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Abstract: In light of the findings from experimental studies, adsorption isotherms were obtained for carbon dioxide,
carbon monoxide, methane, and hydrogen gases on industrial adsorbents. A methodology has been put forth for calculating
the coefficients of the Dubinin—Astakhov equation based on experimental isotherms. This approach enables the
determination of the equilibrium adsorption of components of a hydrogen-containing gas mixture with a high degree of
accuracy. The approach includes: calculating the limiting adsorption volume of a given adsorbent and the characteristic
adsorption energy of a standard gas (nitrogen) for the specified adsorbent using experimental nitrogen adsorption
isotherms obtained at a temperature of 77.3 K in the relative pressure range from 0 to 1 for each of the studied adsorbents,
namely: NaX, CaA, SKT-4; determining the calculated values of the affinity coefficients, the exponent, and the thermal
coefficient of limiting adsorption in the Dubinin—Astakhov equation (for the temperatures and pressures at which the
experimental sorption isotherms of the studied gases were obtained), which minimize the residual between the calculated
and experimental isotherms; averaging the obtained values of the affinity coefficients and the exponent. The efficacy of the
proposed approach is substantiated by the calculation of the parameters of the Dubinin—Astakhov equation for CO,, CO,

and CH4 using NaX and CaA zeolites and SKT-4 activated carbon. The root mean square deviation between the calculated
and experimental data does not exceed 6.6 % over a wide range of pressures (up to 3.0 MPa) and temperatures
(293-353 K) for the studied sorbents (zeolites NaX, CaA, and activated carbon SKT-4).
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Annoranusi: [lo pe3yibpraTaMm 3KCIEPUMEHTAIBHBIX HCCIEIOBAHHN MOIYYEHBI aJCOPOLMOHHBIE M30TEPMBI JJISI Ta30B:

TUOKCHIA yTIepoia, OKCHIa yriIepoaa, MeTaHa M BOJOPO/a Ha MPOMBIIUICHHBIX afcopOeHTax. [IpemroxkeH moaxon It
pacueta kodpduuueHToB ypaBHeHHUs J[yOmMHMHa—-AcTaxoBa Ha OCHOBE JKCIIEPUMEHTAIBHBIX H30TEPM, IO3BOJISFOIIUI

Dvoretsky D.S., Dvoretsky S.I., Akulinin E.I., Tugolukov E.N., Varnikov G.1, Usachev V.B. 351



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 4

OIpENEIsITh BEIMYMHY PABHOBECHOH aacopOIK KOMIIOHEHTOB BOJOPOJCOAEpIKalleld Ta3oBOM CMeCH C BBICOKOW
ToyHOCTBIO. [loaxox BKIIIOYAeT: pacyeT 3HAYCHWH INPEIelbHOro aJCOpOLMOHHOrO o0beMa JaHHOrO ancopOeHTa
U XapaKTepUCTUICCKON PHEPTUH alcopOLUU CTaHIAPTHOTO Tasa (a30Ta) AJs 3aJaHHOTO afcopOeHTa ¢ MCIIOIb30BaHUEM
IKCIIEPUMEHTAIBHBIX W30TEPM aACOPOLMH a30Ta, IMOJIYYSHHBIX IpH Temmeparype 77,3 K B anama3oHe OTHOCHTEIBbHBIX
nmaBieHuit agcop6rmu ot 0 1o | Ha KakKAOM M3 MccieayeMbIx ancopbenToB, a umeHHo: NaX, CaA, CKT-4; naxoxnenue
pacYETHBIX 3HAYCHHH KOAPPHUINECHTOB ap(PHUHHOCTH, MMOKA3aTeIsl CTEICHH, TEPMHUCCKOro KoddduiueHra npeaeapHoi
aacopOuun  ypaBHenusi JlyOmHmHa—AcraxoBa (Uit  TeMmMIeparyp W JaBIC€HHH, TP  KOTOPBIX  IOJy4EHbI
OKCIICPUMECHTAJIbHBIC HU30TCPMbI COp6LIl/II/l HCCIICAYEMbIX ra303), 06ecneana}0me MHWHHUMAJIBHOC 3HAYCHHUEC HCBJI3KHU
MEXAY PpacCUeTHBIMH M OSKCIHEPHUMEHTAIBHBIMH M30T€PMaMK; YCpPEIHEHUE HallIeHHbIX 3HA4YeHUil KOA(PPHUIUECHTOB
adUHHOCTH W TOKa3zarelssi creneHd. J(PQPEeKTHBHOCTh NMPETI0KEHHOTO IMOJX0Ja IPOJEMOHCTPUPOBAaHA HA IPHMEpe
pacueTa mapamerpoB ypaBHeHus JlyomrmHa—AcrtaxoBa mans CO», CO, CH4 mpu ucnonp3oBanuu IeonantoB NaX, CaA,
axktuBHOro yrist CKT-4. CpenHekBagpaTHUeCcKoe OTKJIOHEHHE MEXKAY PACUETHBIMU U SKCIIEPUMEHTAIbHBIMU JAHHBIMH HE
npesbimaer 6,6 % B muMpokoM auamnasoHe AaBiaeHui (o 3,0 MIla) m temmepatyp (293...353 K) mis u3ydeHHBIX
copbenroB (ueonutsl NaX, CaA, aktuBHbi yroias CKT-4).

