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Abstract: Samples of commercial adsorbents — activated carbon (AC), zeolite (ZS), and silica gel (SG) — were studied in
the adsorption processes of hydrogen, methane, nitrogen, carbon dioxide, and carbon monoxide in order to assess their
efficiency for hydrogen purification from gas impurities. The composition and morphology of the materials were
characterized using scanning electron microscopy and energy-dispersive X-ray microanalysis. Textural properties (specific
surface area and pore structure) were determined from nitrogen cryosorption data using the BET, Gurvich, and BJH
models. Adsorption isotherms were obtained for all studied gases at pressures up to 25 atm and temperatures ranging from
0 to 50 °C. Isosteric heats of adsorption and ideal selectivities for the “impurity gas — hydrogen” pairs were calculated.
To evaluate the behavior of the studied adsorbents toward multicomponent gas mixtures, simulations were performed
using the Ideal Adsorbed Solution Theory (IAST). This approach revealed that in real mixtures, the selectivity

S1asT(CO2/Hy) increases by a factor of 1.5—3 compared to the values estimated from single-gas data.
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AnHoTanus: OOpa3iel KOMMEpYECKHX aacopOeHToB akTHBHpoBaHHOTO yrist AC, meonuta ZS u cunukarens SG Obutn
UCCIIEOBAaHbl B MpOIECCaxX aAcopOLMM BOAOPOJA, METaHa, a30Ta, YIVEKHCIOr0 M YrapHOTO ra3a Uil OLEHKU
5Q(QEKTUBHOCTH HMX HCMOJIb30BAaHHUA IIPU OYKMCTKE BOAOPOJA OT Ta30BbIX HpUMeced. MeTomaMu CKaHUpYOLIEH
AJIEKTPOHHOH MHUKPOCKOIIMM M JHEProJMCIIEPCHOHHOTO MHKpOaHaM3a OXapaKTepU30BaHbl COCTaB M MOp(hoJorus
MaTepuasioB. TEeKCTYpHbIE XapaKTEPUCTHKH (yAelbHas MOBEPXHOCTh M XapaKTep MOPUCTOCTH) PACCUUTAHBI MO0 MOJAEISIM
BOT, I'ypeuua u BJH Ha ocHOBe naHHBIX 1O KprocopOuuu azora. J[is BceX M3y4eHHBIX r'a30B MOCTPOEHBI W30TEPMBI
ajcopOyn B obiactu naBineHui g0 25 atM npu temneparypax ot 0 go 50 °C, ompeneneHbl H30CTEPUYECKUE TEILIOTHI
a1copOIMK, paccYMTaHbl HIEaNbHbIE CEIEKTUBHOCTH B Iapax «IPHMECHBIA Ta3 — BOXOPOA». [l OLEHKH MOBEICHHMS
N3y4YCHHBIX aJICOPOCHTOB 110 OTHOIIEHHI0O K MHOTOKOMIIOHEHTHBIM T'a30BBIM CMECSM IIPOBEICHO MOJEIMPOBAHMS
C WCIOJB30BAHHUEM TEOPHU HICATBHBIX ancopOupoBaHHBIX pacTBOpoB (IAST). JlaHHBIN MOIXOMA TTO3BOJIMI YCTAHOBUTH,

4TO B pealbHbIX cMmecsix ceneKTuBHOCTh SiaST(CO2/H;) yBenmumBaercs B 1,5-3 pa3a mo CpaBHEHHIO C pacueTamH MO
JAHHBIM JIs1 l/IHI[I/lBI/IJIya.HI)HbIX Tra30B.

KiroueBble caoBa: BOIOPOJ; KOPOTKOIMKIOBAs aacopOIHsi; aJCOPOCHTBI, TEOpHUS HICATbHBIX aJCOPOUPOBAHHBIX
pactBopoB (IAST).
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1. Introduction

At present, the main method for producing
hydrogen is its extraction from the products of natural
gas steam reforming or purification of by-product
gases from oil refineries [1, 2]. Three primary
methods are currently used for separating hydrogen-
containing gas mixtures: partial condensation,
pressure swing adsorption (PSA), and membrane gas
separation [3].

