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Pacuem uzomepm aocopoyuu KOMnoHeHmMoe cunme3-2a3a 6 npoyecce KOPOMKOUUKA06OIL
oe3nazpesnoii aocopouuu (KbA) ona uzeneuenus uz Hezo 6000p00a HA UeOTUMOBBIX AOCOPOeH-
max mpaouyuoHHO OCYW{eCmeaAenca ¢ UCNOIb306aHuem ypasHenun Jlenemiopa unu npou3eoo-
HbIX om Hezo ypasHeHuil. HedocmamKkom e2o ucnoib308anusa A611emca Heo0X00UMOCHb noayye-
HUA IKCNEPUMEHMATILHBIX UZOMeEPM A0COPOUUL RO KAHCOOMY 2A3Y, 6X00AUEMY 8 2A308YI0 CMECh
Ha ucnonvzyemom aocopoenme. Taxoit no0xo0 aenaemcsa 3ampamHubviM, 0COOEHHO 6 Ciyuae MHO-
20KOMNOHEHMHBIX cMmecell, maKux, KaKk cuHmes-2a3. B cmamuve npodemoncmpuposean cnocob pac-
uyema uzomepm aocopouuu 2azoe Hr, CO,, CO ¢ npouecce KbA uzeneuenus 600opoda u3z cunmes-
2a3a Ha nepcneKmuHbvIx 0104HbIX Yeonumax 13X ¢ ucnonvzoseanuem ypaenenus /[younuna—Pa-
oyumkesuua—Acmaxoea (/[PA). Ilonyuensl 3xcnepumenmanvusle uzomepmut aocopoyuu Hs, CO,,
CO npu memnepamypax 293 u 323 K, uzomepmut aocopouuu N2 npu memnepamype e2o Kunenus
77,35 K na yeonumax 13X mpex oopasuos. C ucnonvzosanuem IKCHEPUMEHMATIbHBIX U30MEPM
peuiensl 3a0auu napamempuqeckoil uoenmugukayuu u onpeoeienvl nApamMempsl ypagHeHus
JIPA onsn 2azoe Hy, CO2, CO na onounvix ueonumax 13X. Yemanoeneno, umo pacuem uzomepm
aocopoyuu 2azoe Hy, CO,, CO Ha 6nounsix yeorumax 13X, xapaxmepucmuxku KOmopslx nona-
Oarom ¢ uHmMepPsanvl nNPedebHO20 adcopoyuonnozo oovema 0,258-0,296 cm*/z u xapakmepucmu-
yeckoil Inepzuu aocopoyuu 10279-13395 /[rc/monb, MOIHCHO KOPPEKMHO OCYULECMENAMD C UC-
nonvzoeanuem ypasuenusn /IPA ¢ ouanazone memnepamyp 293—323 K u oaenenuii 0-30 amm. Ilpu
IMOM MAKCUMATIbHAA OWIUOKA 8 PACCOZNACOBAHUU MeHCOY IKCREPUMEHMATLHBIMU U30MepMamu
2a306 u paccuumannvimu no ypasuenuiro JPA cocmasuna 14,69% no Hz; munumansuan — 1,81%
no CO2. B omauuue om mpaouyuonnozo cnocooa, nojiyuennole Ko3gpuuuenmot agpgpunnocmu
n036071A10M ocyuiecmenams pacuem uzomepm aocopouyuu zazoe Hy, COz, CO ¢ naiidoennvix un-
mepeanax npeoeybHoz0 A0COPOUUOHHO20 00beMa U XAPaKmepUCmMU4ecKkoll IHepzuu aocopouuu
6cezo UL O 00HOU uzomepme cmanoapmmuozo 2aza (Nz) Ha ucnonvzyemom yeoaume 13X. Yuu-
8€pCcantbHOCMb CHOCO0A pacuema no NPeooHCEHHOI MEnOOUKE MOICen Oblimb UCNOAb306AHA 014
pacuemoes u3omepm adcopoyuu paziudHsIX 2a308, cmecell u a0copHeHmo8 6 YUKIUUECKUX adcopo-
HUOHHBIX NPOUECcCaXx.
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The calculation of adsorption isotherms of synthesis gas components in the process of pres-
sure swing adsorption (PSA) for hydrogen extraction on zeolite adsorbents is traditionally carried
out using the Langmuir equation or equations derived from it. Its disadvantage consists in the
necessity to obtain experimental adsorption isotherms for each gas in the gas mixture on the used
adsorbent. This approach is expensive, especially in the case of multicomponent mixtures, such as
synthesis gas. The paper demonstrates the prospects of an alternative method for calculating ad-
sorption isotherms of H,, CO,, CO gases in the PSA process for hydrogen extracion from synthesis
gas on block zeolites 13X using the Dubinin—Radushkevich-Astakhov (DRA) equation. Using zeo-
lites 13X made by three samples, experimental adsorption isotherms of H, CO,, CO at temperatures
of 293 and 323 K, and adsorption isotherms of N at a boiling point of 77.35 K were obtained. Using
experimental isotherms, the problems of parametric identification were solved, and the parameters
of the DRA equation for H,, CO,, CO gases on block zeolites 13X were determined. It has been
found that the calculation of adsorption isotherms of H,, CO2, CO gases on zeolites 13X, the char-
acteristics of which fall within the ranges of the limiting adsorption volume 0.258-0.296 cm®g and
the characteristic adsorption energy 10279-13395 J/mol, respectively, can be correctly carried out
using the DRA equation in the temperature range of 293-323 K and the pressure range of 0-30 atm.
In this case, the maximum value of the mismatch between the experimental gas isotherms and those
calculated by the DRA equation is 14.69% for Hy; the minimum value is 1.81% for CO,. Certain
affinity coefficients make it possible to calculate the adsorption isotherms of H,, CO,, CO gases in
the obtained ranges of the limiting adsorption volume and characteristic adsorption energy using
only one isotherm of the standard gas (N2) on the zeolite 13X used. The versatility of the DRA
equation can be used to calculate the adsorption isotherms of various gases, mixtures, and adsor-