KnroueBble ci10Ba: BOJOpOJCOAEpiKallas ra3oBas CMeCh; aJCOpOEHT; aJcOpOLMOHHOE pa3leleHHe; ancopOLUOHHOE
paBHOBeECHE; U30TepMa aicopOnny; ypaBHeHHe JlyOnMHNHAa—ACTaxoBa; LEONNT; AKTUBHBINA YTOJIb; CPEAHEKBaApATHIECKas
omnoKa; MaKCUMaJIbHOE OTKJIOHEHHE.

Joas umrupoBanusi: Dvoretsky DS, Dvoretsky SI, Akulinin EI, Tugolukov EN, Varnikov GI, Usachev VB. Modeling

COy, CO, CHg4, and Hj sorption equilibrium on NaX and CaA zeolites and activated carbon using the Dubinin—Astakhov
equation. Journal of Advanced Materials and Technologies. 2025;10(4):351-363. DOI: 10.17277/jamt-2025-10-04-351-363

1. Introduction

The pressure swing adsorption (PSA) method
has become a prevalent technique in the field of
chemical technology, particularly in the context of
the delivery and storage of pure technical gases, when
relatively low production volumes are required.
The present study investigates the application of the
PSA method in the separation of hydrogen-containing
gas mixtures during hydrogen concentration.
The PSA method is implemented in the pressure
range (30x 10° Pa) and at temperatures of 293-333 K.
The results demonstrate that the PSA method allows
for the production of a gas mixture containing up to
99.99 % vol. hydrogen [1-3].

The contemporary design of gas separation
facilities that utilize the PSA method has evolved
significantly from the past, when the selection of
adsorbent layers and the determination of operating
modes were done on an intuitive basis. It is critical
for developers of such facilities to consider
a comprehensive array of interconnected trends to
ensure that the plant is as competitive, efficient,
flexible, and reliable as possible. The era of empirical
selection and trial and error is coming to a close.
In the contemporary realm of design, it is imperative
that models encompass the entirety of the intricate
processes that occur in tandem during the adsorption
separation of gas mixtures. These processes are
contingent upon variables such as temperature,
pressure, the velocities of components within the gas
stream and within the adsorbent (micro, meso, and
macro pores), and the nature and rate of redistribution
of the sorption volume between gases.

In the process of mathematical modeling of
sorption processes in PSA units, it is essential to
select isotherms that correctly reflect the equilibrium
sorption characteristics of the “solid sorbent —
absorbed component” system [4—10]. Modern gas
separation calculation models are based on two main
theoretical approaches to describing adsorption:
surface sorption theory and the concept of volumetric
filling of micropores. The first includes the
fundamental Langmuir equation and its derivatives
[2], while the second includes the Dubinin—Astakhov
equation [11, 12].

The concept of volumetric filling of micropores
provides a more accurate description of the physics of
adsorption-desorption processes in microporous
adsorbents, as it takes into account the specific state
of the adsorbate, close to the condensed phase, and
the energy heterogeneity of micropores [3, 11].

