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Adsorption of Gases, Vapors and Liquids by Microporous Adsorbents
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Abstract. Adsorption of Xe, Kr, Ar, N2, O2, H2 CH4, CO2, He, and freons by PAU-10 and ACC microporous
carbon adsorbents as well as by A and X zeolites was investigated over a wide range of pressures (0.1 Pa – 20 MPa)
and temperatures (77, 120–600 K). The amount of gases, vapors and liquids adsorbed by microporous adsorbents
increases steadily with increasing pressure and does not change dramatically if phase transitions occur in the
adsorptive. Isosteres of adsorption constructed as a curve of ln P against f (1/T )a retain a linear form over a wide
range of pressures and temperatures. The slope of isosteres does not vary on going through the critical temperature
of the gaseous phase. At high pressures, due to non-ideality of the gaseous phase and non-inert behavior of the
adsorbent the differential molar heat of adsorption is dependent on temperature. At high fillings of micropores
the differential molar isosteric heat capacities of adsorption systems show maxima that indicate the occurrence of
structural rearrangements in the adsorbate.

Keywords: adsorption, isosteres, gas, vapor, liquid, microporous adsorbents, heat of adsorption, adsorption
deformation, heat capacities of adsorption systems

Introduction

This article is devoted to the memory of Professor
Wolfgang Schirmer, Germany. Under his supervision
at the Central Institute of Physical Chemistry of the
Academy of Sciences of the GDR, Berlin, and that
of Professor Michail M. Dubinin at the Institute of
Physical Chemistry of the Academy of Sciences of the
USSR, Moscow, a vast research of adsorption on mi-
croporous adsorbents had been conducted during the
1970–85 years.

Physical adsorption of gases, vapors and liquids
in microporous adsorbents is significantly different
from the adsorption on open surfaces. A classifica-
tion proposed by Dubinin (1975) defines micropores
as pores with the effective diameter or the width less
than 3.2 ÷ 3.6 nm, values comparable with effective
dimensions of the sorbed molecules. Adsorption fields
of neighboring walls overlap and adsorption potential
of such pores is sufficiently enhanced. Based on the
classification adopted by IUPAC the upper limit to mi-
cropores is 4.0 nm (IUPAC, 1972). XRD investigations
indicate that in the adsorbents with a high developed

micropore structure, like carbon adsorbents and zeo-
lites (Breck, 1974), micropores are formed by the sys-
tem of cavities connected through channels and win-
dows. The energy barriers developed near the entrance
to cavities apparently screen the influence of the equi-
librated gaseous phase and molecules of neighboring
cavities on adsorbate. These features of the microp-
orous system dramatically change the properties of ad-
sorbed species. The adsorption field of microporous ad-
sorbents imposes its structure on adsorbed molecules
and distributes these to exclude the first-order phase
transitions like condensations. However as the amount
adsorbed increases, rearrangement of structure, similar
to second type phase transitions, becomes possible.

Adsorption interaction between adsorbate molecules
and solid surface generally modifies the state of the
solid (Bankham, 1937; Bering et al., 1970). The mag-
nitude of this modification depends on the degree of
development of the solid surface, the occurrence of
high-energy adsorption sites capable of specific inter-
actions, and, finally, on the energetic level of the inter-
molecular bounds between atoms of the solid. Adsorp-
tion on microporous adsorbents involves the adsorbent
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and the adsorbate as equal partners of the adsorption
process.

Specific features that characterize the adsorption in
microporous adsorbents are markedly displayed in the
contours of isotherms and isosteres of adsorption, in
the phenomenon of adsorption deformation and ther-
modynamic functions of adsorption systems. This type
of behavior can be observed in investigations extended
over wide range of pressures and temperatures.

Experimental

Isotherms of Absolute Adsorption

The features that govern adsorption of Xe, Kr, Ar, N2,
O2, H2, CH4, CO2, He, CF3Cl on microporous carbon
adsorbents PAU-10, ACC as well as on A and X zeo-
lites were investigated over wide range of pressure (0.1
Pa–20, 150 MPa) and temperature (77, 120–600 K).
In addition, adsorption of liquids such as n-C4H10, n-
C5H12, n-C9H20, CF3Cl H2O, C6H6, C2H5OH was in-
vestigated on NaX zeolite. Under isothermal condi-
tions a monotonous increase in the amount adsorbed
with pressure is quite common for all these systems.
Isotherms of adsorption and desorption of standard
benzene vapor on PAU-10 adsorbent produced from
polyvinylidenechloride, and ACC adsorbent produced
from silicon carbide exhibit no hysteresis loop over
the entire range of relative pressure measured up to
P = Ps . Parameters of the pore structure calculated
by the Dubinin-Radushkevich equation are presented
in Table 1.

