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Abstract: Co-Mn-containing composites based on diatomite as a carrier (matrix) were prepared using the energy-efficient
low-temperature combustion method using natural and activated diatomite from the Utesai deposit (Republic of
Kazakhstan) as a support (matrix). Activation included the stages of washing with water, calcination at 500 °C, and
treatment with an HCI solution in various combinations. The phase containing 5 wt. % of Co + 5 wt. % of Mn (calculated
as metals) was applied to diatomite by low-temperature combustion of a mixture of Co and Mn nitrates (oxidizers) with
urea (reducing agent, fuel) applied to diatomite. The maximum temperature in the combustion wave reached 337 °C.
The physicochemical properties of the composites were studied using X-ray diffraction, SEM/EDS, and the specific
surface area was measured according to BET on nitrogen. The main phases in the composites, according to XRD data,
were modifications of SiO; (quartz, tridymite, and cristobalite). According to the SEM/EDS results, there is an uneven
distribution of the Co-Mn-containing phase components over the surface of the catalyst granules, due to the heterogeneity
of the surface morphology and internal pores of natural diatomite. Impurity elements (Mg, Al, Na, K, Ca, Fe) were also
detected in the composition of the supports and catalysts. The specific surface area of the support samples ranged from
56.0 to 83.5 mz-gfl, and that of the composites — from 46.4 to 78.5 mz-gfl. The resulting composites are expectedto be used
as catalysts for deep oxidation of CO and hydrocarbons for environmentally important technologies for the neutralization
of man-made exhaust and waste gases.
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AHHoOTanmsi: DHeprod(GEeKTUBHBIM METOAOM HHU3KOTEMIIEpaTypHOro ropeHus mnonaydeHsl Co-Mn-conepixamue
KOMIIO3UTBl Ha OCHOBE IPHPOJHOTO W aKTUBHPOBAHHOIO IHATOMHUTA YTecaiickoro mecropoxueHus (PecryGinuka
KazaxcraHn) B kadecTBe HOCHTENS (MAaTPHIBI). AKTHBAIMS BKIIOYajia dTAlbl MPOMBIBKA BOJOU, mpokaiku mpu 500 °C,
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a Taroke o0padotku pactBopom HCl, B pasnuunbix coueranusix. Hanecenue dassi, conepxareit 5 mac. % Co + 5 mac. % Mn
(B pacyere Ha MeTaJUIbl), HA JUATOMHUT MPOU3BOJUIIU IyTEM HU3KOTEMIIEPAaTypHOro ropenusi cmecu HutpatoB Co u Mn
(okucauTENN) ¢ MOYEBHMHOHN (BOCCTAaHOBUTENB, rOprouee). MakcuManbHas TeMIepaTypa B BOJHE TOPEHHS TOCTUTAa
337 °C. UccnenoBansl (PU3UKO-XUMHUECKUE CBOUCTBA KOMITO3UTOB MeTomamu PDA, COM/D/IC, n n3MepeHa ynenbHas
MOBEPXHOCTh 1O ancopOuuu a3ora. OcHOBHbIMH (pa3amMu B cOCTaBe KOMIIO3MTOB MO JaHHbIM P®DA  sBisutnch
moaudukarmu  SiOp (kBapu, TpuauMUT U Kpuctodanur). CormacHo pesynabratam COM/DJIC, umeer MecTto
HEpaBHOMEpHOE pacmpenencHne koMmoHeHToB Co-Mn-copepikamieli (a3bl MO IMOBEPXHOCTH TPaHyN KaTalH3aTOpPOB,
CBSI3aHHOE C HEOJHOPOJHOCTHIO MOP(OJIOrHH MOBEPXHOCTH U BHYTPCHHUX IMOP MPHPOTHOIO NUATOMHUTA. Takke ObLIH
oOHapyskeHbl TpumecHbie teMeHTh (Mg, Al, Na, K, Ca, Fe). Ynenbnas nosepxHocth mo BOT 00pa3ioB Hocutenei
cocraBuiia oT 56,0 no 83,5 MZ/F, a KoMno3uToB — oT 46,4 no 78,5 M/T. [Tony4yeHHblE KOMITO3UTHI MPEANOIaraeTcs
WCTIOJIh30BaTh KaK KaTaIHM3aTOPBI Ipolecca Tiyookoro okucieHuss CO W yriIeBOJOPOMOB sl SKOJIOTUYCCKH BaXKHBIX
TEXHOJIOTUH HeﬂTpaﬂM?,aLlHld BBIXJIOIIHBIX U OTXOJAIIUX I'a30B TEXHOIeHHOM IMpUupoabl.

KaroueBble ciioBa: JAUATOMUT; aKTUBALMA; HU3KOTCMIICPATYPHOC IT'OPEHUE, KO6EU'II)T; MapraHen; KOMIO3UThbI.

s ouruposanusi: Jussupkaliyeva RI, Borshch VN, Bystrova IM, Pugacheva EV, Khomenko NYu, Rukhov AV,
Pomogailo SI. Synthesis of Co-Mn/diatomite composites by low-temperature combustion. Journal of Advanced Materials

and Technologies. 2025;10(4):290-300. DOI: 10.17277/jamt-2025-10-04-290-300

1. Introduction

Diatomite is a sedimentary rock formed from the
remains of diatomaceous algae, with abundant
deposits in Kazakhstan and Russia [1, 2]. The main
component of diatomite is silica SiO, (70-98 wt. %,
depending on the deposit), largely in an amorphous
state. Its characteristic feature is a highly porous
structure, resulting in a low density (on average
0.5-0.7 g‘crn_3), a high specific surface area, high
adsorption capacity, and low thermal conductivity.
Furthermore, it is quite heat-resistant and resistant to
aggressive environments. Due to these properties, as
well as its low cost, diatomite is widely used in
various industries and construction. Thus, in its
original or modified forms, it is an effective sorbent
for removing oil spills and waste containing
petroleum products [3], water purification from
aromatic compounds and esters [4], inorganic salts, in
particular, phosphates (in combination with Mg(OH),
[5]). Particular attention is paid to the development of
diatomite-based adsorbents for the removal of
organic dyes from waste and discharge water [6, 7].
High specific surface area and chemical stability are
attractive factors for the use of diatomite as a carrier
of deposited catalysts for various processes.
The range of developed diatomite-based catalysts is
currently quite wide. Diatomite modified with
organoaluminum compounds turned out to be an
active catalyst for ethylene polymerization [8]; with
deposited transition metal salts it showed high
activity in the process of catalytic pyrolysis of the
propane-butane fraction to obtain multiwalled carbon
nanotubes [9]. Diatomite-based catalysts have
demonstrated high selectivity in the isomerization of
a-pinene [10], the hydrogenation of vegetable oils to
particularly valuable cis-isomers [11], and the

hydrogenation of CO,; to methane [12].
Developments have been made of catalysts for the
deep oxidation of CO and propane [13],
formaldehyde [14, 15], and the liquid-phase oxidation
of As(Ill) compounds in an alkaline medium [16].
Catalysts for photooxidation processes in both
gaseous and liquid media, including those for water
purification processes, are being intensively
developed [17-21].

The most common method for synthesizing
supported catalysts is the impregnation of carriers
with solutions of active transition metal salts (most
often nitrates), followed by drying and calcination
[9, 23]. The disadvantage of this method is the high
calcination temperature (usually not less than 500 °C)
and the corresponding energy costs, as well as toxic
gas  emissions  containing  nitrogen  oxides.
An alternative to this method is the relatively recently
developed energy-efficient method of self-
propagating surface thermal synthesis or the low-
temperature combustion method [24-32]. Its essence
lies in impregnating the carrier with a mixture of
solutions of an oxidizer (usually transition metal
nitrates) and a reducing agent (fuel) — a water-soluble
organic compound (urea, glycine, citric acid, sucrose,
sorbitol, etc.). After drying, slight heating (< 200 °C)
initiates a self-sustaining combustion reaction in the
sample, usually proceeding in a wave mode.
The gaseous products of combustion are water vapor,
CO,, and, in the case of nitrogen-containing fuels,

Nj. The resulting catalysts often have a nanosized
active phase, which contributes to their high activity
and selectivity. We previously used this method to
obtain a number of catalysts for the deep oxidation of
CO and propane, as well as the hydrogenation of CO,

[29-32, 36] on a wide range of supports (y-Al,O3,
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silica gel (including modified Al,O3), zeolites NaX
and ZSM-5, halloysite (natural aluminosilicate
nanotubes), and the natural silica mineral opoka).
The catalysts demonstrated high activity, selectivity,
and stability in the processes studied. In [29], we
were the first to show that this method can be used to
obtain not only oxide but also metallic phases of
transition metals in the catalyst composition.

In this study, a low-temperature combustion
method was used to obtain composites containing
Co-Mn phases based on the initial and activated
diatomite. These composites are expected to be used
in the future as catalysts for the deep oxidation of CO
and hydrocarbons for environmentally important
technologies for the neutralization of exhaust and
waste gases of anthropogenic origin. The composition
of the Co-Mn-containing phase was selected based on
the results of our previous studies and literature data
[23, 29, 33-36], which showed that -catalysts
supported on various supports with a bimetallic active
phase Co-Mn were characterized by high activity and
stability in the process of deep oxidation of CO and
propane. The study was aimed at studying the
features of the synthesis process of various samples
of the Co-Mn/diatomite system, and the
physicochemical characteristics of the obtained
materials.

2. Materials and Methods
2.1. Composite preparation
2.1.1. Preparation of the carrier

Diatomite from the Utesai deposit in the
Republic of Kazakhstan was used as the carrier for
the composites. All carrier samples were crushed to
a 0.1-0.3 mm fraction using sieves, pre-washed
several times with distilled water to remove water-
soluble impurities and easily dispersible clay
impurities, and dried in an oven at 90 °C. Samples
that did not undergo further processing are designated
DI1. The next subset of samples were calcined at
500 °C for 3 hours, washed again with distilled water,
and dried in an oven at 90 °C (D2). The third part of
the carriers was washed with a 10 % HCI solution to
remove impurities of carbonates, oxides and
hydroxides of alkaline earth metals and iron, then
washed with distilled water until a neutral reaction
and dried in a drying oven at 90 °C (D3). The fourth
part of the samples was washed with a 10 % HCI
solution, then washed with distilled water until
a neutral reaction, dried in a drying oven at 90 °C,
calcined at 500 °C for 3 hours and again washed with
distilled water and dried at 90 °C (D4).

2.1.2. Synthesis of composites
by low-temperature combustion

The support samples prepared in accordance
with section 2.1.1 were impregnated with a mixture

of cobalt nitrate hydrate solutions Co(NO3),-6H,0
and manganese Mn(NO3),-4H,O (oxidizers), and

urea CO(NH;), (reducing agent, fuel). The required
amount of precursors to obtain a composite
containing 5 wt. % of Co and 5% wt. % of Mn
(calculated as metals) was calculated using the
following equation:

Co(NO3)y-6H,0 + Mn(NO3),-4H,0 + 4CO(NH,), —
— Co +Mn + 4CO, + 5N, + 18H,0. (1)

Thus, the maximum amount of reducing agent
(urea) was introduced into the precursor mixture,
sufficient to obtain the fully reduced (metallic) phases
of Co and Mn. This limiting case is far from always
realized; a mixture of metallic and oxide phases [29],
or even oxide phases alone, was often obtained.
In any case, unreacted fuel was simply washed from
the sample. The proposed metal content is the
minimum possible for achieving stable low-
temperature combustion.

The calculated amounts of nitrates and urea were
dissolved in a minimal amount of water at room
temperature, and the carrier samples were
impregnated with the resulting solution while stirring.
After drying in a drying oven at 90 °C, 10 g of the
samples were placed in a combustion reactor
assembled according to the diagram in Fig. 1.

6 /5

Fig. 1. A diagram of the experimental setup
for synthesis in the low-temperature combustion mode:
1 — sample; 2 — heat-insulating casing with a viewing
window; 3 — tubular quartz reactor with a flat bottom;
4 — quartz glass with a lid; 5 — dust collection system;
6 — thermocouple; 7 — argon supply; 8§ — backlight lamp;
9 — electric heater
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Throughout the experiment, the reactor was
purged with argon. The reactor bottom heater was
turned on and its power remained constant throughout
the entire process. Temperature was monitored with
a thermocouple placed in the sample layer at the
center of the reactor bottom. Thermocouple readings
were entered into a computer using a Metex ME-31
digital multimeter (Metex, Korea), and thermograms
of the process were plotted as a temperature-time
dependence. The sample combustion reaction began
at a random point near the reactor perimeter and
proceeded as a combustion wave, appearing as
a darkening wave accompanied by intense gas
evolution and dust emission above the sample layer.
After cooling, the sample in the reactor under argon

was stabilized with a 5 % H,O, solution to prevent
spontaneous combustion of any highly dispersed
metallic phases in the active phase. The sample was
then rinsed with distilled water and then dried at
90 °C. The fraction < 0.1 mm was removed from the
resulting product by sifting on a sieve.

The prepared samples have the following
designations: SCo5SMn/D1, 5Co5Mn/D2, 5Co5Mn/D3,
5Co5Mn/D4. The numbers before the names of the
elements indicate their content in the composites in
wt. %, calculated as metal.

2.2. Physicochemical studies of samples

The X-ray diffraction (XRD) analysis of the
samples was performed on a DRON-3M
diffractometer (Russia), using FeKo radiation.
Surface morphology and elemental composition were
analyzed using a scanning electron microscope with
an EDS attachment (SEM/EDS) (Zeiss Ultra plus
microscope + INCA Energy 350 XT energy-dispersive
spectrometer). Specific surface area was measured
using a dedicated laboratory setup designed and
constructed according to the design and methodology
of Russian Standard 23401-90, using a multipoint
scheme at liquid nitrogen temperature. Specific
surface area was calculated using the BET method.

3. Results and Discussion

Figure 2 shows thermograms of the synthesis
processes of composite samples on all types of

supports. Tg denotes the point of temperature rise at
the front of the combustion wave incident on the
thermocouple, when the heat release from the
chemical reaction begins to exceed the external heat
input. In essence, this value is close to the

autoignition temperature. The 7g values are quite
close for all samples. Tmax correspond to the

maximum temperatures in the combustion wave; the
spread of their values is more significant (~50 °C).
The splitting of the maximum temperature peaks
(Fig. 2) was previously observed in the case of the
synthesis of Co-Mn/yAl,O3 catalysts [29] and was
explained as the passage of combustion and
afterburning waves associated with the heterogeneity
of the porous structure of the samples and the
complex mechanism of the process, including the
autocatalytic action of newly formed oxo-metallic
phases.

The X-ray diffraction results for the support and
composite samples are shown in Fig. 3. As can be
seen, the diffraction patterns of both the support and
the resulting composites show only peaks

corresponding to three different SiO, modifications:
quartz, cristobalite, and tridymite. Thus, support
activation and composite synthesis do not
significantly affect their phase structure. Co- and Mn-
containing phases were not detected, apparently due
to their content being below the detection limit of the
method (~5 %) and the significant amorphous nature
of the support.

In order to study the phase composition of the
cobalt-manganese phase, the samples of 5Co5Mn/D1
and 5Co5Mn/D2 composites were boiled for 1 hour
in a 20 % NaOH solution according to our previously
proposed method [29], washed with distilled water
until a neutral reaction was achieved, and dried at
90 °C. As a result, the amorphous component of the
carriers dissolved, increasing the content of the
Co-Mn component in the residue. The mass loss of
the 5Co5Mn/D2 sample was 55.47 %, while that of
the 5Co5Mn/D4 sample was 58.27 %. The X-ray
diffraction results of the leached composite samples
are shown in Fig. 4.

As can be seen, the next phase, CoMn,0;, is
observed. This phase is a mixed oxide, meaning that
reduction during combustion according to reaction
(1) is incomplete.

The results of specific surface area
measurements for the initial and activated support
samples, as well as the Co-Mn-containing composites
based on them, are shown in the histogram in Fig. 5.

As can be seen, the processing processes affect
the specific surface area differently compared to the
original diatomite sample. A slight decrease is
observed only during the initial calcination of the
diatomite, but the acid treatment and calcination
processes lead to a significant increase in the specific
surface area, reaching a maximum in the case of
sample D4.
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Fig. 2. Thermograms of the composite’s synthesis process:
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Fig. 3. XRD-patterns of samples:
1-D1;2-D2; 3-5C0o5Mn/D1; 4 — 5Co5Mn/D2

Fig. 4. XRD-patterns of leached composite samples:

1 —5Co05Mn/D2; 2 — 5Co5Mn/D4
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Fig. 5. Histogram of specific surface area values of support and composite samples

This is likely due to the opening of small pores
in the support. The application of the Co-Mn-
containing phase leads to a nearly identical
dependence of the specific surface area of the
composites on the specific surface area of the
supports (except for the 5Co5Mn/D3 sample), with a
slight decrease in the specific surface area of the
composites. This suggests that the dispersion of the
metal-containing phase is somewhat lower than the
characteristic pore size of the support, as a result of
which some of the small pores of the support may be
blocked by particles of the applied phase. It should be
noted that the specific surface area of the composites
obtained in  this study is  significantly
(by approximately 15 mz-g_l) higher than that of the
5Co5Mn/flask composites obtained by us previously
[36], which demonstrated high catalytic activity in

Fig. 6. SEM-image of D2 sample

the process of deep oxidation of CO and propane.
It should be noted that flasks are similar in
composition and structure to diatomite, so it can be
expected that diatomite-based composites will also
exhibit high catalytic activity.

The results of the elemental analysis of the
surface of composite granules according to
SEM/EDS data at points in Figs. 6 and 7 are
presented in Tables 1 and 2.

According to Table 2, significant levels of
impurity elements (Na, K, Mg, Ca, Al, and Fe) are
observed in both the carrier and finished composite
samples. This is related to the natural origin of
diatomite and depends on the specific deposit.
The highest concentrations are indicated for iron-
containing phases, which impart a characteristic
reddish-brown hue to the original diatomite samples.

