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Abstract—Main features of the adsorption of gases, vapors, and liquids in microporous adsorbents, adsorp-
tion deformation, and adsorption thermodynamics are considered. Data is presented from calculating gas
adsorption on microporous adsorbents in the supercritical range of temperatures using molecular dynamics
and the theory of volume filling of micropores. It is shown that an adsorbate in micropores undergoes no
extreme changes upon transitioning through a region of the gas phase critical state. In the adsorption of gases
and vapors, the adsorption deformation of a rigid adsorbent is found to be no higher than 1% and is consid-
erably governed by the surface chemistry and porous structure of the adsorbent.
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INTRODUCTION

Regardless of their chemical composition, microp-
orous adsorbents constitute a specific class of porous
solids on which physical adsorption considerably
alters the properties of an adsorbed substance. The
main physicochemical properties of these systems
were formulated for the first time in the theory of vol-
ume filling of micropores (TVFM) [1] developed by
Dubinin and his followers. In such pores, a substance
is entirely within the overlapping fields of adsorption
of opposite micropore walls. Its properties therefore
differ substantially from those of a substance in the
equilibrium bulk phase. According to Dubinin’s clas-
sification [2], the effective sizes of micropores are
comparable to those of the molecules to be sorbed.
The range of sizes X (diameters or widths) of microp-
ores spreads over ultramicropores (true micropores,
X < 1.2–1.4 nm) and supermicropores (1.2–1.4 < X <
3.0–3.2 nm). Pores with effective sizes in the range of
3.0–3.2 < X < 100–200 nm are considered mesopores.
Adsorption in mesopores proceeds through a mecha-
nism of layer-by-layer filling to result in capillary con-
densation. The sizes of mesopores are much larger
than those of the adsorbed molecules. They are inter-
mediate between micropores and macropores with
sizes of more than 100–200 nm. Adsorption in macro-
pores also proceeds through a mechanism of layer-by-
layer surface filling. Macropores have a considerable

effect on the kinetics of a process and, like mesopores,
act as transport pores for adsorbed molecules. Similar
principles are also taken as the basis for the IUPAC
classification of pores by sizes [3].

Potential barriers at the entry to micropores largely
shield the effects of equilibrium phase and molecules
of adjacent cavities on adsorbed molecules in pores.
The field of a microporous adsorbent’s adsorption
imposes its own structure upon the adsorbed sub-
stance and strongly disperses it. For example, each
cavity of active carbon or zeolite contains from several
to several dozen molecules [1, 4]. These features of a
microporous system dramatically alter the properties
of a substance in an adsorbed state.

During adsorption, microporous adsorbents are
not just inert carriers of the adsorption field. They are
also actively involved in adsorption interaction [5].
Outwardly, this manifests in deformation of the adsor-
bent and a change in its elastoplastic properties,
depending on the a, p, T parameters of state of the
adsorption system.

Extending adsorption processes to the high-pres-
sure region results in the development of adsorption
thermodynamics, which allows not only for the non-
ideality of an equilibrium phase but the activity of an
adsorbent as well [6, 7]. Analysis of the behavior of the
thermodynamic functions of adsorption depending on
the a–p–T parameters of a system allows us to draw
516
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Fig. 1. Adsorption isotherms of Xe on the NaX zeolite at
different temperatures: (1) 150, (2) 165, (3) 180, (4) 210,
(5) 240, (6) 280, (7) 296, (8) 310, (9) 330, (10) 350, (11)
370, (12) 500, and (13) 600 K. 
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lnp [Pа] Fig. 2. Adsorption isotherms of (1–3) water and (4, 5) ben-

zene on the NaX zeolite at different temperatures: (1) 303,
(2) 313, (3) 323, (4) 303, and (5) 323 K; μ is the chemical
potential of the equilibrium phase. The black dots corre-
spond to vapor adsorption; the partially filled dots, to
adsorption at the line of saturated vapor pressure; and the
white dots, to the adsorption of liquid at pressures of up to
100 MPa. 
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conclusions on the state and structure of an adsorbed
substance in micropores. The porous structure of a
solid has a key effect on the adsorption of gases,
vapors, and liquids. Real adsorbents typically have a
more or less wide pore size distributions [8–10].

The properties of microporous adsorbent–adsor-
bate adsorption systems are most pronounced in the
behavior of adsorption isotherms and isosteres and the
adsorption deformation of an adsorbent, along with
the behavior of the thermodynamic functions of
adsorption systems and their dependence on the
а‒р‒T parameters of state.

