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INTRODUCTION

To solve many problems of adsorption technolo-
gies, the adsorption isotherms of gases or vapors of
individual substances and their mixtures in a wide
range of temperatures below and above the critical
temperatures for the corresponding adsorbates are
required. The available experimental data have been
collected in an adsorption computer databank [1], but
the practical needs are much wider. In this connec-
tion, theoretical calculation of the adsorption-tem-
perature dependence is a critical problem that has
been repeatedly discussed in the literature. In this
paper, we discuss the most promising, in our opinion,
ways to solve this problem.

DESCRIPTION OF ADSORPTION ISOTHERMS
AT TEMPERATURES BELOW AND ABOVE
CRITICAL TEMPERATURES

Optimization of adsorption technologies is associ-
ated with the necessity not only to formally describe
the adsorption isotherms, but also to obtain, on the
basis of such a description, the characteristics of the
corresponding adsorption systems (limiting adsorp-
tion, volume of micropores, slit width of slitlike car-
bon pores, adsorbate—adsorbent interaction energies,
adsorption heat, etc.). In addition, it is important that
such equations will make it possible to calculate the
adsorption isotherms at different temperatures.

As was noted upon the creation of the adsorption
computer databank [1], such equations were available,
until very recently, only for the description of the
adsorption isotherms of vapors (the equations of the
theory of volumetric filling of micropores (TVFM)
and the lattice model equations). These equations
were obtained using the equilibrium-consistent stan-
dard states of components in the phases (limiting
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adsorption and saturated adsorbate vapor pressure
equilibrated with it).

Only in recent years was it shown based on molec-
ular dynamics calculations of the adsorption isotherms
of methane on PAU-10 activated carbon in a wide
temperature range that the same equations can be used
to describe adsorption isotherms at temperatures
above the critical temperature. At the same time, it was
experimentally proved that one should use pressures
determined by linear extrapolation of the graph of the
saturated vapor pressure logarithm versus inverse tem-
perature to the supercritical temperature range as
equilibrium-consistent standard pressures [2—4].
These conclusions were confirmed in [5, 6] using
examples of description of adsorption isotherms of
different gases on microporous adsorbents.

The modified Dubinin—Radushkevich equation
obtained within the theory of volumetric filling of
micropores upon the description of adsorption iso-
therms on activated carbons is presented below [7]:

2
ﬂj 2220, (1)

lna:lnao—( P

0
The corresponding Tolmachev—Aranovich equa-

tion set (lattice model) for a two-layer model is of the
following form [4]:
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Fig. 1. (a) Temperature dependence of the characteristic
adsorption energy of methane on the PAU-10 activated
charcoal; (b) temperature dependences of the logarithm of
the characteristic adsorption energy of (¢) methane, (W)
krypton, (A) xenon, and (®) oxygen on the AUK activated
charcoal.
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In Egs. (1)—(4a) and thereafter, a, a,, and a, are the
adsorption values (mol kg~!) equilibrium at the pres-
sure, P, and “limiting” at the standard vapor pressure,
Pr=P_at T> T.; E, (k] mol™!) is the characteristic

adsorption energy; alo is the monolayer capacity of the
first component (mol kg™'); Y¥; and X, are the molar
fractions of the first component in the equilibrium
volumetric (in this particular case, the vacancy solu-

tion [8]) and adsorption solutions, and ell,STl,eo , are
the pair-interaction energies in the adsorbate and
adsorbed adsorbate and between the adsorbed adsor-
bate with the adsorbent.

Let us note that Eq. (4), where p,,,,p;, are the
densities of the adsorbate vapor and liquid adsorbate,
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determines the molar fraction of the adsorbate in the
bulk phase, which is regarded as a binary “liquid”
solution of the vacancies and adsorbate [8]. As was
shown recently in [9], the constancy of the €,,, €,
parameters of Eq. (2) in a wide range of temperatures
below and above the adsorbate critical temperature is
obeyed upon the calculation of the molar fraction of
the adsorbate in a “vapor” vacancy solution, i.e.,
according to Eq. (4a).