bents in cyclic adsorption processes.

Key words: pressure swing adsorption, zeolite 13X, hydrogen, synthesis gas, isotherm, Dubinin-Asta-

khov equation
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INTRODUCTION

Hydrogen is a promising source of energy, and
its consumption in the world doubles every fifteen
years. For 2020, more than 75 million tons of hydrogen
are consumed in the world. More than 50% of hydro-
gen is consumed in the production of ammonia and
more than 25% in the oil refining industry, and there is
a constant increase in hydrogen consumption in the en-
ergy sector [1, 2].

Today, the main method of hydrogen produc-
tion is the steam reforming of natural gas, which occu-
pies 75% of the production volume and makes it pos-
sible to obtain production hydrogen at the lowest cost
price of 2.5-5 $ per 1 kg [1, 2]. One of the key stages
is the process of adsorption separation of steam reform-
ing products in order to extract hydrogen of high purity
(99.99% vol. and higher) from synthesis gas [3]. The
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main components accompanying hydrogen in synthe-
sis gas are CO2, CO, CH4, and N2 [3]. The adsorption
separation process is usually organized according to
the principle of pressure swing adsorption (PSA) [4].
The PSA unit for hydrogen extraction is a complex
technological object that includes four or more ad-
sorbers, shut-off valves, receivers, and instrumenta-
tion. The principle of the unit operation consists in se-
guential alternation of adsorption and desorption pro-
cesses in adsorbers filled with an adsorbent. This is
achieved by providing different gas pressures at the ad-
sorption and desorption stages (for implementing the
PSA process, pressure at the adsorption stage must be
higher than at the desorption stage). As a result, a con-
tinuous flow of product hydrogen with a purity of
99.99 vol.% and higher is formed at the unit outlet [3].
Both various brands of active carbons [5, 6] and indus-
trial zeolites 13X [7, 8] and 5A [9, 10], which possess
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high selectivity for hydrogen-accompanying synthesis
gas components CO2, CO, CH4, N2, are most often used
as microporous adsorbents for hydrogen extraction
from synthesis gas. In addition, in recent years, new
promising adsorbents for hydrogen extraction, such as
metal-organic framework structures MOF, Cu-BTS,
Cu-TDPAT, new block adsorbents and a number of
others, have been developed [11-13].