It must be acknowledged that the
implementation of both methodologies necessitates
the acquisition of experimental adsorption isotherms,
their linearization, and the subsequent calculation of
the corresponding coefficients derived from the linear
forms of the isotherms. Consequently, the
coefficients of the equations are derived by solving
the inverse problem based on experimental data.

The primary benefit of the Dubinin—Astakhov
equation over the Langmuir equation is the
classification of parameters into two distinct

categories: those that delineate the adsorbent (W),
microporous volume; E,, characteristic adsorption
energy of standard gas) and those that delineate the

adsorbate (¢;, affinity coefficient; n; empirical
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exponent; o, thermal coefficient of maximum
adsorption). This approach enables the determination
of the adsorbent constants (W, Ep) once from the
isotherm of the reference gas. Subsequently, the

parameters specific to each adsorbate (¢;, n;, ;) can
be determined to describe the isotherms of other
gases.

According to the sources cited [1, 11, 13, 14],
the ranges of values for the coefficients of the
Dubinin—Astakhov equation have been established.

These ranges are [0.8—4.0] for the coefficient ¢; and

[1-6] for the coefficient n;, These values are
applicable to the most frequently used PSA zeolite
adsorbents (NaX, CaA, and activated carbons) in
adsorbers [15-22]. The temperature range for
sorption processes (293—-333 K) for gases included in
a hydrogen-containing gas mixture (CO;, CO, CHy,

H,) significantly exceeds the critical temperatures of
the following components: carbon monoxide (133 K),
methane (190 K), hydrogen (33 K). In this regard,
it is plausible that the values of the thermal
coefficient of maximum adsorption, «;, incorporated
within the Dubinin-Astakhov equation, may exhibit
deviation from the calculated values, as delineated in
the methodology [11], which is applicable within the
temperature range extending from the normal boiling
point to the critical temperature.

Different estimates of the values of W and E|
for adsorbents of the same type (NaX, CaA, activated
carbon) [1-3, 11] are explained by the variety of
manufacturers and technological features of their
production. There is also no single approach to

calculating the values of affinity coefficients o;.
The most common methods include finding the ratio
of the parachors of the test and standard gases [1].
According to the Sugden—Quayle method [13], the
parachor of the adsorbed gas w can be calculated as
the sum of the structural components of the parachors
of the atoms that make up the molecule of the
adsorbed gas. According to the McGowan method
[14], the parachor of the adsorbed gas ® can be
defined as the sum of the structural components of
the parachors of the atoms ®; that make up the
molecule of the adsorbed gas, minus the number of
bonds in the gas molecule.

Given the ranges of variation that have been
described and the options for calculating the
coefficients of the Dubinin—Astakhov equation, it is
evident that satisfactory precision in characterizing
the equilibrium conditions of hydrogen-containing
gas mixture components can be attained by
developing an approach that encompasses the

acquisition and processing of
adsorption-desorption isotherms.

The objective of this study is to develop an
approach to enhancing the accuracy of describing the
isotherms of the adsorption process of hydrogen-
containing gas mixture components on microporous
adsorbents.

experimental

2. Methods and Materials
2.1. Initial materials

Industrial microporous zeolites NaX and CaA
[23] and activated carbon SKT-4 (sulfurous
potassium peat coal) [24] were utilized as adsorbents.

2.2. Theoretical approaches

A proposed approach is outlined, with the
primary objective being the identification of the
coefficients of the Dubinin—Astakhov equation that
guarantee minimal values for the root mean square
error (RMSE) between calculated and experimental
values of equilibrium adsorption within the
operational temperature and pressure ranges of
293-333 K and 30x10° Pa, correspondingly.

The approach encompasses the calculation of the

(Wy) and the
characteristic adsorption energy (Ep) of a given

maximum adsorption volume

adsorbent with N, using experimental N, isotherms at

T=77.3 K in the range P/Py=0-1 for each of the
adsorbents under study (NaX, CaA, SKT-4).
This approach also involves finding the calculated
values of the affinity coefficients ¢;, the exponent #;,
and the thermal coefficient of maximum adsorption
o; of the Dubinin—Astakhov equation (for temperatures
and pressures at which experimental adsorption
isotherms of the studied gases were obtained),
ensuring a minimum discrepancy between the
calculated and experimental isotherms. Finally, the
approach entails averaging the found values of o;
and n;.

