E+01 11.50730909 

● C3 si2051(99) 9.27E-01 3.98E-02 7.98E+00 12.10042494 

● C3 si2051(99) 8.73E-01 5.94E-02 1.01E+01 13.43694328 

● C3 si2051(99) 8.19E-01 9.52E-02 1.14E+01 14.50023904 

● C3 ba439(56) 8.33E-01 4.40E+00 1.38E+01 14.25125548 

● C3 ba439(56) 8.73E-01 4.83E+00 1.32E+01 13.43694328 

● C3 ba439(56) 5.26E-01 5.00E-01 2.20E+01 18.62052433 

● C3 ba439(56) 5.26E-01 8.67E-01 2.29E+01 18.62052433 

● n-C4 ba439(56) 7.01E-01 8.32E-01 1.61E+01 17.18124273 

● n-C4 ba439(56) 7.13E-01 8.57E-01 1.58E+01 17.00218193 

● n-C4 ba439(56) 7.24E-01 8.77E-01 1.55E+01 16.81975834 

● n-C4 ba439(56) 7.36E-01 9.01E-01 1.52E+01 16.63373661 

○ n-C4 ba439(56) 7.48E-01 9.32E-01 1.49E+01 16.44385355 

○ n-C4 ba439(56) 7.60E-01 9.68E-01 1.47E+01 16.24981329 

○ n-C4 ba439(56) 7.71E-01 9.69E-01 1.44E+01 16.05128141 

EX n-C4 ba439(56) 7.83E-01 9.81E-01 1.42E+01 15.84787762 

EX n-C4 ba439(56) 7.95E-01 9.82E-01 1.39E+01 15.63916657 

EX n-C4 ba439(56) 8.07E-01 9.94E-01 1.36E+01 15.42464613 

● i-C4 hy196(82) 7.31E-01 3.95E-01 1.37E+01 16.28640501 

● i-C4 hy196(82) 7.92E-01 2.03E-01 1.20E+01 15.28982983 
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Sym
bol Component Source 

Reduced 
Temp (P/Po)max 

qmax, 
exp 
(g/100gz) 

qmax, Rackett 
(g/100gz) 

