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Adsorption isotherms of carbon dioxide on the microporous ACC carbon adsorbent and the
adsorption deformation of the adsorbent were measured. The heats of adsorption at tempera�
tures raising from 243 to 393 K and pressures from 1 to 5•106 Pa were measured. In the low�
temperature region (243 K), an increase in the amount adsorbed is accompanied by adsorbent
contraction, and at high micropore fillings (а > 10 mmol g–1) the ACC carbon adsorbent
expands. At high temperatures, adsorbent expansion is observed in the whole region of micropore
filling. At 243 K in the low filling region (а < 1 mmol g–1), the heat of adsorption decreases
smoothly from 27 to 24 kJ mol–1. The heat of adsorption remains virtually unchanged in the
interval 2 mmol g–1 < а < 11 mmol g–1 and then decreases to 8 kJ mol–1 at а = 12 mmol g–1.
Taking into account the nonideal character of the gas phase and adsorbent deformation the
heats of adsorption are strongly temperature�dependent in a region of high pressures.

Key words: adsorption, microporous carbon adsorbent, adsorption deformation, carbon
dioxide, high pressures, adsorption isosteres, heats of adsorption.

Fundamental studies of adsorption at high pressures
are confined, as a rule, to narrow ranges of pressure and
temperature because of experimental difficulties. This im�
pedes the elucidation of general regularities of adsorption
and correct description of the thermodynamic properties
of adsorption systems. A method for measuring amounts
adsorbed is important for analysis of the properties of an
adsorption system at high pressures. For adsorbents with a
heterogeneous collection of micro�, meso�, and macro�

pores, a method for determination of an amount adsorbed
as an excessive value is needed, because the position of an
interface between the adsorbed substance and gas phase
cannot be determined reliably. Convenient objects for
correct determination of the adsorbed phase content are
microporous adsorbents, in particular, zeolites and micro�
porous active carbons. For measurements on these mate�
rials, the total content of a substance in the adsorption
field of a microporous adsorbent is determined. In the
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general case, for adsorption on microporous adsorbents,
the volume of the adsorbent with micropores can be de�
termined by helium�liquid picnometry,1 whereas for zeo�
lites it can be found from X�ray diffraction data. These
approaches were used in studies of gas adsorption in wide
temperature and pressure intervals on the completely
microporous adsorbent PAC�10 obtained from poly(vinyl�
idene chloride).2—4 Carbon dioxide, methane, and xenone
served as adsorbates. Studies in a high�pressure region
show that deformation effects of the adsorbent itself should
be taken into account for a correct calculation of the
thermodynamic characteristics of an adsorption system.4,5

Non�inert behavior of microporous adsorbents, whose al�
most all atoms are involved in the adsorption interaction,
is of special significance.6 The adsorption deformation of
active carbons induced by adsorption of methanol, car�
bon dioxide, oxygen, ammonia, sulfur dioxide, and water
has previously7—11 been studied. In the most cases, con�
traction of a carbon adsorbent at low fillings gives place to
expansion in a region of high fillings. The maximum con�
traction values for water and methanol adsorption ap�
proach 0.1%. At high fillings, expansion effects reach sev�
eral tenths percentage of the initial value, while contrac�
tion effects are by an order of magnitude lower. All defor�
mation curves are reversible. In some cases the initial
contraction is absent, for instance, for СО2 adsorption at
temperatures higher than ∼310 K.11 Several researchers
explain adsorbent contraction by the dissolution of an
adsorbate in an adsorbent.7—9

An important role of adsorption deformation has been
shown4,5 for the first time for zeolites NaX—Xe and
NaX—CO2.

It is of interest to reveal whether deformation effects
appear in other microporous materials. In this work, we
studied a carbon microporous adsorbent ACC—СО2 sys�
tem. The ACC adsorbent is worth of special attention,
because it contains no mesopores and the macropore sur�
face is low, which makes it possible to measure the amount
adsorbed as the total content of a substance in micropores.

Experimental

A cylindrical sample (length 54.1 mm and diameter 11.4 mm)
was used in experiments. Prior to measurements, the adsorbent
was regenerated in vacuo for 6 h at 620 K to a residual pressure
of 0.8 Pa.

The processing of the benzene adsorption isotherm at 293 K
by the Dubinin—Radushkevich equation12 gave the following
parameters of the porous structure: the total volume of adsorp�
tion system W0 = 0.47 cm3 g–1, a characteristic adsorption en�
ergy Е0 = 30 kJ mol–1, and a characteristic micropore half�
width х0 = 0.4 nm. An inductive�type dilatometer designed for
measuring low deformations of solids during adsorption was used
in pressure and temperature intervals of 1 Pa—5 MPa and
243—393 K, respectively.13,14 The dilatometer was connected to

a high�pressure adsorption setup, which has been described in
detail previously.14

The temperature in the dilatometer compartment with a
sample was maintained constant with an accuracy of 0.2 K. The
temperature of the remaining volume of the dilatometer with an
inductive transducer and the high�pressure setup was also main�
tained at 303 K using an air thermostat.