Hydrogen purification is most commonly carried
out by pressure swing adsorption (PSA), which is
based on the preferential adsorption of impurities
when a gas mixture is passed under high pressure
through an adsorbent bed, followed by desorption
upon pressure reduction [4,5]. Activated carbons,
zeolites, and silica gels are typically used as
adsorbents in PSA systems [6, 7].

Activated carbon is a highly porous carbon
material obtained from various precursors such as
coal, petroleum, or plant-based sources. Different
activation methods yield carbons with a wide range
of pore volumes, structures, and surface chemical
compositions. The average pore size varies from 35 A
to 2050 A. For example, BPL-grade activated carbon
has a surface area of 1100 mz-g{l and a pore volume
of 0.7 cm3-g71, making it suitable for hydrogen
purification by PSA [8].

Zeolites are aluminosilicates with a three-
dimensional framework of [XO4] tetrahedra, where
X =Al or Si. They are classified according to their
Si/Al ratio: type A zeolites (Si/Al~ 1.0), type X
(Si/Al~1.0-1.5), and type Y (Si/Al~1.5-3.0).
In industry, calcium-exchanged zeolite SA — with a
pore size of 5 A and a surface area of 460480 m?’- g71
is commonly used for hydrogen purification [9—11].

Silica gel is a porous amorphous form of silicon
dioxide with an interconnected pore network.
Depending on the synthesis method, it can have
micropores  (Ssp~ 700-800 mz-gfl), mesopores
(Ssp~ 520 mz-gfl), or macropores (Ssp~ 320 mz-gfl).
The Sorbead® H grade of silica gel, containing 3—
4 % aluminum oxide, has a surface area of 750 m’- gﬁ1
and a pore volume of 0.5 cm3-g71, making it an
effective adsorbent for hydrogen purification [12, 13].

The evaluation of hydrogen purification
efficiency on each adsorbent was performed using
simulations based on the Ideal Adsorbed Solution
Theory (IAST). The IAST assumes that adsorbed
molecules form an ideal solution on the adsorbent
surface. In this model, the adsorbent is considered
thermodynamically inert with a constant surface area,
and adsorption is described through the Gibbs

approach [14]. It has been shown that IAST-based
modeling provides results more rapidly than grand
canonical Monte Carlo simulations [15]. For the
calculations, a specialized Python-based program
under the MIT license (pylAST) was used [16].

The aim of this work is to characterize the
adsorbents AC, SG, and ZS, and to evaluate their
performance in hydrogen separation from gas
mixtures using the IAST model.

2. Materials and Methods
2.1. Initial materials

For characterization, specific samples of
commercial adsorbents provided by the scientific and
industrial company Grasys (Moscow) were selected
for testing: activated carbon AC, silica gel SG, and
zeolite ZS. These materials are considered potential
alternatives to the adsorbents currently used in
industrial PSA units.

2.2. Research methods

The morphology of the materials was examined
using a TESCAN Vega3 XM scanning electron
microscope (SEM) at an accelerating voltage of
10 kV. Both secondary and backscattered electron
detectors were employed, and the sample surfaces
were gold-coated to ensure electrical conductivity.
Elemental composition was determined using an
Oxford Instruments INCA X-act energy-dispersive
(EDX) microanalyzer.

X-ray diffraction (XRD) data were collected at
room temperature using a Thermo ARL X’TRA
powder diffractometer with CuKo radiation
(L=1.5405 A). Measurements were performed in
reflection geometry using a semiconductor Peltier
detector, over a 28 range of 5° to 65° with a scanning
rate of 0.5°-min """

The porous structure of the samples was
investigated by nitrogen cryosorption at —196 °C
using an IMC Prosurf-v1220 instrument. Prior to
measurements, the samples were degassed under
vacuum (5.0-1073 mmHg) and activated at different
temperatures: 200 °C for activated carbon, 130 °C for
silica gel, and 150 °C for zeolite. The specific surface
area was calculated using the BET model in the
relative pressure range of (0.05-0.35)p/p,, while the
total pore volume was determined by the Gurvich
method at 0.97 p/py. The pore size distribution was
derived using the BJH method.

