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SEPARATION AND P U R I F I C A T I O N  METHODS, 1 3 ( 2 ) ,  153-183 (1984) 

GAS ADSORPTION EQUILIBRIA 

D. Valenauela and A. L. Myers 
Department of Chemical Engineering 

University of Pennsylvania 
Philadelphia, PA 19104 

INTRODUCTION 

Gas adsorption is a process for purification or separation of gas  mix- 
tures. Distillation is usually the first choice for bulk separations when 
liquefaction can be accomplished conveniently and when the relative volatil- 
ities of the materials to be separated do not approach or equal unity 
(aseotropy). If these conditions are not met, adsorption may offer an 
advantage, either by avoiding high or low temperatures or by providing 
higher separation factors and lower energy costs. Therefore the first step 
in the consideration of adsorption for a particular separation is the iden- 
tification of a suitable adsorbent. 

Physical structure, chemical characteristics, and polarity of the 
adsorbent are some of the important factors which determine its equilibrium 
properties. These factors are useful for making qualitative estimates of 
seleotivity of an adsorbent with respect to the components of a gas mixture. 
Selectivity refers to the ratio of the separation factors of two species; 
for example, for component 1 relative to component 2 the definition is: 

where x and y are the adsorbed and gas phase compositions, respectively. 
Preferential adsorption of component 1 means st2 > 1. Like vapor-liquid 
equilibrium, many systems form adsorption aaeotropes (s = 1) at particular 
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154 VALENZUELA AND MYERS 

values of pressure and temperature, so that detailed knowledge of the equi- 
librium is necessary to avoid these points under actual operating conditions. 

The next step is the gathering of experimental information for the 
specific adsorbent and gas mixture under consideration. Unfortunately, that 
information is usually unknown for the desired range of temperature, pressure 
and composition so experimental data are usually required. Sometimes predic- 
tive or correlative methods are applied to interpolate or extrapolate data 
when it is available. In either case, the minimum data required are the ad- 
sorption isotherms for the individual components of the mixture; mixture data 
can be predicted from these (see Appendix 3). 

COMPILATION OF DATA FOR ADSORPTION FROM GAS MIXTURES 

During the last 50 years a large amount of experimental data on adsorption 
has been published. Most of that data is related to adsorption of pure gases; 
less information is available for binary and multicomponent gas mixtures. 

For binary mixtures, a oomprehensive review covering the period up to 
1959 was given by Young and Crowell [144]. For the period from 1960 to 1977, 
Hall and MUIler [!XI published a useful compilation of data on binary and 
multicomponent mixtures. This review covers the period from 1950 to the 
present and thus overlaps the two previous ones in order to provide an 
up-to-date listing in one place. We have omitted some references for which 
we were unable to obtain the original article, since our compilation re- 
quires more information than is customarily found in abstracts. The adsor- 
bents are in general those used in industry, with large surface areas equal 
to or greater than 500 square meters per gram. However, we have included 
low-area graphitiled carbon because of its theoretical importance as a homo- 
geneous surface. 

Our compilation of data for adsorption from gas mixtures in Appen- 
dix 1 includes, in addition to the literature reference, the commercial name 
of the adsorbent, with information on its surface area and pore volume. 
A h ,  Appendix 1 gives the experimental technique employed and the range of 
temperature and pressure covered. Since tabular data are generally more 
useful than figures, the method of reporting results is listed. 
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GAS ADSORPTION E Q U I L I B R I A  

Adsorbent 

Information about the type of adsorbent is coded as follows: 

Activated Carbon 
CMS Carbon Molecular Sieve 

Qraphitised Carbon 
ZsoliLe 
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The adsorbents are listed in the above order. Additional information 
about the brand, if available, is included in brackets, using the following 
abbreviations: 

CO Columbia 
CB 
DC Davieon Chemical Company 
FS Fisher Scientific Co 
PC Pittsburgh Chemicrl Company 
SS Sutcliffe and Speakman 

Compania Bspanola de Carbonee Activos 

Experimental Technique 

Experimental methods for measuring equilibrium data are divided into 
static (S) and flow (F), with subdivisions as follows: 

~ ~~ 

STATIC (S) 
Q 
V Volumetric 
C 

FLOW (F) 
C Chromatographic 
N 

Grrvimetric, using r McBain spring balance or electrobalance 

Combination of volumetric and gravimetric 
techniques (12,571 

Non-chromatographic methods using external analysis 

A summary of experimental techniques was reported by Hall and Mliller [%I. 

Type of Data 

The method of presenting data is encoded as follows: 
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156 VALENZUELA AND MYERS 

The superscript SE means that only an average selectivity is published, 
and superscript BT means only breakthrough curves are reported. 

Adsorbates 

The data in Table 1 are grouped according to the type of adsorbent, 
in the order silica gel (SC), activated carbon (AC), carbon molecular sieves 
(CMS), graphitized carbon (GC) and zeolites (Z). Each of these adsorbents 
is subdivided according to the type of adsorbate mixture in the following 
order: 

hydrocarbon + hydrocarbon 
hydrocarbon + organic 
organic + organic 
organic + inorganic 
inorganic + inorganic 

The compilation of data in Appendix 2 for adsorption of ternary gas 
mixtures uses the same abbreviations as Appendix 1. 

ADSORPTION DATA BANK 

In both theoretical and applied research on adsorption, considerable effort 
h a s  been devoted to the collection of data. These data are widely dispersed in 
journals published in many different countries, and of course in several 
languages. Often the data are incomplete; for example, mixture data without 
measurements of the pure gas isotherms. Thermodynamic consistency tests 
are rare, so that judgments on the quality of the data are difficult to 
make. 

Similar problems in vapor-liquid equilibrium have been partially over- 
come by the implementation of data banks of available information such as 
that of Cmehling and Onken [51]. We are developing a similar data bank of 
adsorption equilibrium properties at the University of Pennsylvania (see note 
at end of article). Standard procedures of statistical analysis, uniform pro- 
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GAS ADSORPTION EQUILIBRIA 15 7 

cedures for optimizing model parameters, and the determination of standard 
properties (adsorption second virial coefficients, heats of adsorption, satu- 
ration capacity, etc.) provide a sound basis for interpolation, correlation, 
and prediction of equilibrium properties. For example, Figure 1 shows the 
file of an isotherm for adsorption of ethylene on silica gel. 

There are some difficulties related to the development of a data bank 
of this type for adsorption. Variables are not always specified; adsorbents 
are often poorly characterized; experimental techniques are sometmes 
inadequately described; and different methods of reporting data are used by 
different laboratories. Data are often published in graphical form for con- 
cise reporting, but tabular data are more useful for making thermodynamic 
consistency tests and comparisons with theories. 

The adsorption data bank has been written in FORTRAN using the 
structure described below. 

-- h t r  File# 

The system contains four data files: 

SINQLE 
CHEMICALS 
QBINARY 
LBINARY 

- Data on adsorption of pure 
- Properties of pure substances (adsorbater) 
- h t a  on adlorption from binary gar mixture8 
- Dak on adrorption from binary liquid mixtures 

These are random access files stored on secondary memory in the computer. 
Each file is divided into records containing fields for identification, 
parameters, experimental data and a set of pointers. The identification 
field contains the names of the adsorbates and adsorbent and the reference. 
The parameter field contains constants of mathematical models or certain 
physical properties. For example, SINGLE files contain values for tempera- 
ture, vapor pressure, and constants for various adsorption isotherms in this 
field, as well as thermodynamic properties such as  the Gibbs free energy of 
immersion, the adsorption second virial coefficient, and the isosteric heat 
of adsorption. 