Adsorption of Gases and Vapors on Microporous 
Adsorbents

Adsorbents with developed microporous structures
and high adsorption activity are most commonly used
in industry [8, 10]. Adsorbents of this type include
most zeolites, along with microporous carbon adsor-
bents and silica gels. In zeolites, micropores are pro-
duced during the formation of their crystal structure
[4]. Microporous carbon adsorbents with narrow pore
size distributions are produced at quite low degrees of
carbonizate burning out [9]. Studies of the adsorption
of gases, vapors, and liquids for a wide range of sub-
stances of different natures (e.g., Xe, Кr, Ar, N2, O2,
H2, CH4, CO2, CF3Cl, n-C4H10, n-C5H12, n-C7H16,
n-C9H20, H2O, C6H6, and C2H5OH) in the 0.1 Pa to
150 MPa range of pressures and the temperature range
of 77 to 600 K on adsorbents with narrow pore size dis-
tributions (e.g., NaX and NaA zeolites and PAU-10
and AUK microporous adsorbents) show [4, 8, 11]
that for all systems, adsorption is reversible and grows
along with pressure.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
As an example, Figs. 1 and 2 show the adsorption
isotherms of Xe, H2O, and C6H6 on NaX zeolite with
a micropore volume of Wo = 0.323 cm3/g and an α-cav-
ity radius of x = 0.62 nm [12]. Similar plots of gas
adsorption versus pressure were also obtained during
adsorption on microporous active carbons. As follows
from Fig. 1, the adsorption isotherms shift to the high-
pressure region in an almost symbate manner. They
remain virtually unchanged upon going through the
critical temperature of Xe (Tc = 289.7 K), suggesting
there were no condensation effects in the adsorbate.
Similar dependences were observed for other adsorp-
tion systems as well [13–22].

No matter which state an adsorbate is in, chemical
potentials μ of the adsorptive and the adsorbate in
micropores equal each other. This means adsorption
isotherm a = f(μ)T should be unique not only upon the
adsorption of a gas, but also upon adsorption of a
vapor or a liquid. The adsorption isotherms of H2O
and C6H6 on NaX zeolite [23] shown in Fig. 2 in the
a–μ coordinates were obtained by combining data on
the adsorption of a vapor, a liquid under the pressure
of its own saturated vapor, and a liquid under high
hydrostatic pressure (up to 100 MPa).

The chemical potential of a compressed liquid
under hydrostatic pressure P was calculated with the
equation

(1)

where  is the saturated vapor pressure of a liquid
under excess hydrostatic pressure equal to zero and

 is the specific volume of a compressed liquid.
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Fig. 3. Adsorption isosteres of Xe on the NaX zeolite at dif-
ferent values of adsorption: (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. ln ps is the line of
saturated vapor pressure; pc, Tc, Tb, and Ttp are the critical
pressure, critical temperature, boiling point, and triple
point temperature of xenon, respectively. 
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The chemical potential of saturated vapor under
excess hydrostatic pressure was set equal to zero, and
(  was taken as a zero datum at specified tempera-
ture).

As follows from Fig. 2, the adsorption isotherms in
microporous adsorbents do not change their slopes
upon transitioning from the region of vapor to that of
a compressed liquid through the saturated vapor pres-
sure line. The absence of jumps on the adsorption iso-
therms, even in the region of the isotherm’s transition
to the region of equilibrium phase liquid state, suggests
there are no first-order phase transitions in micropo-
rous adsorbents. The number of sorbing cavities in
zeolite [4] and active carbons [24, 25] were estimated
to be ~1020–1021 per gram of adsorbent. The fine par-
ticle size of an adsorbed substance when each adsor-
bent cavity can contain on average up to several dozen
molecules interferes with the formation of nucleating
seeds of a new phase.

In the thermodynamics of adsorption, adsorption
isosteres (plots of the equilibrium phase pressure as a
function of temperature at a constant value of adsorp-
tion) are of great concern. It was noted in [4, 11, 26, 27]
that the adsorption isosteres in the ln p–T–1 coordinates
remain linear to a good approximation in wide ranges of
pressure and temperature. Figure 3 shows the adsorp-
tion isosteres of Xe on the NaX zeolite as examples.

It follows from Fig. 3 that the adsorption isosteres
of Xe remain linear throughout the range of pressures
and do not change upon transitioning through the
critical temperature of the equilibrium phase. At high
fillings of the micropore volume, the adsorption
isosteres starting in the region of vapor adsorption
continue linearly in the supercritical region. Figure 3
shows the run of isosteres as a dashed line in the region
where the equilibrium phase is compressed liquid
xenon. The possibility of such a run of adsorption
isosteres was confirmed by studying water and ben-
zene adsorption in NaX zeolite at hydrostatic pres-
sures of up to 100 MPa [23].