The complexity and scale of the PSA unit and
the processes occurring in it require high economic
costs for their study by experimental methods. The
computational capabilities of the modern computer
technology allow for the study and optimal design
of PSA units using mathematical modeling methods
[3, 10, 14]. Mathematical models are systems of par-
tial differential equations describing the fields of ve-
locities, concentrations and temperatures [3, 15, 16].
Such systems are complex, since the variables of the
model are in complex relationships with each other and
with the transfer coefficients, and the solution of the
systems is carried out before the onset of the cyclic
steady state [17]. Currently, several approaches have
been developed to solve the PSA models [14].

One of the main tasks in the construction of
mathematical models is the correct calculation of ad-
sorption — desorption isotherms. In the majority of
works on modeling the PSA process for hydrogen ex-
traction from multicomponent mixtures, the equations
of Langmuir isotherms and derivative equations (ex-
tended Langmuir, dual-site Langmuir, Langmuir—
Freundlich) are used [3, 7, 9, 10, 17-19]. The coeffi-
cient values of isotherm equations for specific gas mix-
tures are found by experimentally determining the iso-
therms of gases included in the mixture in the temper-
ature range of 293-323 K (the range at which the PSA
process for hydrogen extraction from synthesis gas is
carried out) and then solving the problem of parametric
identification of the coefficients. The analysis of the
works shows that the values of the Langmuir isotherm
coefficients for the same gases and zeolites can differ
by whole orders of magnitude [3, 7, 9, 10, 17-19]. This
discrepancy can be explained by the fact that the prop-
erties of industrial zeolites of the same type (for exam-
ple, 13X or 5A) made by different manufacturers differ
from each other due to the peculiarities of the produc-
tion technology (the use of various binding compo-
nents in different amounts, different production meth-
ods). Moreover, the properties of the zeolite adsorbent
can also vary from the same manufacturer in different
batches. Therefore, in order to achieve high accuracy
of the PSA process model, it is necessary to experimen-
tally determine the Langmuir isotherm coefficients for
each gas included in the initial gas mixture, and not to
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use the literature data. This approach is expensive,
especially in the case of multicomponent mixtures,
such as synthesis gas (which can include up to
7 components).

An alternative method for calculating isotherms
is the Dubinin—Radushkevich-Astakhov (DRA) equa-
tion based on the theory of volumetric filling of mi-
cropores (TVFM) [20]. According to TVFM, for any
nature of adsorption interactions (i.e., under the action
of dispersion, electrostatic, or other forces) that cause
physical adsorption, an adsorption field created by a
solid appears in the entire micropore space. Adsorption
in micropores is characterized by volumetric filling of
the adsorption space, while the molecules sequentially
adsorbed in micropores do not form adsorption beds.
Therefore, the main geometric parameter characteriz-
ing a microporous adsorbent is the volume of mi-
cropores, and not their surface. This theory gave birth
to the Dubinin—Radushkevich—Astakhov (DRA) iso-
therm equation which was originally derived to de-
scribe adsorption isotherms at temperatures below crit-
ical for adsorptives using equilibrium standard states
of components in equilibrium phases: limiting adsorp-
tion at the equilibrium saturated vapor pressure of the
adsorptive [20]. The use of TVFM in the region of
supercritical temperatures is usually limited to an in-
terval extending to 100-150 K above the critical tem-
perature [21].

However, a number of works [12, 21-32]
shows that the DRA equation can be used to quantita-
tively describe experimental isotherms also at temper-
atures above critical by more than 100-150 K on active
microporous carbons, zeolites, silica gels, and molecu-
lar sieves. In particular, the DRA equation can be used
to describe the adsorption of CH4, N2, Hz on Zeo-
5A@MOF-74-1 zeolite at temperature T = 298 K and
pressure P = 0-22 atm [12]; H» on active carbons [23, 24];
Ar on zeolite 13X [32]; CH4 on zeolites 13X, CaLSX,
KLSX, LiLSX at T = 298-343 K and P = 0-1 atm [31];
CHya, N2 on zeolites Cu-BTC and MaxSorb at T = 298-
303 K and P = 0-40 atm [30]; CO on zeolite 13X at
T = 293-343 K and P = 0-1 atm [27]. Works [22, 25]
propose to replace the saturation pressure with stand-
ard pressures. With the help of molecular dynamics
calculations, it is shown that this replacement leads to
an increase in the accuracy of calculating isotherms us-
ing the DRA equation in subcritical temperature ranges
for microporous carbons [22].