Wo—micropore volume; Eo—characteristic energy
of adsorption; xo—effective half-width of micropores.

Prior to experiments, adsorbents were treated in vac-
uum at 673 K and a pressure of 0.01 Pa for 5 hr until
no further weight loss could be recorded. The amount
adsorbed was measured by a volumetric technique
(Fomkin et al., 1974) with an error not exceeding 1%.
Temperature was maintained with an accuracy near 0.1
÷ 0.2 K; pressure was measured by a class 0.01 gauge.
Ultra-pure gases with purity not lower than 99.99%

Table 1. Structure parameters of microporous carbon
adsorbents.

Adsorbent Wo (cm3/g) Eo (KJ/mol) xo (nm)

PAU-10 0.41 27.4 0.44

ACC 0.44 26.0 0.47

Figure 1. Adsorption isotherms of CH4 on microporous carbon
PAU-10 at (1) 120 K; (2) 130 K; (3) 140 K; (4) 150 K; (5) 170 K;
(6) 190 K; (7) 210 K; (8) 240 K; (9) 273 K; (10) 03 K; (11) 370 K;
(12) 450 K; (13) 550 K; (14) 600 K.

were used in the experiments. Figure 1 that refers to ad-
sorption isotherms of methane on microporous carbon
PAU-10 derived from polyvinylidenechloride provides
an illustration (Chkhaidse et al., 1986).

Analogous dependencies of the amount adsorbed on
pressure were obtained on zeolites. An example can
be found in Fig. 2 that shows adsorption isotherms
of Xe on NaX zeolite (Fomkin et al., 1975; Fomkin
et al., 1978). Fully crystalline NaX zeolite with compo-
sition 0.98Na2O-Al2O3-2.36SiO2 0.02H2O and a unit-
cell constant of 2.496 nm were used. Prior to experi-
ments the zeolite was treated in vacuum at 673 K and
a pressure of 0.01 Pa for 8 hr to reduce the residual
pressure to 0.01 Pa.

Figure 2. Adsorption isotherms of Xe on NaX zeolite at (1) 150 K;
(2) 165 K; (3) 180 K; (4) 210 K; (5) 240 K; (6) 280 K; (7) 296 K; (8)
310 K; (9) 330 K; (10) 350 K; (11) 370 K; (12) 500 K; (13) 600 K.
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Figures 1 and 2 indicate the absence of condensation
effects for the adsorbate as evidenced by the same pat-
tern of temperature dependence revealed by all adsorp-
tion isotherms on passing through critical temperatures
of adsorptive. Note that Tc = 190.55 K for CH4 and
289.7 K for Xe (Vargaftik, 1972). Similar dependen-
cies were recorded for a number of adsorption systems
(Seliverstova et al., 1978; Fomkin, 1983; Fomkin et al.,
1974; Chkhaidse et al., 1986; Kharitonov et al., 2001).

Whatever the state of adsorptive, the chemical po-
tentials µ of adsorptive and adsorbate in micropores
are the same. Accordingly, the adsorption isotherm
a = f (µ)T should be described by a common curve
not only for the adsorption of gases but also for the
adsorption of vapors and liquids (Dubinin et al., 1980;
Seliverstova et al., 1982). To test the validity of this
suggestion, adsorption systems H2O—NaX zeolite and
C6H6—NaX zeolite were investigated (Fomkin et al.,
1986). Figure 3 shows relevant adsorption isotherms
constructed as plots a = f (µ)T obtained by com-
bining the data on adsorption of the vapor, on the ad-
sorption of the liquid that experiences the pressure of
its saturated vapor, and, finally, on the adsorption of
the liquid that experiences hydrostatic pressures (up to
100 MPa).

The chemical potential of the liquid compressed to
hydrostatic pressure P was calculated by the equation

µ(P) = µ
(
P0

s

) +
∫ P

Po
s

v(P)d P (1)

where P0
s is the pressure of the saturated vapor of the

liquid under zero excessive hydrostatic pressure, v(P)
is the specific volume of the liquid compressed. A value
of µ(P0

s ) was taken as a reference zero point at a given
temperature.

Figure 3. Adsorption isotherms of water (1–3) and benzene (4, 5)
on NaX zeolite at (1) 303 K; (2) 313 K; (3) 323 K; (4) 303 K and
(5) 323 K.

