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Adsorption phenomena at high pressures and temperatures 
4.* Isotherms of excess and absolute adsorption of Kr on NaA zeolite 
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The problem of conversion of an isotherm of excess adsorption measured experimentally 
into values of the total amount of the adsorbate (absolute adsorption) has been formulated. 
Five isotherms of excess adsorption of krypton on NaA zeolite were measured (at 
334--500 K) at equilibrium pressures of~160 MPa. The corresponding isotherms of the total 
amount were calculated and the temperature dependences of the parameters of an equation 
describing the isotherms of excess adsorption were identified. It was shown that at high 
temperatures and pressures, krypton atoms diffuse into the 13-cavities of the NaA zeolite. 
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One of urgent tasks of the modem science of adsorp- 
tion is development of a theory that would allow one to 
convert the excess adsorption measured experimentally to 
the values of the total amount  of an adsorbate in an 
adsorbent, i.e., to absolute adsorption. Knowing the val- 
ues of absolute adsorption, one can interpret the results of 
any physical experiment devoted to the properties of an 
adsorbate or to the verification of any molecular statistical 
model of adsorption phenomena.  In this connection, of 
interest are experimental studies of adsorption dealing 
with an extension of the range of equilibrium gas pres- 
sures (densities) to the region in which the approximate 
equality F z a between the values of excess and absolute 
adsorption no longer holds (i.e., to the region where p >> 
0.1 MPa) and also dealing with the determination of the 
adsorption volume corresponding to the given adsorptive. 

In this work we present the results of our systematic 
studies carried out along this line. We studied the excess 
adsorption of krypton on the NaA zeolite at pressures of 
up to 160 MPa. Each isotherm of excess adsorption F = 
)frO)/-is matched by an isotherm of absolute adsorption 
(the total amount)  a = F(P)T, the F and a values corre- 
sponding to the same density (p) of an equilibrium gas 
and being related to each other by the universal relation- 
ship 

a = r +  W0, (I) 

where 14/is the volume of the adsorption space, which, 
in the general case, does not coincide with the geomet- 
ric volume of the adsorbent pores. Correct methods for 
recalculating the excess adsorption measured experi- 

*For Part 3. see Russ. Chem. Bull., 1996, 45, 534 (Engl. Transl.). 

mentally to the absolute adsorption have been reported 
and analyzed previously. ! 

The NaA zeolite was chosen as the adsorbent, because 
the validity of the methods suggested for determining the 
adsorption volume can be verified only in the case of 
crystalline sorbents. In particular, for the NaA zeolite, the 
value of the density of the porous solid is known; it has 
been found on the basis of X-ray diffraction measure- 
ments of the unit  cell parameters and chemical composi- 
tion. This approach can serve as an alternative nonadsorp- 
tional method for determining the absolute adsorption. 

Experimental 

All measurements were carried out by the combined 
gravivolumetric method that we developed. We used the experi- 
mental equipment described in detail previously, 2 except that 
there was one essential distinction: equilibrium pressures in the 
range between 0.1 to 200 MPa were measured using a new high- 
pressure gravimetric manometer that we developed, consisting of 
a titanium (the BT9 alloy) autoclave suspended from a laboratory 
analytical balance (the autoclave volume was 13.157 cm 3 and the 
absolute sensitivity of the balance was 0.5" 10 -4 g). The auto- 
clave was connected to a vessel in which pressure was measured 
by a thin steel capillary coiled into a helix of large diameter. The 
autoclave and the balance were arranged in an air thermostat, 
the temperature being maintained in the 300+0.1 K range. Thus, 
the density of krypton in the autoclave was measured with high 
accuracy (the error did not exceed 1%). 

Since the temperature of krypton and of the adsorbent differs 
in the general case from that of the autoclave of the manometer, 
the density of krypton in the equilibrium state can be determined 
by either of two methods, one of which includes the preliminary 
detennination of the p = f(P)T function (for example, using a 
dead-weight pressure-gage tester), and the other includes the 
construction of a multiconstant equation of state for krypton, 
F(p,p, 7), which makes it possible to calculate the true density of 

t 
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the equilibrium gas with good accuracy (the error not exceeding 
1%). For practical reasons, we chose the second method. The 
multiconstant equation for krypton 3 was used at pressures of up 
to p = 110 MPa. For higher pressures, the constants of the 
equation were corrected in such a way that the deviations of the 
calculated values of p, V, and T from the data reported previ- 
ously 4 did not exceed 1%. 