Description of Adsorption Equilibria Based 
on the Theory of Volume Filling of Micropores

The use of the theory of volume filling of micropo-
res (TVFM) to describe adsorption equilibria based on
the structure/energy characteristics of an adsorbent
and the physicochemical parameters of adsorbed sub-
stances is well known. The theory also allows us to
determine the structure/energy characteristics of an
adsorbent via the adsorption of standard benzene
vapor: the specific volume of micropores Wo, the
effective half-width x for slit-shaped pores or the pore
radius for the cylindrical pore model, and the standard
characteristic energy of adsorption Eо. The Dubinin–

μ 0( )sP
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Radushkevich equation has gained widespread accep-
tance as the thermal equation of adsorption:

(2)

where a is adsorption determined as the total content
of an adsorbate in micropores; ao(T) is the limit
adsorption of certain substance at pressure p equal to
the saturated vapor pressure ps; A is the differential
molar work of adsorption; and E is the characteristic
energy of adsorption of vapor of a certain substance.
Generally, the constant in the power exponent may be
not be equal to two. When this is true, the equation is
referred to as the Dubinin–Astakhov equation [1].

In the range of temperatures from boiling point Tb
to triple point temperature Ttp on the line of satura-
tion, density ρad of the adsorbate is considered to be
equal to density ρl of the liquid. Therefore, ao(T) =
Woρl. For higher temperatures (from Tb up to critical
Tc), the temperature dependence of limit adsorption is
calculated according to Dubinin and Nikolaev [1]:

(3)

where ao(Tb) is the limit adsorption at the boiling
point; α = −(dln ao/dT)ps is the thermal coefficient of
limit adsorption, determined using the р,Т parameters
of critical point and constant b of the Van der Waals
equation for a given substance.

Differential molar work of adsorption is deter-
mined as

(4)

= − 2( ) [exp ( / ) ],оа а А ЕT

( ) ( ) ( )[ ]= −α −b bexp ,о оа Т а Т Т Т
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Fig. 4. Adsorption isotherms of CH4 on the PAU-10
microporous carbon adsorbent at different temperatures:
(1) 120, (2) 140, (3) 170, (4) 190, (5) 210, (6) 240, (7) 273,
and (8) 303 K. The solid lines represent calculated data
based on the TVFM using the Dubinin–Radushkevich
thermal equation; the symbols, experimental data. 
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where R is the gas constant, fs is the saturated vapor
volatility of a given substance, and f is the equilibrium
phase volatility.

In Eq. (1), the characteristic energy of adsorption
of a given substance is determined as E = βEo, where
β = P/Po is the coefficient of affinity determined by
the ratio of parachors P of the studied vapor and stan-
dard benzene vapor Po at the boiling point. In the
TVFM, the relationship between the effective half-
width x0 of micropores, and standard characteristic
energy E0 of benzene adsorption is taken as x0 = 12/Eo
based on X-ray studies of microporous carbon adsor-
bents.

The use of the TVFM in the region of supercritical
temperature is usually limited to the range spreading
by 100–150 K above the critical temperature. In this
region, standard conditions pressure ps and limit
adsorption ao are determined via linear extrapolation
of (a) the saturated vapor pressure curve to the super-
critical region in the ln ps−T−1 coordinates and (b) the
limit adsorption curve in coordinates ln ao–T using
Eq. (2) [1]. Similar approaches have also been used in
other works [28, 29]. Such approaches have natural
limitations caused by the attribution of standard ps and
ao states at above-critical temperatures.

Another approach was used in [30]. In the range of
temperatures above critical, the adsorption isotherms
of gases were calculated via extrapolation based on the
assumption of isostere linearity. The reference adsorp-
tion isotherms for boiling points Tb and critical tem-
perature Tc were calculated according to the TVFM.
The advantage of using the linearity of adsorption
isosteres at temperatures below and above critical is
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
due not only to experimental findings, but to the sim-
ilarity between adsorption isosteres calculated with the
TVFM in the temperature range of Tb ≤ T ≤ Tc as well.
The nonlinearity of isosteres is ~10–3 1/K [31]. Based
on this procedure, the adsorption isotherms of CH4,
Xe, Kr, Ar, CO2, N2, O2, and other gases were calcu-
lated to a good approximation. As an example, Fig. 4
shows the calculated data for the adsorption of meth-
ane on PAU-10 microporous carbon adsorbent,
obtained via the thermal decomposition of polyvi-
nylidene chloride in an inert medium. PAU-10 adsor-
bent has a narrow pore size distribution (Wo =
0.47 cm3/g; Eo = 30.0 kJ/mol; xo = 0.80 nm). The
adsorption isotherms display neither hystereses nor
the rise typically associated with adsorption in meso-
pores when approaching ps.