Fig. 7. SEM-image of catalyst sample 5Co5Mn/D2
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Table 1. Elemental composition of the surface (wt. %) of the D2 sample in the points in Fig. 6

Point Elements, wt. %
number 0 Mg Al Si K Ca Fe

1 31.91 0.52 1.50 41.16 2.36 1.32 21.23
2 35.75 0.42 1.88 21.96 0.95 0.56 38.48
3 58.40 0.58 4.64 32.79 1.32 0.42 1.85
4 49.14 0.56 4.57 40.25 1.63 0.73 3.12
5 67.28 0.13 1.87 29.62 0.42 0.23 0.45
6 63.19 0.44 2.66 32.08 0.62 0.30 0.67

Mean 51.08 0.44 2.85 33.05 1.22 0.60 10.76

Table 2. Elemental composition of the surface (wt. %) of the 5Co5Mn/D2 sample in the points in Fig. 7

Point Elements, wt. %
number o Na Mg Al Si K Ca Ti Mn Fe Co

1 57.25 0.60 0.43 344 28.05 0.54 0.55 0.77 3.78 1.04 3.55
2 24.47  0.00 0.10 2.65 13.07 1.12 0.85 044 2555 137 2739
3 56.16 0.13 0.31 2.02 2933 033 0.55 0.15 5.05 0.97 5.00
4 11.82  0.00 0.18 145 10.84 1.48 1.58 095 3225 652 3293
5 54.50 0.20 0.31 1.95 2376  0.52 0.65 0 8.28 1.74 8.12
6 33.74  0.08 0.26 332 3475 097 0.80 0.05 11.53 224 1225
7 18.87  0.00 0.08 2.09 11.24 0.10 0.64 0.00 29.16 6.73 31.09
8 29.46  0.30 0.65 3.03 2879 0.62 2.04 0.82 1489 751 12.26
9 5.07 0.00 0.11 2.77 4.95 0.60 2.19 0.00 31.52 12.86 39.94

Mean 3237 0.15 0.23 2.55 2047 0.69 1.09 035 18.13 492 19.17

Note the wide range of concentrations of cobalt- To study the surface morphology of the

and manganese-containing phases on the surface of
various composite granules, apparently related to the
varying absorption of the initial precursor solution by
the individual granules. This absorption, in turn,
depends on the wettability and pore structure of the
individual granules, which varies greatly due to the
structural  heterogeneity of natural minerals.
This heterogeneity manifests itself when the carrier is
crushed into granules of different types. Even
visually, Figs. 6 and 7 reveal granules with a denser
surface and granules that are essentially
conglomerates of small particles. However, the
higher average Co and Mn contents, compared to the
calculated values, indicate that the metal-containing
phases are concentrated primarily on the outer surface
of the granules. The surface morphology of the
composite granules is shown in more detail in Fig. 8.

composite in Fig. 8, composite granules based on two
main types of carrier granules were selected.
Granules of the first type (Fig. 8a) are denser,
layered, and covered with micron-sized crystallites.
However, at the nanoscale, a flaky surface structure
appears, with characteristic flake sizes <200 nm.
The composition of these morphological elements,
due to their size, cannot be analyzed by EDS. Since
the specific surface area of this composite sample is
smaller than that of its carrier (see Fig. 5), the
morphology of the metal-containing phase can be
associated with the noted micron-sized crystallites on
the surface. Granules of the second type (Fig. 8b)
have the appearance of loose breccia-type
conglomerates; however, at the nanoscale, in contrast
to granules of the first type, their stepped surface is
smoother and permeated with nanopores. No details
that could be associated with the deposited phase are
observed at this level.
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Fig. 8. SEM-images of two 5Co5Mn/D2 composite granules of different structure

4. Conclusion

Composite materials with a deposited Co-Mn-
containing phase were obtained using low-
temperature combustion on the basis of natural and
activated diatomite samples. These materials were
then used as catalysts in the deep oxidation of CO
and hydrocarbons. In addition to the original
diatomite (D1), three types of activated diatomites
were obtained: those calcined at 500 °C (D2), those
treated with an HCI solution (D3), and those treated
with an HCI solution and then calcined at 500 °C
(D4). Synthesis of the composites by low-temperature
combustion included the following  steps:
impregnation of the diatomite samples with solutions
of Co and Mn nitrates (oxidizers) and urea (reducing
agent, fuel), drying, and initiation of the combustion
process by heating the impregnated samples.
The process was visually observed in the combustion
wave mode. The maximum temperature in the

combustion wave (337 °C) was recorded during the
synthesis of the 5Co5Mn/D1 composite. In the
thermograms of the synthesis of three composite
samples, in addition to 5Co5Mn/D1, secondary peaks
were observed, apparently associated with the
passage of afterburning waves due to a complex,
possibly autocatalytic combustion mechanism.
According to XRD data, only peaks of various SiO,
phases (quartz, tridymite, and cristobalite) were
observed in the composites. The specific surface area
of the composites ranged from 46.4 to 78.5 rnz-g_l.
EDS analysis revealed a significant spread in the
surface concentrations of Co and Mn, mainly on two
types of granules, apparently associated with the
structural  heterogeneity of natural diatomite.
Noticeable concentrations of impurity elements,
including iron, were also detected. The SEM
morphology of composite granules with two different
surface types was studied. Some assumptions are
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made about the morphology of the Co-Mn-containing
phases. The resulting composites are similar in
composition to our previously synthesized
5Co5Mn/opoka composites, which demonstrated high
catalytic activity in the deep oxidation of CO and
propane. Since these diatomite-based composites
have a significantly higher specific surface area
(approximately 15 m”- g ! )  compared to
5Co5Mn/opoka, their high catalytic activity can be
assumed.
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Abstract: The paper provides the phenomenological description of the effects of cluster formation and separation of
cohesionless spherical particles by size and density in a bed of a rarefied granular medium under the action of vibrations in
microgravity conditions. Mathematical modeling of the structural and kinematic parameters of the granular medium is
performed based on its equation of state as a “gas of solid particles”. It is established that the condition for particle cluster
formation is sufficiently high values of the solid phase fraction and the thickness of the vibrating bed, at which the quasi-
thermal vibration flux has a limited area of active penetration into the bed volume. The separation process is
a consequence of the quasi-diffusion interaction of particles with different fluctuation velocity in the presence of a gradient
in the fraction of voids in the granular medium. The distribution of particles of a binary mixture of varying sizes was
simulated using the separation dynamics equation, which describes the transport of non-uniform particles as a result of the
coupling of quasi-diffusion separation and mixing fluxes. The simulation results are compared with experimental data
obtained with support from the European Space Agency (Parabolic Flight Campaign PFC64) using the VIP-Gran
instrument.
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Annoranus: [IpemtoxxeHo ¢eHomMeHONMOTHYEeCKoe omucanne 3()(eKkToB (OPMHUPOBAHUS KIACTEPOB M CEMapaluiu
HECBSI3HBIX CEPHUYECKUX YaCTHIl N0 pa3Mepy M IUIOTHOCTH B CJIO€ PA3peKCHHON 3epHUCTOM Cpembl Moj IeHCTBHEM
BUOpaIMii B yCIOBHAX MHUKpPOrpaBUTAlMU. [IpOBEIEHO MaTeMaTHYeCKOe MOJCIHPOBAHUE CTPYKTYPHO-KHHEMATHYECKUX
[IapaMeTpoB 3epPHUCTOI cpenbl Ha 0a3e ypaBHEHHs €€ COCTOSHHS KaK «ra3a TBEpABIX YAaCTHI, B pe3yiabTaTe KOTOPOIO
YCTaHOBJIEHO, YTO YCJIOBHEM ()OPMHUPOBAHUS KiIacTepa YacTHUIL SBJISIOTCS HOCTATOYHO BBHICOKHME 3HAYECHUS O TBEPIOH
(a3bl ¥ TONMHEI BUOPUPYIOIIETO CJIOS, IPH KOTOPBIX KBA3UTEIUIOBOW MOTOK BHOpALM MMEeT OrpaHHYeHHYIO 00J1acTh
aKTHMBHOIO NPOHUKHOBEHHs1 B o00beM cios. [lpomecc cenapaumu sIBIsieTCsl CIeACTBUEM KBa3uAH(D(Y3MOHHOTO
B3aUMO/ICHCTBUS YaCTHL, UMEIOIINX PA3IMYHYI0 CKOPOCTh (UIYKTyaluil Ipy HaJMYMK IPaJUeHTa JOJIU MyCTOT B 00beMe
3€pHHUCTOH cpebl. MoJennpoBaHue PaclpeneIeHNs YacTUL OMHAPHON CMeCH, pa3iIM4aloIluXcs 10 pa3Mepy, IPOBEeICHO
C MCHOJIb30BAaHMEM YPAaBHEHHUS JUHAMHKH CeTapaliy, ONHCHIBAIONIErO IPOIEcC IepeHoca HEOAHOPOAHBIX YAaCTHIl KaK
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1. Introduction

The study of small celestial bodies (asteroids and
planetoids) in the Solar System is of continuing
interest, both from scientific and practical
perspectives [1-5]. On the one hand, the research
results allow us to come closer to explaining the
mechanisms underlying the origin of the planetary
system [2—7] and life on Earth, and, on the other
hand, to predict ways to expand the existing resource
base with sources of rare earth elements and water.
A comprehensive overview of the interdisciplinary
findings on various aspects of small celestial bodies,
conducted using analytical and experimental
methods, including DEM modeling, various types of
astronomical observations, and space missions, is
presented in a review paper prepared by a large
international team of authors [1]. A significant
portion of this paper is devoted to the analysis of
these celestial bodies as granular systems from the
standpoint of classical mechanics and condensed
matter physics, with the goal of identifying
fundamental differences in their behavior under
microgravity conditions.

In this regard, the behavior of non-uniform
granular materials under conditions of minimal
gravitational influence has attracted increasing
attention over time [8—13]. The relevance of this
research is confirmed by the expanding range of
cognitive and practical problems associated with the
exploration and development of near and deep space.
In near-space environments, granular media, such as
the regolith covering the surface of the Moon and
hundreds of thousands of planetoids in the Solar
System, can serve as a building material for space
constructions and, in addition, solve the problem of
a shortage of unique mineral raw materials [1, 2].

Moreover, microgravity conditions appear to be
extremely favorable for fundamental research into the
effects of particle interactions in granular materials
and their physical and mechanical properties [11],
such as wave effects and the dissipative properties of
materials [14, 15], problems of gas-liquid quasi-
interphase transitions [11, 16], and fundamental

problems in the physics of nonequilibrium states of
granular media [17, 18].

This study was initiated by the results of
physical and virtual experiments with granular
materials consisting of spherical, cohesionless, not
entirely elastic, and non-smooth particles under
microgravity and  vibration  conditions  [2].
The experiments revealed pronounced clustering
effects in the granular material and identified certain
patterns in the formation of heterogeneous structures.
According to the authors of [2], the identified cluster
structures are characterized by a mnon-uniform
distribution of both the solid phase and non-uniform
particles. They appear largely enigmatic in the
absence of gravitational influence and require an
explanation of the phenomenology of their physical
mechanisms. The present work aims to provide
a phenomenological explanation and develop
a method for predicting the effects of cluster
formation and non-uniform particle distributions
under vibration influence on a granular medium
under microgravity conditions.

2. Materials and Methods
2.1. The object of the study and its analysis

By analogy with work [2], monodisperse bronze
particles and their binary mixtures with different
component concentrations were used as model
materials in this research. The sufficiently large
particle size of the components (1 and 2 mm) allows
us to characterize the model materials as non-
cohesive granular media. The basic experimental
information in this study was the results of physical
and virtual experiments performed within the
framework of work [2]. The virtual experiment was
performed by simulating the displacement of particles
as a result of their contact interactions during
vibration oscillations using the finite element method
(DEM). Under conditions of a low volume fraction of
the solid phase (0.03-0.17), particle contacts are
limited by their impact interactions, which are
accompanied by the action of frictional forces and
impact pulses. The frictional and impact pulse forces
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are determined in proportion to the tangential and
normal components of the relative velocity of the
colliding particles, respectively.

The DEM modeling results are in good
agreement with the results of a physical experiment
supported by the European Space Agency (Parabolic
Flight Campaign PFC64) using the VIP-Gran
instrument. The instrument consists of a measuring
cell loaded with granular material — a rectangular
container (45 x 30 x 5 mm). The opposite sides of
this container measuring 30 x5 mm function as
pistons and oscillate harmonically in antiphase with
a frequency of 20 Hz and an amplitude of 3 mm.

The experiments revealed that at a small cell
load of large particles (80 pcs.) with a solids fraction
of 1 —&=0.05 (the solids fraction is defined by the
authors of this paper as the ratio of the particle
volume to the cell volume) the granular medium
(sample 1) behaves like a gas of solid particles.
This is confirmed by the chaotic movement of the
particles and, according to the authors [2], their
uniform distribution throughout the volume. When
the cell loading is increased to a volume fraction of
1 —£=10.089, by adding a corresponding number of
small particles (500 pcs.) to the cell containing large
particles, a heterogeneous structure is formed in the
granular medium (sample 2), with a cluster in the
central zone of the cell having a high concentration of
the solid phase and large particles. Conversely, the
cell regions located near the vibrating surfaces are
characterized by a low solid phase content and a high
concentration of small particles. An increase in the
volume fraction of the solid phase and the
concentration of large particles in the cell leads to the
cluster volume in its central zone increasing
practically proportionally to the volume of the added
particles. It is important to note that, according to
visual analysis of the experimental data, in cells
loaded with non-uniform particles, the zones
bordering the vibrating surfaces contain exclusively
small particles in a gaseous state of solid particles
with an approximately equal distribution of their
concentration in the direction of vibration.

2.2. Selection of research method
and object of the study

The shortcomings of traditional methods of
mathematical modeling of granular media dynamics
based on finite element analysis (DEM) [19, 20] and
the continuum approach [21, 22] fundamentally limit
their predictive capabilities and are a factor
determining the need to develop phenomenological
models [20, 23]. According to [19, 24],

phenomenological models of granular media
dynamics require intensive development.

This paper develops a phenomenological model
of the dynamics of the structural and kinematic
parameters of a granular medium and the distribution
of its non-uniform components under microgravity
conditions and vibration action on it from the
bounding surfaces [2]. The bounding surfaces are
formed by two parallel plates, the dimensions of
which, compared to the distance between them, are so
large that the volume of the medium between them
can be represented as an infinite plate. The surfaces
perform harmonic oscillations in antiphase with
complete coincidence of the vibration parameters.
The listed characteristics of the object allow us to
represent the problem being solved as one-
dimensional and symmetrical.

The proposed phenomenological description
establishes a relationship between the parameters of
vibrational oscillations and a set of particle
characteristics of a granular medium, with its
parameters determining the conditions of dynamic
particle interaction. This description is intended for
use in predicting the distribution of particle
fluctuation velocities and the fraction of voids
(porosity) within a granular medium subjected to
vibrational oscillations in the absence of gravitational
influence, depending on the vibration parameters, the
complex of physical and mechanical properties of the
particles, and the volume fraction of the solid phase.

The description of the relationship between the
structural and kinematic characteristics of a granular
medium is based on the physical analogy of
a granular medium in a rarefied state under
conditions of weightlessness and vibrational
oscillations with gas dynamics [25, 26]. The physical
analogy suggests the existence of a relationship
between the dilatancy of a granular medium and its
pressure and granular temperature (the kinetic energy
of the relative movements of particles) with a formal
similarity of the relationship between the named
parameters with the equation of gas dynamics:

re(y)=%6(»), 1)

where p is the pressure of a granular medium
(dispersion pressure according to Bagnold [27]) due
to fluctuations of its particles under the action of
vibrational oscillations; 0(y) is the local temperature
value of the granular medium (kinetic energy of
chaotic movements of particles); &(y) is the

dilatancy of the medium caused by the quasi-thermal
movement of particles; y is the coefficient of the state
equation of state; y is the coordinate in the direction
of vibrational oscillations.
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Dilatancy of a granular medium is defined by the
expression [26]
— &(y)—¢gg
e(y)=——, )
1-¢(y)

where g, is the volume fraction of voids in the

granular medium under stationary bed conditions,
i.e., at 8(y) = 0; €(y) is the local value of the fraction

of voids in the volume of the medium at the nominal
dispersion pressure p and granular temperature 0(y)
caused by vibration action.

In defining a formal analogy between the state of
a granular medium under intense relative motion of
its particles and gas dynamics, the granular
temperature parameter is of primary importance.
In the traditional representation, temperature is
expressed [28] as a parameter proportional to the
averaged instantaneous value of the squared
component of the particle velocity of chaotic
fluctuations. In this paper, the granular temperature is
represented as the kinetic energy of particles, caused
by their relative motion during fluctuations during
mutual collisions under the influence of vibrational
oscillations [25, 26]. It should be noted that the
definition of temperature as the kinetic energy of
particles is used in a number of other studies [29, 30].

According to equation (1), its right-hand side
expresses the kinetic energy of particles, which they
possess due to their relative motion under the
influence of vibrational oscillations. The left-hand
side of the equation reflects the work performed by
particles per unit volume of the solid phase,
accompanied by the dilatancy effect, under the
influence of vibrational oscillations. Consequently,
the coefficient y of the equation can be recognized as
a parameter defining the relationship between the
work performed by particles under the influence of
vibrational oscillations, accompanied by the dilatancy
effect, and the kinetic energy of the relative
displacements of the particles.

Equation (1) is used to analyze the quasi-thermal
effect of vibrational oscillations and the
corresponding quasi-thermal flux in relation to their
influence on the structural and kinematic
characteristics of a granular medium and the kinetics
of the mixing and separation processes of non-
uniform particles. The quasi-thermal effect of
vibrational action is estimated [25, 26] by local
values of the kinetic energy of the particles (the
temperature of the granular medium) under the
assumption of the dominant role of the kinetic energy
of chaotic particle fluctuations, neglecting the energy
of their rotation around their own axes.

This assumption is supported by the results of a study
[31], according to which the role of the rotational
energy of particles becomes significant only under
conditions of high concentrations of “solid particle
gas”.

The component of the kinetic energy of particles
with non-uniform density, generated by vibration and
caused by the presence of a randomly distributed
fluctuation velocity in the solid phase elements, is

calculated as [25, 26]
1
0 =5p<y)<V'<y)>2, 3)

where p(y) is the average particle density; (V'(»))

is the average absolute value of the instantaneous
fluctuation velocity of conventionally uniform
particles, which will be defined below as a function
of the coordinate depending on the vibration
parameters, the physical and mechanical properties of
the particles, and the structural characteristics of the
medium.

2.3. Evolution of the structural and kinematic
characteristics of a granular medium under
vibrational oscillations in the absence of gravity

The temperature of a granular medium 6 is
determined under the assumption of its properties.
The granular medium is considered as a set of
spherical non-smooth inelastic particles. During
vibrational oscillations of the particles in the absence
of gravity, the set of particles is in a state similar in
physical properties to an elastic, compressible body.
The validity of this assumption is substantiated by the
mesoscopic  properties of granular materials,
according to which individual particles exhibit the
properties of a solid, while a given set of particles,
depending on the conditions of their interaction, can
exhibit properties similar to those of substances in the
liquid and gaseous states [32]. Harmonic oscillations
generated in the medium by the surface bounding its
volume will be accompanied by successive localized
decreases and increases in volume with a frequency
corresponding to the frequency of the vibrational
oscillations. Successive compressions and increases
in the volume of a medium are associated with the
effects of supply and dissipation of quasi-thermal
energy from vibrational oscillations [26].

The quasi-thermal flux Q(y) generated by
vibrating surfaces is expressed in accordance with the
diagram shown in Fig. 1. The quasi-thermal flux
emanating from the vibrating surfaces penetrates the
granular medium bed, being directed opposite the
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Fig. 1. Schematic diagram of quasi-thermal flux generation
by vibrating surfaces in a granular medium
in the absence of gravity

dispersion pressure vector p, and loses its intensity
due to energy dissipation during the collision of non-
smooth, inelastic particles. Quasi-thermal fluxes will
be maximum near vibrating surfaces (y =0), where
the flux intensity is determined by the dispersion
pressure of the medium and the characteristics of the
vibrational oscillations.