Results  and Discuss ion  

Calibration of  the apparatus:The substantial extension 
of  the range of  equilibrium pressures (densities) of  gases 
to higher values naturally leads to more stringent require- 
ments upon the choice of  the method for calibrating the 
apparatus; this actually means more precise determination 
of  the position of  the separating surface, with respect to 
which the excess adsorption is calculated. In view of  the 
fact that one of  the main tasks of  our study was to develop 
a method for recalculating the experimentally determined 
adsorption to the value of  the total amount of  the adsor- 
bate, we should calibrate the instruments in such a way 
that the so-called "dead volume" (V~) of  the adsorption 
tube will be equal to the volume accessible at a given 
temperature to centers of  the molecules of  the gas 
used, i.e., 

V,~ = V r +  W, (2) 

where Vf is the part of  the free volume of  the tube in 
which the action of  the adsorption field is insignificant. 
The calibration amounted to the determination of  the 
overall amount  of  the adsorptive in the system provided 
that the excess adsorption is practically equal to zero. 
For the calibration of  tubes of  relatively large volumes 
without an adsorbent with the aid of  the p, V, T-param- 
eters of  a gas, various gases can be used; however in this 
case, one must neglect primarily the adsorption on the 
walls of  the vessel, i.e., the increase in the density of  the 
gas on the walls (Pa) with respect to its density in the 
bulk of  the tube (ps). This results in the V value found 
being greater than the true volume of  the tube. Besides, 
the size of  the gas molecules is not taken into account, 5 
i.e., the volume inaccessible to the centers of  molecules 
is neglected. 

v = m s ,  (3) 

where reff is the effective radius of  the molecule of  the 
gas used for calibration, and S is the inner surface of  the 
vessel. This results in an underestimation of  the Vvalue 
being determined. The true volume of  the tube is equal 
to the sum of  the accessible and inaccessible volumes, 
their ratio depending on the size of  the molecules of  the 
gas for calibration. When the tube contains an adsor- 
bent, the sizes of  the pores of  which are commensurable 
with the sizes of  the molecules, the calibration of  the 
volume of  the tube with various gases is impossible due 
to the substantial adsorption' of  the gas by the adsorbent 
(i.e., Pa >> 9g), which leads to a considerable overesti- 
mation of  the V value being determined. Therefore, 

helium is used as the gas for calibration in adsorption 
studies, because it is virtually not adsorbed at low pres- 
sures and relatively high temperatures (i.e., for He, Pa ~ 
.pg). However, this generally accepted method seems 
insufficiently correct, since our direct experiments on 
adsorption on zeolites 6 showed that, with the modem 
level of  experimental instrumentation, the value of  ex- 
cess adsorption of  He at room temperature cannot be 
neglected; in addition, for calibration with helium, the 
problem associated with the difference in the sizes of  He 
atoms and molecules of  an adsorptive has not been 
solved. 

In our experiment, the mass (m) of  the gas supplied to 
the tube with the adsorbent partially enters the free vol- 
ume of  the tube (mr) and partially is adsorbed in ct- and 13- 
cavities of  the zeolite (m_ and mo, respectively) and at the u p 
outer surface of  the zeolite crystals (ms), i.e., 

m - m  r + m  a + m l 3 + m  s . (4) 

The results obtained by us previously 2 indicate that a 
noticeable diffusion of  nitrogen molecules into 13-cavities 
of  the zeolite occurs only at T 2 408 K. Therefore we 
believe that at T = 334, 337, and 408 K, the Kr atoms, 
which are much larger than the  N atoms, are adsorbed 
only in a-cavities of  the NaA zeolite, while at higher 
temperatures, diffusion of  the molecules into f-cavities 
should also be expected. The adsorption of  krypton at the 
outer surface of  the zeolite crystals at these temperatures 
and with the surface area being not very high can be 
neglected, i.e., 

m = mf + ma = psVf + p a W =  pgVf + og W + F, (5) 

where pc, is the average density of  the adsorbate in the 
a-cavities, and F is the excess adsorption according to 
Gibbs. By dividing all the terms of  Eq. (5) by Pg we 
obtain 

mlp s = V =  Vr+ Wpa/9 s = Vr + W +  r/p  s. (6) 