As follows from Fig. 4, calculations based on the
TVFM using the Dubinin–Radushkevich equation
and the linearity of isosteres adequately describe the
run of experimental adsorption isotherms at pressures
up to 12 MPa in the sub- and supercritical regions of
temperature. The greatest deviations of the calculated
values from the experimental ones are seen at low tem-
peratures in a low filling region. This situation does
not contradict the TVFM [1], since the range of appli-
cability is in this theory limited to the micropore filling
range of 0.25 to 0.95.

Adsorption of Quantum Gases
Studying the adsorption of quantum gases (helium,

hydrogen) showed that in the low-temperature range
below Tc, the change in adsorption with temperature is
not governed by the patterns typical of nonquantum
gases. In calculating equilibria of adsorption with the
TVFM, this manifested in that the temperature coef-
ficient of limit adsorption α calculated using the
Dubinin–Nikolaev approach [1] was negative for
hydrogen [32]. This result was likely due to quantum
effects that were noted upon the adsorption of hydro-
gen in the range of temperatures below 50 K [33].

For this reason, the temperature dependence of
limit adsorption of hydrogen ao(T) was determined
using the correlation relationship between the differ-
ential molar isosteric heat of adsorption of the average
micropore volume filling of adsorbent  and the
reciprocal values of thermal coefficients of limit
adsorption α = –(dln ao/dT)ps. Figure 5 shows these
characteristics in the –(1/α) coordinates for some
systems that differ in their physicochemical properties.
The solid line corresponds to a polynomial approxi-
mation.

The curve must start from zero, since the heat of
adsorption equal to zero corresponds to zero energy
of adsorbate–adsorbent and adsorbate–adsorbate
intermolecular interactions. Therefore, α =
‒(dln ao/dT)ps → ∞ and 1/α → 0. Since the differen-

stq

stq
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Fig. 5. Differential molar isosteric heat of adsorption of the
mean micropore filling  of different substances as a
function of the reciprocal temperature coefficient of limit
adsorption α for different systems: (1) (n-C8H18–NaX
zeolite), (2) (H2O–NaX), (3) (C6H6–NaX), (4) (n-
C7H16–NaX), (5) (H2O–NaX), (6) (CF3Cl–NaX), (7)
(N2–NaX), (8) (CO2–NaX), (9) (Ar–MaX), (10) (N2–
active carbon), (11) (Kr–NaX), (12) (CH4–PAU-10
active carbon), (13) (Xe–NaX), (14) (CH4–NaX), and
(15) the point corresponding to the adsorption of hydro-
gen. Our approximation is shown as the solid line. 
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Table 1. Adsorption of hydrogen (a) on the model AU1:3
adsorbent at a pressure of 20 MPa, calculated with the
TVFM

d is the H2 gravimetric density,  is the volume density of H2, m3

of H2 at NTP (cubic meters of hydrogen at normal temperature
and pressure (293 K, 101 kPa) per storage system volume, m3).

T, K 77 200 300 400

a, mmol g–1 55 42 23 8
d, wt % 11.0 8.4 4.6 1.6

583 445 244 85
v

d

v
d

tial heat of hydrogen adsorption according to the data
from [34, 35] is ~4 kJ/mol, it follows from Fig. 5 that
α = 2.58 × 10−3 K−1. Analytically, function  =
f(1/α) is well approximated by the polynomial

(5)

The adsorption of hydrogen on slit-shaped structures
with plane-oriented graphenes was calculated using
this approach to determine α, along with the linearity
of adsorption isosteres and Eq. (5) [36]. The adsorp-
tion of hydrogen on plane-oriented graphenes was cal-
culated using the AU1:3 slit-shaped model structure,
where the graphene layers were at distances of 0.34 nm
as in graphite, and the surface density of carbon atoms
was ρC = 0.3818 atom Å−2. AU1:3 adsorbent contains
pores with effective width X = 0.538 nm, standard
characteristic energy of adsorption Eo =
44.6 kJ/mol−1, and micropore volume Wo =
1.672 cm3 g−1.

As follows from Table 1, the adsorption indices at
temperatures of up to 200 K are closest to the optimum
ones for hydrogen accumulators (6.5 wt %; 695 m3 of
H2 m−3) [37].