Making use of Eq. (1), one arrives at the expression
for the pressure of saturated vapor Ps of the compressed
liquid as a function of the hydrostatic pressure P

ln Ps = ln P0
s + 1

RT

∫ P

Po
s

v(P) d P (2)

Since values of P0
s are small, the use of fugacities in

Eqs. (1) and (2) is not needed.
The data in Fig. 3 suggests that adsorption isotherms

in microporous adsorbents retain their slope on passing
from the vapor area to the area of the compressed liq-
uid through the curve of condensation of the saturated
vapor.

Adsorption Deformation of Microporous Adsorbents

In general, the phenomenon of adsorption deforma-
tion of microporous adsorbents brings about essen-
tial corrections to calculations of the amount adsorbed
and thermodynamic functions of an adsorption system
(Tvardovski, 1994, 1997, 1999, 2001). As to be shown
below, to make a reliable account of these corrections,
data on adsorption deformation over wide range of
pressures and temperatures are needed.

The first report on adsorption deformation (Mechan,
1927), was followed by a number of studies (Bangham
et al., 1928, 1932, 1934; Yates, 1952, 1954; Flood,
1954, 1955, 1957, 1963; Kononyuk et al., 1971, 1972;
Bering, 1976; Beresin et al., 1980; Krasilnikova et al.,
1979). This phenomenon remains the object of recent
investigations (Dolino et al., 1996; Gerard et al., 1998;
Warne et al., 2000; Young et al., 2000). However due
to narrow ranges of the parameters of adsorption equi-
librium the data obtained to date can hardly be used
to clarify the main features governing the adsorption
deformation in microporous adsorbents.

The measurements were conducted with the help
of a sophisticated inductive dilatometer that makes
it possible to measure the adsorption deformation of
solids at pressures that range from 1 Pa to 20 MPa and
temperatures that range from 77 to 570 K. The tech-
nique of measurements is described earlier (Fomkin
et al., 1996). The dilatometer is connected to the high-
pressure adsorption unit discussed in more detail pre-
viously (Fomkin et al., 1974). The measured values of
adsorption deformation range from 1 ∗ 10−4 to 3 mm.
The sensitivity of the dilatometer is 0.06 µ. Figure 4
shows isotherms of adsorption deformation of a crys-
talline NaX zeolite pelletized at a pressure of 150 MPa.
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Figure 4. The relative adsorption deformation of crystalline NaX
zeolite as a function of the amount Xe adsorbed at (1) 273 K; (2)
303 K and (3) 333 K.

The equilibrium pressure of xenon was varied from 1 Pa
to 7 MPa. Figure 4 indicates that the general pattern
of curves is the same. As the amount of Xe adsorbed
increases compression of crystallites is observed, the
curves pass then through a maximum, and expansion
of crystallites can be recorded. With further adsorption,
negative deformation values change the sign, and dra-
matic expansion of the adsorbent occurs that is nearly
one order higher in magnitude than a preceding con-
traction. With increasing temperature the curves are
shifted to the region of lower adsorption values. The
highest value of adsorption deformation experienced
by NaX zeolite during adsorption of Xe does not ex-
ceed 0.06%.

Similar relations were reported (Fomkin et al., 2000)
for benzene on microporous activated carbons FAS and
ACC at 273◦C (Fig. 5). Parameters of the pore struc-
ture of activated carbon ACC are given in Table 1. An
array of adsorption data indicates that this adsorbent is
similar to a monoporous adsorbent.

On the contrary, FAS carbon adsorbent belongs to
adsorbents with a bimodal pore size distribution. Using
benzene as a standard vapor, characteristic half-widths
of 0.35 and 1.0 nm were obtained with micropore vol-
umes amounting to 0.11 0.83 cm3/g.

From the data in Fig. 5 it follows that variations in
the parameters of the pore structure of adsorbent es-
sentially modify the behavior of curves that describe
the adsorption deformation. The differences are par-
ticularly pronounced at the initial fillings of microp-
ores. The highest value of deformation induced by ad-

Figure 5. The relative adsorption deformation of FAS (1) and ACC
(2) microporous carbons as a function of the amount of benzene
adsorbed at 293 K.

sorption of benzene on microporous activated carbons
reaches a value of 0.6%

The curves of adsorption deformation recorded for
adsorption of Xe on NaX zeolite and for adsorption of
benzene on microporous FAS and ACC carbons show
similar behavior. Again, contraction of the adsorbent is
followed by expansion. In general case, however, the
dependencies of adsorption deformation on the amount
adsorbed and temperature are more complicated.