● i-C4 hy196(82) 9.15E-01 6.97E-02 9.74E+00 12.7030367 

● i-C4 la2539(07) 9.64E-01 5.27E-02 9.80E+00 11.07049243 

● i-C4 la2539(07) 9.15E-01 7.60E-02 1.05E+01 12.71304192 

● i-C4 la2539(07) 8.66E-01 1.13E-01 1.12E+01 13.88836797 

● i-C4 la2539(07) 8.17E-01 1.73E-01 1.26E+01 14.85908966 

● i-C4 ba439(56) 7.31E-01 9.24E-01 1.60E+01 16.29204319 

● i-C4 ba439(56) 7.43E-01 9.48E-01 1.56E+01 16.102141 

● i-C4 ba439(56) 7.55E-01 9.60E-01 1.53E+01 15.90798181 

● i-C4 ba439(56) 7.68E-01 9.84E-01 1.49E+01 15.70921479 

● i-C4 ba439(56) 7.80E-01 9.90E-01 1.47E+01 15.50543974 

● i-C4 ba439(56) 7.92E-01 9.97E-01 1.43E+01 15.29619695 

● i-C4 ba439(56) 8.04E-01 9.92E-01 1.40E+01 15.08095414 

● i-C4 ba439(56) 8.17E-01 9.98E-01 1.36E+01 14.85908966 

● i-C4 ba439(56) 8.29E-01 9.93E-01 1.33E+01 14.62987024 

● i-C4 ba439(56) 8.41E-01 1.01E+00 1.29E+01 14.39242122 

○ n-C5 ba439(56) 6.35E-01 7.64E-01 1.76E+01 18.64791769 

○ n-C5 ba439(56) 6.45E-01 7.81E-01 1.74E+01 18.4937936 

○ n-C5 ba439(56) 6.56E-01 7.98E-01 1.72E+01 18.33764456 

EX n-C5 ba439(56) 6.67E-01 8.09E-01 1.70E+01 18.17936818 

EX n-C5 ba439(56) 6.77E-01 8.26E-01 1.68E+01 18.0188534 

EX n-C5 ba439(56) 6.88E-01 8.53E-01 1.66E+01 17.85597951 

EX n-C5 ba439(56) 6.98E-01 8.59E-01 1.63E+01 17.6906149 

EX n-C5 ba439(56) 7.09E-01 8.81E-01 1.62E+01 17.52261564 

EX n-C5 ba439(56) 7.20E-01 8.93E-01 1.60E+01 17.35182388 

EX n-C5 ba439(56) 7.30E-01 9.15E-01 1.58E+01 17.17806586 

○ i-C5 ba439(56) 6.47E-01 7.44E-01 1.68E+01 18.21781343 

○ i-C5 ba439(56) 6.58E-01 7.67E-01 1.67E+01 18.06166508 

○ i-C5 ba439(56) 6.69E-01 7.79E-01 1.66E+01 17.90331589 

○ i-C5 ba439(56) 6.80E-01 7.86E-01 1.64E+01 17.74264774 

○ i-C5 ba439(56) 6.91E-01 8.10E-01 1.62E+01 17.57953194 

○ i-C5 ba439(56) 7.02E-01 8.39E-01 1.60E+01 17.41382782 

EX i-C5 ba439(56) 7.13E-01 8.51E-01 1.59E+01 17.24538114 

EX i-C5 ba439(56) 7.23E-01 8.69E-01 1.57E+01 17.07402223 
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Sym
bol Component Source 

Reduced 
Temp (P/Po)max 

qmax, 
exp 
(g/100gz) 

qmax, Rackett 
(g/100gz) 