In the presence of dissipation effects, contact
between particles and the vibration source is
systematically  interrupted. @~ The moment of
interruption of contact between particles and the
surface corresponds to the state of ultimate
compression of the medium, when the surface
coordinate is at its maximum. In this case, the
moments of maximum compression of the granular
medium will be determined as follows:

n-1+025
ly=—""""> (4)

(&)

where # is the ordinal number and ® is the frequency
of the vibrational oscillations.

At the moment of loss of contact with the
surface, the medium transitions from a state of
ultimate compression to a state of dilatancy.
The intensity of dilatancy is determined by the
velocity of the quasi-diffusion displacements of the
particles. The contact of particles with the surface is
resumed in the next period of oscillation in the
collision mode during counter-movement.
The coordinate of contact resumption and the
corresponding time ¢. in the oscillation period are
determined by solving a system of equations
describing the surface displacements in its harmonic
oscillations y, and the boundary y, of the
increasing volume of the medium in accordance with

the quasi-diffusion mechanism. Assuming a small
relative fraction of the volume of the medium in

which contact occurs, the coordinate of contact
resumption is determined by solving the system of
equations:

1
I =4 —;(V'(O)Xt —l), ()

v, = Asin(2nwt), (6)

where A is the amplitude of the vibrational
oscillations (4 << §/2), and 1/3¢V'(0)), and denotes

the average value of the y — component of the particle
fluctuation velocity in the granular medium adjacent
to the vibrating surface.

The quasi-thermal flux generated in the granular
medium by the vibrating surface can be expressed in
the following integral formulation [25, 26]:

fo
0(0) = [wp, (O)o(0)dt, (7)

c

where the parameter  v(¢)=2ndwcos(2nmt)
determines the magnitude of the vibrating surface
velocity during the oscillation period.

The dispersion pressure p,, caused by particle

fluctuations, is determined under the assumption that
it is uniform in a limited volume of a rarefied
granular medium in the absence of factors limiting
the relaxation of internal stresses. In this case, the
pressure within the volume of the granular medium
can be assumed to be equal to its pressure on the
vibrating surface. The magnitude of this pressure is
expressed as a function of the intensity of the impulse
action exerted on the granular medium by the
vibrating surface. It is assumed that the change in the
impulse of particles in contact with the vibrating
surface during the oscillation period 1/® is equal to
the impulse of the force acting on the surface.
The analysis is performed under the assumption that
contact between the particles and the surface occurs
in a boundary bed which thickness is much smaller
than the thickness of the bed of the medium enclosed
between the vibrating surfaces. According to the
findings in [11], this assumption ensures a stable
condition for the formation of a state of the granular
medium corresponding to a “gas of solid particles”.
Under this condition, the mass of particles in the
boundary bed of the medium Am(0) coming into

contact with the vibrating surface per unit area during
the oscillation period can be expressed as the product
of the volume concentration of the solid phase in the
boundary bed, the velocity of its quasi-diffusion
movement in the direction of the vibrating surface,
and the oscillation period.
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1
Am(0) = m (0)(b(0)d (0)) g(V'(0)>/ o, ()

where m(0) is the average value of the mass of
a particle of a uniform granular medium in the
(b(0)d(0)>  is the
concentration of the number of particles in the
boundary bed of the medium,  where

boundary bed; volume

b(y) =[rm/(6(1—¢( y)))]o'33 is a geometric parameter

determined depending on the local value of the void
fraction &(y).

The change in the momentum of boundary bed
particles is determined in accordance with the impact
mechanism of their interaction with a vibrating
surface. As a result of collision with the surface,
particles  experience an impact ~momentum
proportional to the relative velocity of the colliding
particles and the surface along the impact line.

The relative velocity V. is defined as the sum of the

average values of the opposing moduli of the pre-
impact velocity vectors of the normal y component of
the quasi-diffusion flux of particles of a rarefied
granular medium and a vibrating surface.

JQ2ﬂ:Aoa cosQrax)dt.  (9)

th

1
V. ==(V'(0) +
3 ty—t

Taking into account energy dissipation due to
elastic deformations and friction [25, 26], the change
in particle momentum upon collision with a unit area
of the surface over one period of its oscillation is
determined by the expression

AmAV, = Am(0)V, (1+ (1 -k )™, (10)
where kg is a parameter defining the average integral
value of the portion of the particle kinetic energy that
is dissipated during their collision in the oblique
impact mode. The value of the parameter kg is
calculated based on a hypothesis that accounts for the
specific features of head-on and sliding collisions of
spherical particles by combining the Newtonian and
Routhian hypotheses [25, 26, 33]. To calculate the
parameter kg, the coefficients of restitution £, friction
p, and the reduction coefficient of the tangential
velocity component A during particle collisions are
required in the following form:

11
kp=(1-kH)+-r——p’1+k)* -
2 8

1, 2 2
—=A +—p(d+k)——pr(1+k).
8 i 3n

(11)

The reduction coefficient of the tangential
velocity component during particle collisions A is
determined using the method proposed in [33]. Thus,
the difference 1 -k, determines the magnitude of the

modified coefficient of restitution, which takes into
account the effects of elasticity and roughness, during
the collision of non-smooth inelastic balls under
conditions unregulated by the collision angle.

Since the change in momentum is equal to the
momentum of the force causing this change, the
average value of the pressure of the granular medium
on the vibrating surface can be expressed as follows:

(12)

Thus, using expression (7) in combination with
the last relation, it is possible to calculate the
intensity of the quasi-thermal flux Q(0) generated by

Py =AmO,(1+(1-kz)) " o

a vibrating surface in the boundary bed of a rarefied
granular medium. The main problem in implementing
this approach is determining the average value of the
particle fluctuation velocity in the boundary bed of
a granular medium (V/'(0)). In general, the

fluctuation velocity should be determined [25, 34]
based on the dissipative component of the energy
balance for an element of the granular medium as a
function of its structural characteristics, the
parameters of the medium filling the space between
the particles, and the properties of the particles.
In this paper, the fluctuation velocity is determined
by the temperature of the granular medium (3) as
a function of the intensity of the quasi-thermal
vibration flux [25, 26].

To determine the magnitude of the quasi-thermal
flux of vibrational oscillations in the volume of
a granular medium, the postulate [25, 26] was used,
according to which the magnitude of the flux is
calculated in direct dependence on the local values of
the temperature of the granular medium 6(y) and the

concentration of particles per unit surface area
located in a plane perpendicular to the quasi-thermal

flux (b2(y)d*(»)), and the frequency ® of the
vibrational oscillations:

0(»)=b72(1)d > (»)0(»). (13)

Due to the dissipation of energy during
collisions, the magnitude of the quasi-thermal flux
decreases during its penetration into the volume of
the granular medium. As a result, the dynamics of the
quasi-thermal flux of vibrational oscillations in
a particle bed can be expressed as follows:

y
0(») = 0(0)- [AQ()dt, (14)
0
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where AQ(y) is a parameter that determines the
amount of energy dissipated per unit volume of the
medium.

With insignificant resistance of the medium in
the space between particles, the calculation of AQ(y)
can only be performed taking into account the energy
dissipated during elastic deformation and friction of
the particles (11). In this case, based on postulate (13)
and taking into account the energy dissipation flux,
which is determined proportionally to the local value
of the volume concentration of particles

(b(y)d(y))_3, a relationship has been formulated in

[25, 26] that allows one to determine the intensity of
the quasi-thermal flux of vibrations depending on the
depth of its penetration into the volume of the
medium

Tk (b)) de
0(»)=0(0)e © (15)

Dependence (15) reflects the influence of the
structural heterogeneity of a granular medium on the
attenuation intensity of the quasi-thermal flux of
vibrations and, according to Expression (11) of the
physical and mechanical properties of the particles.

Given the known intensity of the local values of
the quasi-thermal flux Q(y), taking into account its

relationship with the granular temperature in
accordance with postulate (13), the temperature can
be expressed as a function of the coordinate in the
direction of the flux:

0(») = 0B (y) /. (16)

Thus, to predict the local values of the quasi-
thermal flux (15) and the granular temperature (16),
it is necessary to have local values of the parameter

b(») =[r/(6(1—-e(»)]**, ie. the geometric

characteristic of the structure, and the average
particle diameter

d(y)=(c(y)/pd, +
+(1=c(P)/pady)c(y)/py +(1=c(1))/py) "

Determining  these  parameters  requires
knowledge of the local values of the void fraction
€(y) and the concentration of nonuniform particles
¢(y) in the volume of the granular medium.

In turn, determining the distribution of the
volume fraction of voids &(y) using the equation of
state (1) presupposes the presence of a temperature
distribution profile of the granular medium 6(y).
The distribution profiles of the physical parameters of
the granular medium (g(y), 6(y)) are formed during
the evolution of the initial homogeneous distributions

during successive periods of oscillation. To determine
the profiles, their evolution is modeled during
a successive transition from one profile to another
and from period to period until the medium
parameters in the subsequent period differ negligibly
from the parameters in the previous period.
To implement the algorithm in the first period of
vibration oscillations, the quasi-heat flux Q;(y) and

temperature profile 0,(y) are determined for an

initial homogeneous distribution of particles in the
medium in the absence of chaotic movements
(V'(y)=0) as follows. Using equation (7), with an
initial homogeneous distribution of motionless
particles in the medium, the intensity of the quasi-
thermal flux in the boundary volume of the bed
0,(0) is determined, as well as the flux dynamics in

the bed using (15) and the granular temperature
distribution in the medium (16). The dispersion
pressure is determined based on the fact that the mass
of particles that will contact the vibrating surface in
the first period of oscillation is calculated as

Amy(0) = m(0)(b(0)d(0)) > 4, (17)

and the average velocity of particle impact with the
vibrating surface for the first period of oscillation can
be calculated as

1%
AV =— [2ndwcos(2nar)dt,
t() 0

(18)

where 7, =0.25/® is the temperature distribution
and dispersion pressure p,(y)=const obtained for
the first period of oscillation are used to determine
the dilatancy g (y) and void fraction distributions

€,(y) based on equation of state (1).

In all subsequent periods of vibration oscillation,
the quasi-thermal flux Q,(y) and he granular

temperature profile 0;()) are determined using
a similar scheme, but taking into account the
inhomogeneous distribution of the void fraction and,
accordingly, the particle concentration obtained
during the previous period using the previously
presented expressions (15) and (16). When
calculating the quasi-thermal flux generated by
a vibrating surface Q;(0), information on the average

particle fluctuation velocity (/;(0)) in the volume of

the medium adjacent to the surface is required for
each subsequent period. This velocity is calculated
using the local temperature of the granular medium
0,_1(0) obtained in the previous period, i.e., it is
assumed that, according to (3)
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(V(0)) =(20,.,(0)/ p,_, (0)*°. (19)

The simulation is carried out until certain
minimum permissible changes in the temperature
profile are reached. Implementation of the described
algorithm determines the distribution of the solid
phase fraction and the kinetic energy of fluctuations
of uniform particles of the granular medium under the
influence of vibrational oscillations in microgravity
conditions.

2.4. Modeling the effects of quasi-diffusion
separation and clustering of particles of a granular
medium under the influence of vibrational
oscillations in microgravity conditions

Under the heterogeneity of the solid phase
distribution in the gaseous state of solid particles,
mass transfer fluxes are formed, leading to the
redistribution of the nonuniform components of the
mixture [25, 26]. Separation fluxes are formed due to
differences in the velocities of quasi-diffusion
movements of nonuniform particles. During impact
interactions of such particles under conditions of a
solid phase concentration gradient, particles with a
high fluctuation velocity (less dense, smaller, more
elastic and smooth) experience an excess momentum
directed along the void fraction gradient [25, 26].
As a result, in a granular medium that is
inhomogeneous in composition and structure and in a
gaseous state of solid particles, the effect of quasi-
diffusion  separation  occurs.  Quasi-diffusion
separation occurs under the action of a driving force
defined as the relative magnitude of the gradient of
the average distance s between particles olns(y)/0y .

As a result, the intensity of the quasi-diffusion
separation flux of particles with a high fluctuation
velocity is determined by the following expression
[25, 26]
Olns
Jy =Py (D ),
oy

is the concentration of the control

(20)

where c¢(y)
component; p; is the local value of the bulk density
of the medium; Dy, is the quasi-diffusion separation
coefficient; s =(b/b, —1)d(y) is the average distance
between particles; b, is the geometric parameter b

calculated (13) for the case &=0.2595 (dense
hexagonal packing of particles).

The intensity of quasi-diffusion transport of
particles is determined by the velocity of their
fluctuations and the mean free path [35].
As established in [36], the mean free path of particles

in a granular medium, in general, depends not only on
the properties of the particles and their volume
fraction, but also on the hydrodynamic conditions in
the volume of the medium. In a one-dimensional
problem, it is possible to exclude the influence of
boundary conditions on the dynamics of particle
displacements and, as a consequence, to neglect the
influence of shear effects on the mechanism of their
collisions. Under this condition, the coefficient of
quasi-diffusion separation of particles by size and
density is expressed as follows [36]

@O ((a Y (a Y
Dy = [ J—[ J . @)
2F mldl m2d2

where m(c) is the average value of the particle mass;

m;,d; is the mass and diameter of the particles of the

i-th component; d is the average local value of the
particle diameter; F ={V'(y))/s(y) is the average

value of the particle collision frequency.

To model the distribution dynamics of
nonuniform particles c(y, ) within a granular medium
bed subjected to vibrational oscillations under
microgravity conditions, a general equation for
separation dynamics [25, 26] was used. In the
absence of convection and gravitational segregation
fluxes, this equation is written as follows:

o(cpp) O oc Olns
=—| Pp| Dyit — =Dy - (22)
ot oy Oy Oy

In the presented form, the dynamics of the
distribution of particles of the control component of
the mixture c(y,t) is described as the result of the

conjugation of quasi-diffusion flows of mixing and
separation of nonuniform particles. The mixing flow
intensity is defined [25, 26] as the product of the
quasi-diffusion  mixing coefficient and the
concentration gradient of the control component.
The quasi-diffusion mixing coefficient is calculated
based on the local dilatancy €(y) and temperature
0(y) of the vibro-fluidized granular medium, which
are mutually correlated, as determined by the
equation of state of the granular medium (1).
Dilatancy and temperature of a granular medium are
used, in accordance with their definitions (2) and (3),
to express local values of the average distance
between particles s(y) and the average velocity of
their J'(y)y, followed by the

calculation of the quasi-diffusive mixing coefficient
Dyis =1/3V'(»)s(y) - (23)

fluctuations
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The distribution dynamics of nonuniform
particles in a bed of a binary particle mixture
subjected to  vibrational oscillations  under
microgravity conditions was modeled by numerically
integrating equation (22) using the Crank-Nicolson
difference scheme [37]. The solution was obtained
under the boundary condition

oc Olns
Dgip — = cDy

oy oy

=0 (24)
1=0,5/2

and an initial condition corresponding to a uniform
distribution of control particles within the bed volume

c(r.0)=¢c, (25)
where ¢ is the average concentration of control
particles in the mixture. A uniform initial distribution
of cohesionless particles is assumed due to the
assumption of an entropic process of equalization of
the parameters of a rarefied granular medium under
zero-gravity conditions.

3. Results and Discussion

The study was carried out using mathematical
modeling of the structural and kinematic parameters
and distribution of bronze balls with diameters of
1 and 2 mm in an unbounded (one-dimensional) flat
bed 45 mm thick under the influence of vibration in
the absence of gravity. The bed characteristics and
the vibration parameters of the surfaces bounding it
were assumed to be equal to the corresponding
characteristics of the measuring cell in the second
experiment [2] (see the “Materials and Methods”
section). The modeling was performed under the
assumption that the vibrating surfaces were made of
bronze and their physical and mechanical properties
corresponded to those of the particles (restitution
coefficient £= 0.9, friction coefficient p=0.4 [2]).
The concentration of control large particles in the
mixture (¢ = 0.561 kg-kgfl) and the average value of
the solid phase fraction in the bed volume (0.089)
were determined based on the quantitative ratio of
large (80 pieces) and small (500 pieces) particles and
their total volume in the volume of the measuring cell
under the conditions of Experiment 2 [2].

The mathematical modeling of the effects of
clustering and particle separation by size was carried
out using a method for determining structural and
kinematic characteristics based on the equation of
state of a granular medium (1) and a mathematical
model of the dynamics of mass transfer processes for
nonuniform particles (22). Equation (1) is used in
combination with the models of generation (7) and
dissipation (15) of quasi-thermal flux.

The coefficient y of the equation of state of a
granular medium (1) was determined by modeling the
distribution of 80 uniform large (4 =2 mm) bronze
particles in a measuring cell in suborbital experiment
No. 1 [2]. It was found that the distribution of the
solid phase and the corresponding dilatancy values
&(y) in the measuring cell is modeled with

a coefficient y in equation (1), which is close to 1.
The resulting value y =1 was used to model the
dynamics of the solid phase distribution and the
granular temperature under the influence of
vibrational oscillations in a mixture of nonuniform
particles.

Figure 2 shows the distributions of &(y) and

0(y) in the particle mixture bed. Particle vibrations

are generated by harmonic surface oscillations with a
coordinate of y = 0. The presented results were used
to determine the vibration parameters that facilitate
particle cluster formation in the absence of gravity
(Fig. 3). Furthermore, the results were used to model
the concentration distribution of large particles along
the bed thickness (Fig. 4).

In order to identify the conditions facilitating the
formation of a particle cluster, Figure 3 shows the
dependences of the gradient of the solid phase
fraction and the granular temperature of the medium
on the penetration depth of vibration oscillations into
the particle bed. A comprehensive analysis of these
dependences, combined with visual experimental
information (the Parabolic Flight Campaign (PFC64)
study) [2], which clearly demonstrates the cluster
boundaries, suggests that the formation of a particle
cluster is evidenced by a sharp increase in the
gradient of the solid phase fraction at a bed depth of
14 to 18 mm, followed by a sharp decrease in its
values.
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Fig. 2. Distribution of the volume fraction of voids /
and the temperature of the granular temperature 2
in a bed of vibro-fluidized binary mixture of spherical
bronze particles with diameters of 1 and 2107 m
in the absence of gravity
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Fig. 3. lllustration of the physical conditions for particle
cluster formation under vibrational action on a bed
of a binary mixture of spherical bronze particles with a
diameter of 1 and 2-10 > m in the absence of gravity:
the temperature of the granular medium / and the gradient
of the solid phase fraction 2 as functions of the coordinate
in the direction of vibrational oscillations
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Fig. 4. Concentration distribution of large particles
(2~1073 m) mixed with small particles (1~1073 m)
in a vibro-fluidized bed of a binary mixture of spherical
bronze particles under microgravity conditions:
1 — modeling results; 2 — experimental visual information
[2]; 3 — trend line

Moreover, it is quite logical that the formation of
a particle cluster occurs as the granular temperature
approaches zero. As a result, the formation of a
particle cluster is confirmed by a sharp increase in the
gradient of the solid phase fraction at its boundary
and low, close to zero, values of the gradient and
granular temperature in the cluster volume. In this
regard, it can be concluded that the main conditions
for cluster formation during vibration exposure to
a particle bed in a state of weightlessness are
sufficiently high values of solid phase concentration
and bed thickness, at which the quasi-thermal
vibration flux has a limited penetration area.
Consequently, a region forms within the particle bed
in which the quasi-thermal vibration flux is close to
Zero.