The field assigned for storage of experimental data is a very flexible 
one designed to accomodate different numbers of experimental points and dif- 
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158 VALENZUELA AND MYERS 

TEHP (lo- 273.15 
PShT (kP8)- 4106.70 

BFUNCT * 
A . 2.1852 
8 - 11.3262 

TOTH 
I -  

M -  
D -  * 0000 M I  - 

M - 3.4319 mWl/. DO 
DO - -29.0997 J/S n1a- 
01s- .10324tOOO 0x8- 
PIS- 29.2797 hJ/mol 

1.120 
3.120 
3.640 
8.320 
9.053 
13.350 
17.770 
30.190 
39.410 
46.720 
63 s 480 
73.270 
84.210 
99.400 

N (mmol/S) 
.012 

a 0 6 0  
* 081 
.171 
,201 

e 170 
6 394 
.516 
a 604 
,034 
.993 

1.011 
1,256 
1.360 
1.449 
1.576 

P (*Pa) 
.253 

1.013 
1.120 
3.120 
1.640 

9 * 051 
13.350 
17.770 
10.190 
39.410 
46.720 
61.4BQ 

a. 320 

~. 
73.270 
a4.zio 
99.400 
SUM OF 

( M K - N E X P  )I12 

2.5 

N 
w q )  

2.0 

1.5 

1.0 

.5 

OF 1 1 1 1 1 I 
0 20 40 60 m 100 

PI1[RJ 

ON BFUNCT. 
* 007 
007 

-.009 
.001 

-.011 
-.006 

* 002 
-.011 

.001 
. O l l  
-.OlO 
,011 
t 009 
-.002 
.002 
-so11 

.0011 

DN-(NCAL-MEX?) 
END OF F I L E  -> 

D)( TOTH 
e 009 
,010 - * 001 
.005 

-.004 
.004 

-.Oil 
.005 
.000 

-.013 
,001 
.007 
-.003 
6003 

-.006 

-.ooa 

e m 9  

uMrLnM 
* 002 

-.001 - e 024 
-.ole - ,010 
-*017 
-a007 
-.012 
.OlP .om 
,008 
.024 
,014 

-5003 
-.001 
-.02a 

,0047 

FIGURE 1. O u t p u t  from database f i l e  f o r  isotherm o f  ethylene 
Three columns a t  adsorbed on s i l i c a  gel a t  273.15 K [81]. 

top give parameters of various adsorption equations, and four 
columns a t  bottom show e r ro r s  f o r  these equations. 
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GAS ADSORPTION E Q U I L I B R I A  159 

ferent loci of measurements (constant pressure, constant vapor composition, 
etc.). 

The pointer field provides connections between different files to 
simplify the recovery of information. For example, the pointer field of a 
record in the GBINARY file contains the addresses for the corresponding 
pure-component adsorption isotherms stored in the SINGLE file. 

This is a set of subroutines for the storage and retrieval of information 
in the data files based on an exploratory algorithm called HASHING [74]. 
It uses key words stored in the identification field of the records. In 
addition, these subroutines regulate the flow of information between the 
data files and other elements of the system. For example, for the testing 
of a model for predicting binary gas adsorption, these subroutines supply 
the experimental mixture data from GBINARY, pure component isotherm 
parameters from SINGLE and properties of the adsorbate such as vapor 
pressure from CHEMICAL. 

Thermodynamic Pack8ge 

This portion of the data base contains subroutines for correlating and 
predicting physical and thermodynamic properties of pure fluids and their 
mixtures. For example, for volumetric properties of gases, options are 
provided for the use of the virial equation truncated after the second 
v i a l  coefficient at low pressure, and the Peng-Robinson equation [lOS] at 
higher pressure. 

Volumetric properties of liquids are calculated by well-established 
empirical methods [26,113,1431 Perfect-gas heat capacities [118], the Watson 
equation [la), and PVT equations of state provide energetic properties such 
as enthaipy. 

Saturation vapor pressures for vapor-liquid equilibrium calculations 
are obtained from the Antoine equation [21 the Harlacher-Braun correlation 
[58] or, if necessary, by the Lee-Kesler corresponding states method [So]. 
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160 VALENZUELA AND MYERS 

Activity coefficients in the bulk liquid phase are determined by either the 
Wilson equation [140] or the UNIQUAC equation [l]. 

Subroutines for calculating thermodynamic properties of the adsorbed 
phase, such as spreading pressure, two-dimensional compressibility factor, 
or Gibbs free energy of immersion are included in the thermodynamic package. 

Programs 

This portion of the system contains interactive programs for access to the 
system. There are three kinds of programs: 

lNPUT/OUTPUT Storer and recoverr information from the data 
files Qiver indicee to indicate which information in available and 
provider standardired output of that information Figure 1 ehowo 
rample output for data from SINQLB 

OPTlMlZATlON 
reto of parameterr for the variour equations employed to fit pure-gas 
adeorption isotherms The Complex 1181 algorithm in used for 
thin purpore 

A eet of prqramr deoigned to generate optimiled 

CALCULATION Prqramr to generate properties ruch as irollteric 
heat of adrorption, rpreading prerrure, adsorption eecond virial 
coefficients, and programa to compare predictive methodr with experi- 
mental data for dmorption of mixtures Figure 2 shown, for example, 
reiulk for prsdictionr by [AS theory 1961 with experimental data 

ADSORBENT CHARACTERISTICS 
-- AND THEIR INFLUENCE UPON ADSORPTION 

The physical structure and chemical characteristics of solids determine 
their use as adsorbents. The primary considerations in industrial applica- 
tions are the adsorptive capacity and the selectivity. The pore distribu- 
tion may have a significant effect on the preference of the adsorbent for 
molecules of different siae and shape. Polarity and chemical composition 
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GAS ADSORPTION EQUILIBRIA 161 

ADSORBENT : BPL 6/16 MESH I FITTSBURGH CHEMICAL COHFANY 
ADSORBATE : PURITY (1) > 99.96 (molZ) ( 2 )  > 99.96 (molX) 
EXF : VOLUMETRIC METHOD 9 STATIC EQUILIBRIUM TECHNIQUE 
REF : REICH~R.)ZIEOLERIW.T.IROOERSIK.~. INO ENG CHEM. PROCESS 

DES. DEU. 1980r19r336-344 

TEHP - 301.40 ( K )  
Y 1  3 ,2400 

TEMP = 301.40 ()o 

Y 1  = ,4720 

TEMP - 301.40 ( K )  
Y l  - .6820 

P (KPJ) x1 X l ( C J 1 )  N ( u o l / d )  N(C.1) 8oxr Sca lc  

144.099 .7620 -7578 3.2670 3.0639 1.4929 I + 459 
346.114 e7480 -7553 4.0760 3.9448 1.3840 1.439 
692.917 e 7460 .7519 4.8700 4.5680 1.3695 1.413 

1367.910 .7270 a7473 5.6060 5.0844 1.2417 1.379 

................................................................................ 

TEMP = 213.70 ( h )  
Y1 = .1400 

TEMP - 212.70 ( K )  
Y 1  = .6820 

137.205 .7900 ~ 7 5 5 5  6.6750 6.6771 1.7541 1.441 
240.625 .7790 .7514 7.1880 7.0456 1.6436 1.409 
343.356 a7740 .7474 7.5140 7.3574 1.5969 1.379 

FIGURE 2. Output  f rom database program f o r  p r e d i c t i n g  b i n a r y  gas 
a d s o r p t i o n  f rom I A S  theo ry .  Comparison w i t h  exper imenta l  da ta  
[117] f o r  a d s o r p t i o n  of ethane and e thy lene  on a c t i v a t e d  carbon. 
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162 VALENZUELA AND MYERS 

of the surface determine the ability of the adsorbent to separate molecules 
of different polarity or hydrocarbons with different degrees of saturation. 

Properties of commercial adsorbents are described in several reviews. 
[120,135]. Adsorptive properties of activated carbons were reviewed by 
Dubinin [36]. Properties of carbon molecular sieves were described by 
Mahajan and Walker [86]. The structure of carbon blacks and graphitiled 
carbon blacks was reviewed by Avgul and Kiselev [5]. Details of the prepa- 
ration and structure of silica gel were presented by Iler [65l Zeolite 
structure and properties have been extensively reviewed by Breck [20] and by 
Reed et al. [115,116]. A summary of key characteristics of industrial ad- 
sorbents, with examples of particular applications, follows. 

-- Silica Gel 

The basic structure of silica gel consists of approximately spherical 
particles of polymeric orthosilicic acid H,SiO, in the form of chains and 
nets. These particles agglomerate with bond formation between adjacent par- 
ticles by elimination of water between neighboring hydroxyl groups. The 
final structure is a physically-robust porous material. The pore size for 
adsorption depends on the particle size, which ranges from 2 to 20 nm. 
Silica gels have a narrow and unimodal pore size distribution. The physical 
properties of two typical silica gels are given in Table 1. 