Adsorption of СО2 was studied on a gravimetric�type vacuum
adsorption setup with electron compensation of the weight in
three ranges with limits of 1, 10, and 100 mg. The measurement
error did not exceed 1%. The gas pressure was determined with
two (M10 and M1000) bellows pressure gauges with measure�
ment intervals of 1—1•103 and 10—1.5•105 Pa and errors of
±0.1 and ±1 Pa, respectively.

Gaseous СО2 with the admixture content ≤0.05% was used
in experiments.

Results and Discussion

The isotherms of СО2 adsorption on the ACC
microporous carbon adsorbent in a pressure range of
1—5•106 Pa and at 178—423 K are presented in Fig. 1.

The points in the adsorption isotherms were ob�
tained by direct experimental measurements at 101 kPa
(lnp = 11.52). The adsorption isotherms at higher pres�
sures were calculated, using the linear character of the
adsorption isosteres. Linearity of the adsorption isosteres
was experimentally found15—18 to fulfill over wide tem�
perature and pressure ranges in the sub� and supercritical
regions of the gas phase states. In particular, for the ad�
sorption of carbon dioxide, methane, and xenon2—4 on
the PAC�10 microporous carbon adsorbent, the adsorp�
tion isosteres are linear at 120—600 K and in a pressure
range of 0.1—20•106 Pa. Linearity of the isosteres is re�

Fig. 1. Adsorption isotherms of СО2 on the microporous carbon
adsorbent ACC at 178 (1), 216 (2), 243 (3), 273 (4), 293 (5),
313 (6), 333 (7), 353 (8), 373 (9), 393 (10), and 423 K (11) (a is
the amount adsorbed; points are experiment, lines are calcula�
tion; dotted line corresponds to a pressure of 101 kPa).
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tained to 150 MPa for the SF6—microporous carbon ad�
sorbent AC71 system.18

The Dubinin—Nikolaev method12 was used to calcu�
late the limiting amount adsorbed (a0) along the line of
saturated vapor pressure.

The results of calculation of the СО2 amount adsorbed
along the saturation line are presented below. These data
were used for the calculation of adsorption isotherms in
an interval of 243—313 K.

Т/K 216.55* 243 273 293 304.19**
а0/mmol g–1 12.59 11.975 11.414 11.054 10.98

* Temperature of the triple point. ** Critical temperature.

The adsorption isotherms (see Fig. 1) are reversible
and have an inflection point in the region of moderate
fillings. The adsorption isotherms in the а—р coordinates
have no inflection point, and they are convex towards the
pressure axis. The time of adsorption equilibration at low
pressures (<100 kPa) is temperature�dependent, for in�
stance, at 178 K it is ∼5 h. The adsorption isosteres pre�
sented in Fig. 2 were plotted using the adsorption iso�
therms.

In the whole region of measured pressures and tem�
peratures, the adsorption isosteres are well approximated
by linear plots (see Fig. 2). Linearity of the isosteres is
retained on going over the critical temperature of CO2
(Tcr = 304.19 K) and triple point temperature (Ttr.p). The
isostere slope ratios depend on the degree of filling of the
volume of the ACC adsorbent micropores.

The adsorption deformation of the ACC active carbon
for СО2 adsorption at 243—393 K and pressures 1—5•106

Pa was measured in parallel with the amount adsorbed.
The plots of the relative linear deformation of the ACC
microporous carbon adsorbent vs. СО2 amount adsorbed
at different temperatures are presented in Fig. 3.

The contraction and expansion regions are observed
in the low�temperature range (243—313 K). The maxi�
mum contraction (0.117%) is achieved at 243 K;14 with
the temperature increase the region of contraction shifts
toward lower fillings. The sample expands sharply at the
highest degrees of filling of the micropores. No contrac�
tion region is observed at temperatures from 333 to 393 K.

In the initial region of micropore fillings, attractive
forces brought about by interaction of adsorbed molecules
with opposite micropore walls predominate at low tem�
peratures.19 It is known20 that the maximum forces of
interaction between adsorbed molecules are developed
when the micropore width exceeds the diameter of mol�
ecules ∼1.5�fold. Knowing that x0 = 0.4 nm and the СО2
molecule size is 0.51×0.37 nm according to Pauling,21 we
can assume that adsorbent contraction is a consequence
of dispersion forces that arise from the interaction be�
tween adsorbed molecules and opposite micropore walls.
The further sharp expansion of the ACC adsorbent at
а > 8 mmol g–1 is caused by a decrease in the average
distance between the adsorbed molecules and the related
sharp increase in the internal adsorbent pressure in
micropores.

No region of negative deformations is observed at rela�
tively high temperatures due, most likely, to a change
in the adsorption mechanism. It appears that at T =
243—313 K the adsorption is predominantly localized,
whereas at T = 333—393 K it becomes delocalized due to
an increase in the kinetic energy of adsorbed molecules.