To evaluate the effectiveness of the proposed
approach, we compared the adsorption values using
the ¢; and n; values found in the previous step and
the ¢; values determined from the literature [1, 13,
14] forn; =1, 2, 3.

Dubinin—Astakhov equation and the dependencies
included in it:

nj

RT1g(P, /P)J 0

a;-k = ay; exp —[
0;Ey
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where ag; is the maximum adsorption value of the
i-th component, mol‘kg_l; Pgy; is the saturation
pressure of the pure adsorbent, Pa; ¢; is the affinity
coefficient characterizing the affinity of the adsorbed
gas to the standard (Nj); Ey is thecharacteristic
adsorption energy of the standard gas Ny, J-molfl;
n; is and exponent; W is micropore volume of the

adsorbent, cm3-g71; V" is molar volume of the

1
adsorbate, m3-m0171; o, 1s a thermal coefficient of
maximum adsorption, Kfl; T is adsorption
temperature, K; 7;,; — boiling temperature of the

i-th component of the gas mixture, K; M, ; — molar

mass of the i-th component of the gas mixture, g-mol

L, pj — adsorbate density at a temperature 7' above

Ty, kg-mﬁ3; Pp; — gas density at boiling

temperature, kg-m_3; T — adsorption temperature, K;

T, — critical temperature of the i-th component of

the gas mixture, K; pzr,,- — adsorbate density at

critical temperature, kg-mﬁ3; b, — molar volume

i
3 -1 .
constant, m -mol ; R — universal gas constant,

J-(mol-K)fl; P i critical pressure of the
B FLCr —

i-th component of the gas mixture, Pa; 4;,F;,

Antoine equation constants.

Table 1. Parameter values for calculations
with the use of the Dubinin—Astakhov equation

Parameter CH,4 CO, CO H,
Mgy, gmol' 1604 4401 2801  2.02
Ppyis gom 0.43 0.78 0.78  0.07
Ty, K 111.7 1977 81,6 204
T, K 190.6 3042 1329 332
P,;.x10°Pa 454 728 349 128
4 1522 2259 1437  13.63
F, 897.84 3103.39 53022 164.90
C; 7.16 016  13.15  3.19

The values of the coefficients of the Dubinin—
Astakhov equations (1) — (8), as determined on the
basis of reference data, are presented in Table 1 [13].

The values of parameters Wy, Eg, ¢;, n;, o; were
determined on the basis of experimental data.

The calculation of the values of the maximum
and the
adsorption energy FE( of the standard gas N, was
performed wusing the experimental adsorption

adsorption volume W characteristic

isotherm of the standard gas N, in the range
P/P;=0-1 for each adsorbent (NaX, CaA, SKT-4).
The N, isotherms at 7=77.3 K in the range
P/Ps=[0-1] were obtained using the Autosorb IQ
Nova 1200e analyzer (Quantochrome Instruments),
after which W, and E; were calculated using the
method described in [11]. Next, a combination of
values [@;,n;] was selected at which the smallest
root mean square deviation & of the experimental and
calculated isotherms was observed at k£ mean values
[o j,r_zj], where k is the number of experimental

isotherms. The values ¢ j,ﬁj were determined as the

arithmetic mean @ ;,n; found for: three temperatures

(k=3, T=293, 313, 333 K), for the boundary values
of the interval (k =2, T=293, 333 K), for the average
temperature (k= 1, T=313 K).

The parameters © jlj, o of the Dubinin—

i
Astakhov equation were determined for three
temperatures (293, 313, 333 K) based on the results

of solving the problem of minimizing the discrepancy
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function between the values calculated according to
equations (1), (2) with the found coefficients ¢ ;,n;,

o, and the experimental a;(P,T) isotherms.
The problem of minimizing the discrepancy function
is formulated as follows. For the i-th component of
the gas mixture, it was necessary to determine the

parameters ¢;,n; and o, in equations (1) and (2) at

temperature 7;, at which there was achieved

j s
a minimum value of the root mean square deviation &

e

between the experimental a;-k *“ and calculated a; <

values of equilibrium adsorption at given P, 7;:

5; (“z ): 0 m“}x 5; (a: ((Pj 1,0 )) ©)

JEOR

where 6 is calculated using the formula

1 m(a®—a*
5= |—> | —"—100%, (10)
Ni=\ a*

where N is the total number of experimental points /.