The application of the DRA equation for cal-
culating adsorption isotherms is carried out according
to the following procedure. First, it is necessary to ex-
perimentally determine the isotherm of the standard
substance (for zeolites, the standard gas is usually N»).
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Then, with its help, the coefficient values of the limit-
ing adsorption volume of the adsorbent W, and the
characteristic energy of adsorption E are restored. To
calculate the isotherms of other gases included in the
gas mixture using the DRA equation, the affinity coef-
ficients B (for a standard gas B = 1), which are deter-
mined experimentally or calculated using approximate
equations, are used on this adsorbent. The most accu-
rate method for determining the affinity coefficients [3
is experimental. The affinity coefficient B for the cor-
responding gas is thus determined from the ratio of the
ordinates of the characteristic curves [20]. There are
also several approximate equations for calculating the
affinity coefficient, such as the parachor relation equa-
tion, molar heat capacity equation of the considered
and standard substances; equations that take into ac-
count the polarity and non-polarity of adsorptive mol-
ecules, the multiplicity of bonds, the presence of quad-
rupole and dipole moments and a number of other ef-
fects [33]. However, in practice, all these equations are
often inferior in accuracy to the experimental method,
when commercial adsorbents are used as adsorbents
suitable for the equation.

It should be noted that one experimental iso-
therm of the standard (model) gas, from which the co-
efficients Wo and E are determined, is sufficient for us-
ing the DRA equation. The remaining isotherms of
gases entering the gas mixture can be calculated using
the found Wy and E for the model gas and the affinity
coefficient B for the gas under consideration.

The purpose of this work is to study the possi-
bility of using the DRA equation for calculating the ad-
sorption isotherms of synthesis gas components in the
PSA process for hydrogen extraction (using perspec-
tive block zeolites 13X as adsorbents) and determining
the ranges of coefficient values of the DRA equation
for block zeolites 13X, which ensure the correct calcu-
lation of adsorption isotherms.

METHODS AND MATERIALS

To determine the equilibrium conditions in the
gas mixture—adsorbent system, studies were carried out
to obtain adsorption—desorption isotherms of Hz, CO,,
CO (which are the main components of synthesis gas —
the initial gas mixture). Three samples of block zeolites
13X (Roskhimzashchita Corp.) made of zeolite powder
from different manufacturers were selected as adsor-
bents. This is necessary for determining the ranges of
coefficients Wy and E of the DRA equation, where the
correct calculation of adsorption isotherms is provided.
The study used the following samples of zeolites: 13X-
1 — block with equivalent diameter of pore channels
d = 0.20 mm made from zeolite powder by Zeochem
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(Switzerland); 13X-2 — block with d = 0.26 mm made
from zeolite powder by HKC Corp. (Hong-Kong,
Chine); 13X-3 — block with d = 0.33 mm made from
zeolite powder by KNT Group (Russia).

At the first stage, the process of obtaining ad-
sorption—desorption isotherms for a model gas (N2)
was studied. Using an Autosorp 1Q gas sorption meter
(Quantachrome, USA), the complete N2 isotherm was
obtained at a boiling point of 77.35 K for each sample
of zeolite 13X.

Further, according to M.M. Dubinin’s method-
ology, the obtained isotherms were plotted in semi-log-
arithmic coordinates for the working pressure range of
0-30 atm, at which the PSA process for H, extraction
from synthesis gas proceeds. For this purpose, the de-
pendencies of the equilibrium concentration ay, (P/Ps)
are plotted in semi-logarithmic coordinates, where the

values 1g? (%) are plotted along the x-axis, and the
N2

values Ig(ay,) are plotted along the y-axis. Next, ac-
cording to the experimental points of the graph
PS,NZ

lg(ay,) from lg? (P_NZ) the regression equation

y = Dx + C is constructed, where the values of the re-
gression coefficients D, C are determined.