The surface hydroxyl groups impart a degree of polarity which is 
evident in the preference of silica gel for polar molecules and unsaturated 
hydrocarbons. Silica gel has a strong preference for aromatic n bonds 
and it is highly hydrophilic. An example of this effect, which is counter- 
balanced by the preference of the adsorbent for molecules of greater molecular 
weight, can be observed in the data of Lewis et al. [82] in Table 2. Shen 
et al. [121] found that benlene is preferentially adsorbed from mixtures of 
benzene and n-hexane. 

Activated Carbon 

The basic strueture of activated carbon is elementary microcrystallites 
of graphite stacked together in random orientation to form a porous struc- 
ture. The arbitrary but useful classification of pore sizes by Dubinin [37] 
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GAS ADSORPTION EQUILIBRIA 163 

Table 1. Typical physical properties of silica gel 

High Area Lou Area 

Specific Pore Volume, cmS/g 0.43 0.9 

Specific Surface Area, m2/g 830 380 
Reference 11211 ~ 4 1  

Average Pore Diameter, nm 2 14 

Tsble 2. Selectivities of hydrocarbon mixtures adsorbed on silica gel. 
T = 298 K, P = 101 kPa, x, = 0.5 [82]. 

Component #l Component #2 SI2 

CHGCH 
CHz=CHz 
CHz=CH-CHS 
CH2=CH-CH2-CHS 
CHz=CH2 
CHpCH-CHS 
CHS-CHZ-CHS 
CHS-CH2-CHS 

CHz=CH2 
C H j - C H S 
CHS-CH2-CHS 
CHS-CH(CHS)-CHS 

CH4 
CH2=CHz 
CHS-CHS 
CHz=CHz 

3 0  
2 7  
3 1  
3 1  
19 0 
6 6  
4 8  
2 1  

is in wide use: Pores of width below 2 nm are described as micropores and 
those above 20 nm are called macropores. The transitional pore sires from 
2 to 20 nm are called mesopores. This classification is associated with a 
characteristic adsorptive behavior that has been studied by Gregg and 
Sing [55]. 

Because of its predominantly nonpolar surface, activated carbon is 
hydrophobic and organophilic. These characteristics make activated carbon 
useful for the recovery of organic substances from aqueous media. Recovery 
of organic substances from humid air is another application. When the 
humidity is high, capillary condensation of water vapor hinders the adsorp- 
tion of solvents [102]. 

Unlike silica gel, activated carbon does not have a preference for un- 
saturated hydrocarbons because of the nonpolar character of the carbon sur- 
face. This property is illustrated in Table 3, which indicates that the 
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164 VALENZUELA AND MYERS 

Table a. Seleotivitiea of hydrocarbon mixtures adsorbed on ffitivaled carbon. 
T = 298 K, P = 101 kPa [127]. 

Component #i Component #2 s11 

increase of selectivity with molecular weight is the most important effect. 
Another characteristic of activated carbon is a pronounced decay of the 
selectivity with increasing pressure [117]. 

Carbon Molecular Sieve8 

With the use of special activation procedures [68,131], it is possible to 
prepare activated carbons which possess a narrow distribution of pore sixes 
and therefore are capable of excluding large molecules from the active sur- 
face area. Carbon molecular sieves with apertures ranging from 0.4 to 0.9 
nm have been prepared. Although these adsorbents have less adsorptive 
capacity than conventional activated carbons, they provide higher values of 
selectivity for molecules of different sise. 

Carbon molecular sieves provide an alternative to neolites in the case 
of adsorption from acidic solutions because of their higher stability and less 
hydrophilic character compared to seolites [137) Details of the sieving 
action are given by Eguchi [42l Bensene is adsorbed preferentially to 
cyclohexane [loll Nakahara et al. [98,W,lW] reoently reported data for mix- 
tures of ethylene + ethane, ethylene + propylene, and ethane + propane. Since 
these adsorbates have an effective diameter smaller than the average pore 
diameter, no sieving effect was observed for their mixtures. 

Carbon Blacks -- 
Carbon black consists of spherically shaped solid particles containing small 
crystallites of graphite with intrusion of amorphous carbon. Depending on 
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GAS ADSORPTION EQUILIBRIA 165 

its origin and mode of preparation, carbon blacks are classified as: channel, 
acetylene, furnace, lamp and thermal. Typical values of particle size and 
surface area are given in Table 4. 

Carbon blacks contain hydrogen and oxygen impurities; hydrogen from 
the hydrocarbon source of the black, and oxygen from oxidative processes. 
For example, channel carbon black has the following elementary composition 
[73]: Functional groups containing 
hydrogen and oxygen such as hydroxyl, carboxyl, peroxide, etc. are present 
on the particles, either bound directly to the surface by chemisorption or 
contained in molecules which are physically adsorbed to the surface. 

C (94.8%), H (0.75%), and 0 (4.45%). 

The graphitization of the carbon source material is by heat treatment 
in vacuum, in an inert gas or in a reducing atmosphere. Up to 1100 C, vola- 
tile substances and most of the oxygen are eliminated. Thermal cracking of 
chemisorbed substances occurs between 1300 to 2200 C. Finally, between 2800 
and 3200 C, growth and ordering of the crystals takes place, accompanied by a 
change of the particle shape from spherical to polyhedral. The surface area 
diminishes as the crystals grow in size. Sterling FT graphitized carbon, 
for example, has a surface area of about 12 m2/g [113]. At temperatures 
close to 3000 C, the graphitization yields polyhedral particles with all of 
the faces the same: the basal plane of graphite. This homogeneity of the 
external surface of the particles makes graphitized carbon an ideal surface 
for theoretical studies. 

Graphitized carbon blacks are non-specific adsorbents because of the 
absence of functional groups on the surface. The selectivity for mixtures 
is similar to that for activated carbon (see Table 3), but it is fairly 
constant with respect to variation of composition at fixed temperature and 
pressure. Likewise, the selectivity of graphitized carbon varies only weakly 
with pressure at fixed temperature and gas-phase composition. The strong 
variation of the selectivity of activated carbon with both composition and 
pressure is therefore probably due to its  surface heterogeneity. 

Zeolites 

Zeolites are porous crystalline aluminosilicates. The basic, repetitive 
structure consists of assemblages of Si02 and A102 tetrahedra joined 
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166 VALENZUELA AND MYERS 

Table 4. Properties of carbon blacks. 

Avg. Particle Surface 
TY pe Diameter, ptn Area, m*/g 

Channel (Spheron) 40 110 
Acetylene 50 65 
Lamp 140 25 
Thermal (Sterling FT) 150 20 

together through shared oxygen atoms to form a cell with a central cavity, 
into which molecules can penetrate through several window-like apertures. 
Stacking these units into a lattice gives a three-dimensional structure of 
channels which connect the cavities through their windows. Unlike silica 
gel and activated carbon, the micropore structure is regular as determined 
by the crystalline lattice, so there is no pore size distribution. 

Zeolites are classified according to the crystalline structure of the 
cell. Although 34 species of zeolite minerals and about 100 synthetic struc- 
tures have been identified or synthesized [m], only a few are used commer- 
cially for gas adsorption operations. Detailed reviews of zeolites have been 
given in recent years [7,20,91]. The following description summarizes the 
most common types of zeolites. 

The cell of seolite Type A has a cavity 1.1 nm in diameter, accessible 
through 6 windows. These windows are partially obstructed by cations that 
determine their effective aperture. For example, the aperture for the sodium 
form, called NaA or 4A, is 0.4 nm. The sodium cation can be exchanged. 
For example, if it is replaced by a divalent cation, the requirement of 
electroneutrality removes alternate cations and thus increases the effec- 
tive aperture of the windows. For example, replacement of Na+ by Caz+ 
or Mg2+ increases the aperture to 0.5 nm so that larger molecules can pene- 
trate to the effective surface area of the cavity. Exchange of Na' with 
the larger K' ion decreases the aperture size to 0.3 nm. 

Zeolites Type X and Y have a similar crystalline structure with a large 
cell dimension of nearly 2.5 nm. These cells have very large windows with 
effective apertures of 0.74 nm so that molecules as large as isobutane can 
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penetrate the cavities. Each cell is connected through windows with four 
identical cells; the result is a porous structure containing about 50% void 
space. A cell consists of 192 (Si,AI)O, tetrahedra. X and Y wolites 
differ in the Si/Al ratio, which is 1.0 to 1.5 for X zeolites and 1.5 to 3.0 
for Y zeolites. The selectivity can be modifed by ion exchange [19]. 