The result of modeling the particle separation
process by size during vibration exposure to a bed of
their binary mixture under microgravity conditions is
shown in Figure 4 in comparison with the
experimental data obtained in [2]. The experimental
data represent the result of averaging visual
information regarding the distribution of large and
small particles in the volume of the measuring cell
presented in [2]. The averaging of visual information
was carried out using a counting statistical method
from fragments of the image of the measuring cell in
Experiment 2, located to the left and right of its
symmetry axis. Despite the noticeable discrepancy
between some local calculated and experimental
values, the concentration fields obtained by the
modeling method based on equation (22) and
experimentally [2] correspond to the trend line 3
common to them. One explanation for the presence of
areas with a noticeable discrepancy between the
calculated and experimental results in the
concentration distributions may be the influence of
the edge effect of the side walls of the measuring cell
on the particle distribution under the experimental
conditions. If the particle separation modeling was
carried out under conditions of an unbounded bed
(one-dimensional problem), then the relatively small
distance between the side walls of the measuring cell
compared to the particle size in the experiment [2]
indicates the presence of features of a three-
dimensional object.

A comprehensive analysis of the calculated and
experimental concentration distributions shown in
Figure 4 demonstrates that a phenomenological
description of the vibroseparation process under
microgravity conditions can be achieved using the
quasi-diffusion separation effect [25, 26, 36].
Furthermore, based on the findings, it is possible to
predict the high potential for technological
application of the quasi-diffusion separation effect
under microgravity conditions. This primarily applies
to technologies for separating materials based on
a range of particle physical and mechanical properties
(size, density, roughness, and elasticity).
The prospects for the technological use of the effect
of quasi-diffusion separation under microgravity
conditions are determined, on the one hand, by the
wide possibilities of organizing intensive and stable
quasi-diffusion interaction of nonuniform particles in
a rarefied state (low proportion of solid phase) and,
on the other hand, by the significant dependence of
the rate of quasi-diffusion of particles on their
properties.
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4. Conclusion

Based on a phenomenological analysis of the
state of a granular medium subjected to vibration in
microgravity, an explanation for the physical nature
of the phenomena and a method for predicting the
effects of cluster formation and distribution of
nonuniform  particles have been proposed.
The equation of state for a granular medium has been
adapted to describe the structural and kinematic
characteristics of a granular medium consisting of
cohesionless spherical particles subjected to vibration
in the absence of gravity. The conditions for cluster
formation in a rarefied particle bed under the
influence of vibrations of the surfaces bounding the
bed have been determined. It has been established
that cluster formation is due to a limited region of
active penetration of the quasi-thermal vibration flux
into the bed and the presence of a region with a quasi-
thermal flux close to zero. A phenomenological
description of the vibroseparation process in
microgravity conditions is provided by analyzing the
interaction of particles in a vibrofluidized bed based
on the fundamental principles of diffusion kinetics.
It has been established that the dynamics of the
concentration distribution of nonuniform particles can
be described analytically as the conjugation of fluxes
initiated by quasi-diffusion effects of separation and
mixing. A comparison of the modeling results with
experimental data obtained during a suborbital flight
(Parabolic Flight Campaign (PFC64)) using the VIP-
Gran instrument [2] indicates good qualitative
agreement.
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Abstract: This paper summarizes the results of structural investigations of carbon nanomaterials using Raman
spectroscopy. The conducted research revealed that the distances between defects are 26—43 nm in graphites, 12—16 nm in
multi-walled carbon nanotubes (MWCNTSs) and 11-15 nm in carbon black. It is shown that the Raman spectra of high-

quality graphites and graphenes are characterized by a narrow G band (width less than 35 cm_l), intensity ratio
Ipy1(G)<0.3. The Raman spectra of carbon nanotubes are characterized by wide G bands (width > 50 Cmfl), high
IipyIG) ratio (> 0.5) and the presence of 2D bands with a maximum position of about 2670 cm . The Raman spectra of
carbon blacks are characterized by a strongly broadened G band (width > 70 cm_l), the /(py//(G) ratio is close to 1 and
more. The presence, position and width of 2D bands are sensitive to the structures of carbon materials. For ordered
graphites, the position of the 2D band maximum is about 2680 cm ', and their width is <85 cm . For MWCNTs, the
2D band maximum is in the range of 2670-2690 cm ', and the band width is about 90-100 cm . In the Raman spectra of
carbon blacks, the 2D band may be absent; the position of the maximum may be shifted to the long-wave or short-wave
regions, the 2D band is strongly broadened (width > 150 cmﬁl).

Keywords: Raman spectroscopy; graphite; carbon nanotubes; carbon black.
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HccnenoBanue CTPYKTYPBI YIJ1€POIHBIX HAHOMATEPHAJIOB
METOJ0M CIEKTPOCKONMUN KOMOMHAIIMOHHOTO pPacCesTHHA:
aHAJN3 CMIEKTPOB KOMMePUYeCKHX 00pa3ioB rpadpuToB, HAHOTPYOOK H CaXK
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AnHoTtanusi: B cratbe cyMMHpOBaHBI pPe3yJibTaThl HCCIIEAOBAHUI CTPYKTYPBI YIJIEPOJHBIX HAHOMATEPHUAIOB METOJIOM
cnekTpockonuu KoMmOmHanmonHoro paccesHus (KP). B pesynbrate mpOBEICHHBIX HCCIEIOBAHWN yCTAHOBJIEHO, YTO
paccTosiHUAs MeXIy AedeKTaMu B rpaduTax HaxXOAATCS B auana3zoHe 26...43 HM, yIJIepOIHBIX MHOTOCTEHHBIX YIJICPOIHBIX
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HaHOTPYOOK (MYHT) — 12...16 HM 1 cax 11...15 am. TTokazano, gto mus KP-criekTpoB BRICOKOKa4eCTBEHHBIX IPpa(uTOB
u rpadeHOB XapakTepHbl y3kas G-moisioca (mmpuHa mMeHee < 35 CMil), COOTHOIIEHKHE MHTeHcUuBHOCTEH I(DyI(G)) <0,3.
Jus KP-criekTpoB  yriiepoIHbIX HAaHOTPYOOK XapakTepHbl Imnupokue G-mosiockl (mmpuHa > 50 CMil), BBICOKOE
cootHommenue /(pyl(G) (> 0,5) 1 Hanmmane 2D-10510C ¢ MOJI0KEHHEM MaKCUMyMa 0KoJ1o 2670 oM Jst KP-ciekTpoB cax
XapaKTepHO CHIbHO ymmpeHHas G-nonoca (mupuna > 70 CMil), cootHomenue /(py//(Gy 6ausko k 1 u Gonee. Hanuuwue,
MOJIO)KEHWE ¥ MMpHuHa 2D-Moioc 4yBCTBHUTENBHBI K CTPYKTypaM YIJIEPOJHBIX MaTepHaioB. [ yHoOpsIOYeHHBIX
rpaduTOB MosokeHne MakcuMyMa 2D-niooc coctaBinseT mopsaaka 2680 cM , a X mMpHHA MeHee < 85 oM His MYHT
MakcumyM 2D-mosockl HaxomuTcss B jauamnaszoHe 2670...2690 CMil, a mupuHa mnosiockl mopsaka 90...100 oM
Ha KP-crektpax cax 2D-monoca MOXKET OTCYTCTBOBaTb;, IIOJIOKEHHE MAaKCHMyMa MOXET OBITh CMEIIEHO
B JUTMHHOBOJIHOBYIO MJIM KOPOTKOBOJIHOBYIO 00nacTH, 2D-mosoca cuibHO yiupena (mmpuHa > 150 CMil).
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1. Introduction

Carbon materials are widely used as components
of electrodes in electrochemical energy storage
devices such as supercapacitors, lithium-ion, and
post-lithium-ion batteries. The properties of carbon
materials strongly depend on their atomic structure,
degree of ordering, type and concentration of defects,
as well as the dimensional characteristics of their
constituent elements [1-4].

Studying the structure of carbon nanomaterials is
important for understanding their properties.
Traditional analytical methods, such as electron
microscopy and X-ray diffraction, provide valuable
information about macrostructure and crystalline
order [5-9]. However, these techniques do not fully
describe the structure, degree of ordering, and defects
of carbon materials. A comprehensive structural
description of carbons requires the use of multiple
complementary methods.

It is well known that Raman spectra (RS) of
carbon materials are sensitive to the structure and
allotropic form of carbon [9-11]. For this reason,
Raman spectroscopy is widely applied to study the
structural organization of carbons [12-20]. Raman
spectra can provide information about the size of
atomically ordered domains in carbon materials, their
structure, type of mutual ordering, atomic geometry
of boundaries, and many other important
characteristics [9, 10, 21-28].

The shape of Raman spectra of carbons depends
on several factors, including the presence of clusters
of spz—hybridized carbon atoms, the degree of
disorder, the presence of rings and chains composed
of spz-hybridized carbon atoms, and the ratio of sp2
to sp3 hybridized carbon atoms [12, 29]. If the carbon
material contains sp” carbon networks, the G band
(~1580 cm_l) appears in the Raman spectrum. In the

presence of sp” and sp carbon networks, characteristic
D (~1330 cm ', diamond) and D’ (1850-2100 cm ',
linear chains of sp carbon atoms) bands are observed
[30]. Structurally ordered 3D graphites also exhibit a
2D (or G') band in the 2500-2800 cm ! region [30].
The 2D band corresponds to the second overtone of
the D band [30].

The D band may show dispersion depending on
the excitation energy [20]. However, the higher the
degree of disorder, the smaller the D band
dispersion — which is opposite to the behavior of the
G band [29]. The full width at half maximum
(hereafter referred to as the width) of the G band
always increases with increasing disorder [31], while
the position of the G band maximum shifts toward
shorter wavelengths [19].

Broadening of the D band may indicate changes
in the size of rings within graphene layers (with 5-
and 7-membered rings appearing instead of
6-membered ones) [17].

In structurally disordered carbons, the maximum
of the G band shifts toward the long-wavelength
region as the excitation wavelength decreases (from
the infrared to the ultraviolet range) [29]. The shift of
the G band maximum position with changing laser
wavelength depends on the degree of disorder in the
carbon structure and on the configuration of the
sp>-hybridized carbon atoms.

Based on the shift of the G band maximum
position with decreasing laser wavelength, carbons
can be classified into two types:

Type 1. In materials containing only sz_
hybridized rings, the G band shift does not exceed
approximately 1600 cm .

Type 2. In materials containing spz-hybridized
chains (such as amorphous carbon and diamond-like
carbon), the G band maximum shifts to the long-
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wavelength region beyond 1600 em ' and may reach
up to 1690 cm ' when excited with radiation at
a wavelength of 229 nm [29, 32, 33].

Thus, the position and shape of the bands in the
Raman spectra of carbon materials can provide
information about their structure. The G band
characterizes the degree of disorder in the carbon
material, and the relative intensity of the G peak
increases with the number of graphene layers.
The D band reflects the degree of structural disorder
near the boundaries of microcrystalline regions,
which reduces their symmetry.

The aim of this work was to study the
microstructure of various commercial nanostructured
allotropic forms of carbon materials using Raman
spectroscopy.

2. Materials and Methods

2.1. Materials under study

The following carbon materials were used in this
study:

(a) Graphites and graphene: Timrex® SLP50
(TIMCAL Graphite & Carbon); synthetic graphite
(Dianshi); natural Korean graphite (NG-10); graphite
(Alpha); multilayer graphene GLNP-0350
(GraphenLab).

(b) Carbon fibers and nanotubes: Nano fiber
ENF 100AA-GFE (carbon nanofibers, Electrovac
AQG); Pyrograf II™ (carbon fiber HT grade, highly
graphitic carbon nanofiber, Pyrograf Products, Inc.);

MWCNT  Graphistrength® U100  (Arkema);
MWCNT  Graphistrength®  C100  (Arkema);
MWCNT BAYTUBES® C70P (Bayer AGQG);
MWCNT LUCANTM CP100IM (LG Chem);

Taunit-MD (NanoTechCenter LLC).

(c) Carbon blacks: Ketjenblack® EC-600JD
(Akzo Nobel Polymer Chemicals LLC); PRINTEX®
XE2 (Degussa AG); Monarch® 1300 (Cabot Corp.);
Monarch® 1400 (Cabot Corp.); Super P™ Li
(TIMCAL Graphite & Carbon); activated carbon
black Bau-MF.

2.2. Characterization methods

Raman spectra of the samples were obtained
using an EnSpectr R532 Raman spectrometer
equipped with a 532 nm laser operating at an optical
power of 30 mW. The laser spot diameter was
0.6 pm. Spectra were recorded in the 150—6000 cm '
range with a spectral resolution of 58 cm .

The carbon materials were used without any
preliminary  treatment. Samples for Raman

measurements were in powder form.

When processing the Raman spectra of the
carbon materials, it was assumed that they belong to
Stage 1 according to the classification proposed by
Ferrari and Robertson, with an average interdefect
distance Lp greater than 10 nm, which can be

calculated using Equation (1) [9, 29, 32, 33]:

-1
43-10°| I
(D)
Ly=—r|—] . (1)

where Lp is the average distance between defects
(nm); Ey is the laser energy eV; /) and /(g are

the intensities of the D and G bands, respectively.

3. Results and Discussion

3.1. Raman spectra of graphites

In the Raman spectra of graphite samples
(Fig. 1), three characteristic bands are observed: D,
G, and 2D. The position of the G band maximum
varies within the frequency range of 1563-1576 cmﬁl,
the D band within 1340-1342 crn_l, and the 2D band
within 2674-2690 c¢m . All bands are relatively
narrow and well defined. A weakly resolved D’ band
can also be observed as a shoulder on the G band at
1620-1650 cm . The intensity ratio /(py//(Gy does not
exceed 0.2 (Table 1).

The relatively narrow width and position of the
2D band correspond to the structure of multilayer
graphene or highly ordered graphite. The shape and
position of the 2D band maximum confirm the
predominance of sp2 structures.

2.7

2.4+

DGD 2D

Relative intensity

0.0 T T T T T
500 1000 1500 2000 2500 3000 3500

Raman shift, cm”

Fig. 1. Raman spectra of graphites and graphenes.
Designations of carbon materials on the graph:
1 — Timrex SLP50; 2 — Alpha; 3 — NG-10;

4 — Graphene CLNP_0350; 5 — Dianshi
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Table 1. Parameters of the microstructure of carbon materials calculated from Raman spectra

D band G band 2D band I (D)
Samples ALem!' FWHM,em' A,cm' FWHM,cm' A, cm' FWHM, cm' 6 Lp, nm
Graphite and graphene
Timrex SLP50 1339 45 1563 26 2683 77 0.13 34
Graphene GLNP-0350 1340 45 1564 26 2684 80 0.08 43
Dianshi 1342 50 1571 29 2690 78 0.22 26
Alpha 1341 89 1576 69 2674 83 0.14 32
NG-10 1342 75 1569 33 2687 81 0.16 30
Carbon nanotubes
Taunit-MDTM 1341 68 1580 59 2693 89 0.56 16
Baytubes® C70P 1337 59 1573 69 2674 87 1.06 12
Graphistrength® U100 1335 71 1572 62 2670 94 1.03 12
Graphistrength® C100 1333 64 1569 70 2666 95 1.02 12
LUCAN TM CP1001M 1332 70 1569 77 2670 99 1.05 12
Carbon black
PrintexXE2 1341 64 1576 73 2717 292 1.08 12
Super® Li 1338 81 1561 130 2541 356 0.69 15
Ketjenblack® EC-600JD 1329 85 1576 93 2655 174 1.11 11
Monarch 1300 1347 111 1572 149 n/a n/a 0.77 14
Monarch 1400 1347 112 1575 133 n/a n/a 0.69 15
BAU MF 1341 212 1562 147 n/a n/a 1.03 12

The D band width is about 45 cm_l, except for
the NG-10 and Alpha samples, for which FWHM(D)
values are 75 and 89 cm ', respectively. The G band
width ranges from 26 to 30 cmﬁl, except for the
Alpha sample, which exhibits a width of 69 cm’
(Table 1). The 2D band width for all graphite samples
lies within 77-83 cm .

It is worth noting that the Raman spectrum of the
commercial graphene sample Graphene CLNP 0350
corresponds to that of well-ordered graphite.

3.2. Raman spectra of carbon nanotubes

The Raman spectra of MWCNTs exhibit D, D',
G, and 2D bands (Fig. 2). In addition to the main
bands, broadened asymmetric bands are observed at
approximately 850 and 1050 cmﬁl, which are
associated with defects, and a band at ~2950 cm |
corresponding to a combination mode (D + G)

induced by the presence of defects [30, 34].

The D band maxima of the carbon nanotubes are
in the range 1332-1343 cmﬁl, while the 2D band
maxima are in the range 2666-2693 cm .
The G band maximum in the MWCNT spectra occurs
within 15691586 cmﬁl, which is characteristic for
carbon nanotubes. The G band maximum of
Taunit-MD™ (1580 cmﬁl) is slightly shifted toward
the long-wavelength region, likely due to the
presence of amorphous carbon and/or the nanotube
diameter. The positions of the G, D, and 2D bands are
consistent with those expected for multi-walled
carbon nanotubes.

The G bands are significantly broader than those
of high-quality graphite or graphene (by a factor of
2-3). This is a typical feature of MWCNTs, attributed
to their cylindrical geometry and the possible
presence of defects or amorphous phases.

The intensity ratio /(py//(G) is substantially higher
than that of graphite or graphene (see Table 1).
This is a distinguishing characteristic of MWCNTs
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Fig. 2. Raman spectra of carbon nanotubes.
Designations of carbon materials on the graph:
1 — Graphistrength® U100; 2 — Graphistrength® C100;
3 — Baytubes® C70P; 4 - LUCAN TM CP1001M;
5 — TAUNIT-MD ™™

and is related both to edge effects of the tubes and to
the possible presence of defects or amorphous
carbon. High values (1.02-1.06) for Graphistrength®
and LUCAN™ CP1001M indicate either small
nanotube diameters or a relatively high level of
defects/impurities.

The calculated average interdefect distances Lp
are significantly smaller than those of graphite (see
Table 1), which is consistent with the nanoscale
nature of MWCNTs and their characteristically high

1 (D)/I (G) ratio.

3.3. Raman spectra of carbon blacks

The Raman spectra of carbon blacks are
characterized by intense D and G bands, as well as a
low-intensity, broad 2D band (Fig. 3). The D band
maximum is located in the range of 1330-1347 cm_l,
while the G band maximum falls within
1560-1576 cm'. The 2D band is absent in the
spectra of Monarch 1300, Monarch 1400, and
Bau-MF carbon blacks.

Broadened asymmetric bands are also observed
at approximately 850 and 1050 cmﬁl, which are
associated with defects. Notably, the relative intensity
of these bands is higher than in carbon nanotubes,
indicating a higher defect density in carbon blacks
compared to nanotubes.