The resulting data enable us to calculate the differen�
tial molar isosteric heat of adsorption (qst), which is de�

Fig. 2. Adsorption isosteres of СО2 on the microporous carbon
adsorbent ACC at different amounts adsorbed: 0.1 (1), 0.3 (2),
0.5 (3), 1 (4), 1.5 (5), 2.5 (6), 4 (7), 7 (8), 9 (9), 11 (10), and
12 mmol g–1 (11); Tcr and Ttr.p are the temperatures of the
critical and triple points, respectively; lnps is the line of satu�
rated CO2 vapor pressure.
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Fig. 3. Relative linear deformation of the microporous carbon
adsorbent ACC (∆l/l) vs. СО2 amount adsorbed (a) at 243 (1),
273 (2), 293 (3), 313 (4), 333 (5), 353 (6), and 393 K (7).
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termined as a difference between the molar enthalpy of
the equilibrium gas phase hg and differential molar en�
thalpy of the adsorbent—adsorbate system (∂H/∂a)T.

qst = hg – (∂H/∂a)T (1)

With allowance for the nonideal behavior of the gas
phase and taking into account non�inertness of the adsor�
bent toward adsorption and temperature, we can write the
equation for calculation of qst in the following form22:

qst = –zR[∂(lnр)/∂T –1]a[1 – (∂v/∂a)T/vg] –
– (∂р/∂a)T [v – T(∂v/∂T )a], (2)

where z = pvg/(RT ) is the compressibility coefficient of
the gas phase at the pressure р, specific volume vg, and
temperature T; R is the universal gas constant; v(a) =
V/m0 is the specific volume of the adsorbent—adsorbate
system (V is the volume of a microporous solid including
micropores that is a function of the adsorption equilib�
rium parameters (а, р, T ); m0 is the weight of the de�
gassed adsorbent); and a is the amount adsorbed defined
as the total content.

It follows from Eq. (2) that the heat of adsorption
depends on both the parameters of the adsorption system
(а, р, T ) and its deformation induced by adsorption
((∂v/∂a)T) and thermal motion ((∂v/∂T )a). The estima�
tion of the maximum value of (∂v/∂T )a derivative showed
that T(∂v/∂T )a(∂р/∂a)T << v(∂р/∂a)T in the studied pres�
sure and temperature interval. Therefore, the calculations
were performed using the equation

qst = –zR[∂(lnр)/∂T –1]a[1 – (∂v/∂a)T/vg] – v(∂р/∂a)T. (3)

The plots of the differential molar isosteric heats
of СО2 adsorption on the ACC adsorbent vs. amount
adsorbed are presented in Fig. 4.

The typical dependence of qst on а can be exemplified
by the data obtained at 243 K and at low (to 5%) devia�
tions of the equilibrium phase from ideality. At low pres�
sures and, hence, small fillings of the adsorbent surface,
the account for the nonideal character of the gas phase
and noninertness of the adsorbent contributes insignifi�
cantly to the heat of adsorption (see Fig. 4). At low fillings
(а < 1.0 mmol g–1), qst decreases smoothly from 27 to
24 kJ mol–1. In an interval of 2.0 mmol g–1 < а <
< 11.0 mmol g–1, the heat of adsorption decreases weakly,
remaining at a level of ∼24 kJ mol–1. Nearly constant
differential molar isosteric heats of СО2 adsorption on
ACC in the range 2 mmol g–1 < a < 11 mmol g–1, i.e., in
the region of an ideal gas phase, indicate a high homoge�
neity of the adsorbent. The further increase in filling re�
sults in a sharp shortening of the average distance between
the adsorbate molecules and an increase in the repulsive
forces associated with interactions between neighboring
adsorbate molecules and between adsorbate molecules

and micropore walls. In this case, the energy of СО2
adsorption decreases sharply, the adsorbent expands, and
the molar heat of adsorption decreases.

A temperature dependence of the heat of adsorption
begins to manifest itself in a region of high pressures,
when the gas phase becomes nonideal and z ≠ 1. As the
temperature increases, corrections needed to allow for
the nonideal character of the gas phase and adsorption
deformation of the adsorbent, increase. All these factors
induce a "fan" of curves describing the dependence of qst
on the amount adsorbed. Reasons for decreasing qst in the
initial region of micropore filling (а < 1.0 mmol g–1) are
also clear. In this region, the isosteric heat usually de�
creases once the sites with the highest adsorption energy
are filled.

The present studies showed that the microporous car�
bon adsorbent undergoes rather complex deformation dur�
ing adsorption. In addition, the character of adsorption
changes with temperature. Linearity of the isosteres is
confirmed in the whole temperature and pressure range
under study. The estimations demonstrated that a correc�
tion to the differential molar isosteric heat of adsorption
for the СО2—carbon adsorbent ACC for noninertness of
the adsorbent reaches 10—15%.
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