EX i-C5 ba439(56) 7.34E-01 8.82E-01 1.55E+01 16.89956375 

EX i-C5 ba439(56) 7.45E-01 9.05E-01 1.53E+01 16.72179805 

EX neo-C5 ba439(56) 6.87E-01 8.74E-01 1.31E+01 17.5080949 

EX neo-C5 ba439(56) 6.98E-01 8.88E-01 1.28E+01 17.33632051 

EX neo-C5 ba439(56) 7.10E-01 8.97E-01 1.27E+01 17.16154539 

EX neo-C5 ba439(56) 7.22E-01 9.17E-01 1.25E+01 16.98357409 

EX neo-C5 ba439(56) 7.33E-01 9.27E-01 1.24E+01 16.8021897 

EX neo-C5 ba439(56) 7.45E-01 9.36E-01 1.23E+01 16.61715042 

EX neo-C5 ba439(56) 7.56E-01 9.62E-01 1.21E+01 16.42818544 

EX neo-C5 ba439(56) 7.68E-01 9.70E-01 1.20E+01 16.23498988 

EX neo-C5 ba439(56) 7.79E-01 9.85E-01 1.18E+01 16.03721854 

EX neo-C5 ba439(56) 7.91E-01 9.95E-01 1.17E+01 15.83447815 

● n-C6 ba439(56) 5.87E-01 7.71E-01 1.89E+01 19.81014394 

● n-C6 ba439(56) 5.97E-01 7.84E-01 1.86E+01 19.66971863 

● n-C6 ba439(56) 6.06E-01 7.91E-01 1.85E+01 19.52784503 

● n-C6 ba439(56) 6.16E-01 8.10E-01 1.83E+01 19.38446397 

● n-C6 ba439(56) 6.26E-01 8.33E-01 1.81E+01 19.23951229 

● n-C6 ba439(56) 6.36E-01 8.40E-01 1.80E+01 19.09292243 

● n-C6 ba439(56) 6.46E-01 8.65E-01 1.78E+01 18.94462202 

● n-C6 ba439(56) 6.56E-01 8.72E-01 1.75E+01 18.79453339 

● n-C6 ba439(56) 6.66E-01 8.97E-01 1.73E+01 18.64257302 

● n-C6 ba439(56) 6.75E-01 9.05E-01 1.71E+01 18.48865087 

● n-C6 Zh445(62) 5.87E-01 9.98E-01 1.85E+01 19.80595172 

● n-C7 ba439(56) 5.52E-01 3.25E-01 1.99E+01 20.48360828 

● n-C7 ba439(56) 5.61E-01 5.00E-01 1.98E+01 20.35379346 

● n-C7 ba439(56) 5.70E-01 5.88E-01 1.96E+01 20.22285054 

● n-C7 ba439(56) 5.79E-01 5.99E-01 1.93E+01 20.09073985 

● n-C7 ba439(56) 5.89E-01 8.00E-01 1.93E+01 19.95741942 

● n-C7 ba439(56) 5.98E-01 9.12E-01 1.91E+01 19.82284482 

● n-C7 ba439(56) 6.07E-01 7.94E-01 1.89E+01 19.68696889 

● n-C7 ba439(56) 6.16E-01 9.44E-01 1.87E+01 19.5497416 

● n-C7 ba439(56) 6.26E-01 8.06E-01 1.86E+01 19.41110969 

● n-C7 ba439(56) 6.35E-01 9.97E-01 1.84E+01 19.27101647 
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Sym
bol Component Source 

Reduced 
Temp (P/Po)max 

qmax, 
exp 
(g/100gz) 

qmax, Rackett 
(g/100gz) 