DESCRIPTION OF THE ADSORPTION-
TEMPERATURE DEPENDENCE
WITHIN TVFM

To calculate the adsorption-temperature depen-
dence on the basis of one experimental isotherm by
Eq. (1), it is necessary to calculate the changes of the
P*, a,, and E, values with temperature. The P*(7) val-
ues are calculated as described above, and the a,(7)
values are determined from the Dubinin—Nikolaev
equations [10], as follows:

ay(T) = ay exp[-o(T - Ty)1, (5)
o= ln(pO/pcr)‘ (6)
(Tcr - Tboil)

In this case, the errors in the calculation of the o
value by the empirical formula given in Eq. (6) can give
rise, as shown in [11], to errors of about 4—6% in the
ay(T) values.

The Ey(7) dependences in a wide temperature
range (below and above the critical temperature) are
exponential [12] (see Figs. 1a, 1b) and described by the
following equation:

Ey(T) = Eqy exp[b(T - Ty)]. (7)

The constancy (temperature invariance) of the
Ey(T) function in this case is approximately conserved
in a range of temperatures below the critical tempera-
ture, when the exponent (Fig. 1a) is nearly parallel to
the temperature axis.

Changes in the b coefficients for different gases
gives rise to errors of about 3—6% in the E,(7T) values

upon using an average value of b = 1.3 x 1073

Since errors can accumulate or be partially com-
pensated, then the error in the calculation of the
a(T,P) values may vary within a range from 2 to 10%.

It is clear that at least two isotherms at significantly
different temperatures are necessary to calculate the
adsorption-temperature dependence correctly and to
find the o and b values corresponding to a particular
adsorbate. In this case, it is possible to calculate the
adsorption-temperature dependence in a wide range
of temperatures with an error that does not exceed the
experimental error, as shown by the data given in Table 1.

As is seen from the above data, the relative errors
(D*) in the description of adsorption isotherms calcu-
Vol. 53
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Table 1. Relative errors in the description of adsorption isotherms of krypton and methane at 216.2 K by the Dubinin—
Radushkevich equation using the isotherms at 353 (Kr) and 458 (CH,) K: calculation 1 corresponds to the experimental
isotherms at 216.2 K, calculation 2 to the isotherms calculated using the experimental o and b values, and calculation 3 to
the isotherms calculated using the theoretical oo and b values

Adsorption isotherm of Kr Adsorption isotherm of methane
on ACC activated carbon at 216.2 K on AUK activated carbon at 216.2 K
calculation 1 calculation 2 | calculation 3 calculation 1 calculation 2 | calculation 3
Geyp, MoOl/Kg D, % D*, % D** % Aeyp> Mol/kg D, % D*, % D**, %

