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The true experimental variables for measuring the ex- 
tent of equilibrium adsorption from a pure gas or a 
multicomponent gas mixture are the Gibbs surface ex- 
cesses defined by (Sircar, 1985): 

Pure Gas 

nmO = v.O[p.O _ po] = n.O _ v~O. pO (1) 

nmO : nm°[P,  T] (2) 

Multicomponent Gas 

m ~ uar axa = oa ni [P i - PYi] na - " PYi (3) 
n m = nm(p,  T, Yi) (4) 

nm ~ Z nm H a pa i = v ° [ p ~ - p ] =  - " P  (5 )  

For a pure gas adsorption, n m0 is the specific surface 
excess (moles/g) of the component in equilibrium with 
a gas phase at pressure P and at the system temper- 
ature T. The density of the equilibrium gas phase is 
pO (moles/cm3). The quantities v ~° and p~0 are, re- 
spectively, the actual specific adsorbed phase volume 
(cm3/g) and adsorbed phase density (moles/cm 3) in 
equilibrium with the pure gas at P and T. The quan- 
tity n ~° is the actual specific amount (moles/g) of the 
pure gas adsorbed at P and T. Equation (1) shows 
that n mO ~ n aO only when p~0 >> p0. Otherwise n m° 

and n "° can be substantially different. Equation (1) 
also shows that n aO c a n  be calculated from the mea- 
sured n m0 value at a given P and T only if v "° can 
be independently estimated at that P and T. That is 
generally not possible without making extraordinary 

assumptions about the size of v "° for a given P and T. 
The only correct way to represent the adsorption equi- 
libria from a pure gas is to use the measured surface 
e x c e s s ,  n m0, as functions of P and T (Eq. 2). 

According to the Gibbsian model of a pure gas ad- 
sorption system (Sircar, 1985), the specific surface ex- 
cess defined by Eq. (1) is also given by: 

nmO = vgO[fs,o _ p0] = vo[/50 _ pO] (6) 

where v g° is the specific volume (cm3/g) of the Gibb- 
sian adsorbed phase defined by an arbitrarily chosen in- 
terface located within the bulk gas phase where the ad- 
sorbate density is equal to pO. Figure l(a) is a schematic 
diagram of the Gibbsian model for a pure gas-solid in- 
terface. The quantity/5 a° is the corresponding Gibbsian 
adsorbed phase density (moles/cm 3) whose value de- 
pends on the location of the Gibbsian interface. The 
variable v ° is the total specific helium volume (cm3/g) 
of the entire adsorption system and the variable j5 ° is 
the total adsorbate density (moles/cm 3) of the entire 
system. The variables v °, D ° and pO are experimental 
quantities (Sircar, 1985). Thus, n m° can be experimen-- 
tally measured as functions of P and T. On the other 
hand, v ~° and p~O depend on the exact location of the 
actual adsorbed phase (ambiguous). 

Adsorption takes place at every gas-solid interface 
due to intermolecular attractions between the gas and 
solid molecules. The extent of adsorption may be 
very small to large. Thus, p,,O or t5 "° is always larger 
than pO except at very high pressures where pO can be 
equal to or greater than paO o r / 5  a0, Consequently, the 
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Figure I. Schematic diagrams of Gibbsian gas-solid adsorption 
system: (a) pure gas, (b) binary gas mixture. 

surface e x c e s s  nmO as a function P at constant T can go 
through a maximum value, pass through the ,~alue of 
zero ( y o  = po) and finally become negative at larger 
values of pO. This has been experimentally demon- 
strated (Michels et al., 1961). The surface excess (n m°) 

is always positive at low pressures [ S  °,/5 "0 > pO]. It 
is equal to zero in the low pressure region only when 
p0 = 0, which is the trivial case of no adsorption. 

The surface excess variable is approximately equal 
to the actual amount adsorbed (n m° ~ n "°) only when 
the actual adsorbed phase density is much larger than 
the bulk phase gas density [p~O >> pO]. The specific 
molar density of the Gibbsian adsorbed phase (/5,o) 
can have any value depending on the location of the 
interface. The quantity [vg°/5 a°] is not equal to the 
actual amount adsorbed (n"°). 

For a multicomponent gas adsorption, n~ is the spe- 
cific surface excess (moles/g) of component i of a gas 
mixture in equilibrium with a gas phase at pressure 
P, system temperature T, and gas phase mole fraction 
Yi [ ]~Yi = 1 ] for component  i. The density (moles/cm 3) 
of the equilibrium gas phase is p. The quantities v a , pa 

