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A Separation Factor Method for the Analysis of Ideal 
Binary Mixtures in Gas-Solid Adsorption 

T. VICTOR LEE, JAN-CHAN HUANG,* and RICHARD MADEY 
DEPARTMENT OF PHYSICS 
KENT STATE UNIVERSITY 
KENT. OHIO 44242 

Abstract 

A correlation formula based on the separation factor is proposed for the mixture 
concentration in the adsorbed phase of an ideal binary solution in gas-solid 
adsorption. This formula is shown to apply to two binary systems (viz., 1Jbutadiene 
and n-butane on cross-linked polystyrene at 25"C, and acetylene and ethane on 
activated carbon at 25°C) with similar molecular and thermodynamic properties in 
the two components for each system. Comparison between the calculated and 
experimental values of the separation factor showed that the assumption of an ideal 
mixture is justified for each of these two binary systems. Mixture isotherms for the 
two ideal binary systems are calculated by the proposed correlation formula from the 
corresponding single-component isotherms. Good agreement between the calculated 
and experimental mixture isotherm data confirms that a binary system of two 
components with similar molecular properties (viz., molecular weight, normal boiling 
point, vapor pressure, number of carbon atoms in molecules, etc.) tends to form an 
ideal mixture (Le., one with a constant separation factor). 

INTRODUCTION 

Dynamic studies ( I ,  2 )  on the transport of binary gaseous mixtures 
through solid adsorbents revealed interference and displacement phenomena 
as a result of the interactions between the two components in the adsorbed 
phase. From the point of view of chemical equilibrium, these molecular 
interactions affect the adsorption isotherms of binary gas mixtures. An 
indication of the degree of the molecular interactions in the adsorbed phase is 
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158 LEE, HUANG. AND MADEY 

also provided by a parameter called the separation factor. which was used (3 ,  
4) in the analysis of adsorption equilibrium data of binary mixtures. The 
separation factor in adsorption equilibrium is analogous to that commonly 
used in vapor-liquid equilibria. 

In this paper we make use of the separation factor to analyze adsorption 
isotherms of ideal binary mixtures. In gas-solid adsorption. an ideal binary 
mixture is one with a constant value of the separation factor. Also. we 
develop and verify a correlation formula, which involves the separation 
factor. for the prediction of binary isotherms of an ideal mixture from single- 
component isotherms. Verification of the proposed correlation formula is 
made by comparison with experimental data for two ideal binary systems 
(viz., 1,3-butadiene and n-butane on cross-linked polystyrene at 25°C. and 
acetylene and ethane on activated carbon at 25°C). Comparisons are made 
between the experimental binary isotherms and those calculated from the 
corresponding single-component isotherm data for the two binary systems. 
Effects of the similarity in molecular properties between two hydrocarbon 
gases on the possibility of forming an ideal mixture are also discussed. 

THE SEPARATION FACTOR METHOD FOR IDEAL 
BINARY MIXTURES 

Binary gas adsorption on solid adsorbents is a separation process based 
upon the equilibration of two immiscible phases (viz., the gas and adsorbed 
phases). The separation factor a,4B (5, 6) is a parameter used to measure the 
degree of separation between a weakly adsorbed (more volatile) Component 
A and a strongly adsorbed (less volatile) Component B:  

Here Y and X denote mole fractions in the gas and adsorbed phases, 
respectively: and the adsorption equilibrium ratio K is the ratio of gas-phase 
mole fraction Y to adsorbed-phase mole fraction X .  The separation factor is a 
measure of the distribution of two components between the gas phase and the 
adsorbed phase. According to the definition in Eq. ( l ) ,  the separation factor 
is always greater than or equal to unity because Y ,  > X, for the more 
volatile component and Y, < X ,  for the less volatile component in the binary 
mixture. When aqR > 1.  Component A is more volatile than Component B in 
the gas phase and less concentrated than Component B in the adsorbed 
phase. When aAR = 1, Components A and B are equally volatile in the gas 
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ANALYSIS OF IDEAL BINARY MIXTURES 159 

phase and the gas- and adsorbed-phase mole fractions are identical for both 
components. 