The G bands are significantly broadened, with
widths ranging from 70 to 150 cm . The intensity

ratio IipylG) is close to or exceeds 1, except for

Relative intensity

|
|
|
|
|
|
|
|
I
|
|
|
]

T T T T T
500 1000 1500 2000 2500 3000 3500

Raman shift, em’”

Fig. 3. Raman spectra of carbon blacks.
Designations of carbon materials on the chart:
1 — Super Li carbon black; 2 — PrintexXE2; 3 — Bau-MF;
4 —Monarch 1300; 5 — Monarch 1400;
6 — Ketjenblack® EC-600JD

Super® Li and Monarch 1400. The 2D bands are also
substantially broadened, with widths in the range of
170-360 cm’.

The calculated interdefect distances Lp are
comparable to the crystallite sizes of MWCNTs and
are significantly smaller than those of graphite (see
Table 1).

The pronounced broadening of the G and 2D

bands, the [(pyl) ratio close to unity, and the
presence of bands at ~850 and 1050 cm ' indicate
high defect density and small crystallite size in these
carbon blacks.

Thus, based on the analysis of the recorded
Raman spectra of commercial carbon material
samples, the following conclusions can be drawn:

— The Raman spectra of high-quality graphite
and graphene are characterized by a narrow G band
(width <35 cmﬁl) and an intensity ratio
[(D)/I(G) <0.3;

—The Raman spectra of carbon nanotubes are
characterized by broad G bands (width > 50 cm_l),

a high Ipy/I) ratio (> 0.5), and the presence of 2D
bands with maxima around 2670 cmﬁl;

— The Raman spectra of carbon blacks exhibit
a significantly broadened G band (width > 70 cmﬁl),
Ipy/1(G) ratio close to or exceeding 1, and a 2D band
that is either absent or strongly broadened (width
>150 cm ).

The presence, position, and width of the 2D bands
are sensitive to the structure of the carbon materials.
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In ordered graphites, the 2D band maximum is around
2680 crn_l, and the width is less than 85 cm .

In MWCNTs, the 2D band maximum lines in the
range 2670-2690 cmﬁl, with a width of approximately
90-100 cm . In carbon blacks, the 2D band may be
absent; its maximum can be shifted toward either the
long- or short-wavelength region, and the band is
strongly broadened (width > 150 cmﬁl).

The [(pyI(G) ratio should only be compared for
carbon materials of the same type. High values in
graphite/graphene  (/ipylG)>0.2) indicate the
presence of defects, whereas for carbon nanotubes
and carbon blacks, Ipyl) values of 0.5-1.0 are
typical.

4. Conclusion

The Raman spectra of various carbon forms —
graphite, nanotubes, and carbon blacks — were
analyzed.

It was found that the average interdefect
distances are:

—26-43 nm for graphite;

— 12-16 nm for multi-walled carbon nanotubes;

— 11-15 nm for carbon blacks.

Carbon nanofibers and nanotubes occupy an
intermediate position in terms of grain size and
interdefect distance, having a less ordered structure
compared to graphite but more ordered than carbon
blacks.

Thus, analysis of the D, G, and 2D band
parameters (position, width, intensity ratio) allows
reliable classification of materials, assessment of
structural perfection, crystallinity, and defect density,
and comparative evaluation of commercial products.
The G band width and 2D band characteristics are
particularly informative.
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A method for eliminating capacitive and noise components
from a recorded signal in a field emission experiment
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Abstract: The paper presents new methods for eliminating random and systematic errors that occur when registering the
current-voltage characteristics of field cathodes in the high-voltage fast scanning mode. The methods are implemented in
the LabVIEW graphical programming environment and integrated into the experimental installation software, which
registers and processes field emission data in real time. The developed program consists of three modules. The first one
eliminates the effect of constant interference on current and voltage signals. The second module eliminates the systematic
sinusoidal error associated with the presence of capacitance in the measuring circuit. The third module reduces the effect
on the signal of noise associated with measuring equipment, as well as fluctuations in the emission activity of the cathode.
The resulting current-voltage characteristic is processed in semi-logarithmic coordinates using the Murphy-Good equation.
As a result of the processing, the values of the effective parameters are obtained. A test experiment was conducted with
a field cathode based on multi-walled carbon nanotubes grown by the plasma-assisted chemical vapor deposition
(PECVD-method). The technique was also used to accurately evaluate the emission properties of various types of
cathodes: those based on carbon nanoparticles, regular matrix tips, and single-pointed cathodes.

Keywords: field emission; carbon nanotubes; current-voltage characteristic; real-time data processing.
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MeToa ycTpaHeHHsI €MKOCTHOM U IIIYMOBOM COCTABJIAIOIINX
U3 PerncTPUPyeMOro CUrHaja B 1M0JIeBOM 3MHCCHOHHOM JKCIIEPUMEHTe
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Annotanusi: [IpeacraBneHsl HOBbIE CHIOCOOBI YCTPAaHEHUs CIIy4aliHBIX M CHCTEMATHYEeCKUX OIIMOOK, BOSHUKAIONIMX MPU
perucTpanuy BOJBTAMIIEPHBIX XapaKTEPHCTHK IIOJIEBBIX KAaTOJOB B pPEXHME OBICTPOTO CKaHMPOBAHMS BBICOKHM
HaTpsDKeHHEM. MeETOoIbl peann3oBaHbl B cpene rpadudeckoro mporpammupoBanus LabVIEW u wHTerpupoBaHBI
B IIPOTPaMMHOE 0OecTIeueHHEe HKCIIEPUMEHTAIBHOM YCTaHOBKHU, KOTOPAsi PETHCTPUPYET M 00pabaThiBacT JaHHBIE TOJIEBOH
SMHCCHU B PEKUME pealbHOTO BpeMeHH. Pa3zpaboTaHHas mporpamMma COCTOMT M3 Tpex Moxyiei. IlepBriil ycTpanseT
BJIMSIHUE TTOCTOSIHHOM HABOJAKM HA CUTHAJIBI TOKA M HAINpPsKEHUs. BTopoit MOMysb yCcTpaHsSeT CHCTEMAaTHYECKYIO OMIMOKY
CHUHYCOHMJAJIbHOM (DOPMBI, CBSI3aHHYIO C HAJIMYUEM €MKOCTH B M3MEPHUTENBHOM Lienu. TpeTHii MOayJib YMEHBIIAET BIUSHHUE
Ha CHUTHAJ LIYMOB, CBSI3aHHBIX C M3MEPUTEIBHBIM 000pYIOBaHHEM, a Takke (BIyKTyalMsMH SMUCCHOHHOM aKTHBHOCTU
Katoza. PesynbTHpylomias BoOJbTaMIIEpHAs XapaKTEPUCTHKA IOJBEpracrcs oOpaboTKe B IOJyJIOrapupMUUYECKUX
KOOpJMHATaX C IpUMeHeHueM ypaBHeHus: Mepdu—I'yna. B pesynbrare 00paboTKu 1mosry4yarorcst 3HaueHus! 3PPEeKTUBHBIX
napameTpoB. TecTOBbI AKCIIEpUMEHT OBLI MPOBENEH C MOJEBBIM KaTOJAOM HAa OCHOBE MHOTOCTEHHBIX YTJIEPOJHBIX
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HAaHOTPYOOK, BHIPAIIEHHBIX XHUMHUYECKAM OCKICHHUEM W3 Ta30BOW (a3bl ¢ UCIoNb30BaHHeM IiasMel (Metoq PECVD).
Mertoauka Takxke IPUMEHSUIAcCh Ul KOPPEKTHOM OLIEHKH SMHUCCHOHHBIX CBOMCTB KaTOZOB PA3IMYHOIO THIIA: Ha OCHOBE
YIJICPOAHBIX HAHOYACTHL, PEryJISIPHBIX MAaTPHULl OCTPUI U OTHOOCTPHUITHBIX KaTOJOB.

KoaioueBsble ciioBa: 1ojieBasi SOMUCCHSI; yIJIEpOJHbIE HAHOTPYOKH; BOJIbTaAMIIEpHAs XapaKTEPUCTHKA; 00paboTKa JaHHBIX

B PEKUME PeabHOTO BPEMEHHU.

s matuposanns: Sokov SA, Nechaev MS, Mutygullin BE, Kolosko AG, Filippov SV, Popov EO. A method for
eliminating capacitive and noise components from a recorded signal in a field emission experiment. Journal of Advanced
Materials and Technologies. 2025;10(4):321-328. DOI: 10.17277/jamt-2025-10-04-321-328

1. Introduction

Conducting an experiment to study the
properties of field cathodes is a complex process that
requires careful attention to detail. This includes
ensuring the necessary vacuum conditions, precisely
setting the interelectrode distance, applying a high
voltage to the sample in order to obtain field
emission, and recording experimental data.
The analysis of the collected information can be done
both after the experiment has been completed [1-3]
or in real-time [4]. The results of the experiment are
typically =~ the  current-voltage  characteristics
(I-V characteristics), as well as estimates of the
microscopic effective parameters of the emitter
derived from these I-V characteristics, such as the
emission area and field enhancement factor [5].

The main problem in measuring
I-V characteristics is the impact of various factors
that cause distortion of the collected data. Such
distortions are usually caused by random or systematic
errors [6]. Random errors usually have a normal
distribution. An example would be noise in the
measuring circuit caused by external electric fields [7],
or noise caused by temperature fluctuations [8], or the
spread of geometric parameters of the emitter [9].

Systematic errors are not random in nature and
in some cases can be described by a mathematical
function, such as a phase shift of the detected signal
or leakage currents [10, 11] resulting from the
presence of capacitive elements in the measuring
circuit.

Various approaches are employed to minimize
the impact of random and systematic errors.
This includes improving the measurement system,
such as reducing power source noise or shielding
external leads. Another approach is to incorporate
preliminary signal correction into the processing of
experimental data. The correction can be achieved by
identifying the sources of inaccuracy and finding the
error profile that can then be subtracted from the
signal. This approach is particularly useful when it is
not possible to minimize the error by improving the
experimental setup.

An example of mathematical correction of data
was presented in [14]. The fluctuations in the values
of the experimental [-V characteristics when
calculating effective parameters led to a random
error. It was possible to minimize the impact of this
error by averaging the fluctuating values of the
parameters.

This paper presents methods for correcting the
I-V characteristics, which make it possible to
eliminate parasitic components of the signal in real-
time — the constant impact of the power supply and
variable capacitive of the measuring circuit.
Additionally, it averages the data obtained,
eliminating noise contribution.

2. Materials and Methods
2.1. Model sample

The model sample (field emitter) was a multi-tip
structure based on multiwalled carbon nanotubes
(CNTs) formed by PECVD (plasma-enhanced
chemical vapor deposition) at the National Research
University of Electronic Technology (MIET) [15].
The substrate was a tungsten plate measuring
9x4 mm’. The nanotube parameters were length
L ~3 pm and diameter D ~ 13 nm. The emitting
surface consisted of randomly arranged nanotubes
protruding above the surface.

The experiment was conducted under high
vacuum conditions with a pressure of ~10" Torr.

The distance between the electrodes was dsep = 270 pm.
The experiment was conducted with voltage
amplitude of up to 3 kV.

2.2. Experimental setup for multi-channel
and high-speed data acquisition

Error correction methods were developed for an
experimental setup that allows recording the
characteristics of field emitters and calculating the
values of effective parameters in real time [14].
Figure 1 shows its block diagram.
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Fig. 1. A block diagram of multi-channel and high-speed data acquisition

A high-voltage power supply based on
a Mosrentgen All-70 X-ray transformer supplies half-
sinusoidal voltage pulses to the cathode (fast
scanning mode), so that one 10-ms pulse produces
a single I-V characteristic.

The voltage and current on the sample are
measured from the terminals of resistive dividers.
The dividers include resistor boxes, allowing the
division ratio to be adjusted and ensuring signal
amplitude  compatibility with the recording
equipment,

To protect against voltage surges, which may
occur, for example, as a result of vacuum breakdown
in the measurement chamber, a cascade of
operational amplifiers is installed between each
divider and the data acquisition board.

The cascade’s output voltage range is limited to
+10 V, which matches the input parameters of the NI
DAQ 6351 data acquisition board.

The board is installed in a workstation to
perform analog-to-digital conversion of half-
sinusoidal voltage pulses and corresponding emission
current pulses, and to read these digitized signals
using multifunctional software implemented in the
LabVIEW graphical programming environment.

A trailing-edge detector for half-sinusoidal
voltage pulses is used to synchronize signal
digitization with the power supply frequency.
Synchronizing rectangular pulses are fed through
a separate channel to the data acquisition board.

For each voltage and current pulse digitized by
the board, graphs of their profiles, as well as the
dependence of current on voltage, are displayed on
the workstation screen. A fragment of the
I-V characteristic is plotted on a separate graph in
semilogarithmic coordinates. This fragment is
processed in real time, obtaining linear regression
coefficients and calculating effective parameters: the
field enhancement factor (FEF) and the field emission
area (FEA). The analysis is performed in Murphy-
Good coordinates: Y= In(Z/U* %), X=1/U, which
correspond to modern field emission theory [16].

Here 1(¢) =bpnca¢ 2, bpy =6.83-10° eV>'2 - Vom!
is  the
¢2=1.4410"ev> m-V' is the Schottky constant,

¢ is the work function of the emitter surface, which is
~4.6 eV for CNTs. The effective parameters are
collected in separate data arrays, which are displayed
on the screen as two graphs: FEF(f) and FEA(?) as
functions of time.

second Fowler-Nordheim  constant,
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3. Results and Discussion

To solve the problem of eliminating random and
systematic errors when recording voltage and current
values, three software modules were developed and
integrated into the general software for recording and
analyzing I-V characteristics.

The first module is designed to subtract from the
signal profile the constant systematic error caused by
electromagnetic interference from the power supply.
The second module is designed to eliminate the
systematic error that varies with voltage level.
The third module is required to reduce I-V
characteristic noise at low voltages.

Figure 2a shows a graph of the time course of
a voltage pulse generated by the recording system in

the absence of voltage at the emitter. The first
software module accumulates and averages the
profiles of these signals, which yields the constant
systematic error shape. The averaging time is
specified by the user. For example, approximately
100 packets (arrays of pulse values) are recorded in
10 s. The resulting error profile is stored and
subtracted in real time from each subsequent packet
of values in the experiment.

This procedure is performed for both voltage and
current pulses. Figure 2b shows the corrected signal,
along with the resulting constant systematic error
profile.

As a result, the current value spread is reduced
from 107 to 107 A, leaving behind noise from the
measuring equipment and power supply.
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Fig. 2. Correction of the I-V characteristic by subtracting the capacitive and noise components:

a is the voltage input signal before the scanning pulse is applied; b is the current input signal after subtracting the constant
mains current (black) and before subtracting (blue); c is the current signal before a noticeable emission occurs,
which shows a sinusoidal addition of a systematic error, the edges of which are highlighted the blue and green cursors;
the remaining figures show the pulse of the emission current corresponding to the I-V characteristic
and [-V characteristic-FN: d, e, f— before subtracting the sinusoidal component; g, 4, i — after correction
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After this initial correction, voltage is applied to
the test sample. As the voltage level increases, the
contribution of the changing systematic error
becomes visible on the current pulse profile graph.
This error has a sinusoidal shape and increases with
the voltage amplitude. This error significantly affects
the recorded values at low emission currents (~1 pA)
and appears even before noticeable field emission
occurs (see Fig. 2¢).

The influence of the variable error on the
recorded emission current signal is manifested in the
form of a skew in the pulse profile (Fig. 2d), the
hysteresis on the [-V characteristic (Fig. 2e), as well
as the divergence of the falling and growing branches
on the I-V characteristic-FN curve (Fig. 2f).

By varying the eclements of the measuring
circuit, it was found that this variable contribution is
due to the fact that there is a capacitive element in the
data acquisition board. The second software module
allows the experimenter to calculate and eliminate the
contribution of this error. By manually controlling the
cursors, two points are selected on the graph of the
current pulse profile at which the applied voltage is
so low that the emission current is significantly
absent or does not exceed the noise level (Fig. 2c¢).
Based on the current values at these points, the
correction parameters are calculated, which has
a sinusoidal shape:

y = Asin(wt — ), (1)

where A4 is amplitude, ¢ is the phase shift.
The parameters are calculated as follows:

¢ = 2n f max > (2)

where f= 50 Hz is the frequency of scanning pulses;
max 18 the time point corresponding to the maximum
pulse amplitude (located automatically);
A= (1 =») ’ 3)
sin(ox, —¢)—sin(ox, — ¢)

where (x;,7,), (x,,7,) are coordinates of the points
set by the cursors, ®=2mn f .

After subtracting the sinusoidal correction, the
dependencies take on a more accurate form: the
current pulse becomes more symmetrical (Fig. 2g),
the hysteresis in the I-V characteristic curve
practically disappears (Fig. 2%), and the convergence
of the I-V characteristic and FN branches increases at
low voltages (Fig. 2i).

After subtracting the constant and variable
systematic errors, noise remains in the recorded
signal, which also has a significant impact on the
evaluation of the effective parameters [17].

This noise is associated both with the measuring
system and with the influence of random processes
on the cathode emission activity, such as the
deposition of residual atmospheric particles on the
emitter surface [18]. In the low-current range, noise
causes the corrected current signal to be negative in
some places, which complicates the construction of
a trend line in semilogarithmic coordinates and
requires the removal of this section of the
I-V characteristic from the analysis. A special
function in the signal recording and analysis software
allows automatic selection of the I-V characteristic
section for analysis corresponding to the linearity
specified by the experimenter (maximum average
deviation from the Residue trend line).

Reducing the impact of noise (random error) is
the task of the third module. This module sums and
averages the values of current and voltage pulse
packets, displaying the average I-V characteristic and
the number of averaged signals in real time.
This makes it possible to select a longer section for
regression analysis (see Fig. 3ab) and obtain effective
parameter values with greater accuracy.

The effective parameters obtained in real time as
a result of I-V characteristic averaging cease to
fluctuate (see Fig. 3cd).

Processing the I-V characteristic of the carbon
nanotube cathode using the modules described above
resulted in an adjustment of the field enhancement
factor from FEF =937 £28 to FEF=889+3 (a 5%
decrease), and the emission area values from
FEA = 52 + 37 nm” to FEA = 80 + 3 nm’ (an increase
of 54 %). The range of the I-V characteristics
selected for the analysis was limited to a maximum
Residue = 0.01. The obtained FEF value corresponds
to theoretical concepts of emission from carbon
nanotubes [19].

It should be noted that the presented method of
I-V  characteristic correction leads to similar
improvements in the shape of the I-V characteristic
not only in the case of the considered cathode made
of multi-walled CNTs, but also for other samples
investigated on the same experimental setup. We
applied the method to study the following types of
samples: nanocomposites of carbon particles in
a polymer matrix (single-walled CNTs and graphene

[14], FEFswent = 1700, FEFG = 450); arrays of tips
created by lithography (silicon [20], FEFg;=250);
macroscopic  blade (silicon  [21],
FEFpjade = 190). CNTs demonstrate consistently high
FEF values of the order of 1000.

cathodes
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Fig. 3. Elimination of the noise component of the signals:
a —I-V characteristic-FN before averaging; b — I-V characteristic-FN after averaging;
time dependence: ¢ — field enhancement factor FEF; d — emission area FEA

4. Conclusion

Software modules for correcting experimental
I-V characteristics of field cathodes have been
developed. The modules are integrated into the
software of a multichannel data acquisition system
with fast high-voltage cathode scanning and real-time
data processing.