and x~ are, respectively, the specific actual adsorbed 
phase volume (cm3/g), the adsorbed phase density 
(moles/cm 3) and the actual adsorbed phase mole frac- 
tion of component i in equilibrium with the gas mixture 
at P,  T and Yi. The quantity n~ is the specific actual 
amount (moles/g) of  component i adsorbed at P, T 
and Yi. Equation (3) shows that n~ ~ n~ only when 
paxa >> PYi. This requires that the criterion of p" >> p 
alone is not sufficient for n m to be equal to n~. The ad- 
sorbed phase composition of component  i must also 
be such that the inequality (x a >> p y i / p  ~) is satisfied 
(Sircar, 1985). Otherwise, n m and n~ can be substan- 
tially different. Again, Eq. (3) shows that n~ can be 
calculated from the measured n~" values at a given P, T 
and Yi only if v ~ can be independently estimated at that 
P, T and Yi. Since, that is not generally possible with- 
out making specific assumptions about the adsorbed 
phase size for a given P, T and Yi, the only correct 
way to represent the adsorption equilibria from a mul- 
ticomponent gas mixture is to use the measured surface 
excess of component i, n m , as functions of  P, T and Yi 

(Eq. 4). The total specific surface excess n ~ (moles/g) 
for adsorption from a multicomponent gas mixture is 
defined by Eq. (5). It shows that the total actual spe- 
cific amount adsorbed, n ~ (moles/g), from the gas mix- 
ture cannot be estimated from the measured n m values 
unless v ~ is known as functions of P,  T and Yi. All 
specific quantities (surface excess and actual amount 
adsorbed) described above are based on unit weight of 
the adsorbent. The adsorbent is assumed to be inert. 

According to the Gibbsian model of a multicom- 
ponent adsorption system (Sircar, 1985), the specific 
surface excess of component i of  the mixture, defined 



R&D Note: Binary and Multicomponent Gas Adsorption Equilibria 329 

by Eq. (3), is also given by: 

,~7' = , g [ / 5 " ~ ;  - p > ]  = ~[/SY~ - p > ]  (7) 

where v ~ is the specific volume (cm3/g) of the Gibbsian 
adsorbed phase for the multicomponent adsorption 
system defined by an arbitrarily chosen interface lo- 
cated within the bulk gas phase where the adsorbate 
density and mole fraction of component i are respec- 
tively p and Yi. Figure l(b) is a schematic diagram 
of the Gibbsian model for a binary gas-solid inter- 
face. The quantities /5 ~ and 2~ are, respectively, the 
corresponding Gibbsian adsorbed phase density and 
mole fraction of component i whose values depend 
on the location of the Gibbsian interface. The vari- 
able ~ is the total specific helium volume (cm3/g) of 
the entire multicomponent adsorption system. The 
quantities /5 and Yi are the total adsorbate density 
and mole fraction of component i in the entire sys- 
tem. The quantities v, p, p, Yi and Yi can be exper- 
imentally measured (Sircar, 1985). Thus, n m can be 
estimated as functions of P, T and Yi even though 
the variables v ~ , p " ,  x i~ , vg ~ ~ , x i-~ cannot be estimated 
unambiguously. 

The experimentally measured surface excesses (pure 
and multicomponent) are often loosely called amounts 
adsorbed in the adsorption literature and a measured se- 
lectivity of adsorption (S~) for component i over com- 
ponent j is defined for multicomponent gas system as: 

• . m , 

m __ . - -  m s;j n?,~ Yi X,m YJ (8) 
rt.j . Y i x.j . Y i 

8('7 = S i j (P ,  T, y,) ~-- Si~(l~7, T)  ( 9 )  

The variable x m [ = n m / n m ;  Y]x? = 11 in Eq. (8) is 
loosely called the adsorbed phase mole fraction of com- 
ponent i in equilibrium with the gas phase at P, T and 
7';. The actual selectivity, " -- ~ a Sij [--x i yj  / x j  Yi ] is not equal 
to the measured selectivity S~ and it cannot generally 
be estimated for reasons given earlier. The measured 
selectivity is a function of P, T and Yi or n m and T 
(Eq. 9). 

The definition of the equilibrium selectivity of ad- 
sorption in terms of the apparent mole fractions of the 
components in the adsorbed phase and those in the gas 
phase (Eq. 8) is analogous to that of relative volatil- 
ity used for describing vapor-liquid equilibria (VLE). 
Thus, a common practice, following the VLE tradition, 
is to represent binary (i = 1,2) gas adsorption equi- 
libria in terms of x~' as a function of y1 for a given 

P and T (Valenzuela and Myers, 1989). That alone, 
however, does not completely define the binary adsorp- 
tion system (like VLE), and a plot of the total surface 
excess (n m) as a function of Yl for a given P and T is 
frequently used (Valenzuela and Myers, 1989) to com- 
plement the x~ - Yl plot. 

These two plots are often used to compare the ex- 
perimentally measured binary adsorption equilibrium 
data with those calculated by a correlative or predictive 
model (Valenzuela and Myers, 1984). Unfortunately, 
the following analysis will show that such comparison 
can be very misleading because the errors in calculat- 
ing x~' and n m from the fundamental variables for a 
binary system (n~ and n~' as functions of Yl at a given 
P and T) can be significantly suppressed compared to 
the errors in the measurement or prediction of the base 
variables (nm). 