In  vapor-liquid equilibration processes. a binary mixture is an ideal 
mixture if the two components obey Raou1t.s law ( 7 ) :  

where and XI are the mole fractions of Component i in the vapor and liquid 
phases. respectively, Pr is the total pressure, P, is the partial pressure of 
Component i in the vapor. and Pp is the vapor pressure of pure Component i. 
In  such a case. 

K, = Yi /Xj  = Py/PI ( 3 )  

and 

According to Eq. (4), the separation factor becomes the ratio of the vapor 
pressure of Component A to that of Component B, and has a constant value 
under isothermal conditions. Analogously, in the gas-solid equilibration 
processes, a statistical mechanical treatment for the adsorption of mixtures at 
a very low surface coverage (8) gives 

ni = k ip j ,  i = A ,  B ( 5 )  

According to Eq. ( 5 ) ,  each component obeys a linear isotherm, where ni, k,, 
and P, are the adsorbed-phase concentration, adsorption capacity, and 
partial pressure for Component i, respectively. The partial pressure P and the 
adsorbed-phase concentration n are related to  the gas-phase mole fraction Y 
and adsorbed-phase mole fraction X by 

and 
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1 60 LEE, HUANG, AND MADEY 

Here the subscript T on nT and Pr denotes the total concentration in the 
adsorbed phase and the total pressure in the gas phase of Components A and 
B. Rearrangement of Eqs. ( l), (2 ) ,  and ( 5 )  through (1 1) yields 

Most binary systems encountered in gas-solid adsorption do not have linear 
isotherms for each individual component even for a fairly narrow range of gas 
pressure. In  this paper, binary mixtures with constant values of the 
separation factor under isothermal and isobaric conditions will be classified 
as ideal binary mixtures. 

Prior studies, based on empirical observations (3, 5)  or on ideal adsorbed- 
phase thermodynamics (6) ,  reported that the total concentration nT of 
Components A and B in the adsorbed phase can be expressed as functions of 
the mole fractions Xi in the adsorbed phase and of the single-component 
isotherms: 

Here n$ and n: are the isotherms for pure Components A and B at a 
temperature 8 and a total pressure PT. Two typical formulas commonly used 
(3, 5, 6 )  are 

and 

These formulas have not been successful in correlating the binary mixture 
data (4,  5, 9, 10). 

In  binary gas adsorption, the separation factor depends on the temperature 
( I U ) ,  the total pressure ( 4 ) ,  and the compositions of the components in the 
mixture (4 ,  10). For ideal binary mixtures, variations in separation factor 
occur because the molecular properties of the components vary from one 
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mixture to another, and the separation factor is an index of the difference 
between the two components in an ideal binary mixture. We propose to 
modify the functional relationship Eq. ( 13) for the total adsorbed-phase 
concentration nT by introducing the separation factor as an additional 
parameter: 

Using Eq. (1) plus the mass balance equations (viz., YA + YB = 1 and 
XA f X, = 1) to express a as a function of YA and X, , and then solving for 
the ratio YA/XA = KA, we obtain 

Thus, the adsorption equilibrium ratio KA is a function of the separation 
factor a and the adsorbed-phase mole fraction X,. 

Equation (1 5 )  is a linear relationship between the total adsorbed-phase 
concentration nT of both components in a binary mixture and the adsorbed- 
phase mole fraction xi of either component. Measurements (ZO-Z9) of 
binary mixtures at constant temperature and pressure reveal that plots of nT 
versus X. exhibit negative deviations from the linear relationship expressed 
by Eq. (15). To represent the actual behavior of these binary mixture 
isotherms, we use a linear function of the natural logarithm of adsorption 
equilibrium ratio (In KA) for the correlation of the total adsorbed-phase 
concentration nT at a temperature of 8 and a constant total pressure PT: 

where a and b are coefficients to be determined. For an ideal binary mixture 
with a constant value of separation factor a, the boundary conditions are as 
follows: When 

n T = n 2  (i.e.,whenX,-1), K , = l  (19) 

and when 
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162 LEE,  HUANG, AND MADEY 