Adsorption Deformation of Microporous Adsorbents
The activity of the adsorbent manifests in the vari-

ation in the size and shape of the adsorbent upon
adsorption; the adsorption deformation of adsorbents
with anisotropy of volume properties is anisotropic
[38]. The energy contribution from adsorption defor-
mation can be considered through the dependence of
the adsorbent volume on adsorption.

Depending on the a−p−T parameters of the adsorp-
tion equilibrium, the adsorption deformation of
microporous adsorbents can be either positive or neg-
ative. For relatively rigid adsorbents, e.g., active car-
bon and zeolites, adsorption deformation is usually
not higher than one percent. Until recently, little
attention was given to studying adsorption deforma-
tion. However, the extension of the fields of applica-
tion of adsorption processes, especially to the high-
pressure region, requires the contribution of adsorp-
tion deformation to the thermodynamic characteris-
tics of adsorption to be refined. In addition, adsorp-
tion deformation largely governs the mechanical
strength and stability of an adsorbent in such fast pro-
cesses as PSA, where the number of adsorption–
adsorption cycles grows by more than a thousand.
Until recently, insufficient attention was given to the
theory of adsorption deformation. Phenomenal
approaches [39–41] could not explain the details of
adsorption interaction resulting in adsorption defor-
mation or its dependences on temperature and micro-
pore filling. In recent years, new means have emerged
that are based on applying molecular statistical
approaches to adsorption in micropores. In [42], the
adsorption deformation of nanoporous adsorbents was

stq

− − −= α − α + α3 2 158.131 2.237 2.8264 .q
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explained using the statistical mechanical theory of
the molecular structure of surface layers. The
observed effects of the adsorption compression of
adsorbents were shown to result from the anisotropy of
the pressure tensor of an adsorbate in micropores. The
density functional theory [43] and molecular statisti-
cal approaches [44] were used in other works. Never-
theless, the theory of adsorption deformation of solids
is still at the initial stage of development.

The dependences of adsorption deformation on the
magnitude of adsorption and temperature can have
regions of compression and expansion. Figure 6 shows
the dependences of the relative linear adsorption
deformation of the AUK microporous carbon adsor-
F PHYSICAL CHEMISTRY A  Vol. 94  No. 3  2020
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Fig. 6. Adsorption-induced deformation of the AUK
microporous carbon adsorbent as a function of the CH4
adsorption and the average number of methane molecules
in single micropore at different temperatures: (1) 177.65,
(2) 216.2, (3) 243.3, (4) 273.15, (5) 313, (6) 333, and
(7) 393 K. The symbols correspond to experimental data;
the lines, to approximation. 
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bent on the adsorption of methane in the supercritical
temperature range of 243–393 K at pressures of up to
~10 MPa.

As follows from Fig. 6, the curves of adsorption-
induced deformation of the adsorbent upon the
adsorption of methane on the AUK active carbon have
a region of compression only at relatively low tempera-
tures (177.65–313 K). The highest adsorption-induced
expansive deformation of the adsorbent is ~0.3%, and
the compressive deformation does not exceed 0.03%.
There is no region of compression in the range of
higher temperatures (313–393 K). Compression of a
solid is associated with the forces of interaction
between adsorbed CH4 molecules and the opposite
micropore walls. The diameter of methane molecules
(0.42 nm) is in this case comparable to the effective
pore width of the AUK adsorbent (0.82 nm). Upon an
increase in the micropore volume filling, however, the
average distance between adsorbed CH4 molecules,
and the average distance between the molecules and
the pore walls, shrink and the forces of repulsion grow,
resulting in considerable expansion of the AUK adsor-
bent. At 177.65 K and 6 MPa, the maximum expansion
of the AUK adsorbent is around ten times higher than
the initial compression.

Upon an increase in temperature, the region of
adsorbent initial compression gradually contracts and
disappears at ~333 K. At 393 K, a dramatic expansion
of the adsorbent up to 0.002% is observed at the begin-
ning of the isotherm, followed by a smooth increase
with an increase in the adsorption of CH4. Similar
dependences were also obtained upon the adsorption
of CO2, Ar, Xe, Kr, CH4, N2, and O2.