Excess gas adsorption on the sorbent surface was
measured by the volumetric (Sieverts) method.
Adsorbent granules (3-5 g) were placed in an
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autoclave, which was degassed to 5.0-10° mmHg
and activated at specific temperatures. After cooling,
the autoclave was placed in a thermostat to achieve
thermal equilibrium. Temperature control was
maintained using an ice bath and a high-precision
water thermostat, with temperature stability of +0.2,
0.3, and +0.1 °C depending on the experiment.

The autoclave volume was calibrated using
helium. For measurements conducted at non-room
temperatures, the volumes of the apparatus parts held
at different temperatures were accounted for.
The amount of adsorbed gas was determined from
manometric measurements by calculating the
difference between the introduced gas mass m( and
the residual mass m;. The difference between the

masses mq and m yielded the mass of the adsorbed
gas Am. Gas densities were obtained from
the Thermophysical Properties of Fluid Systems
database [17].

Uncertainties in pressure and temperature
measurements resulted in adsorption errors of

+0.032 mmol-g' for CO, CO, CHy u N, and

+0.017 mmol-g_l for Hj at 25 atm.

To describe the excess adsorption isotherms,
high-degree polynomial fits were applied using
OriginPro  software, with a coefficient of
determination R”>0.9998. The isosteric heat of

adsorption for CH4, CO,;, N, CO u H, was
determined from the slope of the isosteres, which
relate the logarithm of equilibrium gas pressure to the
reciprocal of temperature at constant adsorption.
The uncertainty in the isosteric heat Qjsost Was
estimated using the least squares method.
Measurements were conducted for the adsorption of
each of the five gases at three temperatures: 0, 22,
and 50 °C.

3. Results and Discussion

To determine the chemical composition and
surface morphology, the adsorbent samples were
analyzed using energy-dispersive X-ray spectroscopy
and SEM.

The high oxygen content in the activated carbon
AC (8 wt. %) indicates the presence of oxygen-
containing functional groups. The silica gel SG
showed a lower oxygen content (42 wt. %) and an
elevated carbon content (11 wt. %), which may be
attributed to surface contamination during synthesis.
The chemical composition of the zeolite ZS
corresponds to that of calcium zeolite A (Si:Al ~ 1.0).

Figure 1 presents SEM-images of the adsorbent
particle surfaces at both low and high magnifications.

150 mKm

Adsorbent — ZS

Fig. 1. SEM-images of the adsorbent surfaces

The activated carbon granules have sizes of
approximately 1.5-2.0 mm, featuring an irregular
surface and layered structure. In contrast, the silica
gel SG and zeolite ZS granules exhibit a rounded
shape with diameters of about 2.5-3.0 mm; their
surfaces also display defects, chips, and cracks.

The classification of the adsorbents as crystalline
or amorphous materials was performed using X-ray
diffraction (XRD) analysis.

The XRD pattern of the activated carbon shows
two broad peaks at 23° and 43°, corresponding to the
(002) and (100) reflections of graphite. The average
widths of these peaks were used to calculate the
crystallite dimensions along the basal plane L,

and perpendicular to it L, using the Scherrer
equation [18].
The L,=351 nm and

L.=1.02 nm, indicate the presence of nanosized
graphite crystallites within the activated carbon.

obtained values,
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Table 1. Adsorption characteristics
of the studied sorbents

Adsorbent cl:f];i;];icé Silingel Zeolite ZS
Seps g ! 994 741 408
Vpore, cm’-g ! 0.44 0.40 0.25
Fraction, %:

micropore 92 79 88

mesopore 7 20 9

macropore 1 1

The XRD pattern of the zeolite ZS exhibits
a series of narrow, intense peaks, confirming its
crystalline nature. Analysis of the diffraction data
showed that zeolite ZS crystallizes in a cubic unit cell
(space group Fm3m) with a lattice parameter of
a=(2.34+0.02) A, consistent with calcium zeolite
5A (Fm3m, a = 12.32 A) [19].

The specific surface area (Ssp, mz-gfl) of the
adsorbents was measured by nitrogen cryosorption
and processed using the BET theory. The total pore

volume (Vpore, cm3~g_1) and pore size distribution

were determined from the BET isotherms using the
Gurvich and BJH  methods, respectively.
The adsorption characteristics calculated from the
isotherm data are presented in Table 1.