The linearized isotherms for each zeolite sam-
ple are used to calculate the values of two coefficients
of the DRA equation (1), i.e. the limiting adsorption
volume W, (cm®/g) and the characteristic adsorption

energy E (J/mol):
n
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where k is the initial gas mixture component,
k = H,,C0,,CO; ay, is the equilibrium concentration
in the adsorbent, mol/kg; v}, is the molar volume of the
adsorbate, cm®/mmol; Ty is gas temperature; B is the
affinity coefficient to standard gas (N-); B is a param-
eter characterizing the predominant size of micropores,
1/K?; R is a universal gas constant, J/(mol K), R = 8.31;
Py ;. Is saturation pressure, atm; P, . is partial pressure,
atm; n is the exponent of the DRA equation; Mg is the
molar mass of the k-th component of the gas mixture,

A

Ps,k =
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kg/kmol; py, is the density of the adsorbate, g/cm?; py,
is the gas density at a boiling point, g/cm?; Ty, ;. is the
boiling point of gas, K; a is the thermal coefficient of
limiting adsorption; T, is the critical temperature of
the k-th component in the gas mixture; pg,. ;. is the den-
sity of the adsorbate at the critical temperature, g/cm?;
by, is the molar volume constant, I/mol; R* is the uni-
versal gas constant, | atm/(mol K), R* = 0.0821; P
is the critical pressure of gas, atm; Ay, F, C, are An-
toine equation constants; P is the current pressure of
gas, atm; y, is the volumetric gas concentration,
vol.%. The initial data for calculating isotherms are
taken from [34]. For n = 2, the DRA equation (1) is
also known in the literature as Dubinin—Radushkevich
(DR) equation, and for n = 3, it is called the Dubinin—
Astakhov (DA) equation.

It should be noted that obtaining the complete
isotherm of the model gas is an optional condition; a
fragment of its isotherm is sufficient for the operating
pressure range, at which the PSA process is carried out.

Since the PSA process for hydrogen extraction
from synthesis gas proceeds in the temperature range
of 293-323 K, then at the second stage, using an iSorb
gas sorption analyzer (Quantachrome, USA), adsorp-
tion isotherms of Hz, CO,, CO are obtained at gas tem-
peratures of 293 and 323 K and pressures of 0-30 atm,
which correspond to the operating range of temper-
atures and pressures of the PSA process under con-
sideration.

Next, the affinity coefficients B, of Hz, CO,
CO gases included in the synthesis gas were deter-
mined. The 8, values for Hy, CO,, CO gases were de-
termined by solving parametric identification problems
(2) — (4) presented below.

The problem was formulated as follows: for each
k-th gas entering the synthesis gas (k = H,, CO,, CO), it
is necessary to find such values of the affinity coeffi-
cient B, and the exponent n of the DRA equation, for
which the mismatch RMSj, (root-mean-square error)
between the adsorption value a; determined experi-
mentally and the equilibrium concentration a;, deter-
mined by the DRA equation will be the smallest.

case 1
RMS; =minQ,, n=1,2,345; 2
n
Qn = 0_0112&2510 RMSy n; 3)

* 2
i(P)—ay;(Py
v (M) 100%; (4)

RMSy, ,, = \/%

ay,i(Py)
case 2
RMS; = 0.01@%2510 RMSy.; 29
0.01=sns<5
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1 ar,i(P)—ay;(Py)
RMS, = \/ﬁ i=1< ak,i(Py)
where RMS,, is the root mean square error; a; is the
adsorption value found experimentally, mol/kg; ay, is
the equilibrium concentration found by the DRA equa-
tion (1), mol/kg; P is gas pressure, atm; i is a measure-
ment number; N is the total number of measurements
of the adsorption value for three samples of the same
type of zeolite 13X.

In the optimization problem (3), case 1, the
value of the affinity coefficient (3, for the k-th gas is
determined, where the minimum value of the root-
mean-square error RMS ,, is achieved for a given inte-
ger value of the exponent n of the DRA equation (1).
In the optimization problem (2), case 1, among the five
values of RMS,, , (n = 1,2,3,4,5) defined in problem
(3), the smallest value RMS,, ,, and the corresponding
value of the exponent n of the DRA equation (1) is
chosen for the k-th gas. If the final value of RMS}, is
more than 15%, then another optimization problem is
solved — (2'), where n is the optimized continuous var-
iable 0.01 <n < 5.

Problems (2)—(4) were solved in the MatLab
software environment using the fmincon solver. The
SQP sequential quadratic programming algorithm was
chosen as the solution algorithm.

RESULT AND DISCUSSION

2
) 100%;  (4)

The complete isotherms of N at a boiling point
of 77.35 K on zeolites 13X are shown in Fig. 1. Table 1
shows W, and E coefficients determined by Dubinin’s
method for all samples of industrial zeolites 13X. Ta-
ble 1 also shows the values of W, and E coefficients
for zeolites 13X found in the works of other authors.