1.57 —1.42 —6.4 —10.1 1.00 1.6 4.1 2.6

2.08 —0.73 -29 6.2 1.50 —1.7 1.0 2.0

2.74 0.65 —1.1 —1.8 2.00 2.4 1.1 3.6

3.30 1.67 0.0 0.9 2.50 —1.3 1.2 3.8

3.87 2.20 0.9 2.8 3.00 —1.5 1.5 4.8

4.55 3.03 2.0 5.3 3.50 —-0.4 1.7 6.0

5.09 3.54 2.7 6.9 4.00 0.8 2.5 6.8

5.48 4.20 0.5 8.2 4.50 1.6 3.1 7.6

5.89 4.60 39 9.2 5.00 2.0 4.0 7.2

6.22 4.58 3.9 9.6 5.50 2.0 25 7.5

7.27 —7.41 7.7 9.0 6.00 1.8 3.0 7.6

8.20 —6.7 —6.7 3.0 6.50 1.7 2.7 7.3

9.00 —6.0 —6.0 4.6 7.00 1.4 L5 6.6

9.75 -59 —5.6 5.3 7.50 0.8 1.5 6.0

10.68 -3.6 -33 8.2 8.00 —0.1 —08 4.9

11.10 —-2.7 —-2.3 9.0 8.50 —1.4 —-0.9 4.7

11.44 —1.5 —1.1 9.8 9.00 —1.7 —1.4 5.2

11.65 —0.8 -34 9.6 9.50 —1.5 —1.3 5.1

11.83 0.1 —0.4 12.0 10.00 —1.4 0.9 5.8

12.45 0.1 0.3 11.5 10.50 —0.8 0.8 —6.8
lated using the experimental oo and b values (deter- CALCULATION OF THE TEMPERATURE
mined using two isotherms) practically do not differ DEPENDENCE OF ADSORPTION
from the relative errors (D) in the description of exper- ISOTHERMS BY THE LATTICE
imental adsorption isotherms, and the corresponding MODEL EQUATIONS
errors in the description of isotherms calculated using The lattice model equations (Egs. (2), (3), and
Eq. (6) and in the mean value of the b coefficient (4a)) can be used to calculate the temperature depen-
(D**) increase markedly (2—10%). dence of the adsorption isotherms on microporous
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Table 2. Relative errors in the description of the experimental adsorption isotherms of CH, and CO, on activated charcoal
(AC) at 212 and 301 K (D, %) by the lattice model equations and the same isotherms calculated using the adsorption iso-

therms of CH, and CO, at 260 K (D*, %)

Adsorption isotherm of CH, at 212 and 301 K

Adsorption isotherm of CO, at 212 and 301 K

”r‘;lxgl/f; D,% | D* % ”r:g’l;l?g Yo% | ona ‘;:‘gl /2](1; D,% | D* % “r‘:gl;f gl D,% | D* %
113 | —24 1.9 047 | 18 4.0 182 | 02 |-18 121 | 5.0 7.4
166 | —14 | —27 0.76 | —1.7 2.9 22 | 02 | -19 189 | —1.1 3.0
256 | 11 | —15 0.96 | —1.3 2.4 275 | 35 | —15 263 | —2.9 3.8
292 | 12 | -13 129 | 02 3.9 300 | 09 |38 279 | =32 47
351 | 22 | -38 164 | 0.6 2.9 326 | —14 | —43 351 | —3.7 3.6
373 | 19 | —38 1.87 | 09 2.8 352 | —04 | 38 373 | =37 2.4
448 | 15 | =30 209 | 11 2.4 473 | 05 0.9 4.44 | 2.0 3.1
463 | 09 | -21 223 | 13 2.5 3.69 | =35 | —9.3 452 | —36 4.6
528 | 01 | —41 246 | 1.3 2.4 492 | —0.5 0.1 505 | —2.9 3.3
535 | 0.1 | -39 256 | 22 3.6 522 | —15 | —06 522 | —2.9 2.4
57 | —06 | —44 256 | 12 2.3 540 | —2.6 | —18 563 | —18 1.9
594 | 13 |15 274 | 10 2.3 6.26 | —0.5 1.9 564 | —2.1 1.2
620 | —08 | —22 289 | 1.0 2.4 6.44 | —0.2 2.1 576 | —2.0 0.7
622 | —1.0 | -23 3.06 | 3.0 5.1 671 | —1.1 0.6 6.05 | —0.6 1.3
6.46 | —09 | —1.0 3.06 | 0.8 2.3 6.92 | —1.2 0.3 623 | —11 | —06
649 | —11 | —L1 317 | 07 2.5 763 | 12 2.6 6.40 | 03 | —04
673 | 04 1.3 328 | 02 2.0 776 | 11 2.3 680 | 11 | —03
671 | —13 | —02 339 | 0.3 2.4 795 | 07 1.2 7.11 19 | —-05
700 | 0.3 2.3 361 | 0.7 3.4 9.47 | 2.0 2.9 739 | 3.2 0.4
714 | 02 2.8 3.97 | —11 2.4 957 | 2.5 3.5 764 | 45 1.7
725 | 03 3.2 404 | =36 | —02 792 | 64 3.6
726 | —1.6 1.7 419 | =32 0.7 8.04 | 66 4.0

adsorbents when the ay(7) values are calculated by
Egs. (5) and (6). However, detailed analysis showed

that the eTl parameter in the vacancy bulk solution
does not retain constant values and the temperature
range in which the calculation can be performed with
a satisfactory accuracy (3—5%) does not exceed, as a
rule, £100 K from the experimental isotherm, while
the intermolecular interaction parameters (€,,€,,) in
the adsorption solution conserve constant values in a
wide range of temperatures (below and above the crit-
ical temperature) [14]. This is demonstrated by the
data given in Tables 2 and 3 and in Figs. 2 and 3.