Figure 6 gives results of deformation of microporous
carbons induced by adsorption of nitrogen as a func-
tion of the amount of nitrogen adsorbed at different
temperatures (Yakovlev et al., 2003).

Figure 6 implies that the curves describing deforma-
tion of the ACC activated carbon induced by adsorption
of nitrogen show the region of compression at relatively
low temperatures (243–293 K). Such a region cannot be
traced on the curves obtained at temperatures as high as
313–393 K. Expansion of the adsorbent caused by the
adsorption deformation does not exceed 0.12%. From
the data outlined above it can be concluded that the ad-
sorption deformation depends not only on the amount
adsorbed but on temperature as well.

Discussion

The lack of dramatic changes on adsorption isotherms
indicates that phase transitions of the first type do not
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Figure 6. The relative linear deformation of the ACC microporous
carbon induced by adsorption of nitrogen as a function of the amount
of nitrogen adsorbed at (1)–243 K; (2) 273 K; (3) 293 K; (4) 313 K;
(5) 333 K; (6) 353 K; and (7) 393 K.

occur in microporous adsorbents. A uniform distribu-
tion of adsorbing species that can place in average
dozens of molecules per adsorbent unit cell apparently
prevents nucleation of a new phase.

Adsorption Isosteres

Linearity of adsorption isosteres was repeatedly re-
ported (Barrer et al., 1972; Fomkin et al., 1974,
1978, 1982, 1985, 1986; Chkhaidse et al., 1982, 1985;
Kharitonov et al., 2001; Bülow et al., 2002). On analyz-
ing the behavior of adsorption isosteres the conclusion
can be made that in a good approximation isosteres
are linear over wide range of temperatures and pres-
sures. A good example provide isosteres of the adsorp-
tion of Xe on NaX zeolite shown in Fig. 7. Based on
the figure, the isosteres preserve linearity over the en-
tire range of temperatures and pressures. It should be
emphasized that isosteres terminates near the line of
saturated vapor pressure and resume their linear pat-
tern in the supercritical area. Dotted lines in Fig. 7 de-
note an expected pattern of isosteres in the area where
the equilibrated phase a3a is represented by a com-
pressed liquid. The figure clearly shows that adsorp-
tion isotherms commencing in the vapor region resume
their linear pattern in the region of the compressed
liquid.

This pattern of behavior of isosteres was supported
by the data for the systems water —NaX zeolite and
benzene —NaX zeolite (Fomkin et al.,1986) obtained

Figure 7. Isosteres of adsorption of Xe on NaX zeolite for the
following amounts adsorbed: (1) 0.1; (2) 0.2; (3) 0.4; (4) 1.0; (5) 2.5;
(6) 3.5; (7) 4.0; (8) 4.5: (9) 4.7; (10) 4.9; (11) 5.15; (12) 5.3; (13)
5.5 and (14) 5.8 mmol/g. Index lg Ps denotes the saturated vapor
pressure.

Figure 8. Adsorption isosteres of water and benzene on NaX ze-
olite: 1-C6H6 (a = 3.05 mmol/g); 2-ln Ps (C6H6); 3–H2O (a =
19.9 mmol/g); 4-H2O (a = 19.7 mmol/g); 5-ln Ps (H2O).

at pressures up to 100 MPa. Figure 8 gives isosteres of
adsorption for these systems.

Figure 8 confirms that the linearity of adsorption
isosteres observed in the region of vapor extends over
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the range characterizing the state of the compressed
liquid.

The persistence of the adsorption isosteres up to the
region in which gases show considerable deviations
from linearity along with the linearity of the liquid state
of the adsorptive and in the supercritical region favor
the concept of the adsorbate in the microporous adsor-
bent as a specific state of the substance.

Some further evidence as to validity of this concept
is provided by the data on adsorption of liquids by NaX
zeolite conducted along the curve of the saturated va-
por pressure (Dubinin et al., 1980; Seliverstova et al.,
1982). The main results of the study are as follows.
The average density of adsorbed hydrocarbons (CH4,
n-C4H10, n-C5H12, n-C9H20, CF3Cl) and inert gases
(Xe, Kr, Ar) in the region of low temperature is lower
and near critical temperature is higher than the density
of liquid adsorptive. The temperature at which the den-
sities are equal is ∼0,8 Tc. Over the temperature range
of 273 ÷ 473 K the average density of adsorbed polar
molecules (H2O, C6H6, C2H5OH) exceeds density of
liquids and shows a less strong dependence on tem-
perature. Interestingly, the temperature dependence of
the density of the adsorbed exhibits no maximum at
277.15 K, common to bulk water.