● n-C7 Ru882(76) 7.57E-01 1.41E-02 1.68E+01 17.24843123 

● n-C7 Ru882(76) 8.09E-01 5.49E-03 1.50E+01 16.25165506 

● n-C7 Ru882(76) 8.48E-01 4.99E-03 1.34E+01 15.41628071 

● n-C7 Ru882(76) 9.03E-01 0.0037385 1.25E+01 14.01075301 

EX i-C8 ba439(56) 5.48E-01 0.402824 1.90E+01 20.82396708 

EX i-C8 ba439(56) 5.57E-01 0.542471 1.87E+01 20.6961248 

EX i-C8 ba439(56) 5.66E-01 0.550118 1.80E+01 20.56717457 

EX i-C8 ba439(56) 5.76E-01 0.765294 1.82E+01 20.43707807 

EX i-C8 ba439(56) 5.85E-01 0.622353 1.76E+01 20.30579475 

○ i-C8 ba439(56) 5.94E-01 0.988353 1.75E+01 20.17328176 

○ i-C8 ba439(56) 6.03E-01 0.986471 1.73E+01 20.03949366 

○ i-C8 ba439(56) 6.12E-01 1.00153 1.71E+01 19.90438223 

○ i-C8 ba439(56) 6.22E-01 0.999647 1.69E+01 19.76789627 

EX i-C8 ba439(56) 6.31E-01 1.00531 1.68E+01 19.62998129 

● n-C8 ba439(56) 5.50E-01 0.143454 1.94E+01 20.64184322 

● n-C8 ba439(56) 5.68E-01 0.29871 1.93E+01 20.39051398 

EX n-C8 ba439(56) 5.86E-01 0.376495 1.91E+01 20.13496454 

EX n-C8 ba439(56) 6.03E-01 0.982875 1.93E+01 19.87490045 

● 1-butene la1124(08) 7.94E-01 0.1392915 1.46E+01 16.15144378 

● 1-butene la1124(08) 8.41E-01 0.0882744 1.28E+01 15.21476895 

● 1-butene la1124(08) 8.89E-01 0.0599677 1.24E+01 14.12384735 

● 1-butene la1124(08) 9.37E-01 0.0426162 1.19E+01 12.74651073 

● Propylene la2539(07) 9.67E-01 0.0410002 11.95514 11.12271455 

● Propylene la2539(07) 9.13E-01 0.0605989 12.67481 13.00965193 

● Propylene si2051(99) 9.40E-01 0.0326357 11.08423 12.19056581 

● Propylene si2051(99) 8.85E-01 0.0492415 12.23495 13.70009895 

● Propylene si2051(99) 8.30E-01 0.0764469 13.50177 14.86158952 

● 1-Hexene Ru882(76) 8.12E-01 0.0072109 15.17319 16.52581789 

● 1-Hexene Ru882(76) 8.67E-01 0.0048221 13.94048 15.28426053 

● 1-Hexene Ru882(76) 9.09E-01 0.0047133 11.74619 14.16801001 

○ 1-Hexene Ru882(76) 9.68E-01 0.0032979 10.51148 11.90361132 

EX Benzene  Ru581(90) 7.17E-01 0.000734 18.16936 22.62241167 

EX Benzene  Ru581(90) 7.17E-01 0.0005713 17.35475 22.62241167 
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Sym
bol Component Source 

Reduced 
Temp (P/Po)max 

qmax, 
exp 
(g/100gz) 

qmax, Rackett 
(g/100gz) 

EX Benzene  Ru581(90) 7.17E-01 0.000305 15.15395 22.62241167 

EX Benzene  Ru581(90) 7.17E-01 0.0002455 14.33162 22.62241167 

● Benzene  Zh445(62) 5.30E-01 1.0215498 24.31178 26.08500344 

● Benzene  Ru882(76) 7.78E-01 0.0103526 23.02359 21.29628955 

● Benzene  Ru882(76) 8.15E-01 0.0063392 18.64394 20.38703543 

● Benzene  Ru882(76) 8.68E-01 0.0021998 18.13346 18.91532363 

● Benzene  Ru882(76) 9.13E-01 0.0030695 14.60674 17.43470878 

● Benzene  ba1111(57) 6.10E-01 0.995981 21.92623 24.69631421 

● Benzene  ba1111(57) 5.92E-01 0.962987 22.31841 25.01562453 

● Benzene  ba1111(57) 5.75E-01 0.918173 22.73051 25.32906628 

● Benzene  ba1111(57) 5.57E-01 0.892916 23.19222 25.63703221 

● Benzene  ba1111(57) 5.39E-01 0.871074 23.61679 25.93987437 

● Benzene  ba1111(57) 5.30E-01 0.853107 24.04075 26.08947432 

● Toluene Pi253(05) 5.04E-01 0.7642389 23.39508 25.87483661 

● Toluene Ru882(76) 7.74E-01 0.0171857 16.97085 20.7843047 

● Toluene Ru882(76) 8.25E-01 0.0135838 15.77456 19.55665814 

○ Toluene Ru882(76) 8.67E-01 0.009103 14.06355 18.39431064 

● Toluene ba1111(57) 5.97E-01 0.863488 22.47058 24.30785203 

● Toluene ba1111(57) 5.80E-01 0.860291 22.79909 24.60384237 

● Toluene ba1111(57) 5.63E-01 0.869344 23.07623 24.89490318 

● Toluene ba1111(57) 5.46E-01 0.709294 23.46752 25.18133975 

● Toluene ba1111(57) 5.29E-01 0.503322 23.76692 25.46342799 

○ Mesitylene Do 2047(93) 6.32E-01 0.0008022 22.1984 23.12715092 

○ Mesitylene Do 2047(93) 6.95E-01 0.0012848 14.4844 21.92640185 

Ex Mesitylene Do 2047(93) 8.68E-01 1.877E-05 7.23461 17.8449123 

○ Mesitylene Do 2047(93) 8.99E-01 8.931E-05 7.92424 16.85753437 

○ Mesitylene Do 2047(93) 9.43E-01 8.649E-05 7.26808 15.15249774 

● 
Naphthalen
e Do 2047(93) 

6.32E-01 8.961E-05 1.79E+01 25.57966706 

Ex 
Naphthalen
e Do 2047(93) 

6.99E-01 3.024E-05 13.7548 24.1976762 

Ex 
Naphthalen
e Do 2047(93) 

7.32E-01 8.175E-06 6.72092 23.45574843 
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Sym
bol Component Source 

Reduced 
Temp (P/Po)max 

qmax, 
exp 
(g/100gz) 

qmax, Rackett 
(g/100gz) 