A conventional error analysis using Eqs. (5) and (8) 
and the definition of the ¢arlable x i for a binary system 
shows that: 

dx7 _ y2 d,,;1 
x7 (S yl + y2)L n'; ,,; j 

n m --  S ~ y ,  + Y2 L n 7  J + (S'~2y~ + 3'2)  [. n~---~_] 

( l l )  

Equations (10) and (11), respectively, describe the er- 
rors in calculating x~ n and n m for a given set of values of 
Yl and S~n2 (apparent selectivity of adsorption of com- 
ponent i over component 2) and a specified set of errors 
in measuring or predicting n m ( = d n ~ / n ' [ ) .  According 
to Eqs. (10) and (11), the limiting errors in calculat- 
ing x~ and n m at the infinite dilutions of component 1 
(Yl --+ 0) and component 2(yl -+ 1) are: 

-+ o d x 7  _ F dn'; ] dn m _ 
Yl 

x 7 [_ n 7 n'~ J n m n~ 

(12) 

Yl --> 1 dx___~ = O; d n  m _ d n ~  (13) 
X7 l~m Him 

Equations (12) and (13) show that the errors in the 
variable x~ vary between the sum of the errors in mea- 
suring or predicting the base variables at the limit of 
Yl -+ 0 to zero at the limit of Yl --+ 1. On the other 
hand, the error in the variable n m vary between the error 
in measuring or predicting the base variable n~ at the 
limit of Yl --+ 0 to the error in measuring or predicting 
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the base variable n T at the limit of Yl --+ 1. The er- 
rors in the variables x~ and n m for a specific value of 
Yl depend on the errors in measuring or predicting the 
base variables (n~ ~) at that value of Yl as well as on the 
apparent selectivity of adsorption of component 1 over 
component 2 at the appropriate values of P, T and Yl. 

Typically the errors in measuring or predicting the 
surface excess of the more selectively adsorbed com- 
ponent (nT) of a binary system are much less than 
those for the less selectively adsorbed component (n~). 
Specifically, the errors in measuring or predicting n~ 
can be very large when S~ is high due to the rela- 

m Furthermore, the errors tively smaller values of n 2 . 
in measuring or predicting nT and n~ at the limits 
of infinite dilutions of these components (respectively 
Yl --+ 0 and Yl --+ 1) are generally large. 

Table 1 shows the errors in calculating x~ and n m by 
Eqs. (10) and (11) for different values of S~ when the 
relative errors in predicting nT and n~ are, respectively, 
4-5% and -t-20% at all values of Yl. It may be seen 
from Table 1 that the errors in the variables x~ and 

in tn Table 1. Error in calculating x I and n for relative 
errors of 4-5% and 4-20% in predicting n~ n and n~,  
respectively. 

% error in estimating x~ n and n m 

s ~  = 5 s f '  2 : 10 sf'2 = 5 0  

in  n m  n m n m Yl X I xr~ xr~ 

0.00 25.0 20.0 25.0 20.0 25.0 20.0 
0.05 19.8 16.8 16.4 14.8 6.9 9.1 
0.10 16.1 14.6 11.8 12.1 3.8 7.3 
0.20 11.1 11.7 7.1 9.3 1.8 6.1 
0.30 7.9 9.7 4.7 7.8 1.1 5.7 
0.50 4.2 7.5 2.3 6.4 0.5 5.3 
0.70 1.9 6.2 1.0 5.6 0.2 5.1 
0.90 0.5 5.4 0.3 5.2 0.0 5.0 
1.00 0.0 5.0 0.0 5.0 0.0 5.0 

n m a r e  very low and they do not reflect the true errors 
in the base variables (n m) in the region of moderate 
to large values of Yl (>0.2). The effect is much more 
pronounced when S~' 2 is large. For example, the errors 
in calculating x~ and n m are less than -t-10% even at 
small values of Yl (>0.05) when S~ is large (>50). 
It can be shown that this behavior is exhibited even 
when the errors in the base variables (n m) are functions 
o f  Yl. 

The above discussion clearly shows that the binary 
equilibrium adsorption data predicted or correlated by 
a model should not be compared with the experimental 
data in terms ofx~ - Yl and n m - Y l  plots. The differ- 
ences between the experimental and the theoretically 
calculated values of the base variables (n m) will be 
underestimated. It is recommended that the accuracy 
of prediction or correlation of equilibrium adsorption 
data by a model for a multicomponent system should 
be tested by comparing (a) n m values as functions of P 
for isothermal data at constant Y i ,  or (b) n m values as 
functions of Yi  for isothermal data at constant P. Data 
for case (a) can be represented by a two dimensional 
plot for a multicomponent system. Data for case (b) 
can be represented by a two dimensional plot only for 
a binary system or for a multicomponent system where 
the gas phase mole fractions of all components except 
two are held constant. 
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