The problem (9), (10) was solved in the MatLab
software environment using the fmincon function
[25].

The experimental isotherms a; © (P, T j) for CO,,
CO, CHy, H, at Tj=293, 313, 333 K in the range

P;= [1—30]><105 Pa were obtained using the ISorb
HP1 analyzer (Quantochrome Instruments).

The adsorption values were determined using ¢;
data from [1] and calculated according to the Sugden—
Quayle [13] and McGowan [14] methods at
n;=1,2,3, with o; values determined according to
the formula (5).

3. Results and Discussion

Experimental adsorption isotherms for the model
gas (nitrogen) in the relative pressure range
P/Ps=[0-1] at 77.3 K are shown in Fig. 1a, c, e, and
the isotherms in  rectifying

[lga: —(Ig Ry, /P)™2 } —inFig. 1b, d, f.

The verification using Fisher criterion at a
significance level of 5% confirmed that the
experimental N, sorption isotherms on NaX, CaA,
and SKT-4 were adequately described by the linear
dependencies (Fig. 15, d, f).

coordinates

Table 2 presents the calculated values of W, and

obtained by processing the linearized

Eyn,
adsorption isotherms (Fig. 1).

The CO,, CO, CHy, H; sorption regions limited
by experimental isotherms at 7= 293 K (upper line)
and 7=333 K (lower line) in the range

P;= [1{’;0]><105 Pa are shown in Fig. 2.

For NaX and CaA zeolites, the CO, isotherms
are extremely steep within the initial pressure range
of 0 to 1x10° Pa. After this range, a rapid decrease in
the slope of the isotherms is observed within the
range of 1x10° Pa to 10x10° Pa (see Fig. 2a, b).
At P> 10x10° Pa, the slope of the isotherm becomes
minimal and practically ceases to change.
An increase in the adsorption value from P = 10x
x10° Pa to P=30x10 Pa (a threefold increase in
pressure) leads to an increase in a of only 5-10 % for
NaX and 10-15 % for CaA (Fig. 2a, b). The CH4 and
CO isotherms on NaX and CaA are flatter than the
CO, isotherms. The CH4 and CO isotherms on NaX
are less convex than those on CaA. The CO,, CO,
and CHy4 sorption isotherms on SKT-4 are flat across
the entire pressure range (up to 30x 10° Pa).

Analysis of the isotherm changes shown in
Fig. 2 revealed that the most significant change in
equilibrium sorption values a occurs when 7' changes
from 293 to 333 K for CO, on SKT-4 (up to 32 %)
and for CH4 on CaA (up to 22 %). The CH4 and CO
sorption areas on NaX almost completely overlap
(Fig. 2a), while they partially overlap on CaA
(Fig. 2b). The H, isotherms are close to linear over
the entire P range (1—3OX105 Pa) on NaX, CaA, and
SKT-4.

The values of the parameters @ j,ﬁj , O,
calculated at different & based on solving equations
(12) and (13), are presented in Table 3.

Analysis of the ranges of values ¢ j,ﬁj , showed

that the greatest deviation ¢ ; from the arithmetic

mean values calculated at k=1, 2, 3, is observed for
CO» on all adsorbents: 3.8 % on NaX, 9.5 % on CaA,
1.4 % on SKT-4. It can be assumed that this is due to
the large angle of inclination of CO, isotherms on
these adsorbents compared to CO, CHy, and Ho.

No clear trend is observed for 7, and the maximum

J 9
deviation from the mean value is 5.0 % for CO; on

CaA, 3.0 % for CH4 on NaX, and 1.54 % for H, on
SKT-4 (Fig. 3).
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Fig. 1. Experimental sorption isotherms of model gas (nitrogen):
a, b on NaX zeolite; ¢, d on CaA zeolite; e, fon SKT-4 activated carbon; b, d, f'in rectifying coordinates

Table 2. Linear equations of N; isotherms and values of W and E

Adsorbent Linear equation of the isotherm Wo, cma-gfl E, Jmol !
NaX Igay, =0.8793-0.0057 (R, , /P)*' 0.265 12834
CaA Igay, =0.8210-0.0058(7, v, /P)** 0.230 12796

