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Abstract-A thermal adsorption equation in a virial form is proposed in order to describe the pressure and 
temperature dependence of adsorption data. This equation permits the elaboration of a method for 
calculating the isosteric heat of adsorption and for studying its behaviour over a wide range oftemperatures 
and pressures. 

INTRODUCTION 

Adsorption on solid adsorbents is a fundamental 
process in the separation of mixtures as well as in the 
purification of gases. In order to utilize the physical 
adsorption in the modeling and design of these pro- 
cesses, a quantitative characterization of adsorption 
equilibria is needed over a wide range of pressures and 
temperatures. Knowledge of the adsorption models is 
also needed for correlation and prediction of the 
equilibrium data in order to minimize the number of 
experiments. The general equation for the adsorption 
equilibrium can be written in the following form: 

F(o, p, T)=O. (1) 

The knowledge of the above relationship is of great 
importance because it allows the estimation of the 
basic thermodynamic characteristics of an adsorption 
system and the prediction of adsorption loading as a 
function of pressure and temperature. The problem of 
the temperature dependence of adsorption has been 
studied in many theoretical and experimental works 
(Barrer and Gibbons, 1963; Pierotti and Thomas, 
1971; Cole et al., 1974; Gregg and Sing, 1976; Chan 
et al., 1984). 

The objective of this study was to derive a thermal 
adsorption equation independent of any adsorption 
model and use that equation for studying the pressure 
and temperature dependence of adsorption data. 

THEORY 

Two basic assumptions are postulated for an 
adsorption equation: 

(1) The adsorption isosteres are linear and de- 
scribed as follows: 

alnp 

[ 1 - =g(a) 
a(I/T) ” 

and 

where g(u) is a function dependent only on the amount 
adsorbed. This assumption was confirmed experi- 

mentally [e.g. Seliverstova et al. (1978), Fomkin (1986) 
and Bakayev and Dubinin (1987)]. 

(2) Its agreement with Henry’s law in the low- 
coverage region: 

lim u=Kwp. 
II-0 

(3) 

Equation (2a) can be integrated taking into account 
eq. (2b): 

ln P = g(tW+fW (4) 

wheref(u) like g(n) is a function dependent only on the 
amount adsorbed. To satisfy condition (3) the function 
f(u) should tend to a logarithmic function at the limit 
of u-0. Analytical forms for both functions are un- 
known a priori and their selection can be realized 
either by analogy to other adsorption equations or by 
the best fit of eq. (4) to experimental data. The most 
convenient way is to use the functions which are linear 
in relation to the parameters. In this work functions 
g(u) andf(v) are represented as polynomials of u and 
then eq. (4) assumes the form 

lnp=i.$ a,~‘+ F b,u’+lnn (5) 
IO i=O 

where ai and bi are adjustable parameters. 
The particular case of eq. (5) was derived by Bezus 

er al. (1971) for nl = n2 on the basis of the exponential 
virial adsorption equation. A similar approach was 
suggested by Cole et al. (1974) and Jaroniec and 
Jaroniec (1977) for the analysis of the adsorption data 
on active carbons and zeolites. In these works the 
fitting of data was carried out for each temperature 
separately and then the thermal equation parameters 
were found from the temperature dependence of coef- 
ficients. 

In the present approach, the number of linear 
parameters is unknown and nl # n2. Equation (5) is 
considered to be empirical, although the parameters a, 
and b, are directly connected with quantities having a 
physical meaning, namely 

qO= -Ra, (6) 
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and 
KH = K, exp CMR T )I (7) 

K,=exp(-b,). (8) 

It may be easily shown that eq. (5) can be utilized 
directly for estimating an isosteric heat of adsorption 
as a function of coverage because 

alnp 
at(u)= --R ~ 

[ 1 W/T) ” 

= - Rg(v) 

= -_R F aivi. 
i=O 

RESULTS AND DISCUSSION 

The applicability of the virial-type thermal adsorp- 
tion equation suggested in this work was tested for 
adsorption data available from the literature. The 
fitting of the experimental data was carried out by a 
nonlinear least-square optimization procedure in 
which the points were weighted according to their 
estimated errors: 

a’=(l/N) 5 (lnpf”p-lnp~.)2. 
i= 1 

(10) 

The goodness-of-fit was determined by consideration 
of the following criteria: 

(1) The powers of both polynomials at which error 
(10) exhibits a minimum and subsequently does not 
decrease significantly corresponds to the best fit of the 
experimental points. 