Substitution of Eqs. (1 9) and (20) into Eq. (1 8) gives n~ as a function of 
K4 : 

Finally, substitution of Eq. (1 7) into Eq. (21) gives 

In a similar manner, we find another equation which is identical to Eq. 
(22): 

Equation (22) or (23) is the basis for calculating the binary isotherms of 
ideal mixture systems with a constant value of separation factor. When the 
gas-phase mole fraction YA and the separation factor Q are known, the 
adsorbed-phase mole fraction XA can be calculated from the following 
equation: 

Equation (24) is obtained from the rearrangement of Eq. (17). The mole 
fractionXB in Eq. (23) is equal to (1 - XA). The single-component isotherms 
for Components A and B should give nz and n'. In this study, the method of 
Lewis et al. (5) is employed to calculate the separation factor a of a binary 
mixture from the integration of the corresponding single-component iso- 
therms. 

RESULTS AND DISCUSSION 

Binary Mixtures of 1,3-Butadiene and n-Butane on Polystyrene 

Experimental data of pure-gas isotherms of 1,3-butadiene and n-butane 
and of binary mixture isotherms of these gases adsorbed on polystyrene at 
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25°C were reported in a previous paper (20) .  We calculate the adsorption 
isotherms for the binary mixtures of 1,3-butadiene and n-butane from the 
corresponding single-component isotherms by the separation factor method 
proposed here. In Table 1 the calculated values of the separation factor and 
the adsorbed-phase concentrations are compared with the experimental 
values. The fact that the calculated values of the separation factor have a 
nearly constant value with an average of 1.047 confirms that this binary 
mixture system is an ideal binary mixture. In Table 2 the calculated 
adsorbed-phase concentrations for the binary mixtures are compared with 
the experimental values. The largest deviation in the adsorbed-phase 
concentration is 5.4%; however, most data points are within a 2% deviation 
of that obtained from experiments. Absolute deviations between the 
experimental and calculated mole fractions in the adsorbed phase, which are 
shown in Table 1, range from 0.001 to 0.009. 

Binary Mixtures of Acetylene and Ethane on Activated Carbon 

Experimental data of pure-gas isotherms of acetylene (11) and ethane (21) 
and of binary-mixture isotherms (11) of these gases adsorbed on (Columbia 
4LXC 12/28) activated carbon were reported in our previous papers. In 
Table 3 the calculated values of the separation factor and the adsorbed-phase 
mole fractions are compared with the experimental values. Because the total 
pressures for the five binary mixtures are close, the calculated separation 
factors are almost identical (viz., cr = 3.33). The experimental separation 
factors range from 3.12 to 3.50 with an average value of 3.29 and appear to 
be slightly dependent on the compositions. In Table 4 the calculated 
adsorbed-phase concentrations for the binary mixtures are compared with 
the experimental values. The calculated adsorbed-phase concentrations are 
within a 3% deviation of that obtained from experiments except the last data 
point. Absolute deviations between the experimental and calculated mole 
fractions, as shown in Table 3, are smaller than 0.01 1. 

Effects of Molecular Properties on the Formation of Ideal 
Binary Mixtures 

The molecular properties (viz., chemical formula, molecular weight, and 
normal boiling points) of 1,3-butadiene and n-butane (Mixture System 1) 
and that of acetylene and ethane (Mixture System 2) are listed in Table 5 .  
The molecular weights and formulas indicate the size and shape of the 
compounds, and the normal boiling points are reasonable indices of 
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differences in volatility. As shown in Table 5 ,  the molecular weights and the 
normal boiling points for the two hydrocarbon compounds in Mixture System 
1 are very close, and the number of carbon atoms in each compound are 
identical. Also, the molecular properties of the two hydrocarbon compounds 
in Mixture System 2 are similar. The distinct difference in the average value 
of the separation factors in Tables 1 and 3 for Systems 1 and 2 could be 
attributed to the difference in the ratios of molecular weights. The similarities 
in the molecular properties for both Systems 1 and 2 provide a physical basis 
for forming ideal binary mixtures. This expectation is supported by results 
shown in Tables 1 through 4. 