THEORIES OF MIXED-GAS ADSORPTION 

Reviews of mixed-gas adsorption equilibria over the past decade include those 
by Sircar and Myers [123], Btilow et al. [23] and Jaroniec [67]. The simplest 
theory for a porous adsorbent is the Langmuir [77] equation as extended to 
mixtures by Markham and Benton [87]: 

n, = mKiPyi(l + C K,Pyi)-' (2) 

where Ki is the Langmuir constant for the i'th pure gas at the same temper- 
ature. The theory requires that all adsorbates have the same value of satura- 
tion capacity (m). Eqn. (2) is analytical but it incorrectly predicts that 
the isothermal selectivity sii is constant with respect to coverage and 
gas-phase composition. The Langmuir equation was extended to multilayer 
adsorption by Brunauer, Emmett and Teller (the BET equation [Zl]), and the 
BET equation for mixtures w a s  derived by Hill [60,61]. The Langmuir and 
BET equations are still used extensively, in spite of their failure to fit 
data accurately over wide ranges of pressure, partly because of their sim- 
plicity and partly because they may be derived from statistical mechanics 
by relatively simple models [24,29,44,45,139]. Another model with a sta- 
tistical basis is that of Ruthven [120] for adsorption in mlites. 

Since neither the Langmuir nor the BET equation fits the experimental 
data for adsorption of a pure gas on adsorbents like silica gel, activated 
carbon and zeolites, it is necessary to use more complicated equations which 
contain three or even four parameters. In Appendix 3 are compared three 
particular theories: ideal-adsorbed-solution theory (IAS) [96], the vacancy- 
solution model (VSM) [41,125,126] and the Polanyi potential theory [38,39, 
40,52,54,83,112] as extended to mixtures by Grant and Manes (GM) [53]. The 
listing of 145 experimental points for adsorption of binary gas mixtures on 
silica gel, activated carbon and zeolites w a s  chosen on the basis of avail- 
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ability of data for the pure-gas isotherms. Each entry indicates the gas 
mixture, the adsorbent, the experimental conditions of temperature, pres- 
sure and composition, and the measured selectivity. The latter is compared 
with the value predicted by the IAS, VSM and CM methods using the pro- 
cedures described below. 

----- Method of Grant and Msnes 

According to this method [52,53], the basic equation is: 

where v,, is the molar volume of i'th adsorbate in the state of saturated 
liquid at its normal boiling point, and Pi, is the vapor pressure of the 
saturated liquid at the temperature of the adsorption isotherm. Having fixed 
the temperature, pressure (P) and gas-phase mole fractions {yl,y2}, Eqn. 
(3) may be solved implicitly for x1 since (xl + x2) = 1. Then the selec- 
tivity is calculated from Egn. (1). The total amount adsorbed is obtained 
from the characteristic curves [53] of the adsorbates. 

The predictions of selectivity for the CM method in Appendix 3 were 
calculated from Eqn. (3). For supercritical temperatures, the adsorbate 
vapor pressures were estimated by extrapolation. The more general form of 
Eqn. (3) includes corrections to the fugacity for nonidealities in the gas 
phase. However, in the interest of simplicity and uniformity, we have ig- 
nored gas-phase imperfections for all three methods (IAS, VSM, and CM). 

Vsesncy Solution Model 

The adsorption isotherm for a pure gas (component #I) is [1251 

The set of four constants {ml,b,,AIS,Asl} is determined from the experi- 
mental data for the adsorption of the pure gas. The follwing equations then 
describe binary gas adsorption: 
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m = xIml + x2m2 
8 = n/m 
XIn = X,e  

x p l =  x2e 
x:=i-e 

3 3 
In(yk') = 1 - In[ .C xfAk,] - t[x:Aik( C x/Aii)-'] 

J=l i:l J Z I  

{k = 1,2,3} (10) 

-n,' = [I + (m - mi)/n] in(y,"x:) {i = 1,2} (11) 

Given the constants for adsorption of the pure gases, and having specified 
the independent variables temperature (T), pressure (P) and adsorbed-phase 
composition (x1,x2), there remain 11 unknowns { yl',ypl,y~,~,',~~,x~,~l*,l-12*, 
8,n,m} in the 11 Equations (5)-(12) above. Finally, Eqn. (13) is 
solved for the unknown vapor composition last because it is the only equa- 
tion containing this variable. The subscripts {1,2} refer to the adsorbates 
and subscript #3 refers to the lattice vacancies. Eqn. (10) is the Wilson 
equation for a ternary mixture. The "s" superscripts refer to the composi- 
tion of the adsorbed phase treating the vacancies as an additional component. 
ll: is the dimensionless spreading pressure of the adsorbates, 8 is their 
fractional loading, n is the total amount adsorbed, and m is the saturation 
capacity for the mixture. 

The algorithm used for solving these equations is as follows: 

(1) Calculate m from Eqn. (5). 
(2) Estimate a value for 8 in the interval 0 < 8 < 1. 
(3) Calculate the compositions {xi'} from Eqns. (7)-(9). 

(4) Obtain n from Q n .  (6). 

(5) Evaluate the activity coefficients {y,'} by Eqns. (10). 
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(6) Calculate the spreading pressures {I&*} from Eqns. (11). 

(7) Solve Eqn. (12) for n. 

(8) Recalculate 8 from Eqn. (10) and compare with the previous 
value in step 2. Repeat to convergence of 8. 

(9) Calculate the vapor compositions {y,} using Eqns. (13). In the 
binary case only y1 need be calculated because y2 = 1 - yl. 

(10) Determine the selectivity from Eqn. (1). 

Selectivities calculated this way are reported in Appendix 3 in the 
The constants for the pure-gas isotherms were derived from VSM column. 

the experimental data using the optirnisation procedure described above. 

Ideal Adeorbed Solution Theory 

IAS theory equates adsorbed- and gas-phase fugacities: 

Py1 = Pl0(I7)Xl 114) 

where Pi0 is the pressure which, for adsorption of pure component 'Y, yields 
the same spreading pressure (II) as that of the mixture. Spreading pressure 
is given by the integral: 

(llA/RT) = [ (n;/P)dP (151 
P.0 

n:, a function of P:, is the adsorption isotherm for the i'th pure gas. 
Any equation which fits the experimental data may be used; we selected the 
Toth isotherm [129,130]: 

The three constants {m,b,t} were derived from the experimental data for ad- 
sorption of the pure gases using an optimization program. For binary adsorp- 
tion equilibrium, there are 3 degrees of freedom which are normally specified 
in terms of temperature (TI, pressure (P) and vapor composition (yl,yp). There 
are 5 unknowns: { X ~ , X ~ , P ~ , P ~ ~ , ~ I ) .  Eqns. (14) and (15), plus the mn- 
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straint (x,+x2=1) provide an equal number of equations, so that a unique 
solution exists. Details of the solution algorithm are available [97]. 
Finally, the selectivity w a s  calculated by Eqn. (1) and the results are 
reported in Appendix 3 under the column IAS. 

Commrison Predictions with Experimental D.to 

Predicted selectivities are compared with experiment in Appendix 3 because 
this is a more sensitive test than either total loading or composition. We 
have restricted the number of points to three for each system because of 
space limitations. In addition to the values of selectivity, the percentage 
error defined by 100x(scALc- s ~ x p ) / s ~ ~ ~  is reported. An asterisk means 
that the calculated selectivity was more than twice as large as the experi- 
mental value. 

The average absolute errors for the IAS, VSM and GM methods were 
35, 41 and 80 percent, respectively. In calculating the average, the 
asterisks were assigned values of 100. 