The obtained values of specific surface area and
pore volume are consistent with literature data for
similar adsorbents [20]. The activated carbon AC
exhibits the largest surface area and porosity, whereas
the zeolite ZS shows the smallest values of Sy, and
Vpore- A high proportion of micropores is an
important criterion for the effective use of a material
as an adsorbent.

All three sorbents — activated carbon AC, silica
gel SG, and zeolite ZS — are characterized by
predominantly microporous structures. The activated
carbon AC possesses the highest fraction of
micropores, while the silica gel SG has the lowest.

Excess gas adsorption measurements were
carried out at three different temperatures: 0, 22, and

50 °C. The adsorbates selected for the study were Hp
and its most common impurities — CO,, CO, N, and
CHy. The excess adsorption isotherms of these gases

on the sorbents at room temperature (22 °C) are
shown in Fig. 2.

0 5 10 18 20 25
P, atm

CH, co

| ——co, N, ——H, |

CH, cO N, —o—H,

| —=—co,

Adsorbent — AC

Adsorbent — SG

15 20 25

| ——c0, —s—CH,

co N, —s—H |

Adsorbent — ZS
Fig. 2. Isotherms of excess gas adsorption on adsorbents at 22 °C
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Fig. 3. Values of excess gas adsorption ap4 at pressure P = 24 atm

For each of the three sorbents, the adsorption
isotherms of methane (CHy), carbon dioxide (CO5),

nitrogen (N3), and carbon monoxide (CO) correspond
to Type I isotherms according to the Brunauer
classification [21]. The linear region of these
isotherms lies within the pressure range up to
1-2 atm. The hydrogen adsorption isotherms on all
sorbents are nearly linear and are well described by
Henry’s law.

For each gas adsorbent pair, the values of excess
adsorption at the maximum pressure of 24 atm were
determined and are presented in Fig. 3 on the same
scale. The a4 values for a given gas/adsorbent pair
decrease with increasing temperature, indicating the
exothermic nature of the adsorption process.

The adsorption capacities of the gases for each
adsorbent decrease in the following order:
CO, >> CHy4> CO > Ny >>H,, which is consistent
with literature data for activated carbons [1] and
silica gels [22]. For strongly polar zeolites, however,
the adsorption sequence commonly reported in the
literature is CO,>>CO>CHy>N,>>H, [1].
The deviation observed for the zeolite ZS may be
attributed to a low number of adsorption sites for the
polar CO and the highly polarizable CO, molecules
with large quadrupole moments.

The calculated isosteric heats of adsorption in
the temperature range 0 to 50 °C for CHy, CO,, CO,
N», and H; are presented in Table 2.

Table 2. Values of isosteric heats of adsorption Qjgost
for the studied gases

Gas Adsorbent Oisost kI -mol ™!
CH, AC 15.5-17.5
SG 15.3-16.9
ZS 14.2-17.2
CO, AC 20.2-23.2
SG 18.3-20.4
ZS 13.5-25.5
N, AC 10.9-13.7
SG 7.1-11.9
7S 9.0-12.6
CO AC 13.8-16.1
SG 11.3-15.7
7S 10.2-15.2
H, AC 4.1-6.3
SG 3.8-5.2
ZS 3.8-5.8
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Based on the obtained adsorption isotherms for
each impurity gas (CHy, CO,, Ny, and CO), the ideal
selectivity coefficients relative to hydrogen were
calculated as follows:

a(X)p.r

Sia(XH,) = )
a(Hz)p,T

(M

where a(X),, and a(H,),, are the excess

adsorptions of gas X and hydrogen H; on a given
adsorbent at temperature 7 and pressure P.

The values of the ideal selectivity coefficients
for each gas on activated carbon AC correlate well
with literature data for BPL carbon. However, for
zeolite ZS, the selectivities for CH4/H, and Ny/Hjp
pairs were found to be four times lower than those for
commercial zeolite 5A; for CO/H,, almost 16 times

lower; and for CO,/H;, about two orders of
magnitude lower than reported values. This reduction
is attributed to a limited number of available
adsorption sites capable of binding impurity gases on
the adsorbent surface [1]. It is possible that the
studied sorbents require more rigorous activation
conditions than those recommended by the
manufacturer and used in this work.