In addition, let us note that an increase in the dis-
crepancy between the experimental and calculated ini-
tial adsorption values (see Table 3) is connected not
with the calculation errors, but with overestimation of
the experimental adsorption values due to the presence

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

of small amounts of “active adsorption sites” that are
not taken into account in the lattice model equations.

CALCULATION OF ADSORPTION
ISOTHERMS IN A WIDE RANGE
OF TEMPERATURES BY THE METHOD
OF MOLECULAR DYNAMICS

As was shown earlier in our works, the adsorption
isotherms of different adsorbates on microporous acti-
vated charcoals can be calculated by the method of
molecular dynamics in quantitative agreement with
the experimental data at temperatures below [15] and
above [16] the critical temperatures. Detailed proce-
dures for performing molecular-dynamics simulations
in constant-volume cells and cells equipped with
barostats by using the Tinker and NAMD software
Vol. 53
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Table 3. Relative errors in the description of the experimental adsorption isotherms of N, on AUK activated carbon at 243
and 353 K, and of Kr at 216.2 K (D, %) by the lattice model equations and the same isotherms calculated using the adsorp-

tion isotherms of N, and Kr at 273 K (D*, %)

Adsorption isotherm of N, at 243 K Adsorption isotherm of N, at 353 K Adsorption isotherm of Kr at 216 K
ma;lx}’l’(g D, % D*,% |dep mol/kg| D, % D*, % m“gf;l’(g D. % D*, %
1.140 —4.24 13.69 0.58 6.37 —6.49 2.08 —0.95 —8.55
1.25 —6.49 9.92 0.95 0.71 —6.62 2.74 0.75 —7.21
1.73 2.29 6.17 1.30 2.45 —1.84 3.30 1.98 —2.45
2.67 3.45 3.37 1.65 4.22 1.98 3.87 2.69 -3.59
3.25 6.20 5.61 1.97 4.42 3.45 5.09 4.33 —5.81
3.70 —0.62 5.15 2.26 3.17 2.84 5.89 5.54 —0.37
4.50 -1.90 1.80 2.54 3.43 3.79 6.22 5.58 1.08
5.36 —0.51 2.47 2.77 1.85 2.33 7.27 —5.93 —7.66
5.73 —0.45 1.92 3.01 1.16 1.81 8.20 —5.1 —7.21
6.23 —0.05 1.54 3.24 0.95 1.79 9.00 —4.3 —4.30
6.66 0.01 0.65 3.56 4.36 3.29 9.75 —4.1 -3.07
7.02 —0.35 —0.82 3.86 2.89 4.57 10.68 —-1.7 —0.08
7.33 —0.54 —1.99 4.15 2.1 3.62 11.10 —-0.8 0.50
7.62 —0.3 —2.38 4.41 2.1 3.43 11.44 0.4 1.28
7.85 —0.3 —3.01 11.83 1.9 2.13
8.06 0.0 —3.21 12.18 4.0 3.71
8.13 0.1 -3.29 12.57 6.2 4.79

packages and the OPLS-AA universal force field are
given in [2, 15, 16].

The use of an adsorption phase of limited sizes (in
the case of microporous activated charcoals, a model
slit formed by two carbon surfaces with limited sizes
(5 X 5 nm in our calculations)) is an important char-
acteristic feature of the numerical experimental proce-
dures developed in [14, 15], as well as the calculation
of the slit width characterizing the adsorption energy
by the following equation obtained within the theory
of volume filling of micropores, which has been devel-
oped by M.M. Dubinin [7]:

A

= b
EO,benz

/ ®)

where / is the slit width in nanometers, A is the stan-
dard energy of 24 kJ, and E.,, is the characteristic
energy of benzene adsorption (a parameter of Eq. (1)).
If the adsorption isotherm of some other adsorbate is
available, then the corresponding characteristic
energy is normalized to the £, value by using the
parachors of substances [7].

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

The use of an adsorption phase of limited sizes
made it possible to calculate the “limiting” adsorption
values, mg, corresponding to the equilibrium pressure
(P,at T< T, and P* at T > T,,) for each adsorbate in
the model pore and to represent the adsorption iso-
therm in relative coordinates, which eliminated the
problem of determining the number of model microp-
ores in 1 kg of the adsorbent, as follows: m/m,= a/a, —
P/P(P*).