SKT-4 Igay, =0.9214-0.0208(R, v, /P)"* 0.293 6731
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5 10 15 20 %5 py 105 Pa
b

Fig. 2. Experimental adsorption isotherms of components of a hydrogen-containing gas mixture on:
a—NaX zeolite; b — CaA zeolite; ¢ — activated carbon SKT-4
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Table 3.Values of the coefficients of equations (1) and (2) for different calculation options

Gas k 6j ﬁj i <10’
NaX CaA SKT-4 NaX CaA SKT-4 NaX CaA SKT-4
CH,4 3 1.17 1.14 1.36 3.01 2.64 1.88 2.30 1.60 1.70
2 1.16 1.14 1.35 2.96 2.65 1.88 2.20 1.50 1.70
1 1.21 1.13 1.37 3.12 2.63 1.89 2.50 1.80 1.80
CcO 3 0.90 1.46 1.27 2.10 2.54 1.81 1.70 1.50 2.00
2 0.90 1.46 1.28 2.09 2.55 1.83 1.70 1.50 2.00
1 0.91 1.47 1.25 2.12 2.54 1.79 1.70 1.50 1.90
CO, 3 3.82 4.47 1.43 3.30 3.01 1.70 0.50 0.31 2.60
2 3.74 4.21 1.43 3.24 2.92 1.69 0.50 0.41 2.70
1 4.00 4.99 1.46 3.33 3.19 1.73 0.60 0.11 2.50
H, 3 0.30 0.29 0.56 0.92 0.89 0.87 0.06 0.02 0.02
2 0.30 0.30 0.56 0.92 0.90 0.87 0.07 0.02 0.02
1 0.30 0.29 0.55 0.91 0.86 0.85 0.03 0.03 0.02

Based on the analysis of maximum root mean
square deviations & and maximum discrepancies A,
acceptable accuracy in calculating equilibrium
conditions for CO,, CO, CHy4, and H, on NaX, CaA,
and SKT-4 requires three experimental isotherms
obtained at the boundaries (293 and 333 K) and in the
middle (313 K) of the sorption process temperature
range.

Despite the small values of & for Hy, the analysis
shows that the maximum deviations A between the
experimental and calculated data exceed 10 % for all
adsorbents. This renders the proposed approach
unusable for calculating equilibrium adsorption
values for H; in engineering calculations.

Analysis of the maximum deviations of Hj
adsorption isotherms at 293 and 333 K from the
average values (Fig. 2, Table 4) showed that they
range from 14 to 18 %. Therefore, based on the
experimental isotherms, formal linear dependencies
were obtained for the temperature range 293-333 K,
which for NaX have the form:

ay, =(462-T)107 PBy,, (11)
for CaA

ayy, = (64227107 Py, ; (12)
for SKT-4

ay, =(942-2.6T)-10° By, (13)

The values of ¢;, n; found using the proposed
approach, at which the smallest root mean square

deviation of the calculated and experimental data was
observed, are presented in Table 4.
Analysis of the data in Table 4 showed that,

when calculating the equilibrium conditions for CO,,
CHy, and CO on NaX and SKT-4 adsorbents at 353 K

(which exceeds the upper limit of the experimental
data, 333 K), the equilibrium adsorption value
prediction remains acceptable for CO, and CO on
NaX and SKT-4. However, for CHy; on NaX and
SKT-4, the maximum deviation exceeds 10 %.

The results of calculating the parameter ¢; values
according to the method [1], the Sugden—Quayle [13],
and the McGowan [14] methods are presented in
Table 5.

As shown in Table 5, the calculated values of the

affinity coefficient, ¢;, vary significantly. For CO,,
¢co, ranges from 1.25 to 1.40 (£5.6 %) on SKT-4
and from 1.29 to 2.31 (£71.6 %) on NaX and CaA

zeolites. For CO, ¢@co varies from 0.61 to 1.03
(£34.5 %) on SKT-4 and NaX and CaA zeolites. For

CH,, @cp, varies from 1.22 to 2.02 (£34.0 %) on
SKT-4 and NaX and CaA.