In the region of  relatively high gas pressures, p~ ~ pg or, 
what is the same, F/O a ~ O, since it is known that with 
an increase in pressure, the excess adsorption F passes 
through a maximum, then decreases, and drops to zero, 
whereas the density p_ simultaneously increases. One g 
may expect that in this pressure region, the curve of  the 
m/pg- -p  dependence should contain a rather extensive 
horizontal section (Fig. 1), where 

m/pg = V = Vf + W= V a = const. (7) 

it can be seen from Eq. (7) that the approach consid- 
ered above results in the calibration of  the adsorption 
instrumentation, i.e., in the determination of  V d with the 
same adsorptive used in the study. This method has a 
further important advantage, associated with the fact that 
in this case, calibration is a part of  the measurement of  
the adsorption isotherm, rather than an additional proce- 
dure. It is seen from Fig. 1 that the volume V for the 
Kr--NaA system in the high-pressure region does not 
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Hg. 1. Dependence of the volume V = m/o on pressure and 
temperature for the Kr--NaA system at T/K ~ 334 (/), 373 (2), 
and 408 (3). 

depend on the temperature (for 334, 373, and 408 K) and 
that the Vd(Kr) value is equal to 2.162±0.005 cm 3. At 
h igher  t e m p e r a t u r e s  (448 and 500 K), Vd(Kr) = 
2.194:1:0.006 cm 3. The Vd(N2) value was found in a similar 
way to be 2.27±0.01 cm 3 for T = 305, 334, and 373 K; and 
Vd(Ar) = 2.185±0.003 cm 3 for T = 334 and 373 K. The 
V(N2) , V(Kr), and V(Ar) volumes were determined in the 
pressure range between 125 and 160 MPa, in which 
deviations of  V from a constant value were random. The 
Vf value was determined directly from the mass and the 
density of  degassed CC14, which was let into the tube with 
the zeolite (the CC14 molecules could not diffuse into the 
pores of  the zeolite, because they are too large); this gave 
Vf = 1.833 cm 3. By determining the difference between 
the V d and Vf values and diyiding it by the mass of  the 
sample (m h = 1.9241 g), we calculated the volumes of  the 
adsorption space: W(Kr) = 0.171±0.008 cm 3 g - l ,  W(Ar) 
= 0.185±0.005 cm 3 g - l ,  and W(N2) = 0.23±0.01 cm 3 g - I  
For T =  448 and 5 0 0 K ,  W ( K r ) =  0 .188cm 3 g-I  was 
found; however, one cannot claim that at the high tem- 
peratures employed,  the equilibrium is reliably achieved. 

The sequence W(Kr) < W(Ar) < W(N2) correlates 
with that for the sizes of  atoms of  these gases: rKr < r ~  < 
rs2 (see Ref. 7). Previously s the uptake at saturation of  
the pores of  the NaX zeolite has been determined by 
adsorption measurements at low temperatures. On the 
assumption that the density of  the adsorbate corresponds 
to the density of the equilibrium phase in the bulk, the 
volume of the pores of  this adsorbent was calculated to be 
0.3 (Ar), 0.27 (Kr), and 0.25 (Xe) cm 3 g - l ,  which corre- 
lates with the variation of the effective diameters of  the 
molecules: Ar (0.3465 nm) < Kr (0.3610 nm) < Xe 
(0.4055 nm) (from the results of  measurements of  the 
viscosities of  the gases5). It is seen from the data pre- 
sented above that the volume of  the adsorbent pores W 
being determined,  and, hettce, the volume V d should 
depend on the effective sizes of  molecules of  the gas used 
for calibration. 

After determining the "dead volume" of  the N a A - - K r  
system at T = 334, 373, and 408 K (V d = 2.162 cm3), we 
calculated the experimental isotherms of  excess adsorp- 
tion measured over a wide range of  pressures (0.5--160 
MPa) and for all temperatures including 448 and 500 K. 
Figure 2 shows a typical isotherm of  excess adsorption 
F = flP)r for T = 334 K as an example. This isotherm 
contains the following characteristic points: a maximum 
with the coordinates Pmax and l"ma x and a point with the 
coordinates PB and F B at which the excess adsorption is 
equal to zero (we suggest that this second point be 
referred to as the Bering 9 point). The physical sense of  the 
negative values of  excess adsorption requires special in- 
vestigation. The adsorption excess as the difference be- 
tween the total amount  of  a substance in the adsorption 
space and its amount  in the equilibrium gas phase obeys a 
complex dependence on the pressure (density) of  the bulk 
gas phase. Apparently,  the isotherm of  excess adsorption 
measured over a wide range of  pressures reflects the effect 
of  the adsorbent on the adsorbate more clearly than any 
other characteristic of  the adsorption process. At low 
pressures in the equilibrium gas phase, this value increases 
and reaches a maximum, at which the energy of  attraction 
between the adsorbate molecules themselves and between 
the molecules of  the gas and the adsorbent is counterbal-  
anced by the energy of repulsion between the adsorbate 
molecules. As pressure increases, the excess adsorption 
decreases to zero. At this point, the average density of  the 
adsorbate becomes equal to the density of  the equilibrium 
gas phase, i.e., actually, the adsorbent has no effect on the 
adsorptive. 
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Fig. 2. Isotherm of excess adsorption of krypton on NaA zeolite 
at T = 334 K in the "adsorption--gas density" coordinates. 