The conclusion is that none of these theories is in good agreement 
with experiment for all systems. However, the IAS and VSM methods give 
results significantly better than that of GM. As  mentioned before, the 
selectivity is a very sensitive parameter. The average error of 35 percent 
in selectivity for IAS corresponds to an average absolute error of 0.04 in 
mole fraction. 
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NOTE 

A book containing some of the information contained in the data bank de- 
scribed above is planned for publication in 1985. This book will contain data 
on adsorption of pure gases and vapors in a format similar to Fig. 1, data on 
the adsorption of binary gas mixtures as in Fig. 2, and data on adsorption 
from liquid mixtures. Additional information may be obtained by writing to 
the authors. 
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'ore 
Jol. 
:mS/g 

143 
1.43 

9 

83 
.83 

177 

Temp 
K 

298 
298 
278-308 
293 
273-313 
314 
314 
314 
314 
314 
314 
298 
298 
273-313 
273-313 
298 
298 
298 
298 
343-403 
343-403 
339 
339 
298 
298 
348 
195 
120-180 
140-160 
100-180 
140-160 
75-90 
100-180 
100-180 
156-273 
156-293 
213-301 
293 
293 
298 
213-301 
293 
293 
303 
298 
298 
313-343 
298 

APPENDIX 1 
Experimenhl Meururemeab of Adsorption of Binary GM MixLures 

Adsorbaks 

CH, + C,H, 
CHI + &He 
CH, + &He 
CH, + CsHb 
CH, + c,ns 
CHI + n-C,Hlo 
CH, + n-C,Hlo 
CH, + n-GH,, 
CH, + n-GHlz 
CH, + n-CsHl, 
CH, + n-CbHl, 
CzHz + CzHi 
C A  + w. 
4 H ,  + CsHe 
CzH, + C&b 
%He + CsHb 
CsHe + CsHe 
CsHe + C,Ha 
i-C,Hb + i-C,H,, 
C.H. + n-CbHl, 
CbH, + n-CeHI, 
C.H. + 2,4-dimelhylpenbne 
CbH, + 2.4-dimethylpenbne 
CH, + N, 
Z,H. + N, 
n-C,H,, + n,o 
Ar + N, 
30, + H2 
30, + He 
30, + N, 
30, + N, 
4 + Hz 
H, + Xe 
He + Xe 
3 2  + 0 s  
3 2  + 0 s  
3H, + &H, 
3H. + GH, 
3H, + C,H, 
3H, + C,H, 
3H, + GH, 
:HI + C,Hb 
3H. + GH,  
3H, + CSHa 
3H, + CSHa 
ZH, + n-C,Hlo 
CHI + n-C,Hlo 
3H. + n-C,HI, 

Adsorbent 

SC ( D C , ~ o h g  grade) 

SC (MSM) 
SG ( w g r a d e  15) 
SC 
SC (EC.grade 15) 
sc 
SC [DC,Ralriggrdo 0.S) 

SC 
SG (DC,Relrl[grds 09) 

sc 
SG [DC,RaIrwgr& 09) 

SG ( D C . ~ h 8 g r d e )  

% [DC,Relr,8 i d s )  

SC (DC.Rolriggrde) 

SC (DC,Rdn([rde) 
SG (DC.Rslrog [ d o )  

SC (DC,ReIrtgarde) 

sc (DC.Rslrlggnas) 

SC (W 
sc (W 

SG ( ~ , R a l r i g  g r d o )  

SC (Dc,#08-08-237) 
SG (Mallinckrcdl) 
SC (MSM) 
SG (MSM) 
SC [KSK) 
SC (DC,Grade Oec] 
SG (KSM.6P) 
SG 
SC (KSM.6P) 
sc 
SG (FS) 
SC (KSM.6P) 
SG (KSM.6P) 
SC ( K S )  

( K S )  
AC (PC,BPL) 
AC (CE, 40) 
AC (Nunl.AL) 
AC ( W C )  
AC (PC,BPL) 
AC (Nurit.AL) 
AC (CE. 40) 
AC (COG) 
AC (PC,BPL) 
AC (FC.BPL) 
AC (CO,C) 
AC (PC,BPL) 

- 
Surf 
Area 
m2/g - 
751 

8a3 
530 
803 

807 

807 

807 
751 
751 
751 
751 
751 
751 
751 
751 
832 
832 

380 

510 

510 

750 
510 
510 
365 
365 
990 
700 

990 

700 
1157 
IMD 
I040 
1157 
I040 - 

Pressure 
kPa 

101 

0-9,700 
700-6.900 
700-6,900 

6.900 

6,934J 

6,900 
101 
33-1.940 
101 
101 
101 
101 
33-790 
101 
101 
101 
7-67 
7-67 

101 
253-10,ooo 

250-9,ooo 

27-IM) 
253-10,100 
253-10J00 
0.06-16 
0.06-16 
138-2,100 
1-107 
100 
101 
1404,000 
I00 
1-107 
345-73,ooo 
0-7.000 
0-5.300 
14-13.700 
0-7,oOO 

- 
Exp. 
Tech 

s-v 
F-C 
F-C 

- 

F-C 
F-C 

F-N 

F-N 

F-N 
s-v 
s-v 
s-v 
s-v 
s-v 
s- v 
s-v 
s-v 
F-N 
F-N 
S-c 
S-G 
F-C 
F-C 
s-c 
F-N 
F-N 

F-N 

F-N 

F-N 
F-N 
F-N 
s-v 
F-N 
s-v 
s-v 
S-V 
S-V 
F-N 
s-v 
F-N 
F-N 
s-v 
F-N 

F-N 

- 

- 
Dab 
TYP 

P' 
G 
G 
G 
T 

c 

G 

G 
T 
G 
T 
T 
T 
T 
TS' 
G 
G 
GBT 

G 
G 
G 
G 
G 
GBr 
T 

- 

r 

G 
r 
r 

r 
r 
T 
P' 
T 
r 
r 
r 
r 
r 
r 
r 

G 
C 

- 

- 
.el 
- 
82 
3 

0 
4s 
59 
33 
89 
33 
89 
33 
89 
85 
82 
81 
81 
82 
84 
82 
82 
21 
n 
27 
27 
3 
3 

I4 
25 
92 
93 
94 
93 
8 

66 
66 
75 
4 

I7 
28 
21 
82 
17 
27 
18 
n 
53 
53 
37 
53 - 
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Ixp. 
rech. 

;-V 
;-v 
;-V 
'-N 
;-V 
;-V 
;-V 
'-N 
i V  
;-V 

7-N 
;-V 
;-V 
;-V 
;-V 
;-V 
;-V 
;-v 
;-c 

7-N 
7-c 

;-c 
;-c 
&V 

;-V 
?-c 
P - c  
;-G 
;-G 
;-V 

j-0 

;-G 
j-C 

APPENDIX 1 (Cont'd) 
Exprimenhi  Mewuremenb of Adsorphion of Binwy G.e Mixtures 

Dab 
T y p  

T 
G 
T 
T 
T 
T 
T 
T 
Tog 
Ts' 

T 
T 
T 
Tsg 
T 
T 
T 
G 
G 

G 
G 
GB' 

G 
T 
G 
0 
T 
T 
G 
T 
G 
G 
G 
c 
T 

T 
G 
c 
T 
T 
T 

T 
T 
T 

Adsorbates 

95 

44 

48 

85 
9 

9 
85 
9 3 0 3  

Adsorbent 

298 101 
298 I01 
213-301 140-2,lW 
293 1-107 
293-333 IM 
293 100 
198 101 
293 1-107 
298 101 
198 101-790 
303-323 
293 1-107 
293-333 100 
198 101 
298 101 
298 I01 
293 100 
293 100 
298 101 
303 001-15 
303-323 
303 
423 
393 
283-323 03-13 
303 18-40 
283-323 03-13 
303 03-13 
303 03-13 
283-303 03-13 
303 03-13 
303 03-13 
303 03-13 
303 03-13 
333 
323-344 
298 345 
212-310 
298 34.5 
298 
298 
303 4-7 
303 4-7 
293 IM 
34e 
303 3-5 
303 3-5 

AC (PC,EY-SI-C) 
AC (C0.G) 
AC (PC,BPL) 
AC (CE, 40) 
AC (Nuxi1,AL) 
AC (Nurit.AL) 
AC (CO,C) 
AC (CE, 40) 
AC (FC, EY-51-C) 

AC 
AC (CE, 40) 
AC (Nuxi1,AL) 
AC (PC,EY-51-C) 
AC (C0.G)  
AC (Cc,Blut P a w h  II 
AC (Nuxit,AL) 
AC (Nuxit,AL) 
AC (PC,EY-51-C) 
AC (C*lion F h r .  400) 