The developed method for eliminating random
and systematic errors associated with noise and
capacitive interference allows for correction of
incoming data before real-time processing.
As a result of the correction, the I-V characteristic
becomes smoother, its hysteresis is reduced, and the
range of measured currents increases (from 100 nA).

The method was tested in an experiment with
a field cathode based on CNTs grown using PECVD.
The correction resulted in a 5% decrease
in the field enhancement factor and a 54 % increase
in the emission area.
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Abstract: This paper examines the laser thermodynamics of topological structures — dendrites — obtained by laser ablation
of several high-entropy alloys using laser pulses. Laser experimental synthesis schemes and parameters for producing
dendritic structures in various high-entropy alloys are discussed. For various configurations of such structures, the
possibilities for controlling the functional characteristics of dendritic samples (electrophysics and optics) for potential
technological applications are analyzed within nanocluster/island topological models. Thermodynamic conditions for
targeted dendritic synthesis are modeled and evaluated under various experimental conditions with laser irradiation from
a Gaussian radiation source using the Matlab Laser Toolbox approximation. The thermodynamic conditions for the
synthesis of dendritic systems formed from high-entropy alloys are studied using analytical estimates of the temperature
field. The procedure performed allowed us to estimate the actual melting temperatures for the components of the
nanostructured high-entropy alloy. Models of dendritic structures in the diffusion approximation under diffusion-limited
aggregation were proposed. Their electrical conductivity was estimated using simulations of the current-voltage
characteristics within the tunneling and hopping approximations, as well as the enhancement of the electric field on fractal
structures at their inhomogeneous boundaries. The developed models were implemented in MATLAB and were directly
related to the parameters of the actual synthesis scheme, and the estimates obtained using them were consistent with the
actual values.
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AnHoTammsi: PaccmaTtpuBaeTcs a3epHasi TEPMOAMHAMEKA TOIOJOTHYECKUX CTPYKTYP — ACHAPUTOB, HOJIYYCHHBIX MPU

BO3CHCTBUH JIA3EPHBIX UMITYJIHCOB Ha TIOBEPXHOCTH PAJa BRICOKOIHTPOIMITHBIX CIUTABOB B IPOIECCE JTA3ePHON aOIISAIINH.
PaccMOTpeHBI cXxeMBbl J1a3epHOro IKCIEPUMEHTANIBHOTO CHHTE3a U €ro MapaMeTphl AJ MOIYYeHUs ICHIPUTHBIX CTPYKTYD
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BBICOKOHTPOIMUHBIX CIUIABOB PAa3JIMYHOr0 Xxapaktepa. s pasHbIX KOH(UTypaluid TaKuX CTPYKTYpP B pamKax
HAHOKJIACTEPHBIX/OCTPOBKOBBIX ~ TONOJIOTHYECKHX  MOJENICH  IpOaHaIM3MPOBAHBl  BO3MOXKHOCTH  YIPaBIICHHS
(DyHKIMOHATILHBIMU ~ XapaKTEpPUCTHKaMH 00pasloB C JAeHApUTaMH (3JIEKTpO(U3UKAa W ONTHKA) Ul BO3MOMKHBIX
TEXHOJIOTUYECKUX NpuMeHeHuil. CMOJAenupoBaHbl U OLICHEHbl TEPMOAWHAMHUYECKHE YCJIOBUS HAIPABIEHHOIO CHHTE3a
JCHAPUTOB HPH PA3HBIX YCIOBHAX JKCIIEPUMEHTA C JIa3epHBIM BO3ICHCTBHEM OT ['ayccoBOTO HCTOYHMKA W3ITyYCHHS
B pamkax npuommkenus Matlab Laser Toolbox. [IpoBeneHo ncciemoBanne 0COOCHHOCTEH TEPMOANHAMHYECKIX YCIIOBHHA
CHHTE3a JACHAPHUTHBIX CHCTEM, 0OPAa30BaHHBIX M3 BBHICOKO3HTPOIIMHHBIX CIIIIABOB HA OCHOBE aHAINTHYECKUX OLCHOK IOJIS
TemrnepaTypsl. IIpoBeneHHas mporenypa MO3BOIMIA OLEHUTh PEAIbHBIC TEMIEPATypbl IUIABJICHHS JUII KOMIIOHEHT
HAaHOCTPYKTYPHUPOBAaHHOTO BBICOKOPHTPONMKHHOTO CIUIaBa. [IpeuioxkeHsl MOJENN OeHAPUTHBIX CTPYKTYp B Au((dy3HOHHOM
NpUOMMKEHUH B paMKax JIU(QQy3HOHHO-OTPAaHMUCHHON arperanuu, IJsi KOTOPBIX TpPHUBEAEHA OLEHKa UX
QJICKTPOIIPOBOAUMOCTH C IOMOLIBIO MOACIUPOBAHUA BOJBTAMIICPHBIX XapaKTCPUCTUK B paMKax TYHHEJIbBHOI'O
U TIPBDKKOBOTO NPUONMIKEHHH, a TaK)Ke YCHUJICHHS DJIEKTPUYECKOTo IT0JIi Ha HEOAHOPOAHBIX TpaHHLAX (pakTalbHBIX
cTpykTyp. Paspaborannsie moaenu peanuzoBanbl B cpeie MATLAB 1 UMEIOT HEMTOCPEACTBCHHYIO CBS3b C IapaMeTpaMu
peanbHOI cxembl cuHTe3a. OLEHKH, BBINIOJIHEHHBIE ¢ X IOMOIIBI0, HE IPOTUBOPEYAT PEAIbHBIM BEIMYHHAM.

KiroueBble cJjioBa: masepHas TEPMOAWHAMEKA; BBHICOKOXHTPONHMMHBIE CIUIABBI, TOIIOJOTHYECKHE ITOBEPXHOCTHBIC
CTPYKTYPBI; HAIIPABJICHHBIA CHHTE3 JCHIPUTOB; yIpaBiIsieMble (YHKINOHAIBHBIE XapaKTePUCTUKH.

Jna untupoBanms: Tumarkina DD, Butkovsky OYa, Bukharov DN, Burakova IV, Burakov AE, Arakelian SM.
Topological laser thermodynamics in technologies for controlling the functional characteristics of high-entropy alloys with
dendritic surface structures. Journal of Advanced Materials and Technologies. 2025;10(4):329-341. DOI: 10.17277/jamt-

2025-10-04-329-341

1. Introduction

The effect of laser radiation on the surface of
a solid material is a multifactorial and controllable
process under conditions of selected laser beam sizes
and pulse durations, particularly when producing
inhomogeneous dendritic surface structures.

This dimensional processing of the surface by
laser radiation results in a topological modification of
its structure under conditions of complex interactions
between different phases of the substance during the
development of nonlinear gas- and hydrodynamic
processes with different spatiotemporal parameters,
including micro- and nanoscale clusters. The emergence
of such dynamic small-scale instabilities radically
alters the thermodynamic phase and structural states
of the medium, with parameters whose local values
differ from those tabulated for bulk samples.

This specific feature of the laser experiment is of
particular interest for complex/composite compounds,
particularly high-entropy alloys (HEAs) of varying
elemental/chemical composition [1, 2]. Precisely by
applying laser radiation, it is possible to control the
thermodynamic conditions for the formation of
localized 3D columnar-dendritic structures of
a fractal type, for example, on the metal surface of
a sample, given the specific conditions of non-
stationary energy exchange between light radiation,
electronic states, and the lattice parameters of the
solid. All this determines the final temperature
regime and phase state of the medium with controlled
functional characteristics.

This controlled laser radiation effect on a metal
surface is particularly unique when applied in

a sequence of laser pulses (multi-pulse mode).
This allows for the selection of a specific time delay
between pulses and the recording of the fundamental
processes of sequential heating and cooling of the
material, depending on the thermodynamic energy
parameters of the alloy components, with specific
melting conditions and the required deformation/pit
configurations on the surface (including at the
melting front). This also enables the time-lapse
recording of the material's solidification conditions,

including  amorphization and  crystallization
processes, as well as oxidation under transient
conditions.

Of fundamental importance in this case is the
emerging localized thermophysical source, often
moving in different regions on the material's surface.
Its spatiotemporal characteristics require specialized
analysis and modeling to ultimately produce a stable
structure with the desired functional and structural
properties of a 2D thin-film system of varying
thickness.

Under conditions where the laser beam is
scanned across the surface, dendrites in the melted
zone form at a certain angle to the sample surface due
to an additional temperature gradient along the
direction of the laser beam's movement across the
surface. Physical significance, in terms of thermal
heating, is typically derived from a dimensionless
control parameter such as the product of the laser
focal spot size on the surface of the metal alloy and
its absorptivity.

These issues are addressed in this paper for HEA
of different chemical composition with a laser-
induced dendritic structure. Emphasis is placed on the
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fractal nature of the resulting configurations in terms
of the thermodynamic and thermophysical processes
that drive their development, along with the
corresponding energy potentials for mixing
thermodynamic quantities for alloys (in particular,
entropy and enthalpy). This ultimately determines the
structural and functional characteristics of samples
with such synthesized surface topological structures.
To analyze these characteristics, depending on the
specific experimental conditions of the Ilaser
experiment, the authors conduct numerical modeling
of the thermophysical processes that lead to various
similar structural configurations on the surface.

2. Methods and approaches

This section briefly discusses schemes for
obtaining a number of topological configurations that
arise on the surface of a material under the influence
of laser beams, and simple models of the
electrophysical characteristics of such structures.

2.1. Laser action on the surface of a material
and analysis of the implementation
of inhomogeneous structures
of the dendpritic/fractal type on it

Initially, solid-phase laser modification of the
surface of various metal-containing materials occurs
under the influence of laser radiation. However, this
laser ablation process occurs over a relatively narrow
range of laser power values. Therefore, to determine
the upper energy limit, above which melting of the
sample is observed, we simulated the metal sample
while scanning the laser beam. This allows us to
subsequently calculate the configuration and
composition of the resulting spatially distributed
structure at the end of laser surface modification.

Since in typical cases for a metal surface the

thermal diffusion length (~1 mm) (/;~4Dr,

D~10° m? ! is thermal diffusion coefficient,
T~ 0.1 s is exposure time, then /; ~107° m) along the

normal to the surface during the exposure time of the
laser beam is much greater than the absorption length
of the laser radiation (~10 um), then the heat source
can be considered superficial, which determines the
direction of heat flow from this source.

A model of the laser heating process under
conditions of surface film formation has been
considered in many papers [1, 2]. The authors used
calculations in the Matlab environment using library
functions implemented in Matlab Laser Toolbox [3].
The intensity distribution /(x, y) of laser radiation in

the form of a Gaussian beam on the plane of the
irradiated film (XOY) was specified as:

2
8P 22
I(x,y)=—exp| =| —
Ttdf df

(+y2),

where P is laser radiation power, W; d f is beam

diameter at the target surface, m.

The temperature field 7(x,y) of a moving
surface heat source (its current coordinates are
marked with a prime) in the quasi-stationary case can
be represented as:

T(x,y)=[ [AIG<,y )W (x,p,x' v)dx'dy',  (2)

—00

where  W(x,y,x',v)=

exp(—i(x —x'+ R)j,

2nKR 2a

and R=+ x?+ y2 , A — absorption capacity in
a material, K is thermal conductivity, W-(m-K)_l,
a = K/pc,, is thermal diffusivity, mz-sfl, v is scanning
speed, m-sﬁl, p is medium density, kg-mﬁ3 and ¢, is
specific heat capacity of the material, J ~(kg-K)_1.

Expression (2) is calculated, for example, using
the fast Fourier transform [4].

Using expressions (1) and (2), we calculated the
temperature field distribution on the target surface
(the specific chemical composition of the HEA is
shown below in Fig. 1) in a square, flat computational
domain measuring 400 um. These -calculations
allowed us to establish an upper limit for the laser
power beyond which sample melting occurs. At laser
power levels of no more than 10 W, the maximum
calculated temperature field values did not exceed the
numerical values for melting to occur, i.e., surface
deformation — in our case, nanomodification —
occurred.

In order to study the physics of the processes
occurring during such laser modification of the
surface, detailed experiments were previously carried
out with well-studied materials, the processes in
which can be considered as test ones within the
framework of an analogy for the case of HEA
materials studied by wus in this article:
semiconductors, in particular, lead telluride, PbTe
[5]; metallic ones, in particular, from the noble metals
silver Ag, gold Au and their alloys [6]; metal-carbon
and diamond-like  compounds of different
compositions [7-9]. In this case, the emphasis is
placed on various schemes and modes of laser
modification of the surface with controlled synthesis
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Fig. 1. Representative image of HEA dendritic
nanostructures, with their chemical composition depicted
by different colors (in relative units)

of topological cluster structures of a certain fractal-
type configuration in thin-layer systems on a solid
surface. Modeling of the occurring thermal diffusion
processes and the implementation of inhomogeneous
topological structures of different configurations on the
surface of the material are possible using solutions of
the two-dimensional diffusion equation [10].

Since, in principle, such methods and
approaches for synthesizing such heterogeneous and
disordered structures are quite universal, they are also
feasible for our problem of HEA with dendrite
formation, at least during the initial stage of exposure
to a laser pulse with a specific time profile. Basic
approaches for such consideration are provided in
(Supplementary materials 1).

A typical view of the dendritic microstructure
we obtained for HEA is shown in Fig. 1, which
shows an image of the dendritic configuration taking
into account the HEA elemental composition (shown
on the scale on the right in the figure, with the
corresponding color). This composition was
determined using X-ray microanalysis. The image is
given in relative units, taking into account model
processing of the image.

We previously considered a number of examples
of model heterogeneous nanostructures [8, 9] using
certain parameters, including fractal dimension, and
taking into account the height of the formed
dendrites, which were also recorded in the AFM
imaging experiment.

These models allow us to estimate the sizes of
the formed dendrites. Converting to absolute sizes,
taking into account the 10 nm side length of the
computational domain cell, we obtain minimum
coverage circle radii for the bases of the formed
dendritic clusters in the order of 100—400 nm.

The dimensions of the crystallized metal blocks
after laser ablation are several tens of nanometers,
which is an order of magnitude smaller than the
inhomogeneities in the original sample. The cladding
processes for a pre-applied alloy coating to the
sample surface, followed by its solidification after
rapid cooling, are not considered here. It can be
argued that the formation of high-energy electron
transport dendrites on the surface of, for example,
stainless steel, is an adiabatic thermodynamic process
of their synthesis [10]. Dendrites are precursors to the
formation of crystalline structures.

2.2. Electrical conductivity models

Existing approaches to assessing the functional
characteristics of this type of dendritic structure, in
particular, models of electrical conductivity of
disordered structures, which include nanocluster/
island surfaces with nanoclusters, are determined by
the surface structure and its dendritic features.
In general, to assess the electrical properties of
heterogeneous structures of various configurations —
nanocluster/island films/dendrites with disconnected
topology, where there is no continuous conductivity
path — the electric current between adjacent
nanoclusters is considered. Within this approach,
nanoclusters/islands are represented as potential
wells, and the spaces between them act as potential
barriers [11].

The emission of charge -carriers into the
surrounding medium or onto the substrate itself, as
well as direct or hopping electron tunneling, forms
the mechanism for charge transfer between
nanoclusters of different configurations located on
a solid surface.

Isolating the conductivity path in such
a structure within the framework of the applied
approach [12] allows us to evaluate the current-
voltage (I-V) characteristics of the system
(the dependence of current / on voltage U).

Depending on their topological features, such
surface cluster structures with dendrites can be
divided into two types of samples: those with a fairly
dense arrangement of dendrites and those with
a sparse structure.

In the first type of samples, topological clusters
are connected to each other by "bridges," forming
a connected topology that allows for the identification
of a continuous current path with percolation-type
electrical conductivity [5]. The I-V characteristic for
this case is calculated using the standard relation
(Ohm's law).
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Fig. 2. Model of a HEA film with a highlighted conductivity path AB (a);
I-V characteristics of the film for path 4B with a test grain size of 10 nm ()

The second type of samples possess fairly large
distances between nanoclusters/islands and can be
characterized by dielectric conductivity mechanisms,
in which the electrical conductivity cluster forms
a disconnected set, resulting in the absence of
a continuous current path, and hopping electrical
conductivity mechanisms in various manifestations
[7, 11].

For these cases, mathematical modeling of the
electrophysical properties of such dendritic structures
is well known and has also been performed by the
authors [8, 12]. The general scheme of such a process
is based on DLA (diffusion-limited aggregation)
modeling for percolation-type electrical conductivity
[8, 10].

Figure 2 shows a model of a nanocluster/island
HEA-nanofilm possessing this percolation type of
conductivity, with a distinguished conductivity path
and the corresponding -V characteristic. The structure
(Fig. 2a) was modeled on a computational domain of
100x100 relative units, within the framework of the
DLA model, with a value of the probability of
adhesion (s) of particles during their agglomeration
equal to 0.5, and a random initial distribution of
10 seed particles at an equal concentration of HEA
elements. In the film structure, specified points of
microcontacts for voltage application (4 and B
points) are distinguished. Using the Lee wave
algorithm [9, 12, 13], a continuous conductivity path
is realized, taken as the shortest trajectory of electron
motion in the nanofilm (4B broken line), the length
of which L is 163 relative units. To calculate the
current-voltage characteristics in test model units, the
size of the structure granule corresponding to the cell
size of the calculation region was chosen equal to
dy1 =10 nm.

Thus, hopping conductivity is realized as
a process of charge carrier transport through localized
centers [7, 13].

For a random distribution of localization centers,
the electrical resistance R(3 takes the form [14, 15]:

ha ( 1.24 j )
exp ,
3.84¢> \aN'?

R03 =

where N is concentration of localization centers rn_3,
q is electron charge C, 7 is reduced Planck constant.

In connection with this approach (its basic
principles are analyzed in (Supplementary materials 2),
it is useful to briefly examine the model of electric
field amplification in fractal structures such as those
shown in Figs. 1 and 2a. As can be seen, in their
simplest model representation, they include
arbitrarily oriented elements in the form of variously
sized fragments of long branches with fractal
segments at their ends.

Thus, this analysis demonstrates that, using
model samples and the proposed approximation, it is
possible to achieve a relative enhancement of the
electric field by several orders of magnitude, taking
into account the entire perimeter of the branched
fractal figure in a specific region of the coating when
measured with a certain cross-section of the
microcontact end. This effect is analogous to the
well-known phenomenon of the realization of
supersonic ~ Raman  scattering  (SERS)  with
enhancement on a rough surface, used, in particular,
in the diagnostics of extremely low concentrations of
dyes on such surfaces [11, 16—-18].