(2) A dispersion of errors for all experimental points 
should be statistically random and independent of 
temperature. 

(3) The error in fitting the value u exhibits a mini- 
mum too. This error is here defined as 

(114 

of=(l/N) 
[ 
’ f Alnpj/Avj 

1 

2 
(lib) 

j=l 

Alnpj/Avj~dlnpj/dvj=(l/T) 5 a,v$-’ 
i=l 

+ 5 b,u;- ’ + l/v,. (1 lc) 
i=l 

Error (1 la) can be considered as the measure of 
dispersion along the u-axis. 

(4) A further criterion involved the visual inspec- 
tion of the fit between the experimental points of 
various polynomials. 

Table 1 summarizes the results of applying this 
fitting procedure to data analysed in this work. Table 
1 includes the values of errors in lnp (a’) and u (sz), 
isosteric heats at zero coverage and K, (the limiting 
value of Henry’s constant at T+cw). The values in 
parentheses are given to compare the present results 
and results available from the literature. As can be 
seen the results are strikingly similar. 

Figure 1 shows the best-fit solid-line curves for 
adsorption of methane on BPL active carbon at three 
different temperatures (Reich et al., 1980). Figure 2 
depicts the dispersion of errors a; for experimental 
points. It may be seen that eq. (5) describes the 
isotherm data extremely well and the error does not 
exceed the limit of 5 % . 

The course of the isosteric heat of adsorption in the 
dependence of the amount adsorbed for the above 
system is shown in the Fig. 3. The heat of adsorption is 

10 

t 

a BOO 1600 x00 3200 1. 00 

P- 

Fig. 1. Comparison of predicted and experimental data for 
methane on active carbon BPL at 212.7 K (Cl), 260.2 K (A), 
and 301.4 K (0) (Reich et al., 1980) (u in mg-mol/g C, p in Pa). 

.25 1 I 

0 

-.2 5 I 

1 2 r. 6 8 
v- 

Fig. 2. Error in fitting experimental data. 

Fig. 3. Isosteric heats of CH, adsorption on active carbon 
BPL (q, =CH, heat of condensation) (q., in kJ/moi, o in 

mg-mol/g C). 
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practically constant and only a small decline indicates 
the heterogeneity of the surface. The isosteric heat of 
adsorption is higher than the heat of condensation and 
is enough to be characterized as physical adsorption. 
In order to demonstrate the temperature invariance of 
the heat of adsorption the experimental points consid- 
ered were plotted in Fig. 3 according to 

qst(uexp)=R(-lnp,,,)+g(u,,,)+lnv,,,. (12) 

CONCLUSIONS 

It may be concluded from the above observations 
that adsorption data are well analysed by using a 
virial-type thermal adsorption equation since it gives a 
good representation of the data. It allows one to 
describe and predict the isothermal data over a large 
range of temperatures, below and above the critical 
temperature of the adsorbate, and for pressures from 
subatmospheric to a high-pressure region. Equation 
(5) can be useful in elaborating a method for calcu- 
lating the isosteric heats of adsorption and other 
physicochemical characteristics for different ad- 
sorption systems. This method compared with the 
well-known graphical method based on the 
Clausius-Clapeyron equation shows an advantage 
because it permits the minimization of deviations for 
all experimental points measured over a wide range of 
pressures and temperatures. The adsorption data for 
analysis need not be determined as a pencil of iso- 
therms but could be obtained for instance by a so- 
called isosteric method (Kadlec and Dubsky, 1975) or 
as a set of points from a definite range of temperatures 
and pressures (Czepirski, 1987). 

Acknowledgement-The authors wish to thank the Depart- 
ment of Chemistry of Coke and Petrochemistry of the Polish 
Academy of Sciences for financially supporting this study. 

a 
b 

KIi 
KO 
nl. n2 

NOTATION 

adjustable parameter in eq. (5) 
adjustable parameter in eq. (5) 
Henry’s constant, mol/g Pa 
limiting value of K, at T+ cc, mol/g Pa 
number of parameters in thermally 
dependent and thermally independent 
term of eq. (S), respectively 
number of experimental points 
equilibrium pressure, Pa 
gas constant, J/mol K 
isosteric heat of adsorption, kJ/mol 
adsorption heat at zero coverage, kJ/mol 
absolute temperature, K 
amount adsorbed, mol/g 
maximum amount adsorbed for a given 
adsorption system, mol/g 
errors of fitting value of u 
error of fitting value of In p 
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