For the ideal selectivity coefficients Siy(X/H,),

a decrease with increasing pressure P was observed,
indicating higher gas separation efficiency at lower
pressures. This behavior is due to the different shapes
of the excess adsorption isotherms for impurity gases
(Type 1, according to Brunauer’s classification) and
for hydrogen (linear isotherm).

At low pressures, the ideal selectivity relative to
hydrogen increases with decreasing temperature. This
is associated with the higher heat of adsorption of
impurity gases compared to hydrogen, leading to a
greater increase in excess adsorption of the impurity
gas under identical pressure conditions.

The ideal selectivity coefficients S,4(X/H,)

account only for gas adsorption at equal partial
pressures on pure adsorbents. Therefore, to model gas
behavior in real multicomponent mixtures, other
approaches must be applied—such as calculations
using the IAST.

The IAST allows for the calculation of the
excess adsorption of each gas component in a mixture
based on their partial pressures in the gas phase and
the adsorption isotherms of the pure gases.

The IAST selectivity coefficient for gas
separation was calculated using the following
equation, which accounts for the gas composition in
the mixture:

appst(X) 9o(H,)
appst(Hy) o(X)

where ¢(X) and ¢(H,) are the volume fractions of

Siast(XH; )= (2

gas X and hydrogen in the gas mixture being
separated, and a;zg7(X) and ajaqr(H,) are the real
adsorption values obtained from the IAST model
calculations.

The active adsorption sites on the surface are
initially occupied by the most strongly adsorbed
component (CO,), followed by gases in the order

CHy4 > CO > Hj. The competition for adsorption sites
is also influenced by the composition of the
equilibrium gas mixture above the adsorbent.

At present, the key method for hydrogen
production is its purification using adsorption-based
techniques from the products of natural gas steam
reforming. The gas mixture (mixture 1) obtained after
cooling of the reaction stream has the following
composition: 70-80 % Hj, 15-25% CO,, 3-6 %
CHy, 1-3 % CO, and small amounts of N, impurities.

To perform a preliminary selection of the
adsorbent and determine the optimal conditions for
hydrogen purification from impurities in gas
mixture 1, IAST modeling was applied to a model gas
mixture with the following composition: 73.5 % Hp,

20% CO,, 45% CHy, and 2.0% CO. This
composition corresponds to the average impurity
content of CO,;, CHy, and CO in the real gas
mixture I subjected to purification.

Below is a comparison of the ideal selectivity
coefficients with the IAST separation selectivity
coefficients in the Henry’s law region (Table 3) and
at a pressure of 20 atm (Table 4).

For each sorbent in the Henry’s law region
(P <1 atm), the selectivity coefficient according to
IAST for the CO,/H, pair, Siast (CO2/H»), is higher
than the ideal selectivity Sjq (CO,/Hy) at 0, 22, and
50°C. This is due to the preferential adsorption of
carbon dioxide, which has the greatest affinity for the
sorbent. The largest difference between Siast

(COy/Hp) and S§;q (CO,/H,) is observed for zeolite
ZS, which effectively adsorbs carbon dioxide in the
low-pressure region. This is reflected in the shape of
the corresponding excess adsorption isotherm.

For CHy4 and CO, the values of Syast (X/Hy) are
comparable to Sjq(X/Hj). Recalculation using the
IAST model has almost no effect on selectivity, since
the adsorption values of CO, CHy, and H, decrease to
a similar extent due to competition with the more
strongly adsorbed CO,.
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Table 3. Comparison of ideal selectivity coefficients S;q and IAST selectivity coefficients SiasT
in the Henry’s law region

Adsorbent  Gas 0°¢ 2 20°C
Sid(X/Ha) S1asT(X/H2) Sid(X/Ha) SiasT(X/H2) Sid(X/Ha) S1asT(X/H2)