200&, cm/g
] 1
— vYVVVE
0,WWWVW'VWvvvrv'vv "
180- g 2 L
poooooon 0 oo dé’
E;E‘Scocmoooooo 00000000
160 190- y v
8. W'V
* 170 § 2
1404|8 S 2
hal 150- 5'% 3
120+ 140
130-
0.000,010,02 0,03 0,04 0.05

0.0 0.2 0.4 06 038 1.0
P/Py
Fig. 1. Complete nitrogen isotherms at a nitrogen boiling point of
77.35 K on zeolites 13X: 1 — 13X-1; 2 - 13X-2; 3-13X-3

Puc. 1. [TonHble n30TepMBI a30Ta IPU TEMIIEpAType KUIICHUS
aszora 77,35 K na neoymrax 13X: 1 - 13X-1; 2 - 13X-2; 3—-13X-3
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Table 1
Coefficient values of the DRA equation for zeolites 13X
(standard gas N2)
Taonuya 1. Koagduunentsl ypaBHenus APA
s meosinta 13X (crangaprubiii ras No)

Source Wo, cm®/g E, J/mol n
[20] 0.235 7473 2
[13] 0.230 15750 452
[32] 0.269 13638 2

13X-1 0.296 13395 2

13X-2 0.262 12916 2

13X-3 0.258 10279 2

The results obtained in the course of experi-
mental studies show that the values of the limiting ad-
sorption volume and characteristic adsorption energy
for block zeolite 13X are in the ranges of W, = 0.258 —
0.296 cm3/g and E = 10279 — 13395 J/mol. The
spread of W, and E values is as follows: the spread of
W, values is 14.73%, the spread of E values is 30.31%.
This indicates that in order to calculate the PSA pro-
cess for hydrogen extraction on zeolites 13X, it is rec-
ommended to clarify the values of these coefficients
using experimental nitrogen isotherms (as a model gas)
in the operating pressure range of the PSA process on
the industrial zeolite 13X used (if the manufacturer dif-
fers from those presented in Table 1). If it is not possi-
ble to obtain an experimental isotherm on a specific ze-
olite 13X, it is necessary to take into account the ob-
tained spread of W, and E coefficient values while cal-
culating the isotherm using the DRA equation.

a, mol/kg

H,

2.00 -
1.75 1
1.50 -
1.25 +
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0.00

0 5 10 15 20 25 30
P, atm
Fig. 2. Isotherms of Hz on zeolites 13X at temperatures: 293 K
(curve 1), 323 K (curve 2) and calculation using the DRA equa-
tion (solid line)
Puc. 2. U3orepmsl H2 Ha neonutax 13X npu Temneparypax 293 K
(xpuBas 1), 323 K (xpuBas 2) u pacueT 1o ypasHeHuio [IPA

(crtomHas TMHMS)

Figs. 2-4 show the obtained isotherms of H,
CO», CO at temperatures of 293, 323 K and pressures
of 0-30 atm, as well as the calculation of the equilib-
rium gas concentration using the DRA equation, where
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the coefficients 3, and n were determined for Hz, CO,,
CO by solving parametric identification problems (2) —
(4). The results of solving the problems are presented
in Table 2 (the line “RMS*, %” contains the obtained
minimum and maximum RMS).

a, mol/kg

0 5 10 15 20 25 30
P, atm
Fig. 3. Isotherms of CO2 on zeolites 13X at temperatures: 293 K
(curve 1), 323 K (curve 2) and calculation using the DRA equa-
tion (solid line)
Puc. 3. U3otepmel CO2 Ha neonurax 13X npu temneparypax 293 K
(xpuBas 1), 323 K (xkpuBas 2) u pacuer 1o ypaBHeHuto JJPA

(crutomHas TUHMS)

a, mol/kg cO
5-

0 5 10 15 20 25 30
P, atm
Fig. 4. I1sotherms of CO on zeolites 13X at temperatures: 293 K
(curve 1), 323 K (curve 2) and calculation using the DRA equa-
tion (solid line)
Puc. 4. U3otepmel CO Ha neonutax 13X npu temneparypax 293 K
(xpuBas 1), 323 K (xpuBag 2) u pacuet 1o ypasHenurwo J[PA
(cruTotHas UHMS)