Ex 
Naphthalen
e Do 2047(93) 

7.66E-01 1.331E-05 6.12718 22.67043128 

Ex 
Naphthalen
e Do 2047(93) 

8.06E-01 5.508E-06 3 21.65563824 

Ex 
Naphthalen
e Do 2047(93) 

8.32E-01 7.013E-06 3 20.92261666 

● 

1,2,3,5-
tetramethyl
benzene Do 2047(93) 

8.06E-01 4.11E-05 11.3519 19.74228983 

● 

1,2,3,5-
tetramethyl
benzene Do 2047(93) 

8.06E-01 4.112E-05 10.4672 19.74228983 

● 

1,2,3,5-
tetramethyl
benzene Do 2047(93) 

8.53E-01 4.601E-05 9.5 18.46983292 

Ex 

1,2,3,5-
tetramethyl
benzene Do 2047(93) 

8.53E-01 2.034E-05 6.96519 18.46983292 

Ex 

1,2,3,5-
tetramethyl
benzene Do 2047(93) 

8.98E-01 2.867E-05 5.95186 17.02967255 

Ex 

1,2,3,5-
tetramethyl
benzene Do 2047(93) 

9.37E-01 2.438E-05 4.3419 15.53691451 

● 

1,3,5-
triethylbenz
ene Do 2047(93) 

8.49E-01 2.949E-05 10.1403 18.2983587 

Ex 

1,3,5-
triethylbenz
ene Do 2047(93) 

8.91E-01 1.897E-05 8.03597 17.00666848 

Ex 

1,3,5-
triethylbenz
ene Do 2047(93) 

9.28E-01 1.097E-05 4.64617 15.66770634 

Ex 

1,3,5-
triethylbenz
ene Do 2047(93) 

9.64E-01 7.56E-06 2.1 13.88631135 

● 

1,3-
dimethylna
phthalene Do 2047(93) 

7.50E-01 1.077E-05 6.02231 23.17978941 

 



 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX B 

HYDROCARBON ISOTHERMS AT SUPERCRITICAL CONDITIONS 
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Symbol n Ref 

qmax, 
exp 
(g/100gz) 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.995Tc 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.99Tc 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.98Tc 

● C1 lo1535(90) 6.461 6.330 6.720 7.230 

● C1 lo1535(90) 5.495 6.330 6.720 7.230 

● C1 lo1535(90) 4.416 6.330 6.720 7.230 

Ex C1 lo1535(90) 3.535 6.330 6.720 7.230 

● C1 Ve4190(96) 19.560 6.330 6.720 7.230 

● C1 Pa616(80) 8.222 6.330 6.720 7.230 

● C1 Pa616(80) 7.669 6.330 6.720 7.230 

● C1 Pa616(80) 7.019 6.330 6.720 7.230 

Ex C1 ba439(56) 1.197 6.330 6.720 7.230 

Ex C1 ba439(56) 0.778 6.330 6.720 7.230 

● C1 ba439(56) 7.927 6.330 6.720 7.230 

● C1 Sa3376(98) 10.829 6.330 6.720 7.230 

● C1 Sa3376(98) 9.922 6.330 6.720 7.230 

● C1 Sa3376(98) 9.432 6.330 6.720 7.230 

● C1 Sa3376(98) 9.191 6.330 6.720 7.230 

● C1 Sa3376(98) 8.894 6.330 6.720 7.230 

○ C2 hy196(82) 7.104 8.140 8.650 9.320 

Ex C2 hy196(82) 3.232 8.140 8.650 9.320 

● C2 ba439(56) 9.145 8.140 8.650 9.320 

● C3 la2539(07) 6.641 8.750 9.310 10.040 

● C3 la2539(07) 8.766 8.750 9.310 10.040 

Ex C3 si2051(99) 2.397 8.750 9.310 10.040 

Ex C3 si2051(99) 3.709 8.750 9.310 10.040 

○ C3 si2051(99) 6.641 8.750 9.310 10.040 

● Propylene la2539(07) 9.632 9.110 9.700 10.450 

● Propylene la2539(07) 11.154 9.110 9.700 10.450 

Ex Propylene si2051(99) 5.170 9.110 9.700 10.450 

Ex Propylene si2051(99) 7.609 9.110 9.700 10.450 

● Propylene si2051(99) 10.204 9.110 9.700 10.450 

● Ethylene  hy196(82) 9.854 8.470 9.000 9.700 
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Symbol n Ref 

qmax, 
exp 
(g/100gz) 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.995Tc 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.99Tc 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.98Tc 