The initial expansion of the AUK adsorbent was
due not only to an increase in the kinetic energy of
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
adsorbed molecules, since the adsorption values are
low and the differential heat of CH4 adsorption is quite
high (~22 kJ/mol). This behavior of adsorption defor-
mation was likely due to the anisotropy of the elastic
properties of the carbon adsorbent being associated
with temperature, and especially to the weakening of
bonds between hexagonal carbon layers in the walls of
slit-shaped adsorbent pores with a temperature
increase. As a result, the first molecules entering a
pore constrict the neighboring carbon layers, unbal-
ancing the forces in the solid and increasing the dis-
tance between the following layers. From a macro-
scopic perspective, this results in expansion of the
solid. The subsequent expansion of the adsorbent with
an increase in adsorption was likely due to a change in
the balance of forces associated with an increase in the
inner pressure of adsorbate upon a rise in micropore
adsorption and the compressibility of porous solid
along with temperature.

The adsorption of molecules with effective sizes
close to those of an adsorbent has unique features. The
adsorption deformation of the AUK adsorbent upon
the adsorption of n-pentane, n-heptane, and n-octane
was studied at temperatures of 243.3, 273.15, 293, 313,
353, and 393 K. As an example, Fig. 7 shows typical
dependences of the relative linear deformation of the
AUK adsorbent on the adsorption value for n-pen-
tane. As follows from Fig. 7, there is almost no adsorp-
tion deformation of the AUK in the initial region of
micropore filling. For the lowest temperature of
243.3 K upon adsorption of 4.8 mmol/g, there is a
slight region of compression to 0.01%, after which the
adsorption deformation moves to the region of expan-
sion and rapidly grows to 0.7% upon adsorption of
5.4 mmol/g. At higher temperatures, the adsorption
deformation moves to the region of expansion at lower
adsorption values.

This behavior of the deformation curves was likely
due to steric relations and the specificity of interaction
between molecules and the micropore wall surface.
The energy of interaction between the molecules and
pore walls is minimal in the region of the initial filling,
and the force is close to zero of the close sizes of mol-
ecules and micropores. Upon an increase in the
micropore filling, forces of repulsion between all par-
ticipants of interaction increase and the adsorbent
expands. The effect of steric factors upon adsorption is
especially visible in the delayed kinetics of adsorption.
The time required for equilibration at low pressures
was as long as 5–8 h.

Energetics of Adsorption
The energetics of adsorption of gases and vapors in

microporous adsorbents differs greatly from adsorp-
tion on the open surface of a nonporous solid. In the
former case, adsorption occurs through the mecha-
nism of bulk micropore filling; in the latter, the adsor-
bate forms a separate phase on the solid surface.
l. 94  No. 3  2020
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Fig. 7. Adsorption-induced deformation of the AUK
microporous carbon adsorbent as a function of n-C5H12
adsorption and the average number of n-pentane mole-
cules in single micropore at different temperatures:
(1) 243.3, (2) 273.15, (3) 293, (4) 313, (5) 353, and
(6) 393 K. The symbols correspond to experimental data;
the lines, to fitting curves. 

0.2

0.4

0.6

0

Δl
/l

, %

2 3 4 5 6 7 8
50403020

a, mmol/g

nav, molecules/micropore

1
2

3

4

5

6

Fig. 8. Differential molar isosteri heat of CH4 adsorption
on the PAU-10 microporous adsorbent as a function of
adsorption at different temperatures: (1) 120, (2) 150,
(3) 170, (4) 190, (5) 273, (6) 370, (7) 410, (8) 500, and
(9) 600 K. 
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Determining the volume of a solid body with micro-
pores is generally a quite complex problem. For crys-
talline zeolites, this can be done using data from X-ray
diffraction and chemical analysis [4]. This problem for
entirely microporous adsorbents was solved in [45].
The adsorption determined in this manner is the total
content, rather than the excess, in the micropore vol-
ume (absolute adsorption).

By definition, the differential isosteric heat of
adsorption is the difference between the molar
enthalpy of gas phase hg and the differential enthalpy
of adsorption system h1 = (dH1/dа)T:

(6)

It was shown in [6, 7] that the differential isosteric
heat of adsorption can be calculated from the equilib-
rium adsorption and deformation data using the equa-
tion

(7)

where  is the compressibility factor of the
gas phase at pressure p, temperature T, and gas phase
specific volume ; R is the gas constant;  is the spe-
cific reduced volume of the adsorbent–adsorbate sys-
tem, calculated relative to the weight of the regener-
ated adsorbent; and a is adsorption, determined as the
total content of the substance in micropores.