3. Results and Discussion

3.1. General characteristics
of thermophysical laser action in the experiment

When using laser heating in HEA, it is necessary
to consider the specific nonlinear temperature
dependence of the material's characteristics and the
microstructure of the resulting objects. This is the
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subject of separate research, particularly in terms of
potential applications, which is beyond the scope of
this article.

This section presents the calculation results for
processes in an HEA system under laser irradiation of
the material surface, using fairly universal
fundamental approaches to the thermodynamic
description of laser heating. We also analyze some
aspects of the conditions for the formation of
inhomogeneous structures on the surface of samples
in the corresponding temperature ranges under laser
irradiation of materials (if necessary, these conditions
can be adjusted for the specific elemental
composition of the HEA in different schemes).

We will take into account the technologically
important multi-pulse nature of radiation with
a repetition rate of laser pulses f in the form of
a simple dependence:

16) = 1o(1)(1~cos )
where 1,(¢) is a slowly changing function over time,
taking into account the difference in amplitudes in the
sequence of pulses/peaks of different origin in each
pulse [1, 2, 19, 20].

Then, in the one-dimensional approximation of
the propagation of the thermal field along the OX axis
in the quasi-stationary case, when the current value of

t is considered within the general envelope of the
laser pulse duration, for the temperature 7" we have

[20]:
T<x,f>:[2W°_@}erf{ i } n
a 2@

wg is energy density of laser radiation flux, Jm;
B is thermal diffusivity coefficient, f = a/(cp) m*s ;
a is thermal conductivity, W-(m-K)fl; p is density,
kg-m_3; ¢ is specific heat capacity, J-(kg-K)_l; and
parameter

ierfc = Ierf c(z)dz = [Wj e’ —zerfe(z)
Z T

is the integral of the probability integral function.
It is assumed that the radius of the laser heating spot
focused on the material, 7, is much greater than the

spatial scale of thermal diffusivity, B, for the time
being considered, ¢ .

The paper examines
perpendicular to the sample
parameter x determines its height.

For example, an estimate for iron yields a value
of x ~50 um.

dendrite
surface,

growth
and the

On the surface of a thin plate x =0, i.e. when its
thickness # is much smaller than the radial
dimensions of the laser heating region under

consideration 7= ry and under the condition that
téO.er /B, instead of expression (4) we have

a simpler relationship:
Wot

( J(1—4Bf) 2
7(0,¢) =Ch—2exp[—i[3t}. (5)

ry 4

The analysis of the problem shows that the
maximum heating temperature depends on two
dimensionless parameters: a nonlinear function of
temperature and the material's density. Moreover, for
short periods of time, i.e., at the onset of the laser
pulse, the temperature field in the material is
determined by the energy flux density distribution
function wy on the sample surface, for which the
result of the one-dimensional heating problem with a
constant heat source, multiplied by the value of wy,
is applicable.

The fundamental parameter in the problem under
consideration is the required value of the laser
radiation flux density ¢, at which the maximum
temperature i, i reached on the sample surface by
the end of the laser pulse and at which melting of the
material occurs. Without dwelling on the
corresponding analytical relations (these processes
are considered, for example, in [21]), we will
immediately present numerical estimates of the
critical values g, based on these relations for the
onset of melting of the material at normal pressure.
In particular, for steel (SHX-15) with thermal
conductivity a = 0.51 W-(cm-K)fl, volumetric heat
capacity ¢=0.15 cmz-sfl, qc=3.5-103 W-em 2 we
have achieved the value Tp,,x = 1808 K with a laser
pulse duration of 1 ms. With a duration of 10° s

the required value ¢, for melting the material
2

go=1.8-10° W-cm °.

In this case, ¢, increases for different materials
with increasing melting point, thermal conductivity,
and specific heat capacity. However, the g, value
decreases with increasing laser pulse duration.
For example, for titanium, 7pax=2073 K,
a=0.15 W-(cm-K)fl, ¢=0.06 cm>s . For the noted
laser pulse durations of 1 ms and 10°® s, we have ¢,

values of 3.0-10° W-cm > and 1.0-10° W-cmﬁz,
respectively.

When considering the rate of movement of
temperature phase transition boundaries (along the

334 Tumarkina D.D., Butkovsky O.Ya., Bukharov D.N., Burakova L.V., Burakov A.E., Arakelian S.M.



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

time coordinate), which determine dendrite growth,
in this non-stationary problem, the region where
exponential growth toward a fixed value of a given
melting temperature is of fundamental importance.

However, during multi-pulse laser irradiation of
a material, for example, for a pair of successive
pulses, two parameters must be evaluated: the heating
rate from the first pulse and the subsequent cooling of
the material until the arrival of the second pulse, with
a certain time delay &¢ (Supplementary materials 1).
Then, according to the physics of the phenomenon
under consideration, the heating and subsequent
cooling of the material from the first pulse is limited
in time by the arrival of the next pulse with
a selectable delay o¢, which determines the role of the
time duration ¢ of the dendrite growth process under
the influence of the first pulse.

Thus, it becomes possible to regulate the modes
of thermophysical processes during multi-pulse
exposure of laser radiation to materials with
controlled production of different dendritic
configurations over time, and this can also be done in
different areas of the surface with a given scanning of
the laser beam over the surface.

3.2. Features of HEA systems

The above discussion applies to a material with
a homogeneous elemental composition. Therefore,
for HEA, a comprehensive analysis must be
conducted, taking into account thermal diffusion
effects for the various chemical components of the
alloy. It also takes into account that the maximum
laser heating temperature shifts toward a less
thermally conductive material to a greater extent the
longer the laser pulse duration [10, 20].

We consider several of the obtained
dependencies within the framework of the general
approach outlined above. In doing so, we will
significantly simplify the problem for the case of only

two consecutive laser pulses with specific
characteristics acting on the HEA (with the formation
of dendrites).

In this model, we will assume that laser radiation
induces two layers in depth with defined boundaries,
taking into account the sequential heating and cooling
processes [22]. The first layer (with an average
thickness of about 1 pum) has a columnar-dendritic
structure, mainly of martensite; the second has a fine-
grained structure with retained austenite (with
average grain sizes of up to twenty micrometers and
a temperature gradient across the depth of the laser-
impact zone of the order of several tens of
micrometers). Their characteristics are determined by

the rates of amorphization, crystallization, and heat-
diffusion processes in the material for different HEA
components, as well as by the laser irradiation modes
with a time interval between two successive pulses.

Furthermore, when exposed to millisecond-
duration laser pulses in an air atmosphere, metal
oxidation processes occur (with oxide film
thicknesses of up to fractions of a micrometer).
The kinetics of metal oxidation depends on the
thermal effect of laser radiation integrally (on a two-
component system), taking into account the growth of
the oxide component. These phenomena are well
known in materials science [23, 24], but are discussed
below with corresponding numerical estimates for
a specific HEA composition.

The subject of the study is HEA with chemical
elements in AISI 304 stainless steel, with their
percentage concentrations presented in Table 1 [25],
before laser irradiation. A series of experiments were
conducted with this material under double-pulse
irradiation in the non-uniform laser pulse (M-pulse)
model [22]. This multicomponent material
decomposes at a temperature of 1067 K. However,
here we are specifically talking about HEA-type
alloy, since it requires comparable concentrations of
its constituent chemical elements.

According to [22], on such a substrate, where
HEA is located, the areas of formation of dendrites
with their most uniform distribution over the surface
are realized in the temperature range [608—800 K].

Our analysis of the scheme of this two-pulse
action on the material led to the results presented in
Table 2 and in Figs. 3 and 4 for the selected
parameters of the laser experiment.

Using Matlab, the authors obtained a temperature
distribution field on a stainless steel substrate under
parabolic growth conditions (Fig. 5).

Table 1. Concentrations of chemical elements
(wt. %) in stainless steel AISI 304

C Cr Ni Si  Mn S P N

0.08 1820 8&-105 1 2 <0.03 0.045 0.06

Table 2. Temperature of the substrate
with formed HEA (stainless steel) depending
on the time of exposure to 2-pulse laser ablation

t, ms 0 3/2 3 9/2 6

(), °C 300 469 433 506 300
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Fig. 3. Dependence of the laser energy density acting
on the sample on the exposure time as a result
of 2x ablation on the surface of a stainless steel substrate
with formed HEA
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Fig. 4. Dependence of the temperature of the stainless steel

substrate with the formed HEA on the total time
of exposure to two laser ablation pulses
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Fig. 5. Temperature field on a stainless steel substrate with HEA formed as a result of 2-pulse ablation.
Calculations were performed in Matlab; with an exposure time of 1 ms, a temperature of 335 °C is reached;
with an exposure time of 1.5 ms, this corresponds to 608 °C; with an exposure time of 3 ms, this corresponds to 964 °C

The initial conditions for the calculation were
the initial and final temperatures of the laser
exposure, and the total exposure time intervals (on
the left side of the figure) were 1, 1.5, 3 ms (shown
in different colors on the right scale).

In the above-described two-pulse laser
irradiation scheme, the concentration of each HEA
impurity was calculated for the temperature gradient
formed during the second pulse, and the melting
temperature of each impurity was also calculated.
This can be accomplished using Fick's second law
[10, 20, 24]:

& =1-erf a
Cy 2Dt

; (6)

where C is concentration of diffusing substance in
a film with thickness x, m°; C, is initial
concentration of the diffusing substance in the liquid,
rn_3; erf is error function with tabulated values [26];
x is layer thickness, m; D is diffusion coefficient,
mz-s_l; 7 is diffusion time, s. This makes it possible to
calculate the concentration of impurities after
exposure to the first laser pulse.

Diffusion coefficient values D in HEA for each
jon (Cr’, Ni', Mn", C", Fe") are tabulated [20] and
are  equal to: D(Cr+) =0.01-10" mz-sfl;
D(Ni")=21.9-10"* m*s ', DMn") =7.5-10* m*s";
D(CHY=03310" m*s; D(Fe")=0.0062-10 * m*s .
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Given the processes of laser oxidation, the
dependence of the thickness /(r, ) of the oxide film
on the temperature on the surface of stainless steel
was obtained under the assumption of a parabolic law
of its growth [23, 24, 27]:

h(r,t) =y 2100 (= Q/T(r)). ™

where A(r, f) is film thickness, m; ¢ is laser pulse
duration, s; r is transverse coordinate, m; Q is
oxidation  activation temperature, equal to
approximately 1143 K; 7(r) is maximum heating
temperature, K; ®q is parabolic constant of the
oxidation growth rate, which under dry oxygen
conditions at temperature ~1100 K is equal to
0.027 um*>h™"' [23, 24].

Thus, at a stainless steel surface temperature of
1860 K and a laser pulse duration of 6 ms, the oxide
film thickness is 0.7 nm.

The melting point of the stainless steel
components involved in dendrite formation was also
calculated.

According to [28-30], difference in chemical
potentials of components is Ap=-¢(7,-T)/T,,

where 7, is melting point of the components, K; 7'is
phase transition temperature. According to [22, 31] it

ZHi”i

T
latent heat of phase transition, where is concentration
of the i-th component of HEA. Taking into account

each concentration n; the HEA

equals to 1067 K, and we have that ¢ = is

component:

k
Zn,- =—p Sgyr» Where k is Boltzmann constant,
s
J-Kﬁl; S is surface entropy, J-(K-m)fz; p is dendrite
distribution density, m *; Squy 18 surface area, m™.

On the other hand, Ap is an additive quantity,
therefore ~ Aw; =p; —py,; =q(Ty—-T)/T, is the
difference in chemical potentials of the i-th component,
which is equal to the difference in chemical potentials
for the liquid and solid states of the component,
T; is melting point of the component, K. In this case
Z w;n; =AG [30], where G is the Gibbs free energy

unit, J. Therefore, we arrive at the expression [31]:
I,-T 1
=—, where n is the number of particles of
I.TR n
a given component.
Let us consider the concentrations of the HEA
components in the oxide film [23, 24].
For the differential dy from the surface tension
of a flat surface, we have according to [30]:

q

dy = _Mldl’ll _M2d“’2 __M6d“6 N
where M;

; 1s the excess number of moles of the
i-th component (i=1,...,6) per unit area of the
interfacial layer.

Then we write:
xdpy + xodp, + x3dps + x4dpy + xsdps + xgdpg =0,

where x; is molar fractions of components.
Thus, for a separate (in particular) component
i =6, we have

X6
dy=| Mg~ dug
lel +X2M2 +X3M3 +X4M4 +x5M5

or, introducing the appropriate notation, we have
d'Y = M6(12345)dM6 = M6(12345)RTd1nC6 . where R is

universal gas constant, J-(mol-K)fl; T is the melting
point of the 6th component K; ¢¢ is the concentration
of the 6th component, m .

Similar equations are valid for all components.
Since the alloy is equimolar (high-entropy), we
assume that M| =M, = ... = Mg. However, in HEA,
the proportions of each component range from 0.05 to
0.3, depending on the total number of components —
N. This corresponds to the generally accepted concept
of HEA and can be a controlling parameter, along
with chemical composition and concentrations, in the
synthesis of specific HEA.

From here, for du; we obtain:

AG,

ns
dy, =— =RTIn—. (8)
n; k

1

In this case, if we consider the thermal
decomposition reaction as endothermic, we can
determine the amount of heat required for melting
each impurity, taking into account the heat input from
laser heating and melting. We will express this in
terms of temperature based on the relationship
between the concentrations of substances in the liquid
layer:

RT, T
n=———.
‘I(To_T)
Then from [30-32]:
AG(T,-T T, T
8600 -T)_ prgn 0T
LT I,-T

Now we can find the melting temperatures of the
particles for the HEA elements of interest to us
(Cr, Ni, Mn, C, Fe).
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Let us assume that as a result of oxidative
destruction, an atomic monolayer of impurities is
formed on the surface of stainless steel. Then, from
the phenomenological thermodynamic model for
describing the melting temperature of nanoparticles
of materials [32], we obtain the following two

expressions
8y 4 (8Y
|- | d=-7|—|, ©)
2 3 \2

where & is Tolman's constant, m; d is atomic
monolayer height, m;

45
Tszn(lw)exp — ,
0+ 2R

where T, ’1(100) is melting point of a bulk sample, K; 7

(10)

is radius of a particle/cluster (in our case, an atom),
m.
The obtained melting temperatures of massive

samples T,,(fo) [30, 32] and the atomic radiirgof

metals are given in Table 3 [33].

Using the data from Table 3, we obtain the
calculated values of the melting temperatures 7, but
for the nanoparticles of the HEA components. This
gives the following numerical values: for C — 129 K,
for Cr — 90 K, for Fe — 74 K, for Ni — 74 K, for Mn
— 64 K. For different HEA elements, we have the
following values of n: 0.13 for C; 0.09 for Cr; 0.07
for Fe; 0.07 for Ni; 0.06 for Mn.

Thus, using the proposed approach, it is possible
to estimate the actual melting temperatures of the
components of nanostructured HEA. This will
determine their potential use in various applications
for specific purposes.

Table 3. Data on the melting temperature

of massive samples 7;, for HEA of the elemental
composition under consideration

Chemical element ), K 7o, M
C 3800 0.091

Cr 2150 0.130

Fe 1806 0.126

Ni 1725.4 0.135

Mn 1517 0.132

0] 1860 0.386

3.3. Prospects and background
for the application of nanostructured HEAs

Such high-entropy perovskites of the dendritic
fractal type hold great promise for various
applications, particularly in electrophysics.

According to the physics of the phenomenon
itself, the reduction of a metal (stainless steel) from a
perovskite modeled on experimental data results in
the formation of an oxide film on the dendrite
surface. Upon reduction, this perovskite transforms
into a martensite structure. This occurs due to the
interaction of the perovskite (essentially an ore [34])
with atmospheric carbon monoxide. This assumption
is based on the fact that the carbon content in the
crystal lattice increases. Moreover, according to the
same work [34], the charge in the oxide lattice is
compensated, so there are no free electrons in
the oxide lattice, and charge transfer within the lattice
is carried out only by ionic displacements.
With a change in the structure of the electric field in
the medium, only paired, and therefore neutral,
thermal objects are formed in the ionic lattice of the
perovskite — interstitial defects and Frenkel defects,
or Schottky defects. Therefore, the electrical
conductivity of such a lattice is due to the presence of
defects, and such a formed oxide is characterized by
conductivity similar to superionic conductors.
However, the difference lies in the rapid mixing of
particles and vacancies due to the thermal effect, and
therefore "short-lived" conductivity occurs in oxides.

The temperature at which high electrical
conductivity appears is determined by the Tammann
melting point [1, 2, 10, 20]: (0.5 — 0.8)7T,, (essentially
room temperature, according to Table 2 and Fig. 4,
where the first temperature gradient corresponds to
the melting of the stainless steel surface), at which
surface diffusion begins to transform into bulk
diffusion. It is at this temperature that significant
interaction between oxides and carbon occurs.
All components of the carbon that make up the
perovskite will participate in this conductivity.

4. Conclusion

In this article, we analyzed the structural features
of high-entropy alloys with laser-induced dendritic
structures using topological laser thermodynamics
approaches and models of surface laser structures of
various configurations. The laser methods for
influencing the material surface with the
implementation of inhomogeneous dendritic/fractal
structures were considered. As a result, existing
approaches for considering thermophysical processes
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in such topological structures were briefly analyzed.
The diffusion processes and implementation of
inhomogeneous topological structures of various
configurations on the material surface with the
formation of dendrites in a laser experiment were
simulated. When examining the effects of laser
thermodynamics of HEA systems, we estimated the
numerical values of the thermodynamic parameters in
nanostructured samples, in contrast to the values for
tabulated bulk samples. Details of calculations based
on the various algorithms used were provided.
This makes it possible to mathematically model the
electrical properties of dendritic structures using
a nanocluster/island nanofilm model, estimating the
local field enhancement in the resulting dendritic
structures. The analysis and estimated calculations
presented in this paper, taking into account the
thermodynamic conditions and criteria for the
existence of HEA, specifically the ranges of
numerical values of entropy and enthalpy, differences
in the mole fractions of elements, and latent heats of
fusion, suggest the possibility of a perovskite-like
high-entropy compound and its martensitic
transformation. This requires further verification
in future studies.
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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
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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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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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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

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



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

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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0
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0.434(7,,, - T, ;)
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8107 Py,
exp
T-C.
Ps,i :—11055 (8)
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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

Dvoretsky D.S., Dvoretsky S.1., Akulinin E.I., Tugolukov E.N., Varnikov G.1., Usachev V.B. 359



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

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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Abstract: The development of new electrolyte solutions with improved characteristics is a key challenge for creating high-
performance batteries, fuel cells, supercapacitors, and other electrochemical devices. The study of the potential energy
landscape (PEL) plays an important role in this process, providing information about the interactions between solution
components at the molecular level. In this work, we review the practice of applying PEL research methods based on
classical and quantum-chemical algorithms to analyze the structure, dynamics, and thermodynamic properties of
electrolyte solutions. Intermolecular and ion-molecular interactions at the microscopic level, which determine the
macroscopic properties of the electrolyte solution, are considered in detail. The importance of identifying stable
configurations of ions and their solvates is emphasized. PEL analysis allows for the systematic determination of the most
probable structures and complexes formed in solution, which is important for understanding ion transport mechanisms.
The study of the PEL allows for the determination of the energy barriers that must be overcome for ion migration,
which is related to the conductivity of the electrolyte. The application of PEL research methods in combination with
experimental data opens up new possibilities for the rational design of electrolyte solutions with desired physicochemical
properties.