The Feature that Governs Adsorption
by Microporous Adsorbents

Contraction of microporous adsorbents induced by ad-
sorption (Figs. 4–6) is related to interactions of Xe and
C6H6 molecules adsorbed in the micropores of NaX
zeolite and in FAS and ACC activated carbons with
opposite walls of micropores. However, an initial con-
traction of the adsorbent observed at low temperatures
can give place to the expansion at higher temperatures.
The adsorption of nitrogen on the ACC activated car-
bon provides a relevant example (Fig. 6). In the case
of activated carbons this change appears to be a con-
sequence of the fact that the binding energy between
arrays of edge hexagons which make up micropores in
carbons decreases with temperature. The binding en-
ergy between arrays of edge hexagons in graphite is
known to be lower than that between carbon atoms in
hexagons (Moelwin-Hughes, 1961). At higher temper-
atures the interaction of edge hexagons with adsorbed
molecules in micropores displaces the hexagons inside
micropores to violate the energy balance of the solid
that stabilizes the microporosity. The net result would
be expansion of the solid. Analogous results were ob-

tained for adsorption of CO2 and Ar on the same ad-
sorbent (Yakovlev et al., 2003). The same behavior of
deformation curves in the case of zeolites can be as-
cribed to displacement of cations caused by the specific
interaction with adsorbed molecules. Results obtained
on adsorption of CO2 on NaX zeolite agree with this
interpretation (Pulin et al., 2001).

From the data outlined above, a general conclusion
can be made that the extent of adsorption deforma-
tion in activated carbons and zeolites is low and can
be neglected in adsorption measurements. In industrial
processes, however, like PSA processes, adsorption de-
formation of adsorbents can be an essential factor that
determine time-on-stream behavior of adsorbent pel-
lets due to their attrition and destruction. In addition,
the extent of adsorption deformation in some cases can
influence the efficiency of molecular-sieve separation
of adsorbed fluids. Furthermore, as will be outlined
below, adsorption deformation of adsorbents can have
a significant effect on calculations of thermodynamic
characteristics of adsorption systems at high pressures.

Isosteric Heats of Adsorption

The adsorption of gases and vapors by a microporous
solid is essentially different from the adsorption by a
nonporous sold surface. The first case involves volume
filling of the micropores (Dubinin, 1975), whereas in
the second case is an adsorbate appears to form an indi-
vidual phase on the solid surface. In general case, the es-
timation of the volume of the solid with micropores that
contain the adsorbate is a complicated problem. XRD
and chemical analyses can be used to determine the
micropore volume of crystalline A, X zeolites (Breck,
1974). A general approach to evaluate microporosity
in pure microporous adsorbents was described earlier
(Fomkin et al., 1985).

Absolute adsorption defined as total amount of sub-
stance in the adsorption field of an adsorbent can be
given by the expression

a = [N − (V − V1)/Vg(p, T )]/mo (3)

where N is the amount of adsorbate and adsorptive
in the volume (V − V1) of the system; V is the vol-
ume of the system “adsorbent- adsorbate - adsorp-
tive”; V1 is the volume of the solid including micropore
volume.; Vg(p, T ) is the molar volume of an adsorp-
tive (gas or liquid); mo is the weight of the evacuated
adsorbent.
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Adsorption is accompanied by heat evolution and
deformation of the adsorbent. The thermodynamics
of adsorption needs to consider non-inertial behavior
of the adsorbent, whereas imperfection of the equi-
librated adsorptive needs to be recognized at higher
pressures. According to Guggenheim (1941), rigorous
thermodynamics of the adsorption equilibrium con-
siders gas phase and adsorbing species as a single
thermodynamic system, in which only experimentally
found values can be used as thermodynamic variables.
This approach was pursued in a number of works
(Bakaev, 1971, 1989; Shechvzova et al., 1992; Fomkin,
1993).

Consider a thermodynamic system consisting of N
moles of a gas (or a liquid), included in a given volume
V at pressure P . The system is in adsorption equi-
librium with an adsorbent. The thermodynamic sys-
tem can be simulated conveniently by a cylinder with
a movable piston at the thermodynamic equilibrium
with a thermostat at temperature T . The cylinder is a
classical object for thermodynamic investigations. We
assume further that the system has no hysteresis loop
and only quasi-static transitions between equilibrium
states can be executed. For these transitions the first
and the second low of thermodynamics are given by

TdS = dE + PdV (4)

Here S and E are the entropy and the enthalpy of the
system. The caloric equation of state may be written as

d E = (d E/dT )vdT + (d E/dV )T dV (5)

Equations (4) and (5) together give

T (d P/dT )v = (d E/dV )T + P (6)

When P and T are variables another form of Eq. (6)
may be written

V − T (dV/dT )P = (d H/d P)T , (7)

where H = E + PV is the enthalpy of the adsorption
system.