When we measured the family o f  the isotherms of  
excess adsorption, we attempted to solve the problem of  
describing them analytically. It should be noted that 
equations describing adsorption isotherms for gases mea- 
sured over wide pressure ranges are quite scarce in the 
scientific literature, and, furthermore, they do not reflect 
experimental results very well. To describe analytically the 
isotherm of  excess adsorption F as a function of  the 
density of  the equilibrium gas phase, we used the follow- 
ing equationl°: 

F(p) = Fmax" exp[-  (RT/E) 2" In2 ~--aB -~m--'~JPmax(Pa - P)] (8) 

(9) 

Here the Pmax and Fma x parameters are coordinates o f  
the point o f  the isotherm maximum; PB is the density o f  
the gas at which the excess adsorption F is equal to zero; 
E is energy parameter; and p is the density o f  the 
equilibrium gas phase. The temperature dependences o f  
the parameters o f  Eq. (8) are adequately described by 
the following relationships: 

= To)], 

(10) To . exp [ ~ r  - to) / ( r r ) ] ,  Pmax = Pmax 

(ll) p~ = pT0 • exp[g(T - To) / (TTo)], 
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Fig. 3. Family of isotherms of excess adsorption of krypton on 
NaA zeolite. The curves were obtained by calculation from 
Eq. (8) for T/K = 334 (/), 373 (2), 408 (.3), 448 (4), and 500 (5); 
the dots are experimental results; the dashed lines are based on 
calculation from Eq. (8) at the corresponding temperatures, 
taking into account adsorption only in the a-cavities. 

e r = e t o .  exp [z(T - To) / (TTo)], (I 2) 

where a, 15, y, and ae are the corresponding temperature 
coefficients, and T O is the temperature chosen as the 
reference temperature (334 K). 

Figure 3 shows a family o f  five experimentally ob- 
tained isotherms of  excess adsorption of  krypton on the 
NaA zeolite obtained at 334, 373, 408, 448, and 500 K 
(V d = 2.162 cm3). It is seen from Fig. 3 that all the 
isotherms provide a correct qualitative reflection o f  the 
temperature dependence of  adsorption up to the equilib 5 
rium dens i ty  o f  the gas phase, p = 0.45 g cm -3 
(22.5 MPa), i.e., the higher the temperature, the smaller 
the F value. At higher densities of  the gas phase, this 
temperature dependence of  F is retained only for the 
isotherms measured at T = 334, 373, and 408 K down to 
F ---- 0, which corresponds to pressures in the equilibrium 
gas phase of  130--160 MPa. At T = 448 and 500 K, the 
course of  the isotherms is disturbed and the F values 
become so great that these curves intersect the isotherms 
obtained for lower temperatures. The increase in the 
adsorption at T =  448 and 500 K is due to the diffusion of  
molecules of  krypton in the 13-cavities of  the zeolite, 
which has also been shown during the calibration. The 
continuous curves in Fig. 3 were drawn according to 
Eq. (8) using the parameters obtained from the experi- 
mental adsorption isotherms. It is seen from Fig. 3 that 
Eq. (8) describes well the experimental isotherms of  ex- 
cess adsorption over the whole range o f  pressures (densi- 
ties) of  the equilibrium gas phase. We suggested that 
calculations would make it possible to separate two pro- 
cesses of  adsorption, viz., adsorption in the a -  and 
!3-cavities o f  the zeolite. For this purpose, the coefficients 
a = 3.361 • 10 -3, 15 = 5697, ~, = 244.1, and a: = 217.0 were 
found from the isotherms for T =  334, 373, and 408 K. By 
substituting these coefficients in Eqs. (9)--(12) we deter- 
mined these parameters for T = 448 and 500 K, and used 
the values obtained to calculate the corresponding iso- 
therms, which describe (like the isotherms measured at 
T = 334, 373, and 408 K) the adsorption o f  krypton only 
in the a-cavities of  the NaA zeolite. The differences 
between the ordinates of  the initial (experimental) and 
"corrected" isotherms correspond to the amounts adsorbed 
in the 15-cavities of  the zeolite. The parameters of  Eq. (8) 
for all temperatures are listed in Table 1. 