AC 
AC (B4) 

AC (ART-2,PAU) 
AC (AR-3) 
AC (B4) 
AC (AR-3) 
AC (AR-3) 
AC (AR-3) 
AC (SKT) 

AC (SKT.AR-3) 
AC (SKT,AR-3) 
AC (AR-3) 
AC 
AC 
AC (PC,BPL) 
AC 
AC (FC,BPL) 
AC (AR-3) 
AC (AR-3) 
AC (HCI-780) 
AC (Shira6bgiS) 
AC (Nuxi1,AL) 
AC 
AC (Shira6bgifl 
AC (HCI-780) 
AC (ShirauagiS) 

AC (a, C) 

AC (SS-208C) 

AC (AR-3) 

- 
urf. 
i res  
I'ip 
05 

90 
00 

M 
05 

05 

05 

05 
IW 

138 

PJg 

)53 

)53 

24 
72 

12 
24 
72 - 

- 
ef. 
- 
85 
82 
17 
28 
27 
27 
82 
28 
82 
82 
78 
28 
n 
82 
82 
84 
27 
27 
82 
95 
42 
62 
28 
35 
9 
63 
9 
9 
9 
9 
9 
9 
9 
9 

16 
16 
41 
19 
41 
3 
3 

M 
M 
n 
13 
02 
M 
02 
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APPENDIX 1 (Cont'd) 
Experimealal Messuremenb 01 Adamplion 01 Binary CM Mixtures 

Adsorbates 

C,H60H + H,O 
co + co, 
C02 + N, 
D i  + Hi 
Di + Hi 
He + Nl 
C i h  + CiHa 
CzH, + CsHo 

C,H, + CSH. 

3,H, + C,H. 
J,H, f CSH. 
misene + Frwn-11 
mnrene + cyclohexane 
%Hi + GH, 
2iH, + CgHn 
3 H ,  f CiHe 
&H, f C,H, 
:,Ha + i-C,H,o 
:,Ha + CSH. 
&Ha + n-C,H,, 
ZIH. + n-C,H,, 
>,Ha t i-C,Hlo 
&Ha + n-C,H,, 
:,Ha + n-C,Hlo 
i-C&Hll + n-C,HI, 
I-C& + n-C,H,, 
&HI + n-C,H,, 
i-C,HI, + n-C,H,, 
i-C7Hla + n-C,H1. 
i-C,H,, + n-Cl,H1. 
i-C,H,. + n-C,,H,, 
i-C,,H,, f n-CI,Hm 
i-Cl,Hm + n-C,,H,, 

:,Ha + C,H,CI 

+ CSHO 

C,H, + C,H, 

i-C,zHm + n-CI,HSo 

:,HIOH + n-CSH70H 
:H, + N, 
:,HI + CO 
:iH, + CO, 
:,n, t co, 
:,no + co, 
i-C,H,O + H& 
i r  + N, 
:O + N, 
:o t o2 
), + Hi 

Adsorbeni 

AC (Shiraswi.S) 
AC (PC,BPL) 
AC (AR-3) 
AC (W3 
AC (FS,FCC) 
AC (PC,BPL) 
CMS (5A) 
CMS (5A) 
CMS (5A) 
CMS (5A) 
GC ( S k r l i q  PTO-DS) 

CC ( S k r l i q  PM-DS) 
cc (Storltq M T P f - D 7  
CC (Srorl tq MT-DS) 
Z 
Z (LindeJ3X) 

cc (sLarilq ma-M) 

n 
b 

Z 
Z (LindeJ3X) 
Z (5Al 
Z @A1 
Z (5A) 
Z (LindeJ3X) 
Z (5.4) 
Z (CaA) 
Z (CaA) 
Z (Linde.5A) 
Z (NaX) 
Z (CaA) 
2 (CaA) 
2 (CaA) 
Z (CaA) 
Z (&A) 
2 (CaA) 
2 (NaA,CaA) 
2 (NaX) 
2 (&A1 
2 (&A1 
Z 
2 (13X) 
Z 
2 (SA) 
b (&A) 
2 (NaX) 
2 (Linde,5A,lOX) 
Z (Linde,SAJOX) 
Z (Linde.CaA) 

- 
Sur 
A n  
m'/ - 
972 
105: 

IW 
IIW 
1123 
650 
650 
650 
650 
13 
13 
13 
10 
10 

525 

525 

525 

825 

ioo 
ioo 

- 

- 
Pore 
Vol 
cm'l - 
0 9  

056 
056 
056 
056 

33 

13 
125 
125 

13 
125 

13 

- 

Temp. 
K - 

303 
298 
298 
75-90 
75-90 
100-150 
303 
275-323 
275-323 
278-323 
298 
298 
298 
298 
303 
298 
298-323 
298 
298 
298-373 
273 
273 
308 
298-323 
273 
293-383 
383 
573 
358 
358-413 
383 

523-633 
m 
358-413 
123-295 
298 
198-323 
298 
308 
273-348 
140-160 
144 
144 
78 

Pressure 
kPa 

3-5 
345 

27-100 
27-100 
100-10,000 
3-13 
1-10 
13 
13 
93 
93 
13-93 3 
0 5-1.2 
007-0 I1 

138 

139 
1-53 
1-53 
6 
138 
1-53 
40 
40 
73 

40 
40 
4u 
40 
40 
10 

40 
loo-lo,m 

138 

13 

15-65 0 
I01 
101 
1-53 

- 
E ~ P  
Tact 

s-c 
s-v 
F-C 
s-v 
s- v 
F-A 
s-v 
s-v 
s-v 
s-v 
S-C 
S-G 
S-G 
S-C 
S-G 

s-v 

- 

s-v 
S-G 
S-G 
S-C 
s- V 
5-G 
j-V 
S-V 

F-C 
j-V 
j-V 
j-V 
j-V 
j-V 
j-V 

i-c 
j-V 
i-v 

i-V 

i-c 
'-N 
;-V 
7-N 
P-N 
;-V 

F-N 

- 

- 
Dat 
TyF 
T 
T 
G 
G 
G 
T 
T 
T 
T 
T 
G 
G 
G 
G 
G 

T 
TS' 

TS' 
TS' 
r 
r 
r 
r 
r 
r 
n 

3 

4 

.J 

rs' 
rsE 
rsr 
rs' 

:S' 

rs' 
r 
rsE 
r 
r 

r 
r 
;SE 

: 

- 

- 
ief 
- 
102 
141 

3 
8 
8 

43 
98 
98 

100 
99 
47 
47 
47 

124 
95 
72 
31 
72 
72 
64 
136 
136 
50 
64 
,36 
34 
34 
09 
69 
34 
34 
34 
34 
34 
34 
23 
17 
34 
79 
72 
64 
72 
50 
45 
34 
32 
32 
04 - 
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Exp. D a b  
Tech. Type 

s-v CS' 

s-v Ts' 
S-V CS' 

S-V Tsp 
S-V Ts' 
S-V Ts' 
S-V Csp 
S-V Gs' 
S-V Cs* 
F-N G 
S-V Css 
S-V G" 
S-V Csp 
S-V T" 
S-V Ts' 
S-V Ts' 
S-V Tsg 
F-C 
F-N T 
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Ref. 

1@4 
104 
105 
105 
105 
105 
104 
104 
104 

8 
104 
104 
104 
105 
105 
105 
105 
132 
32 

APPENDIX I (Conl'd) 
Experiments1 Mewuremente 01 Adsorption of Binary GM Mixtures 

Pore 
Vol. 
:m'lg 

AdsorbaLes Temp. 
K 

62-90 
62-90 
55-112 
50-112 
48-90 
35-90 
78 
62-90 
62-90 
75-90 
78 
62-90 
62-90 
55-112 
50-112 
48-90 
35-90 
283-323 
144 

I Adsorbales 

Adsorbent 

2 (NaX) 
Z (Linde.NaA) 
2 (Linde.4A) 
2 (Linde.5A) 
Z (GROZNI1,NaA) 
Z [VNIINP,NaX) 
2 (Linde.CoA) 
2 (NaX) 
2 (Linde,NaA) 
2 (Linde,lA,IA,l3X) 
2 (Linde,CaA) 
2 [NaX) 
2 (Linde,NaA) 
Z (Linde,4A) 
2 (Linde,SA) 
2 (GrorNI1,NnA) 
2 (VNIINP,NaX) 
Z (5A) 
Z (Linde,SA,13X) 

- 
Surl 
Are 9 

700 

wo 

Pressure 
kPa 

0-53 
0-53 
1-40 
0.3-40.0 
0.1-15.0 
1-6 
0-53 
0-53 
0-53 
27-100 
0-53 
0-53 
0-53 
1-40 
0.3-40.0 
0.1-15 0 
1-6 

101 

APPENDIX 2 
Experimental MeMuremenIa 01 Adsorption 01 Ternary G.s Mixture6 

Surf. 
Adsorbent 

sc (m, rdrp(r.d*) 

AC (Nuxit, AL) 
AC (Nuxit, AL) 
AC (CE, 40) 
AC (PC. BPL) 
AC (CE. 40) 
AC (CO. C) 

751 

700 
990 
7ca 

Vol. Temp. 