Equations (6) and (7) are well-known equations of
classical thermodynamics. In our case they are appli-
cable to the system “adsorbent—adsorbat—gas” po-
sitioned under the piston in a cylinder and represent-
ing, in this way, a universal adsorption unit suitable

for determining isotherms volumetrically and measur-
ing heats of adsorption. The N , V, P, T parameters
derived from the experiments can be converted into
the N , a, P, T —form, more useful in adsorption mea-
surements (Bakaev, 1971, 1989). The most general
mathematical technique of such transformations is the
method of Jakobi-type determinants (Landau et al.,
1964).

(d E/dV )T = (d E/da)T /(dV/da)T (8)

(d P/dT )v = (d P/dT )a − (d P/da)T

× (dV/dT )a(da/dV )T (9)

Introducing (8) and (9) into (6) and multiplying both
sides of resulting equation by (dV/da)T we arrive
at

(d E/da)T + P(dV/da)T

= T (d P/dT )a(dV/da)T − T (d P/da)T (dV/dT )a

(10)

We can put

V = Vg + V1 = Vg + Vo + Va, (11)

E = Eg + E1 = Eg + Eo + Ea, (12)

H = Hg − H1 = Hg + Ho + Ha, (13)

where subscripts “g”, “o” and “a” refer to the gas,
adsorbent and adsorbate correspondingly.

For an adsorption system, in which the amount ad-
sorbed is defined as the total content implied by Eq. (3),
Va �= 0 and thermodynamic functions can be repre-
sented by the following expressions:

(1) Differential energy of the adsorbent-adsorbate
system

(d E1/d Na)T = hg + RZ (dln P/dT −1)a

× [1 − (dV1/d Na)T /Vg] − T (d P/d Na)T

× (dV1/dT )a − P(dV1/d Na)T , (14)

where Na is the amount adsorbed defined as the
total content.

If the gas is in equilibrium (Z = 1), the adsor-
bent is an inert solid V1 �= V1(Na, T ), then

(d E1/d Na)T = hg + R(dln P/dT −1)a (15)
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(2) The differential energy of the adsorbent-adsorbate
system

(d H1/d Na)T = hg + RZ (dln P/dT −1)a

× (1 − (dV1/d Na)T /Vg) + (d P/d Na)T

× [V1 − T (dV1/dT )a] (16)

If Z = 1; V1 �= V1(Na, T ), then

(d H1/d Na)T = hg + R(d ln P/dT −1)a

+ V1(d P/d Na)T (17)

The differential isosteric heat of adsorption is defined
as

qst = hg − (d H1/d Na)T = hg − h1, (18)

where h1 is the differential enthalpy of an adsorption
system

Since a = Na/mo, and the specific reduced volume
of an adsorption system v1(a, T ) = V1(a, T )/mo then

qst = −RZ (dln P/dT −1)a[1 − (dv1/da)T /Vg]

− (d P/da)T [v1 − T (dv1/dT )a] (19)

If Z = 1 and the adsorbent does not experience defor-
mation induced by adsorption v1 �= v1(a, T ) then

qst = −R(d ln P/dT −1)a + v1(d P/daa)T (20)

Since in the region of small pressures (P < 100 kPa)
the latter term is negligible we arrive at familiar equa-
tion for the differential heat of adsorption

qst = −R(d ln P/dT −1)a (21)

Equation (16) allows us to relate the isosteric heat with
the differential calorimetric heat of adsorption qk mea-
sured calorimetrically using a reference sample bulb
with a suitable nonporous sample (Gusev et al., 1991).

/qk/ = qst + V1(d P/d Na)T (22)

It is evident that an alternative setting of the calori-
metric experiment would yield some other relation be-

Figure 9. Differential molar isosteric heat of adsorption plotted as
a function of the amount of Xe adsorbed by NaX zeolite (full lines)
calculated with allowance for the adsorption deformation at (1) 150;
(2) 210; (3) 240; (4) 280; (5) 295; (6) 310; (7) 330; (8) 420 and (9)
600K. (The curves obtained by neglecting the adsorption deformation
are denoted by dotted lines).

tween the isosteric and calorimetric heats of adsorption
(Kington et al., 1951).

Equation (19) suggests that the differential isosteric
heat of adsorption depends both on properties gaseous
phase in equilibrium with the adsorbent (Z , Vg), and
on properties of the adsorbent including magnitude of
its deformation induced by adsorption (dv1/da)T and
increasing temperature (dv1/dT )a .