Table 1. Parameters of Eq. (8) 

T/K Fma x /:cruX_ 3 pB 3 E 
/g g-I /g cm-  /J mol - t  

334 0.1712 0.251 1.985 7765 
373 0.1545 0.300 1.827 8469 
408 0.1335 0.342 1.700 8736 
448" 0.1184 0.387 1.560 9248 
500* 0.0994 0.442 1.399 9725 

*The parameters were calculated from Eqs. (8)--(12). 
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Fig. 4. Family of isotherms of absolute adsorption of krypton on 
NaA zeolite. The curves were obtained by calculation for T/K = 
334 (/), 373 (2), 408 (3), 448 (4), and 500 (5), and the dots are 
experimental results. 

To construct an isotherm of absolute adsorption, one 
should merely add the product of  the constant parameter  
W(Kr) and the current value of  the density of  an equilib- 
rium gas p, i.e., the Wp value to each ordinate of the 
experimental adsorption isotherm. The calculations of the 
isotherms of  the total content of  the adsorbate were 
carried out using the W(Kr) = 0.171 cm 3 g-I  value 
calculated by us. The adsorption volume of  a zeolite can 
also be determined by an alternative method, if the mass 
of  the evacuated adsorbent, its density, and the volume of 
the empty tube are known.l l .This  method gave a Wvalue 
of  0.167 cm 3 g- I ,  which is somewhat lower than that 
obtained in our experiment.  Figure 4 presents five iso- 
therms of  the total content of  the adsorbate (absolute 
adsorption) for T = 334, 373, 408, 448, and 500 K and 

isotherms calculated from Eq. (8) (continuous lines) using 
the temperature dependences  of  the parameters  (see 
Eqs. (9)--(12)).  The isotherms for T = 448 and 500 K 
describe the adsorption only in the a-cavi t ies  of  the NaA 
zeolite, i.e., the initial isotherms (see Fig. 3) have been 
corrected by the value of  the adsorption in the 13-cavities 
of  the zeolite. It can be seen from Fig. 4 that the experi- 
mental values are adequately described by Eq. (8), and, 
hence, the accuracy of  the prediction is quite satisfactory. 

References 

1. T. S. Yakubov, L. G. Shekhovtsova, and A. A. Pribylov, Izv, 
Akad. Nauk, Ser. Khim., 1995, 2381 [Russ. Chem. Bull., 
1995, 44, 2277 (Engl. Transl.)]. 

2. A. A. Pribylov, V. V. Serpinsky, and S. M. Kalashnikov, 
Zeolites, 1991, 11, 846. 

3. Termodinamicheskie svoistva neona, argona, kriptona i ksenona 
[Thermodynamic Properties of Neon, A~on, Krypton, and 
Xenon[, Ed. V. A. Rabinovich, lzd-vo Standartov, Moscow, 
1976, 636. 
N. J. Trappeniers, T. Wassenaar, and G. J. Wolkers, Physica, 
1966, 32, 1503. 
J. O. Hirschfelder, Ch. F. Curtiss and R. B. Bird, Molecular 
Theory of Gases and Liquids, John Wiley and Sons-- 
Chapman and Hall, New York--London, 1954. 
A. A. Fomkin, A. V. Tvardovskii, I. I. Seliverstova, and V. V. 
Serpinskii, Izv. Akad. Nauk SSSR, Ser. Khim., 1987, 1469 
[Bull. Acad. Sci. USSR, Div. Chem. Sci., 1987, 36, 1139 
(Engl. Transl.)]. 

7. A. A. Pribylov, lzv. Akad. Nauk, Ser. Khim., 1996, 574 [Russ. 
Chem. Bull., 1996, 45, 534 (Engl. Transl.)]. 

8. D. W. Breck, Zeolite Molecular Sieves, Wiley-lnterscience 
Publ., New York--London--Sydney--Toronto, 1974. 

9. B. P. Bering, E. G. Zhukovskaya, B. Kh. Rakhmukov, and 
V. V. Serpinskii, lzv. Akad. Nauk SSSR, Ser. Khim., 1967, 
1656, 1662; 1968, 30 [Bull. Acad. Sci. USSR, Div. Chem. Sci., 
1967, 16; 1968, 17 (Engl. Transl.)]. 
V. V. Serpinsky and T. S. Jakubov, Adsorption Sci. Technol., 
1993, 10, 85. 
A. A. Pribylov, S. M. Kalashnikov, and V. V. Serpinskii, Izv. 
Akad. Nauk SSSR, Set. Khim., 1990, 1233 [Bull. Acad. Sci. 
USSR, Div. Chem. Sci., 1990, 39, 1105 (Engl. Transl.)l. 

4. 

5. 

6. 

10. 

11. 

Received July I1, 1995; 
in revised form March 1, 1996 