If pressures are low, z = 1, and the adsorbent is not
deformed upon adsorption , then

(8)

= − = −st g 1 a g 1/ .( )Tq h dH dN h h

−= − −
− −

1
st 1 g

1 1

( ) [ ( ) ]
( ) [ ( ) ]

ln / 1 / /
/ / ,

a T

T a

q Rz d P dT d da V
dP da T d dT

v

v v

= vg /z p RT

gv v

≠v v1 1( ),a T

( )−= − + v
1

st 1ln / ) /( .a a Tq R d р dT dP da
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In the low-pressure region (p < 100 kPa), the last
member is usually small, so we obtain a typical equa-
tion for the differential heat of adsorption:

(9)

Figure 8 shows the plots of differential molar
isosteric heat of methane adsorption versus the value
of adsorption on PAU-10 microporous adsorbent at
pressures of up to 12 MPa. As follows from Fig. 6, con-
sidering all corrections in accordance with Eq. (7)
resulted in the heat of adsorption depending largely on
the temperature. The nonideality of the gas phase and
the adsorption deformation of the adsorbent have
almost no effect on the heat of adsorption at 120 K. In
the region of initial micropore fillings up to 3 mmol/g,
the heat of adsorption drops rapidly from 24 to
19 kJ/mol, due to the filling of the most active adsorp-
tion centers with methane molecules. Subsequent bulk
filling of micropores up to 9.5 mmol/g results in a heat
close to ~18–19 kJ/mol. At high fillings
(~10 mmol/g), the adsorption heat curve displays a
weakly pronounced maximum (~20 kJ/mol) and then
a dramatic drop of up to ~15 kJ/mol at adsorption of
~11.5 mmol/g.

The maximum on the curve of the heat of CH4
adsorption on PAU-10 results from an increase in the
heat of adsorption due to a rise in the energy of adsor-
bate–adsorbate attraction, and a drop in the heat of
adsorption due to a rise in the energy of repulsion at
small distances. As follows from Fig. 7, considering all
of the allowances in accordance with Eq. (7) results in
a strong temperature dependence of the heat of
adsorption.

Such effects are often observed upon the adsorp-
tion of vapors on zeolites [4]. 

This was confirmed in [46] by allowing for the
adsorption deformation of zeolite through direct

−= − 1
st ln( .)/ aq R d P dT
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Fig. 9. Differential molar isosteric heat capacity of the
methane–PAU-10 microporous carbon adsorbent adsorp-
tion system as a function of temperature at different values
of adsorption: (1) 1.0, (2) 3.0, (3) 4.0, (4) 5.0, (5) 6.0,
(6) 8.0, (7) 9.0, (8) 9.5, (9) 10.0, (10) 10.3, and
(11) 10.5 mmol/g. 
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Fig. 10. Image of the MD trajectory of 20 CH4 molecules
in a slit-shaped pore with graphene walls at 273 K. The
black dots are carbon atoms.

Fig. 11. Image of the MD trajectory of 160 CH4 molecules
in a slit-shaped pore with graphene walls at 273 K.
experimental calorimetric study of Xe adsorption on
NaX zeolite at pressures of up to 20 MPa. On active
carbons, the maxima on the adsorption heat curve are
observed much more rarely, and mainly upon adsorp-
tion on the adsorbent with a narrow pore size distribu-
tion. The AUK and PAU-10 adsorbents correspond to
these requirements.

Analysis of dependences of variation in the differ-
ential entropy and isosteric heat capacity of an adsorp-
tion system shows that, at high micropore fillings,
adsorption associates can form thanks to the energy of
attraction between adsorbed molecules. The adsorbate
in micropores is so strongly dispersed that the forma-
tion of a liquid phase becomes impossible, but precur-
sors of the phase (molecular associates) are produced.
The formation of associates in micropores explains the
emergence of maxima on the curves of differential
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
molar isosteric heat capacity of an adsorption system
Ca as a function of temperature with an increase in
micropore volume filling with adsorbed molecules.
Figure 9 shows that with an increase in the adsorption
of methane, the maxima on the heat capacity curves
become ever more pronounced.

This phenomenon was confirmed via molecular
dynamics modeling of an adsorption system.

Numerical Modeling of Adsorption 
in Slit-Shaped Micropores

In the molecular dynamics (MD) calculations in
[25], atom–atom potentials as universal force fields
were used with respect to adsorption in a model pore
using the TINKER molecular dynamics program
package [47] with the OPLS-AA [48] and MM3 [49]
force fields. A micropore in the form of a washer with
open side walls was taken as a model. The adsorbing
surfaces were graphene single-layer planes. The
micropore model with a diameter of 38.8 nm and slit
width d = 0.82 nm (the distance between the centers of
carbon atoms forming adsorbing surfaces) was placed
in the center of program-specified cell in the form of
parallelepiped with dimensions of 8 × 8 × d nm and
periodic boundary conditions. The space beyond the
micropore simulated the bulk phase. During a numer-
ical experiment, the adsorbate molecules could be in
the adsorption, surface, or vapor phases. A given num-
ber of molecules was placed in this system at a constant
temperature and their trajectories were calculated.