Figure 9 shows plots of the differential molar isos-
teric heat of adsorption against the amount of Xe ad-
sorbed by NaX zeolite (full lines) at temperatures 150–
600 K and pressures 0.1 Pa–12 MPa and calculated
from Eq. (19). When deformation of the adsorbent is
neglected a dependence, is yielded that is denoted by
dotted lines. The results given in Fig. 9 imply that the
corrections due to the adsorption deformation of the
adsorbent introduced into the energetic contribution of
the heat of adsorption can be as high as 70–80%. Equa-
tion (19) indicates that at high temperatures the depen-
dence of the differential calorimetric heat of adsorption
on temperature is due largely to the non-ideality of the
gas phase that is given by the compressibility factor Z .
A derivative of the type (dP/daa)T is also of impor-
tance in this region. Similar results were obtained also
for other adsorption systems (Fomkin, 1993).



Adsorption of Gases, Vapors and Liquids by Microporous Adsorbents 433

Isosteric Heat Capacity

Temperature differentiation of (18) produces the Kirch-
hoff equation

(
dh1

dT

)

a

=
(

dhg

dT

)

a

−
(

dqst

dT

)

a

(23)

where

C1 =
(

dh1

dT

)

a

(24)

is the differential isosteric heat capacity of an adsorp-
tion system. Figure 10 shows temperature dependences
of the isosteric heat capacity of the adsorption system
Xe—NaX zeolite for different amounts of Xe adsorbed.

Similar temperature dependences for isosteric heat
capacity were reported for other adsorption systems.
Calculations indicate that the occurrence of maxima
cannot be ascribed to the effect of properties of gas
phase in equilibrium with the adsorbent because heat
capacities of gas phase and those of the adsorption sys-
tem are different both in behavior and in magnitude
of values involved. The isosteric heat capacity charac-
terizes generally both a microporous solid (adsorbent)
and the fluid adsorbed in its micropores (adsorbate).

Figure 10. Temperature dependences of the isosteric heat capacity
of the adsorption system Xe—NaX zeolite for different amounts of
Xe adsorbed: (1) 1.0; (2) 2.0; (3) 4.0; (4) 4.5; (5) 4.7; (6) 4.9; (7) 5.0;
(8) 5.15 and (9) 5.30 mmol/g.

Given that the crystalline structure of the adsorbent re-
mains unchanged by adsorption, a microporous solid
(NaX zeolite or microporous carbons PAU-10, ACC)
cannot be a reason per se for the presence of max-
ima on curves describing the temperature dependence
of isosteric heat capacity. In particular, reversibility
of the adsorption isotherms, our dilatometer measure-
ments of adsorbents, investigations of zeolite heat ca-
pacity, XR diffraction studies of zeolite (Breck, 1974)
and activated carbons (Dubinin, 1975) provide proof
of evidence for the stability of the micropore struc-
ture. The occurrence of maxima on the curves that de-
scribe the temperature dependence of isosteric heat ca-
pacity seems to be a consequence of specific features
that characterize the behavior of the fluid adsorbed in
micropores of adsorbents. This follows mainly from
the temperature ranges that favor extreme phenomena.
As given in Fig. 10, initial formation of maxima oc-
curs in a temperature range that lies about 100–200 K
above critical temperature of the gas sorbed. Similar de-
pendences were recorded for other system investigated
so far. As the amount adsorbed increases and, corre-
spondingly, the average number of molecules in the
cavities of microporous adsorbent increases, maxima
on the curves of isosteric heat capacity become more
discernable, and their position shifts towards lower
temperatures.

From the results of calculations given in a map form
with lines that describ the potential energy of interac-
tion in the adsorbent pores (Fiedler et al., 1982) it was
found that at low fillings the molecules spend nearly
all their time in the deep potential wells. Under isos-
teric conditions and at moderate and high micropore
fillings, an increase in temperature leads to an increase
in kinetic energy that favors transition of molecules
from single adsorption sites into the micropore volume
to form associates. In particular, on analyzing adsorp-
tion of He by NaX zeolite, a similar mechanism of
adsorption that involves transition from partially local-
ized adsorption to non-localized adsorption could be
discovered (Fomkin et al., 1987).