298 
293 
293 
293-323 
213-301 
293-323 
298 

Pressure 
kPa 

101 
I01 
101 
10-13 
l24-3wo 
10-13 
I01 
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ly. s 
E M  

3.64 
4.21 
4.87 
1.94 
2.10 
229 
1.80 
2.08 
2.58 
1.59 
1.79 
2.16 
2.16 
5.33 
5.32 
5.27 
6.13 
7.65 
6.92 
7.52 
7.72 
1.49 
3.17 
3.57 
31.6 
297 
28.7 
32.8 
29.6 
35 4 
31.0 
29.0 
41.9 
30.0 
25.5 
17.4 
13.6 
12.4 
18.7 
14.0 
131 
21.7 
15.2 
13.9 
17.3 
20.4 
24.9 
24.4 
23.1 

181 

GM 

0.82 
083 
0.84 
21 
77 
120 
24 
94 
150 
40 
110 
166 
I4 
26 
31 
14 
25 
32 
18 
28 
33 
0.49 
0.52 
0.53 
336 
276 
24.6 
375 
27.6 
45.8 
31.3 
25.0 
571 
391 
30.0 
52.3 
31.1 
22.2 
585 
34.7 
27.9 
72.1 
42.4 
34.0 
15.5 
21.9 
31.4 
17.2 
15.8 

Adsorbates 

!zHz + W, 

!,Ha + C2H, 

!sH4 + C,H, 

!,Ha + C,Ha 

!,He + CH, 

:,HI + CH, 

APPENDIX 3 
Cornprison 01 Predictions 01 Binary Gas Adsorption 

IT; Adsorbent 

SG 

SG 

SG 

SG 

AC 

AC 

298 

273 

298 

313 

273 

198 

313 

298 

213 

260 

301 

293 

213 

- 
P 
:Pa 

101 

- 

101 

101 

103 

103 

103 

102 

101 

130 
244 
353 
132 
348 
132 
436 
875 
125 
412 
941 
130 
685 
zoo! 
132 
693 
138 
130 
687 
137: 
100 

136 
241 - 

Mole 
FracL. 

XI = ,931 
xI = .542 
XI = .I36 
XI  = .973 
XI = 495 

X I  = .953 
XI = ,509 
XI  = 081 
Kt = 897 
X I  = ,506 

XI = ,934 
XI = .459 
XI = ,115 
XI  = .363 
X I  = ,333 

xI = .045 

xi = .I16 

xI = .I93 
XI = .940 
XI = .529 
XI = 295 
XI  = ,892 
XI  = 445 

y1 = ,733 
x, = ,277 

yl = ,501 

y, = .255 

yI = ,255 

yI = ,733 

yl = ,501 

JI = ,255 

XI = .975 

XI  = ,605 
xl = .852 

yl = ,740 

- 
- 
Exp. 

4.33 
2.95 
2.16 
1.62 
2.12 
2.10 
1.79 
2.02 
1.79 
1.65 
1.89 
1.77 
8 07 
7.89 
11.68 
8.61 
6.78 
7.23 
7.30 
6.46 
6.02 
2.67 
1.32 
114 
30.0 
13.6 
11.0 
30.1 
16.8 
35.5 
23.9 
17.5 
20.5 
14.5 
11.5 
13.6 
4.49 
2.43 
13.0 
6.49 
3.82 
14.6 
8.86 
6.95 
14.4 
17.7 
21.7 
20.3 
12.2 

- 

- 

- 

IAS 

3.84 
4.09 
4.29 
2.26 
2.14 
2.10 
2.19 
2.14 
2.13 
1.90 
1.84 
1.82 
6.69 
6.61 
6.56 
6.80 
6.51 
6.55 
6.86 
7.97 
8.38 
2.65 
2.84 
2.89 
33.4 
31.1 
29.8 
34.5 
31.3 
30.5 
32.3 
303 
26.3 
21.7 
19.2 
14.0 
12.0 
11.2 
14.5 
12.2 
11.6 
15.6 
12.8 
12.0 
15.4 
18.9 
n . 2  
23.8 
22.7 

- 

- 

Pa 
IAS 

11 
39 
99 
40 
1 
0 

22 
6 

I9 
15 
5 
3 

17 
16 
44 
21 

4 
9 
7 

23 
39 

1 

- 
- 

t 

* 
11 
* 
t 

14 

8 
35 
73 
29 
50 
67 
3 

f 

t 

t 

I I  
88 
t 

7 
45 
73 

7 
6 
2 

17 
86 - 

SM - 
16 
43 

20 
1 
9 
1 
3 

44 
4 
4 

22 
73 
32 
54 
39 
10 
6 
6 

16 
28 
44 

* 

t 

* 
5 
* 
* 
9 

77 
0 

30 
65 
t 

I 

* 
28 
t 

1 

43 
: 

* 
49 
71 

20 
I5 
15 
20 
90 

* 

- 

- 
:M - 
t 

* 
t 

* 
t 

* 
* 
t 

1 

t 

* 
* 

75 
t 

I 

51 
I 

* 
* 
t 

1 

t 

* 
t 

12 
t 

* 
25 
65 
29 
31 
43 
* 
t 

* 
* 
t 

* 
* 
* 
t 

* 
* 
* 
8 

23 
45 
15 
24 - 

- 

ief 

85 
85 
85 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 
84 
84 
84 
17 
117 
117 
,17 

117 
17 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
127 
127 
127 
117 

- 

"7 
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APPENDIX 3 (Conl’d) 
Comyrimon of Predicliom of Binary G u  Adsorption 

Adsorbent 

AC 

AC 

AC 

AC 

AC 

- 
P 
:Pa 

414 
m 
725 
136 
441 
896 
I46 
684 
1411 
131 
683 
m 
I22 
676 
m 
I29 
694 
1431 
IW 

- 

101 

101 

IW 

140 
224 
405 
137 
241 
343 
138 
737 
198 
218 
550 
IlX 
144 
fa 
136 
101 

loo - 

- 
Mole 
PrwL. 

r l  = .740 
11 = ,464 

r l =  .235 

- 

= ,235 

= ,710 

rI = .464 

II = ,235 

x1 = .971 
XI = ,833 
X I  = ,634 
XI =.m 

XI = ,903 
xI = ,162 
X I  = .488 
XI = ,863 

XI = ,459 
XI = ,750 

XI = ,428 

xI = ,171 

yI = ,240 

yI =.a2 

YI = .24c 

J I  = .471 

yI = .a 

x, = .36! 
XI = .w 
XI = ,691 
x1 = .I84 - 

- 
- 
3xp. 