The values of @; calculated using the proposed
approach align well with the intervals found for CHy
on SKT-4 (Table 4). The values of ¢; for CO, and
CO on SKT-4 are close to the upper limits of the
intervals. On zeolites, the values of ¢; for CO and

CH4 on NaX and CaA are consistent with the found
intervals.
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Fig. 3. Maximum values of the root mean square error:
a —on NaX zeolite; b — on CaA zeolite; ¢ on SKT-4 activated carbon
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Table 4. Root mean square deviations of calculations using the Dubinin—Astakhov equation
with the coefficients found in equations (1) and (2)

Wo,

Ey,

Error, % at 7, K

Adsorbent cm3-g71 Tmol”! Gas 0; n; a;x10°, K *293 *313 ) 333 * 353
) A & A D A S A
CO, 3.82 3.30 0.5 34 43 47 23 58 6.0 63 86
NaX 0.265 12834 CO 0.90 2.10 1.7 1.0 02 01 01 01 07 14 58
CHy 1.17 3.01 23 0.6 40 09 48 18 87 43 134
CO, 447 3.01 0.31 47 9.1 27 35 48 03 n/d n/d
CaA 0.230 12796 CO 1.47 2.54 1.5 05 38 01 1.0 05 07 n/d nd
CHs L.14 2.64 1.6 09 45 29 84 0.1 20 n/d n/d
COy 1.43 1.69 2.7 48 48 06 24 18 15 39 92
SKT-4 0.293 6731 CO 1.28 1.83 2.0 04 36 01 16 04 53 14 97
CHy 135 1.88 1.7 09 28 05 34 08 50 3.1 11.7
Table 5. The values of ¢; when using different calculation methods
SKT-4 NaX/CaA
Method Gas C ®; I/s ® 0] Gas C ®; I/s ® 0]
Keltsev [1] CHy; nd n/d n/d n/d 1.52 CH4 n/d n/d n/d n/d 1.52
co, wnd nd nd n/d 1.25 co, wnd nd n/d n/d 1.25
CO nd nd nd n/d 0.61 Cco n/d n/d n/d n/d 0.61
N, n/d n/d n/d n/d 1.00 N, n/d n/d n/d n/d 1.00
SugdenQuayle cH, C  9.00 1 71 202 cH, € 9.00 1 71 2.02
[13] H 15.5 4 H 15.5 4
CO, C 9.00 1 49 1.40 CO, C 9.00 1 49 1.40
o 20.0 2 O 20.0 2
CO C 9.00 1 29 0.83 CO C 9.00 1 29 0.83
o 20.0 1 o 20.0 1
N> N 17.5 2 35 1.00 N, N 17.5 2 35 1.00
McGowan CcH, C 08 4 1418 122 cg, C 089 4 1418 122
[14] H 047 H 047
CO, C 0.89 2 1.494 1.29 CO, C 0.89 2 1.494 1.29
o 0.64 O 0.64
CO C 0.89 1 1.192 1.03 CcO C 0.89 1 1.192 1.03
o 0.64 O 0.64
N> N 0.75 1 1.162 1.00 N, N 0.75 1 1.162 1.00

Note: o — parachor; C — gas molecule component; / — number of atoms of the component in the molecule (method
[13]); s — number of bonds in the molecule (method [14]); n/d — no data available.

However, the values of ¢; for CO, on NaX and
CaA, as well as for CO on CaA, are above the found

intervals. The indicated deviations from the @; value

ranges found in the literature for zeolites (Table 5) are
observed for extremely steep isotherms in the initial

pressure range (CO, on NaX and CaA and CO on CaA).
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Table 6. Comparison of errors in calculating equilibrium adsorption value at 293 K

Adsorbent  J, cm’.g ! Eo, J-mol™! Gas Method i n; ax10°, K 8, %
NaX 0.265 12834 CO, SQ 1.40 2.00 0.5 17.40
p/a 3.82 3.30 0.5 3.40

CcO McG 1.03 1.00 1.7 7.70

p/a 0.90 2.10 1.7 0.98

CHy McG 122 2.00 23 2.90

p/a 1.17 3.01 2.3 0.61
CaA 0.230 12796 CO, SQ 1.40 2.00 0.31 17.40
p/a 4.47 3.01 0.31 4.68

CO McG 1.03 1.00 1.9 7.70

p/a 1.47 2.54 1.5 0.50

CHy K 1.34 3.00 1.6 0.50

p/a 1.14 2.64 1.6 0.92

SKT-4 0.293 6731 CO» SQ 1.40 2.00 2.7 17.40
p/a 1.43 1.69 2.7 4.75

CO McG 1.03 1.00 2.0 7.70

p/a 1.28 1.83 2.0 0.37

CHy4 McG 1.22 2.00 1.7 2.90

p/a 1.35 1.88 1.7 0.89

Note: K — Keltsev [1] method; SQ — Sugden-Quayle method; McG — McGowan method; p/a — results when using
the proposed approach.