NMR data on Xe129 adsorbed in CaA and CaY zeo-
lites at 144 K revealed a rearrangement of the adsorbate
structure followed by its ordering (Cheung, 1990). In
CaA and CaY zeolites, the chemical shift of Xe129 rel-
ative to that for the gaseous state increases markedly
at a threshold filling of 7 atoms per a cavity while the
highest number of Xe129 atoms adsorbed per cavity
does not exceed 11. This effect can be interpreted as
being due to a mutual approach of Xe129 atoms. At the
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same instant, the NMR signal width decreases to the
lowest value, which indicates the ordering in packing
of xenon species. From these observations, a “phase
transformation” inside the pore systems of A and X ze-
olites was inferred. To achieve higher loadings in these
experiments, it is the usual procedure to reduce tem-
perature rather than to increase pressure. Under isos-
teric conditions favoring the existence of associates in-
creasing temperatures can promote the destruction of
associates with concomitant dramatic increase in the
adsorbate heat capacity. The destruction of associates
is further accompanied by a marked increase in volume
of the adsorbed material. This is well-illustrated specif-
ically by the results derived from computational model-
ing of Kr and Ar adsorption in cavities of CaA zeolites
conducted over wide range of temperatures (Golikov
et al., 1989).

Comparing the curves of the differential molar isos-
teric heat capacity of adsorption systems with relevant
curves of the differential isosteric heat of adsorption it
is immediately obvious that the highest values of isos-
teric heat capacity appears in the vicinity of highest
values of isosteric heats of adsorption. It appears that
the increase in the amount of adsorbed material brings
about an increase in the number of molecules in as-
sociates, an increase in the contribution of repulsion
forces to the intermolecular interaction due to microp-
ore volume limitations and finally an essential diminu-
tion in isosteric heat of adsorption. The change in the
nature of forces governing the intermolecular interac-
tion of xenon includes the transition from attraction
that induces appearance of associates in micropores to
repulsion. This development is reflected in the dilato-
metric curves as evidenced by the shift from the com-
pressive deformation to the tensile deformation NaX
zeolite crystalls. For the system xenon-NaX zeolite the
maxima on the curves of isosteric heat of adsorption
associates with the zero deformations of crystals at
higher micropore fillings. In addition to diminutions
in isosteric heat of adsorption increase in repulsion
forces generates a sudden expansion of zeolite crys-
tals. It appears that similar features are common for
all systems involved in the adsorption by microporous
adsorbents.

Conclusions

The amount of gas, vapor and liquid adsorbed on micro-
porous over wide range of pressures (0.1 Pa–20 MPa)
and temperatures (77, 120–600 K) increases steadily

with increasing pressure and is not related to phase tran-
sitions in the adsorptive. Isosteres of adsorption con-
structed as a curve of ln P against f (1/T )a retain a lin-
earity over a wide range of pressures and temperatures.
The slope of isosteres does not vary on going through
the critical temperature of the gaseous phase. At high
pressures the differential molar heat of adsorption is
dependent on temperature due to imperfection of the
gaseous phase and non-inert behavior of the adsorbent.
At high fillings of micropores by adsorbed molecules,
the differential molar isosteric heat capacity of adsorp-
tion systems passes through maxima, which indicates
the occurrence of structural rearrangements in the ad-
sorbate.

Nomenclature

a absolute adsorption (mmol/g)
T temperature of the system (K)
Tc critical temperature of gas in equilibriu (K)
Tb point of conventional boiling (K)
Tt triple point (K)
P0

s saturated vapor pressure over liquid at zero
excessive hydrostatic pressure (Pa)

P pressure of adsorptive in equilibrium, (Pa)
Ps saturated vapor pressure over compressed

liquid (Pa)
v(P) specific volume of the compressed liquid

(mol/m3)
µ(P0

s ) zero reference of chemical potential at a
given temperature (kJ/mol)

N the amount of adsorbate and adsorptive in
the volume of the system (mol)

Na the amount of adsorbed material (mol)
V the volume of the “adsorbent- adsorbate-

adsorptive” system (m3)
V1 the volume of a solid including micropores

(m3)
v1 the specific reduced volume of an adsor-

bent with micropores (cm3/g)
Vg(p, T ) the molar volume of adsorptive (gas or liq-

uid) (mol/m3)
mo the weight of regenerated adsorbent (kg)
H the enthalpy of the the thermodynamic sys-

tem (kJ/mol)
qk the calorimetric heat of adsorption

(kJ/mol)
S the entropy of the system (J/[mol∗K])
E the energy of the system (kJ/mol)
Z the compressibility factor of gas
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qst the differential isosteric heat of adsorption
(kJ/mol)

qk differential calorimetric heat of adsorption
(kJ/mol)

C1 differential molar isosteric heat capacity of
an adsorption system (J/[mol/K])
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