● Ethylene  hy196(82) 8.767 8.470 9.000 9.700 

Ex Ethylene  hy196(82) 6.102 8.470 9.000 9.700 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C 

NON-HYDROCARBON ISOTHERMS AT SUBCRITICAL 

CONDITIONS 
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Symbol Component Source 
Reduced 
Temp 

(P/Po)
max 

qmax, exp 
(g/100gz) 

qmax, 
Rackett 
(g/100gz) 

● SF6 Ru1043(76) 0.703 0.020 49.781 55.951 

● SF6 Ru1043(76) 0.857 0.015 38.854 46.947 

● Ar ba439(56) 0.597 0.550 41.145 41.285 

● O2 ba439(56) 0.582 0.638 34.686 33.898 

● O2 ba439(56) 0.582 0.789 34.035 33.898 

● Water wa2839(09) 0.422 0.621 32.202 37.259 

● Water wa2839(09) 0.461 0.581 31.977 36.372 

● Water wa2839(09) 0.499 0.136 27.248 35.462 

Ex Water wa2839(09) 0.538 0.026 22.744 34.525 

Ex Water wa2839(09) 0.577 0.015 19.119 33.557 

● 
Carbon 
dioxide  ca1095(04) 0.980 0.515 39.089 21.625 

● 
Carbon 
dioxide  hy196(82) 0.980 0.022 22.115 21.560 

● 
Carbon 
dioxide  wa2839(09) 0.980 0.013 24.480 21.560 

● 
Carbon 
dioxide  wa2839(09) 0.750 0.002 27.011 33.875 

● 
Carbon 
dioxide  wa2839(09) 0.816 0.005 28.001 31.485 

● 
Carbon 
dioxide  wa2839(09) 0.898 0.005 24.811 27.793 

● 
Carbon 
dioxide  wa2839(09) 0.980 0.005 21.180 21.560 

● Nitrogen  ba439(56) 0.713 0.203 24.739 22.216 

● Nitrogen  Pi253(05) 0.611 0.830 20.266 24.032 

● I2 Ba1140(60) 0.700 0.007 90.621 125.025 

● I2 Ba1140(60) 0.657 0.007 102.516 129.644 

● I2 Ba1140(60) 0.614 0.009 119.056 134.017 

● I2 Ba1140(60) 0.571 0.011 128.746 138.188 

● I2 Ba1140(60) 0.523 0.013 137.593 142.747 

● I2 Ba1140(60) 0.480 0.005 140.105 146.582 



 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX D 

NON-HYDROCARBON ISOTHERMS AT SUPERCRITICAL 

CONDITIONS 
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Sym
bol Component Source 

qmax, exp 
(g/100gz) 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.995*Tc 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.99*Tc 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.98*Tc 