The use of the slit width calculated by Eq. (8) made
it possible to reliably characterize each adsorbent and
gave rise to a quantitative match between the calcu-
lated and experimental isotherms, which further con-
firms the experimentally found dependence given by
Eq. (8). For example, calculations on the adsorption
of ethanol on the AU-1 microporous carbon adsor-
bent were performed for the pores with widths of 1.6
and 1.0 nm and for a width of 0.8 nm calculated by Eq.
(8) (see Fig. 4). As one could expect, the first two
adsorption isotherms go below the experimental curve
and the calculated and experimental isotherms for the
model pore with a width of 0.8 nm are consistent with
each other.

Vol. 53
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a, mol kg™ (a)
5

0 0.1 0.2 0.3 0.4 0.5

p/p

Fig. 2. (a) Adsorption isotherms of propane on the Nuxit
activated carbon at 363 K, which are (®) determined
experimentally and (O) calculated using the adsorption
isotherms at 293 K; (b) adsorption isotherms of methane
on the NaX zeolite at 330 K, which are (®) determined
experimentally and (O) calculated using the adsorption
isotherm at 210 K.

m/m, (a/ay)
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0 0.2 0.4 0.6 0.8 1.0
n/ng, (P/Py)

Fig. 4. Adsorption isotherms of ethanol on microporous
carbon adsorbent (AU-1), which are (O) determined
experimentally (upper smooth curve) [17] and calculated
for the pores with widths of (A) 1.6, () 1.0, and (m) 0.8 nm.

a, mol kg™ (a)

0 0.2 0.4 0.6 0.8 1.0
p/p*

a, mol kg™ (b)

8 —

7

6

5

4

3

2

1

0 0.3 0.4
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Fig. 3. (a) Adsorption isotherms of xenon on the AUK
activated charcoal at 212 K, which are (®) determined
experimentally and (O) calculated using the adsorption
isotherm at 273 K; (b) Adsorption isotherms of xenon on
the AUK activated charcoal at 393 K, which are (®) deter-
mined experimentally and (o) calculated using the adsorp-
tion isotherm at 273 K.

a, mmol/g
140

120
100
80
60
40
20

0 01 02 03 04 05 06 07 08 09 10
P/P,

Fig. 5. Isotherms determined experimentally [17] for the
adsorption of (W) ethane, (#) propane, and (A) n-butane
on the Nuxit microporous carbon adsorbent at 293 K, and
(O, ©, A) the corresponding calculated isotherms.
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Fig. 6. Experimental (solid lines) and theoretical adsorp-
tion isotherms of methane (7. = 190.55 K) at (m) 120 and
(#) 240 K, and of xenon (7T, = 289.75 K) at (a) 302 and
(@) 427 K.

The following point is quite important for theoret-
ical and practical reasons: for the adsorption on the
same adsorbent (Nuxit activated carbon), the effective
model pore size determined for one adsorbate (pro-
pane in Fig. 5) does not change upon the transition to
other adsorbates and temperatures. This is demon-
strated by the data for ethane, butane, and propane
(the experimental data are obtained from [17]). Obvi-
ously, the coincidence of the experimental and calcu-
lated curves in relative coordinates allows one to rep-
resent them in the a—P/P, coordinates. The relevant
experimental and calculated isotherms are shown in
Figs. 4 and 5.

The calculated and experimental adsorption iso-
therms of methane at temperatures below and above
the critical temperature, as well as the adsorption iso-
therms of xenon at supercritical temperatures, which
demonstrate that adsorption isotherms can be calcu-
lated in wide temperature ranges, are shown in Fig. 6.

CONCLUSIONS

The obtained data show that the molecular-
dynamics simulation of the adsorption isotherms on
microporous activated charcoals solves the problem of
determining the adsorption-temperature dependence
and, at the same time, is effective substitution for
laborious physical experiments, especially at tempera-
tures above the critical temperatures and, accordingly,
at high pressures. Furthermore, only one experimental
adsorption isotherm of the “standard” vapor at tem-
peratures substantially below the critical temperature
is required for determining the slit width when per-
forming calculations for any adsorbate.
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