CONCLUSIONS 

In this paper a useful equation (viz., Eq. 22 or 23) is developed for 
analyzing ideal binary mixtures in gas-solid adsorption. This formula 
correlates the total adsorbed-phase concentration nr as a function of the 
separation factor (Y and the mole fraction Xi of one of the binary components. 
This formula is shown to apply to two binary mixture systems (viz., 
1,3-butadiene and n-butane on polystyrene at 25"C, and acetylene and 
ethane on activated carbon at 25°C). Physically, the two binary systems are 
considered to have the capability of forming ideal binary mixtures because 
the two components in each system have similar molecular properties. 
Comparison between the calculated and experimental adsorption data (viz., 
the adsorbed-phase mole fractions and concentrations) shows that the 
proposed formula is useful for predicting these properties for the two binary 
systems studied here. The agreement between the calculated and experi- 
mental separation factors confirms that these two systems are ideal binary 
mixtures. This result also demonstrates that the inclusion of a new parameter 
(viz., the separation factor a) in the correlation formula offers an accurate 
method for the prediction of adsorption data for ideal binary mixtures. 
Adsorption isotherms for the ideal binary systems can then be constructed 
from the predicted adsorption data. This separation factor method of analysis 
has an additional advantage over prior methods (6, 23, 24)  in that the 
calculational procedure is simpler. 

According to the definition of ideal binary mixtures, the method proposed 
in the present work is applicable only to a binary system with a constant 
value of the separation factor. For other binary systems that do not exhibit 
this kind of ideal behavior, further investigations on the modification of the 
present method seem necessary. 
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SYMBOLS 

a 
b 
c1 

A. 

K.,  

I +;, 

slope in Eq. ( I  8) 
intercept in Eq. (18) 
gas-phase concentration for Component A (moles of A/cm' gas 
mixture) 
gas-phase concentration for Component B (moles of B/cm3 gas 
mixture) 
adsorption capacity for pure Component A (moles of A/cm' 
adsorbent-mmHg A ) 
adsorption capacity for pure Component B (moles of B/cm3 
adsorbent-mmHg B )  
adsorption capacity for pure Component i (moles of i/cm3 adsorbcnt- 
mmHg i) 
adsorption equilibrium ratio for Component A (= r4/X4) (dimen- 
sionless) 
adsorption equilibrium ratio for Component B (= YB/XB) (dimen- 
sionless) 
adsorbed-phase concentration for Component A in mixtures (moles 
of ,4/cm3 adsorbent) 
adsorbed-phase concentration for pure Component A (moles of A/ 
cm3 adsorbent) 
adsorbed-phase concentration for Component B in mixture (moles of 
B/cm' adsorbent) 
adsorbed-phase concentration for pure Component B (moles of B/ 
cm' adsorbcnt) 
total adsorbed-phase concentration (moles of A and B/cm3 ad- 
sorbent) 
partial pressure of Component A in binary gas mixtures (mmHg) 
vapor pressure for Component A (mmHg) 
partial pressure of Component B in binary gas mixtures (mmHg) 
vapor pressure for Component B (mmHg) 
vapor pressure for Component i (mmHg) 
total gas pressure (mmHg) 
mole fraction of Component A in the adsorbed phase (dimensionless) 
mole fraction of Component B in the adsorbed phase (dimensionless) 
mole fraction of Component A in the gas phase (dimensionless) 
mole fraction of Component B in the gas phase (dimensionless) 
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Greek Letters 

separation factor of a binary mixture containing 
y ~ / x ~  weakly adsorbed Component A and strongly ad- 

sorbed Component B (dimensionless) 

K A  - Y d X A  
(YAB( a) - = ~ 

KB 

8 absolute temperature (OK) 

Subscripts 

A weakly adsorbed component 
B strongly adsorbed component 
i either A or B 
T binary mixture 
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