Table 2
Results of solving the problem of identifying the affinity
coefficients p and the exponent n of the DRA equation
for zeolite 13X
Tabnuya 2. Pe3yabTaThl pellleHUs 3212491
uaeHTUGUKAIUHN KO3 uuuenToB adPuHHOCTH B M
IKCMOHEHTHI n ypaBHeHusi IPA njs neosura 13X

Gas p* n* RMS*, %
H> 0.13 0.81 6.74-14.69
CO2 1.87 2 1.81-10.08
CO 1.06 2 7.95-10.59
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As a result of solving the problem of identify-
ing the affinity coefficients of the DRA equation, it can
be concluded that the DRA equation allows to correctly
describe the isotherms of H,, CO,, CO on block zeolite
adsorbents 13X in the temperature range of 293-323 K
and pressure range of 0-30 atm. The maximum mis-
match does not exceed 14.69%, which is achieved
when calculating the H; isotherm (Table 2). Thus, the
calculation of adsorption isotherms of the PSA process
for hydrogen extraction from synthesis gas (with the
composition Hz, CO,, CO) on block zeolites 13X can
be carried out using the DRA equation.

It is important to illustrate the achieved ad-
vantage of calculating isotherms using the DRA equa-
tion. In the PSA process for H, extraction from synthe-
sis gas with the composition Hz, CO2, CO the number
of isotherms that must be obtained experimentally will be:

using the Langmuir equation or its derivatives
— six experiments (two adsorption isotherms for each
H,, CO,, CO gas at two temperatures of 293 and 323 K);

using the DRA equation — one experiment for
the operating pressure range of 0-30 atm (1 isotherm of
N> obtained at room temperature or at a boiling point
of Nz).

As it can be seen, the advantage is achieved by
reducing the number of experimental isotherms that
must be obtained for calculations.

It should be noted that for all gases, except Hz,
the optimal exponent n of the equation was n = 2
(Table 2), which indicates the correctness of applying
the particular case of the DRA equation for calculating
adsorption isotherms, i.e. the Dubinin—Radushkevich
equation. For hydrogen, the use of the Dubinin—Ra-
dushkevich equation for one of the samples gave the
value of RMS = 45.64% for 13X-2, which is too large
an error. The average RMS for all H, samples for the
Dubinin—Radushkevich equation were RMS = 35.15%
for 13X. The RMS values for integer values of the ex-
ponent n > 2 turned out to be even higher. The best re-
sult was obtained at n = 1. The average RMS for all
samples at n =1 were: RMS = 24.68% for 13X.
Therefore, the identification problem for H, was also
solved according to the second scenario, case 2, prob-
lem (2"), (4"), which made it possible to continuously
vary the exponent of the DRA equation. This differ-
ence from other gases is explained by the fact that H,
is rather poorly sorbed on zeolites 13X and 5A in con-
trast to other gases CO,, CO, which is clearly seen from
the isotherms shown in Fig. 2-4. Hydrogen is in the re-
gion of low fillings, and its isotherm in the pressure
range of 0-30 atm and temperature range of 293-323 K
is close to linear; therefore, it is difficult to use the Du-
binin—Radushkevich equation (n =2). The DRA
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equation is a more general case and, using this equa-
tion, it is possible to find the values of the affinity co-
efficients § and the exponent n, at which acceptable
RMS values are achieved (Table 2).

Table 3 shows the values of the adsorption
heats AH for Hz, CO,, CO gases on block zeolites 13X
calculated on the basis of the obtained adsorption iso-
therms (Figs. 2-4), as well as the balance of the PSA
process for hydrogen recovery using a mathematical
model [3, 15, 16, 37].

Table 3
Values of adsorption heat AH (kJ/mol) for zeolite 13X
Tabnuya 3. Tenaorsl agcopouuu AH (k:x/Mo0J1b) A5
neoJura 13X

Source H» CO; CO
13X-1 7.28 31.56 22.95
13X-2 8.81 32.84 24.76
13X-3 10.17 43.22 19.53
[33] - 46.0 23.6
[33] 11.2 43.3 26.1
[7] 9.5 31.6 23.3

As in the case with the coefficients W, E, the
obtained values of the adsorption heat AH are also in
the ranges of AH (kJ/mol): 7.28-10.17 for Hy,
31.56-43.22 for CO,, 19.53-24.76 for CO. The ob-
tained intervals are valid for the temperature range
T = 293 — 323 Kand pressure range P = 0 — 30 atm.
The spread in the adsorption heat AH values is:
39.70% for Hz, 36.95% for CO,, 26.78% for CO.
The resulting spread in the heat AH values is con-
firmed by a comparative analysis of the heat AH values
presented in other works (Table 3). This spread must
be taken into account when calculating the heat balance
of the PSA process for hydrogen extraction from syn-
thesis gas on industrial zeolites 13X.