Ex SF6 Ru1043(76) 29.853708 29.41 31.35 33.88 

Ex Ar ba439(56) 4.3401483 20.95 22.23 23.9 

Ex Ar ba439(56) 0.6608715 20.95 22.23 23.9 

Ex Ar Ge259(83) 1.8042894 20.95 22.23 23.9 

Ex Ar Ge259(83) 2.4671502 20.95 22.23 23.9 

Ex Ar Ge259(83) 8.6915029 20.95 22.23 23.9 

Ex Ar Ge259(83) 16.538824 20.95 22.23 23.9 

Ex O2 Ge259(83) 1.6285714 16.98 18 19.4 

Ex O2 Ge259(83) 1.9928571 16.98 18 19.4 

Ex O2 Ge259(83) 7.6023809 16.98 18 19.4 

Ex O2 Ge259(83) 15.380952 16.98 18 19.4 

Ex O2 ba439(56) 3.7705178 16.98 18 19.4 

Ex O2 ba439(56) 4.0156785 16.98 18 19.4 

Ex O2 ba439(56) 0.4594553 16.98 18 19.4 

Ex O2 Yo1001(06) 0.396392 16.98 18 19.4 

○ Neon Ve4190(96) 44.324447 18.96 20.1 21.5 

● Krypton Ve4190(96) 100.66575 35.86 38.1 40.94 

○ Ar Ve4190(96) 58.238428 20.95 22.23 23.9 

○ Ar Sa3376(98) 28.037033 20.95 22.23 23.9 

○ Ar Sa3376(98) 26.070256 20.95 22.23 23.9 

○ Ar Sa3376(98) 24.58602 20.95 22.23 23.9 

○ Ar Sa3376(98) 22.72025 20.95 22.23 23.9 

○ Ar Sa3376(98) 21.36888 20.95 22.23 23.9 

● 
Carbon 
dioxide  ca1095(04) 36.69250 18.79 20 21.6 

● 
Carbon 
dioxide  ca1095(04) 30.55234 18.79 20 21.6 

Ex 
Carbon 
dioxide  hy196(82) 18.92421 18.79 20 21.6 

Ex 
Carbon 
dioxide  wa2839(09) 17.49389 18.79 20 21.6 

Ex 
Carbon 
dioxide  wa2839(09) 8.746947 18.79 20 21.6 

Ex 
Carbon 
dioxide  wa2839(09) 6.546457 18.79 20 21.6 
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Sym
bol Component Source 

qmax, exp 
(g/100gz) 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.995*Tc 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.99*Tc 

qmax, 
Rackett 
(g/100gz) 
@ 
T=0.98*Tc 

Ex 
Carbon 
dioxide  wa2839(09) 4.351468 18.79 20 21.6 

Ex 
Carbon 
dioxide  wa2839(09) 3.850857 18.79 20 21.6 

Ex 
Carbon 
dioxide  wa2839(09) 1.760392 18.79 20 21.6 

● Nitrogen  ca1095(04) 14.22270 12.27 13.02 14 

● Nitrogen  ca1095(04) 13.12242 12.27 13.02 14 

● Nitrogen  ca1095(04) 11.61712 12.27 13.02 14 

● Nitrogen  Ge259(83) 3.170266 12.27 13.02 14 

Ex Nitrogen  Ge259(83) 4.718923 12.27 13.02 14 

● Nitrogen  Ya2275(82) 17.4875 12.27 13.02 14 

● Nitrogen  Ya2275(82) 15.4375 12.27 13.02 14 

● Nitrogen  Ya2275(82) 12.675 12.27 13.02 14 

● Nitrogen  Ya2275(82) 9.2125 12.27 13.02 14 

● Nitrogen  Ya2275(82) 7.7875 12.27 13.02 14 

Ex Nitrogen  Ya2275(82) 3.0125 12.27 13.02 14 

● Nitrogen  ba439(56) 10.81376 12.27 13.02 14 

Ex Nitrogen  ba439(56) 1.785166 12.27 13.02 14 

● Nitrogen  Ve4190(96) 38.10386 12.27 13.02 14 

Ex Nitrogen  Yo1001(06) 0.755521 12.27 13.02 14 

Ex Nitrogen  Yo1001(06) 0.621300 12.27 13.02 14 

Ex Nitrogen  Yo1001(06) 1.292545 12.27 13.02 14 

● Nitrogen  Sa3376(98) 18.52143 12.27 13.02 14 

● Nitrogen  Sa3376(98) 17.52156 12.27 13.02 14 

● Nitrogen  Sa3376(98) 16.92157 12.27 13.02 14 

● Nitrogen  Sa3376(98) 15.656569 12.27 13.02 14 

● Nitrogen  Sa3376(98) 14.951977 12.27 13.02 14 
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