Figures 10 and 11 show the MD modeling data for
the adsorption of methane in the model micropore at
fillings of 0.1 and 0.9 of the maximum one. As follows
from these figures, the association of methane occurs
in the central portion of pore. Most of the adsorbed
molecules are in the associate. With an increase in fill-
ing, the methane associates increase. It is characteris-
tic that the structure of associates has two layers. The
layers are in parallel with the graphene planes.

The adsorption isotherms of methane (in a wide
range of temperatures below and above the critical
value), ethane, propane, butane, ethylene, propylene,
benzene, and ethanol were calculated, along with the
isotherms of components of a benzene–ethanol liquid
mixture and a propane–butane gas mixture. The
molecular nanostructures of adsorbed methane, ben-
zene, and ethanol were analyzed, and the concentra-
tion and isomeric composition of associates of
adsorbed and liquid ethanol were calculated [50, 51].

CONCLUSIONS
Microporous adsorbents are a specific class of

porous solids in which physical adsorption alters the
properties of an adsorbed substance considerably. The
substance is entirely within the overlapping adsorption
fields of opposite micropore walls. Its properties
l. 94  No. 3  2020
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therefore differ greatly from those of a substance in the
equilibrium bulk phase. The adsorption field of a
microporous adsorbent imposes its structure upon an
adsorbed substance and strongly disperses it. Adsor-
bents are actively involved in the adsorption interac-
tion. Outwardly, this manifests in the deformation of
the adsorbent and a change in its elastoplastic proper-
ties, depending on the a–p–T parameters of state of
the adsorption system. The properties of microporous
adsorbent–adsorbate adsorption systems are most
pronounced in the behavior of adsorption isotherms
and isosteres and the adsorption deformation of the
adsorbent, and in the behavior of thermodynamic
functions of adsorption systems and their dependences
on the a–p–T parameters of state. Regardless of which
state is adsorptive, chemical potentials μ of the
adsorptive and adsorbate in micropores are equal to
each other. This means the adsorption isotherm a =
f(μ)T must be unique not only upon gas adsorption,
but also upon vapor and liquid adsorption. The
absence of jumps on the adsorption isotherms, even in
the region of isotherm transition to the region of equi-
librium phase liquid state, suggests there are no first-
order phase transitions in microporous adsorbents. In
the ln p–T–1 coordinates, the adsorption isosteres
remain linear to a good approximation in wide ranges
of pressure and temperature. At high micropore vol-
ume fillings, the adsorption isosteres starting in the
region of vapor adsorption continue linearly in the
supercritical region. Calculations based on the TVFM
using the Dubinin–Radushkevich equation and the
linearity of isosteres satisfactorily describe the form of
experimental adsorption isosteres at pressures up to
12 MPa in the subcritical and supercritical tempera-
ture ranges. The extension of application fields of
adsorption processes, especially to the high-pressure
region, requires the contribution from adsorption
deformation to the thermodynamic characteristics of
adsorption to be refined. In addition, the adsorption
deformation largely governs the mechanical strength
and stability of an adsorbent in fast processes of gas
mixture separation. The dependences of the adsorp-
tion deformation on the magnitude of adsorption and
the temperature can have regions of compression and
expansion. The energetics of the adsorption of gases
and vapors in microporous adsorbents depend greatly
on the pressure of the equilibrium phase and the
adsorption deformation of the adsorbent.

Analysis of the changes in the differential entropy
and isosteric heat capacity shows that at high microp-
ore fillings, adsorption associates can form thanks to
the energy of attraction between adsorbed molecules.
The adsorbate in micropores is so strongly dispersed
that the formation of liquid phase becomes impossible
and liquid phase precursors (molecular associates) are
produced. The formation of associates in micropores
explains the emergence of maxima on the curves of the
differential molar isosteric adsorption heat capacity Ca
as a function of temperature with an increase in micro-
RUSSIAN JOURNAL O
pore volume filling with adsorbed molecules at fillings
of 0.1 and 0.9 of the highest one. The structure of
adsorbed associates and the deformation of micropo-
rous adsorbent depend greatly on the energy of
adsorption, the size ratio of pores and adsorbate mol-
ecules, and the degree of pore space filling.
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