AC CO, 90.0 113.4 72.8 83.2 54.8 62.5
CHy4 38.3 36.9 32.2 30.5 322 21.4
CO 20.0 17.0 15.1 12.9 11.9 9.4

SG CO, 104.3 157.2 99.9 125.7 93.2 103.0
CHy 12.8 14.6 12.3 13.5 11.8 12.6
CO 10.7 12.4 9.3 10.1 8.0 8.8

VA COy 80.1 216.1 75.1 188.7 69.9 127.3
CHy4 15.3 20.2 124 13.9 9.5 9.7
CO 8.4 10.1 8.0 9.2 7.7 8.0

Table 4. Comparison of ideal selectivity coefficients Siq
and selectivity coefficients according to IAST Syagt at 20 atm
Adsorbent  Gas 0°¢ 227C 20°¢
Sid(X/Ha) S1asT(X/H2) Sid(X/Ha) S1asT(X/H2) Sid(X/Ha) S1asT(X/Hp)

AC CO, 8.9 57.3 8.7 46.8 8.5 32.9
CH4 54 11.8 53 11.4 5.1 11.3
CO 4.0 5.0 3.9 4.8 3.8 4.7

SG CO; 28.9 105.4 25.3 84.2 222 61.8
CHg4 7.7 7.6 7.1 7.4 6.5 7.1
Cco 5.9 4.6 5.4 4.4 4.7 42

VA CO, 8.3 70.7 7.9 65.8 7.6 54.0
CHy 44 4.6 43 4.4 42 43
CO 35 42 34 3.6 3.2 3.1

For the gas separation selectivity coefficients

calculated by IAST, Siast (X/Hj) in the Henry’s law
region — as across the entire pressure range —
a decrease in selectivity is observed with increasing
temperature. Therefore, lowering the process
temperature can enhance the efficiency of gas
mixture separation.

As with the ideal
Sia (X/Hy), the IAST

SiasT (X/Hp) also decrease with increasing total
mixture pressure (Table 4), indicating that gas
separation is more effective in the low-pressure
region. However, separation at low pressures is
practically impossible in the case of pressure swing
adsorption (PSA) processes, since desorption

selectivity coefficients

selectivity  coefficients

typically occurs in the low-pressure range, while
adsorption takes place at higher pressures — from 8§ to
28 atm.

Depending on the total gas mixture pressure and
experimental temperature, the most effective sorbent
for CO, removal can be either zeolite ZS (P < 12 atm
at 22 °C) or silica gel SG (P> 12 atm at 22 °C).
Activated carbon AC can be used for the most
effective removal of CO and CH4 impurities from gas
mixtures.

Thus, from the standpoint of real gas separation
selectivity calculated using IAST theory, hydrogen
purification from impurities is most effective at the
lowest possible temperature and under low-pressure
conditions. Under these conditions, zeolite ZS is the
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most efficient for removing CO, impurities, while
activated carbon AC is most effective for removing
CHy4 and CO. For gas mixture separation at higher
pressures (above 12 atm, which is closer to real
operating conditions), silica gel SG is preferable for

CO, removal, and activated carbon AC remains the
best option for CH4 and CO removal.

4. Conclusion

The surface morphology and structure of
commercial adsorbents — activated carbon AC,
silica gel SG, and zeolite ZS — have been studied.
All of these materials belong to the class of
microporous materials, with a micropore fraction
ranging from 79 to 92 %. The highest specific surface
area (Ssp=994 mz-gfl) and pore volume (Vpore =
=0.44 cm3-g71) are observed for AC, while the
lowest values are found for ZS (Sg,=408 mz-gfl,
Vpore = 0.25 cm3-g_l). Excess adsorption isotherms
for hydrogen and impurity gases (CO,, CHy, CO, Nj)
were measured at temperatures from 0 to 50 °C and
pressures up to 25 atm. It was found that the highest
adsorption occurs on AC, and the adsorption order of
gases follows the trend: CO,>> CHy> CO > N, >>
>>Hj. The highest isosteric heats of adsorption for
most gases were observed for activated carbon AC,
which possesses the largest Sgp and Vpore values.
Calculations of adsorption selectivity coefficients for
impurity gas/hydrogen pairs using the IAST model
show that Siast (COy/Hy) increases by a factor of
1.5-3 compared to Sjqg (CO,/H,), while for other
gases, the coefficients are comparable.
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