Table 4 shows the values of the affinity coeffi-
cients 3, of the DRA equation for H,, CO2, CO gases
using zeolites 13X presented in other works.

Table 4
Values of the affinity coefficients g of the DRA equation
for zeolite 13X (nitrogen as a standard gas)
Tabnuya 4. 3nayenns ko3¢ppuunenTos agpdunHoctu
ypaBHenus JIPA s neosaura 13X
craHaapTHblii raz N»)

Source H, CO; CO

This work 0.13 1.87 1.06

[33] - 1.89 1.38

[33] - 1.86 1.37

[33] - 2.31 1.30

[38] - 2.43 1.39
45
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In the comparative analysis of the affinity co-
efficients  of the DRA equation obtained in this work,
some discrepancy with other works can be identified
(Table 4). The discrepancy is explained as follows. Ap-
parently, each of the works in Table 4 [33, 38] intro-
duced the experimental studies carried out for zeolites
13X made only by one manufacturer. Their names are
not given in the works presented in Table 4. In this
study, the problem of identifying the affinity coeffi-
cients  and the exponent n (2)—(4) was solved using
experimental data from several manufacturers. In fact,
the found values of the affinity coefficients B and the
exponent n cover the spread range of the coefficient
values W, = 0.258 — 0.296 cm®g, E = 10279 —
13395 J/mol for zeolites 13X (Table 1). This range is
the confidence interval for using the obtained affinity
coefficients p and the exponent n (Table 2). Thus, in
this work, the refined values of the affinity coefficients
B and the exponent n of the DRA equation were ob-
tained for calculating the adsorption isotherms of the
PSA process for hydrogen extraction from synthesis
gas on industrial zeolites 13X.

CONCLUSION

Using experimental methods for obtaining ad-
sorption isotherms of gases and the theory of volumet-
ric filling of micropores, the ranges of the coefficients
of the DRA equation have been determined, where the
correct calculation of sorption isotherms of H,, CO,
CO on block zeolites 13X is ensured (using three sam-
ples from different manufacturers): limiting adsorption
volume W, = 0.258 — 0.296 cm®/g and characteristic
adsorption energy E = 10279 — 13395 J/mol. It has
been established that the calculation of adsorption iso-
therms of H,, CO,, CO gases on industrial zeolites
13X, the characteristics of which fall within the ob-
tained ranges for W, and E, can be correctly per-
formed using the DRA equation in the temperature
ranges of 293-323 K and pressure ranges of 0-30 atm,
where the PSA process for H extraction from synthesis
gas with the composition Hz, CO,, CO is carried out.

The use of the DRA equation for calculating
the adsorption isotherms of H,, CO,, CO in the PSA
process for hydrogen extraction from synthesis gas will
eliminate costly experiments to determine the iso-
therms of H,, CO,, CO (included in the synthesis gas)
in the temperature range of 293-323 K and pressure
range of 0-30 atm. It is enough to be limited to only
one experiment on the removal of the sorption isotherm
of N2 (as a model gas) on the selected zeolite 13X to
refine the coefficients W, and E. If the obtained coef-
ficients W, and E fall into the intervals for W, and E
found in this work, then to calculate the isotherms of
the remaining gases Hz, CO,, CO it is necessary to use
the obtained affinity coefficients and the exponent n of
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the DRA equation, which were determined as a result of
solving parametric identification problems. The maxi-
mum value of the mismatch between the obtained ex-
perimental isotherms of H,, CO,, CO gases and the iso-
therms calculated using the DRA equation was 14.69%
for Hz, and the minimum value was 1.81% for CO,.

The approach proposed in the paper can be
used to assess the applicability of the DRA equation
for calculating adsorption isotherms of gases in various
cyclic adsorption processes with various gas mixtures
and adsorbents. The applicability of the DRA equation
for calculating the adsorption isotherms of various
gases in the PSA process on other zeolite adsorbents
requires additional research.
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