11.0 
14.6 
10.5 
20.5 
15.5 
13.4 
12.4 
3.80 
5.79 
9.41 
4.09 
2.87 
9.75 
548 
3.52 
10.0 
6.43 
5.13 
12.3 
11.5 
14.0 
0.94 
1.42 
1.75 
1.49 
1.50 
1.53 
1.35 
1.45 
1.37 
1.68 
1.58 
1.52 
1.75 
1.64 
1.60 
1.24 
1.27 
1.18 
1.42 
1.28 
1.28 
1.49 
1.37 
1.24 
12.1 
12.3 
123 
7.z 

- 

- 

- 
AS 

!1.7 
D.7 
!1.2 
!7.0 
B.3 
!1.7 
5.9 
3.2 
.2.2 
.o.o 
3.55 
1.26 
10.5 
3.84 
1.26 
11.1 
2.17 
9.62 
11.6 
13.6 
15.4 
1.31 
1.31 
1.30 
1.44 
1.44 
1.44 
1.34 
1.34 
1.33 
1.45 
1.42 
1.38 
1.44 
1.41 
1.38 
1.46 
1.42 
1.37 
1.45 
1.43 
1.39 
1.46 
1.41 
1.37 
13.3 
12.3 
10.8 
9.4 

- 

- 

Y l 2  
‘SM 

2.2 
a.3 
!l.9 
!7.2 
8.6 
2.1 
5.5 
7.5 
5.9 
1.0 
1.06 
1.57 
1.1 
3.36 
1.68 
.3.0 
3.85 
3.14 
.2.7 
,4.3 
.6.0 
..58 
1.37 
1.90 
1.48 
1.47 
1.45 
1.36 
1.35 
1.34 
1.49 
1.46 
1.42 
1.44 
1.39 
1.35 
1.69 
1.55 
1.48 
1.63 
1.55 
1.51 
1.65 
1.53 
1.48 
13.5 
11.4 
8.94 
10.0 

- 

- 

- 
C1M 
13.4 
15.6 
13.0 
21.7 
16.5 
14.0 
25.1 
17.6 
14.8 
25.5 
17.6 
13.9 
28.6 
19.4 
15.2 
32.5 
22.1 
8.71 
10.2 
12.3 
14.5 
1.22 
1.21 
1.19 
2.80 
2.71 
2.57 
3.01 
2.92 
2.81 
2.38 
2.24 
2.09 
2.28 
2.14 
2.05 
2.58 
2.10 
1.86 
2.37 
2.13 
1.95 
2.45 
2.04 
1.88 
28.7 
22.6 
16.2 
27.1 - 

Po - * 
98 
56 

32 
50 
63 
28 
49 

6 

* 

80 

* 
* 
8 

61 

I1 
43 
68 
6 

19 
LO 
40 
8 
26 
3 
4 
6 
I 
8 
3 

14 
LO 
10 
18 

I4 
I4 
18 
12 
I5 
2 

12 
9 
2 
3 

10 
10 
0 

12 
31 

* 

- 

$J 
SL - 
* 
60 

33 
52 
66 

99 

17 

* 

* 

* 

* 
* 

I4  
71 

30 
53 
78 
3 

25 
14 
68 
3 

94 
0 
2 
5 
I 
26 
2 

11 
8 
7 

18 
15 
I5 
37 
21 
25 
15 
22 
I8 
10 
11 
8 

11 
7 

37 
38 

* 

- 

- 
- 
IM 

n 
7 
D 
6 
7 
5 

- 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

17 
8 
4 
30 
15 
32 
88 
80 
68 
* 
* 
I 

42 
42 
37 
30 
30 
28 

65 
57 
67 
67 
53 
64 
4s 

* 

5? 
* 
3G 
* - 

- 

17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
27 
27 
27 
85 
85 
85 

127 
127 
127 
127 
127 
127 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
117 
127 
127 
127 
127 - 
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APPENDIX 3 (Coat'd) 
Compsrimo 01 Prediclioas of Binary G . s  Admrplioa 
- 
T, 
K 

293 

333 

- 

298 

293 

293 

293 

298 

323 

373 

308 

323 

308 

I44 

144 

144 

144 

- 

- 
P 

(Pa 

IW 

Loo 

- 

101 

100 

100 

100 

138 

138 

138 

6.4 

138 

13 

101 

I01 

101 

I01 

- 

Mole 
Fract. 

xl = ,615 
XI = ,968 
XI = ,534 
XI = ,722 
XI = .950 
XI = .099 
XI = ,482 
xI = .952 
xl = ,311 

xI = 370 
xI = .I32 

XI = ,520 

XI = ,563 
XI = ,737 
XI = .881 

XI = ,224 
x, = ,122 

XI = ,822 
X( = ,186 

X( = 918 
XI = ,102 
XI  = .662 
XI = 983 

xI = .AM 

xl = ,516 

x1 = 641 

xI = ,725 
xI = ,690 
XI = ,344 
XI = .I66 

XI = ,913 
XI = ,811 

xI = 527 

xI = .528 
xI = ,248 
XI = ,933 
xI = ,697 
x1 = .243 
XI = .%I 

XI = .530 
XI = .974 
11 = ,673 
XI = 3.52 
XI = ,960 
XI = ,686 
xI = .223 

XI = ,770 

- 
61p. 

7.80 
4.71 
6.92 
6.61 
4.69 
0.89 
0.86 
0.98 
0.96 
0.95 
1.00 
2.89 
3.40 
2.75 
2.59 
2.96 
3.16 
2.96 
2.22 
0.66 
2.72 
1.36 
060 
3.24 
2.46 
2.33 
1315 
183 
34 
1.80 
1.68 
1.10 
23.2 
41.9 
40.9 
5.15 
7.92 
15.0 
6.32 
10.7 
33.0 
3.61 
6.66 
21.2 
2.32 
3.61 
11.2 - 

;elect 
IAS 

8.51 
6.88 
7.79 
7.38 
6.62 
1.32 
1.31 
1.29 
1.00 
0.95 
0.95 
1.99 
1.93 
1.91 
2.93 
3.40 
3.62 
1.82 
1.66 
1.50 
2.22 
1.80 
1.65 
3 43 
2.69 
2 28 
226 
230 
291 
1.71 
1.77 
1.87 
20 0 
19 5 
19.8 
5.05 
5.18 
5.27 
20.7 
25.4 
32.6 
6.01 
6.82 
7.58 
4.66 
5.73 
7.91 

- 

- 

VSh 
7.92 
5.40 
6.78 
6.14 
5.08 
1.13 
0.99 
0.90 
0.96 
0.95 
0.94 
2.78 
2.34 
2.10 
2.60 
3.04 
3.25 
6.23 
2.40 
0.82 
11.0 
2.30 
0.59 
5 67 
1.54 
0 05 
271 
312 
975 
2.09 
1.74 
1.51 
20.2 
21.2 
22.0 
5.37 
5.35 
5.32 
17.7 
28.2 
36.7 
5.90 
7.98 
9.80 
3.99 
5.63 
0.77 - 

Average Percent Error 

- 
GM 

19.0 
10.2 
28.1 
22.3 
13.6 
2.03 
1.94 
1.82 
1.94 
1.90 
1.81 
5.93 
5.38 
5.09 
0.46 
0.48 
0.50 
1519 
772 
252 
1894 
744 
149 
2383 
781 
55.8 
1333 
1466 
2710 
1.98 
1.92 
1.84 
0.78 
0.78 
0.77 
11.0 
21.9 
44.9 
1.32 
1.34 
1.36 
0.05 
0.06 
0.08 
0.05 
0.06 
0.10 

- 

- 

Pe 
IAS 

9 
46 
13 
12 
41 
49 
52 
32 
4 
0 

12 
31 
43 
31 
13 
15 
I4 
38 
25 

18 
33 
77 
LO 
9 
2 

26 

5 
6 

72 
I4 
53 
52 
2 

35 
65 

- 
- 

* 

t 

* 

t 

* 
L 
66 
2 
64 

59 
29 

* 

- 
35 

2 
15 
2 
7 
8 

27 
15 
8 
0 
0 

13 
4 

31 
24 
0 
3 
3 

8 
23 

* 

t 

69 
I 

75 
38 
t 

t 

70 
t 

16 
4 

36 
13 
49 
46 
4 

32 
64 

1 

i 

11 
63 
20 
54 
72 
56 
22 - 
41 

I - 
:Ir, - 
* 
* 
* 
t 

* 
t 

* 
87 

99 
&a 

58 
85 

* 

t 

t 

t 

* 
8 

t 

t 

t 

1 

* 
* 
* 
t 

t 

* 
1 

10 
14 
67 
* 

* 
* 
1 

t 

79 
88 
96 
t 

t 

8 

t 

t 

* - 

80 

- 

4 

27 
27 
27 
27 
27 
84 
84 
84 
27 
27 
27 
27 
27 
27 
27 
27 
27 
64 
64 
64 
64 
64 
64 
64 
64 
64 
50 
50 
50 
64 
64 
64 
50 
50 
50 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 - 
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