Table 7. Comparison of errors in calculating equilibrium adsorption value at 333K

Adsorbent  p cm’.g ! Eo, J-mol ™! Gas Method i n; ax10°, K 8", %
NaX 0.265 12834 CO» SQ 1.40 2.00 0.5 48.30
p/a 3.82 3.30 0.5 5.80

CO McG 1.03 1.00 1.7 3.40

p/a 0.90 2.10 1.7 0.03

CH, SQ 2.02 3.00 23 9.70

p/a 1.17 3.01 2.3 1.76

CaA 0.230 12796 COs SQ 1.40 2.00 0.31 48.30
p/a 4.47 3.01 0.31 4.75

CO McG 1.03 1.00 1.9 3.40

p/a 1.47 2.54 1.5 0.50

CH, SQ 2.02 3.00 1.6 9.70

p/a 1.14 2.64 1.6 0.12

SKT-4 0.293 6731 CO» SQ 1.40 2.00 2.7 48.30
p/a 1.43 1.69 2.7 1.83

CcO McG 1.03 1.00 2.0 3.40

p/a 1.28 1.83 2.0 0.35

CHgy K 1.52 2.00 1.7 0.50

p/a 1.35 1.88 1.7 0.48
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The results of comparing the minimum root
mean square deviations achieved using the proposed
approach (with the parameters presented in Table 4)
with those based on literature data (selected from the
sets of @; values in Table 6 at n; =1, 2, 3) are shown
in Tables 6 and 7.

An analysis of Tables 6 and 7 showed that, to
ensure minimum deviations 6 for different
temperature intervals in the range of 293-333 K,
different methods must be used to calculate ¢;
(Keltsev [1], Sugden-Quayle and McGowan methods,
as presented in the literature). However, there are no
recommendations for selecting these methods.

Using the proposed approach yields significantly
lower &* values (no greater than 6.6 %) across the
entire operating pressure range (up to 30x10° Pa) and
temperature range (293-333 K).

4. Conclusion

The article proposes an approach for calculating
equilibrium adsorption values of components in a
hydrogen-containing gas mixture of CO,, CO, and
CHy4 at pressures up to 30x10° Pa and temperatures
between 293 and 333 K, with an accuracy of no more
than 6.6 % (in terms of standard deviation). Three
experimental adsorption isotherms of the components
of a hydrogen-containing gas mixture (CO,, CO, and

CH4) on NaX, CaA, and SKT-4 are required,
obtained at temperatures of 293, 313, and 333 K.

For all three adsorbents, the largest standard
deviation values are observed for CO,, which has a
large isotherm inclination angle in the initial pressure
range compared to CO, and CHyon NaX, CaA, and
SKT-4. Differences in affinity coefficient values for
zeolites, as determined by the proposed approach
versus literature data, are also observed for isotherms
with a large slope angle in the initial pressure range
(CO; on NaX and CaA, and CO on CaA).

It has been demonstrated that the equilibrium
adsorption values of CO, and CO on NaX and SKT-4
can be calculated with a maximum deviation of no
more than 10 % outside the temperature range of
293-333 K (at 253 K), for which the parameters of
the Dubinin—Astakhov equation were calculated.

However, based on the analysis of the maximum
deviations of the calculated and experimental
isotherms, it was determined that using the proposed
approach to calculate the equilibrium adsorption
values of H, in the temperature range of 293-333 K
on NaX, CaA, and SKT-4 does not provide sufficient
accuracy for engineering calculations. Therefore,
formal linear equilibrium dependencies were obtained
based on experimental isotherms on NaX, CaA, and
SKT-4 for the temperature range of 293-333 K.
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