Keywords: electrolyte solution, molecular modeling; molecular dynamics; quantum chemistry; potential energy
landscape.
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AnHoTanus: Pa3paboTka HOBBIX 3JIEKTPOJIMTHBIX PACTBOPOB C YIYUIIEHHBIMH XapaKTEPHUCTUKAMHU SBIIETCS KIIOYEBOM
3amaveil Ui CO3MaHMUs BBICOKOI((EKTUBHBIX aKKyMYJIITOPOB, TOIUIMBHBIX 3JIEMEHTOB, CYNEPKOHAECHCATOPOB U IPYTHX
AIIEKTPOXMMHUUECKHX YCTpoiicTB. MccnenoBanue nanamadTa noreHuuanbHoi sneprun (JIIID) wurpaer BaxkHyio poiib
B 3TOM IMpOIIecce, MPEAOCTaBIsI HHGOPMAIIHIO O B3aUMOJICHCTBUAX MEXKIYy KOMIIOHCHTaMH PacTBOpa Ha MOJICKYJISIPHOM
ypoBHe. B nmaHHO# paboTe paccMOTpeHa MpakTHKa MNPUMEHEHHST METOJO0B wucciemoBanus JI[ID, OCHOBaHHBIX Ha
KJIACCUYECKMX U KBAaHTOBO-XUMHUYECKUX allOPUTMax, Ji1 aHajiu3a CTPYKTYpbl, JWHAMUKH M TEPMOJIMHAMUYECKHX
CBOWMCTB 3JICKTPOJIUTHBIX pacTBOpoB. [loApoOHO paccMaTpHUBAIOTCS MEXKMOJICKYISIPHBIC W HOH-MOJICKYJISPHBIC
B3aUMOJICHCTBUSI HA MHUKPOCKOIIMYECKOM YPOBHE, OMNpPENEISIONINEe MAKPOCKONUYECKUE CBOWCTBA 3JIEKTPOJUTHOIO
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pactBopa. IloguepkHyTa Ba)KHOCTh UACHTH(PHUKAINN CTaOMIBHBIX KOH(MUTYpAIlMii HOHOB U WX coybBaToB. AHamu3 JIIID
MO3BOJISIET CUCTEMATHUECKH ONPEEISITh Hanboee BEPOSTHBIE CTPYKTYPbI U KOMILIEKCHI, 00pa3yroIuecs B pacTBOPE, YTO
Ba)KHO JUT TIOHMMAaHUsI MEXaHN3MOB MOHHOTO TpaHcnopTa. MccnenoBanue JIIID no3BonseT onpeaenuTh 3HEPreTHUECKHe
Oapbepbl, KOTOpble HEOOXOAMMO MNPEOoJONeTh Uil MUrPald HOHOB, YTO CBS3aHO C IPOBOJMMOCTBIO 3JIEKTPOJIUTA.
le/IMeHeHI/Ie METOAOB HCCIICAOBAHUA JIIID B coueTanun c OKCIICPUMECHTAJIbHBIMUA  JAaHHBIMHU OTKPBLIBACT HOBBLIC
BO3MOXKHOCTH ISl PAllMOHAIBLHOTO JiM3aifHa O3JIEKTPOJIMTHBIX pAcTBOPOB C TpeOyeMbIMU (H3HKO-XUMHUYECKUMU
CBOMCTBaMH.

KaioueBble ci10Ba: 3IEKTPOIMUTHBIM PacTBOP; MOJEKYJISIPHOE MOJCIMPOBAHHUE; MOJICKYJSIpHAS IUHAMHKA; KBAaHTOBAs
XUMHUS; TaHAMAa(T MOTeHINAIBHOM SHEPTHH.

s uutupoBanus: Andreeva NA, Chaban VV. The role of potential energy landscape exploration in the development of
new electrolyte solutions. Journal of Advanced Materials and Technologies. 2025;10(4):364-375. DOI: 10.17277/jamt-
2025-10-04-364-375

1. Introduction

Due to the rapid growth of household appliances
powered by the electrical grid, modern humanity is
increasingly in need of additional and more efficient
energy sources. This remark applies equally to both
primary energy sources and rechargeable devices,

among which portable electronics (phones, tablets, 5 ‘:\\‘t‘ 5
. . o
laptops) deserve special mention [1-4]. The concept . et

of a potential energy landscape (PEL) is an imaginary
multidimensional surface that describes the potential
energy of a system depending on the internal
coordinates of its components (Fig. 1). It is important
to emphasize that, although the instantaneous
potential energy of a system is a scalar quantity, the
PEL is a multidimensional hypersurface, where the
axes represent the coordinates of all particles, and the
energy axis represents the corresponding potential Fig. 1. Model PEL for a small section

energy value for each possible configuration. of an arbitrary electrolyte system

Thus, studying PEL allows us to analyze the

dependence of a system’s energy on its geometry, Currently, there is a rapid gI'OWth in research in
identifying stable states (minima on PEL) and the the field of electrochemical devices such as lithium-
energy barriers between them, which determines the ion batteries [7-9], sodium-ion batteries [10, 11],

thermodynamics and kinetics of the processes being magnesium-ion batteries [12], solid-state batteries,
studied in electrolytes. fuel cells [13-15], supercapacitors [16—18], and

In the context of electrolyte solutions, PEL elc?ctrolyzers [19*21,]‘ This apademic interest s
reflects the interactions between ions, solvent driven by the steadily increasing need to produce

molecules, electrodes, technologically determined efﬁ(:lent. and tsuStaflzlgElzes] eIIlergi’ld_tS.tora%e 1an(}
additives, and other system components. Systematic conversion Sysiems - 0 addiion o foca

analysis of PEL provides valuable information on peeds, electrocl.lemwal. devices naturally play an
. . . . important role in solving such global problems of
possible microscopic states of the solution, the

i . i . civilization as climate change and depletion of fossil
mechanisms of solvation and ion transport during

i . ) . fuels. Electrolytes, acting as a medium for ion
charging and discharging, and thermodynamic

k ; transport between electrodes, play a key role in the
properties [3, 6]. PEL can use the potential energy of  f¢tioning efficiency and durability of these devices.

the system, the total energy of the system, or other  Ejectrolytes directly affect the most important
thermodynamic potentials as energy, depending on  performance characteristics of electrochemical
the desired interpretation of the concept. Using the  devices such as efficiency, power, cycle life,
total energy of the system allows for the study of  operating temperature range, and safety [26, 27].
electrolyte systems under conditions of finite A particular requirement of modern society is the
temperature and pressure. environmental friendliness, or at least relative
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environmental friendliness, of the batteries used.
The cost of recycling a chemical power source must
be included in the overall cost of energy technology
developed in today’s globalized world. Along with
environmental friendliness, the issue of battery safety
for the end user is important.

Currently existing electrolytes often do not fully
meet the requirements of modern electrochemical
devices [27]. For example, organic electrolytes,
widely used in lithium-ion batteries, have limited
ionic conductivity and proportionally high viscosity,
a narrow electrochemical window, high flammability,
and toxicity. Highly viscous electrolyte solutions
create additional challenges in their development and
production. It should be noted that wviscosity is
inversely proportional to ionic conductivity.
The development of chemical power sources with
reduced viscosity will automatically increase their
electrical conductivity. lonic conductivity is one of
the most important characteristics of an electrolyte,
and its high value makes this ion-molecular system
technologically competitive [28]. The development of
new electrolyte solutions with improved properties,
such as high ionic conductivity, a wide
electrochemical window, low viscosity, and high
thermal and chemical stability, is a critical task for
the creation of more efficient, safe, and durable
electrochemical devices [28, 29]. Achieving this goal
requires a deep understanding of the relationship
between the composition, structure, and properties of
electrolytes at the molecular level of organization.

Traditional experimental methods, such as
measuring conductivity, viscosity, density, and
electrochemical  stability,  provide  valuable

information on the macroscopic properties of
electrolytes. However, they do not always provide
a complete understanding of the molecular
mechanisms underlying the observed phenomena.
In recent years, PEL analysis has become a powerful
tool for studying electrolyte solutions and rationally
improving their performance. PEL analysis, based on
molecular modeling methods such as quantum
chemical calculations and classical molecular
dynamics, provides detailed information on the
interactions between solution components, i.e., ion-
molecular and intermolecular electrostatic forces.
The latter determine the equilibrium properties of the
electrolyte solution [30-33].

Cations, anions, solvent molecules, and
molecular additives influence the macroscopic
properties of the electrolyte. For example, PEL
studies can reveal preferred configurations of ion
solvates, energy barriers for ion transport activation,
and the influence of temperature and composition on

the structure, transport, and macroscopic properties of
the electrolyte [34-36].

In this paper, we present a critical review of
recent applications of PEL studies based on classical
and quantum chemical algorithms to analyze the
structure, dynamics, and thermodynamic properties of
electrolyte solutions [5, 22, 37, 38].

2. Results and Discussion

Calculations in theoretical chemistry and
molecular physics are a powerful tool for studying
PEL of electrolyte solutions. They enable modeling
interactions between system components at the
atomic level and obtaining detailed thermodynamic
information about the structure and dynamics of the
solution [39—42]. Subsequently, the thermodynamic
characteristics of PEL can be translated into the
language of electrochemical and physicochemical
properties related to the experimentally obtained
characteristics [5].

Numerical methods for calculating the potential
energy of an ion-electron system from first principles,
based on the fundamental laws of quantum
mechanics, provide highly accurate results for
parameterizing PEL. Unfortunately, they require
significant computational resources and cannot be
applied to systems of significant size due to the
fundamental impossibility of obtaining the analytical
solution to the wave equation for multielectron
problems. The density functional theory (DFT)
method is a less resource-intensive method that is
widely used to calculate the electronic structure and
properties of molecules, thermodynamic phases, and
materials [7, 43-45]. The result of the DFT
calculation of an electrolyte system is both the total
potential energy and the forces acting on each atom,
cation, or anion.

Classical molecular dynamics (MD) uses the
classical laws of motion to model the motion of
atoms and molecules [46, 47]. Classical MD does not
consider electrons as individual interaction centers.
Atoms interact with each other via simple potentials
[48]. Potential functions are parameterized in advance
based on quantum chemical or experimental data.
During MD modeling, the potential energy of the
system depends only on the distance between each
two interacting centers at the current time.
This method allows one to study the dynamics of the
system and obtain information about its transport
properties. For example, within the framework of
classical MD modeling, there are methods for
calculating the self-diffusion of solvent molecules
and the conducting subsystem of the electrolyte, as
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well as the ionic conductivity and viscosity of
a multicomponent electrolyte system as a whole
[46, 47, 49, 50].

Ab initio MD combines the principles of
quantum mechanics and molecular dynamics,
enabling the modeling of chemical reactions and
other processes involving changes in electronic
structure. An important practical advantage of
Ab initio MD is its ability to correctly describe the
effects of electron polarization and partial
displacement of electron density without preliminary,
labor-intensive parameterization of this physical
process for different combinations of functional
groups [10, 51]. Electronic polarization is an
extremely common phenomenon in ion-molecular
systems, capable of significantly affecting the
structures  of  solvate complexes and the
thermodynamics of the solvation process itself.
The magnitude of electron polarization is directly
proportional to the difference from zero of the formal
charge of the participating cation or anion. While
Ab initio MD is capable of producing more realistic
simulation results, its cost is orders of magnitude
higher than that of classical MD simulation.
Therefore, Ab initio MD can only be used for isolated
ion clusters and ionic solvates [10].

The Monte Carlo Metropolis method is an
alternative to molecular dynamics for studying the
motion of a system along PEL [52—55]. This method
is wused to generate system configurations
corresponding to a given probability distribution.
The system follows the direction belonging to PEL,
which corresponds to a decrease in the potential
energy of the system [56]. Unlike MD, the evolution
of the system does not require the calculation of
energy gradients (forces acting on atoms) and does
not use a time step for integrating the equations of
motion. The predominant area of application of the
method turned out to be equilibrium physicochemical
systems [39, 53, 56-59]. Consequently, the most
natural application of the Monte Carlo Metropolis
method seems to be the possibility of studying
thermodynamic properties and phase transitions
[6, 60-61].

The kinetic energy injection method allows one
to purposefully search for low-energy stationary
points by periodic kinetic excitation of the system
under study [12, 62, 63]. This method combines
equilibrium semi-empirical MD with a stochastic
component. While MD modeling progressively leads
the system to its minimum potential energies,
artificially introduced excitation allows one to avoid
lingering in local potential valleys. Thus, the system
quickly finds itself in realistic microscopic ion-

molecular configurations regardless of the energy of
an arbitrarily chosen initial state. It is worth noting
that a certain modification of particle momenta does
not lead to the formation of unphysical ion-molecular
configurations, but at the same time changes the
current phase trajectory of the system [10, 64—66].
Thus, kinetic energy injection, compared to the
standard MD method, allows the system to visit
a larger number of microscopic states of its own
phase space (Fig. 2).

Experimental  research  methods  provide
important information on the structure and dynamics
of electrolyte solutions, which can be used to validate
and refine theoretical models. X-ray diffraction
allows one to determine the spatial arrangement of
atoms and molecules in solution [68]. Neutron
diffraction is sensitive to light atoms such as
hydrogen, making it useful for investigating the
structure of solvents [38]. Nuclear magnetic
resonance spectroscopy provides information on the
local structure and dynamics of molecules in solution
[69]. Raman spectroscopy is used to study the
vibrational modes of molecules and obtain
information  on  intermolecular  interactions.
Electrochemical methods such as cyclic voltammetry,
impedance spectroscopy, and others allow one to
study the electrochemical properties of solutions and
the kinetics of electrode reactions [66].

PEL has a fundamental influence on various
properties of electrolyte solutions, which determine
their effectiveness in various applications. Ionic
conductivity is a key parameter of electrolytes,
determining the efficiency of charge transfer in
electrochemical devices. PEL influences ionic
conductivity in the following ways. PEL determines

Fig. 2. Solvation shell of the imidazolium cation
in a mixture of water and methanol. Reproduced
from the author’s source [67] with permission from Elsevier.
Copyright Elsevier (2024)
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the energy barriers that ions must overcome to move
in solution. The lower the activation energy, the
higher the ionic mobility and, consequently, the
conductivity of the electrolyte solution. PEL reflects
the coordination of ions by the solvent, which in turn
affects their mobility. PEL contains information
about the strength of interactions between ions and
the formation of ion pairs. The combination of
cations and anions in an electrolyte solution is
considered undesirable in the context of practical
applications, as it leads to a decrease in ionic
conductivity. Electrolyte development involves
selecting optimal concentrations of all its components
to minimize the formation of ionic aggregates.
The dependence of ionic conductivity on the mole
fraction of ions in the electrolyte contains a
maximum corresponding to the desired properties of
the system (Fig. 3).

The electrochemical stability of an electrolyte
determines its ability to resist decomposition at high
voltages, which is critical for the operation of

[EMIM][BF ]

o
<

D

[BMIM][BF ]

lonic conductivity, S/m

0 20 40 60 80 100
Molar fraction of RTIL, %
Fig. 3. Calculated maximum conductivity in mixtures
of ionic liquids, [EMIM][BF4] and [BMIM][BF4],
with acetonitrile at 283 K (red circles), 298 K
(green squares), and 323 K (blue triangles).
Reproduced from the author’s source [70]

with permission from the American Chemical Society.
Copyright ACS (2024)

batteries and other devices [71]. The shape of certain
PEL regions and specific energy differences in the
system describe electrochemical stability.
In particular, PEL determines the energy required to
decompose solvent molecules or other electrolyte
components. Interactions with electrodes can also be
reflected in PEL if they were included in the model
system during the theoretical study of the landscape.
PEL determines the energy of interaction between the
electrolyte and the electrodes and provides an
estimate of the possibility of the formation of
passivation layers or the occurrence of other
undesirable reactions [72].

Electrolyte viscosity affects the transport
properties and the operating efficiency of
electrochemical devices [73, 74]. Viscosity is

associated with energy gradients observed in PEL.
Intermolecular interactions that determine PEL
characterize the strength of interactions between
solvent molecules and ions, which affects the
viscosity of the solution.

PEL reflects the possible microscopic states of
the electrolyte solution at different temperatures and
pressures. The structure of an electrolyte solution,
among other things, implies the formation of clusters
or other ordered structures, which can also
dramatically affect viscosity.

Therefore, information on PEL can be used for
the rational design of new electrolyte solutions with
improved characteristics. PEL analysis enables the
selection of the most suitable solvent that ensures
optimal ion solvation and minimal activation energy
for ion transport. PEL allows for the quantitative
assessment of the strength of interactions between
ions and the selection of a salt that minimizes ion
association and ensures high ionic conductivity.
PEL also allows for the study of the influence of
additives on the structure and properties of an
electrolyte, such as viscosity, electrochemical
stability, and electrode wettability [75].

For the past two decades, ionic liquids have been
considered a promising basis for liquid electrolyte
systems. The low volatility of these compounds
eliminates electrolyte loss at any stage of production
and operation of a chemical power source. Some
ionic liquids exhibit only minor toxicity to humans
and animals or are generally considered harmless.
The wide range of liquid states, especially at low
temperatures, opens up new frontiers for the
application of such electrolytes. Because ionic liquids
do not contain molecules, their use as electrolytes
enables previously unheard-of concentrations of
cations and anions in the system. However, a current
problem is the high viscosity and, consequently, the
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mediocre electrical conductivity of these chemical
compounds. To stimulate ion transport in electrolytes,
optimal mixtures of ionic and molecular liquids are
being developed, for example, those containing
acetonitrile, methanol, or propylene carbonate [76].
PEL enables the study of the structure and properties
of ionic liquids, as well as the above-described
mixtures, which remain promising electrolytes for
various electrochemical applications [70].

Beyond the scope of electrolyte solutions, the
versatility of PEL as a source of information on a
wide range of chemical and physicochemical
properties of a prototype system should be noted.
Similar to the cases described above, studying PEL
allows us to investigate the mechanisms of ion
transport in solid and polymer electrolytes and
develop new materials with higher ionic conductivity.
This goal can potentially be achieved by suppressing
undesirable atom-atom interactions. Naturally, such
modification of the electrolyte system also requires
synthetic efforts on the part of the electrochemical
laboratory.

Ion migration in liquid electrolyte solutions
is a complex physical process that requires
overcoming certain energy barriers. These barriers
arise from the interaction of the migrating ion with
surrounding atoms or molecules. For ion migration in
an electrolyte, several significant energy barriers of
varying heights must be overcome. The specific
values of the activation barriers within ion transport
depend on the nature of the solvent and the
electrostatic charge of the ion. For example, it is well
known that the solvation of cations in the vast
majority of cases is described by higher potential
energies than the solvation of anions [77].

Using PEL, it is possible to calculate the
activation energy for an ion to leave its solvation
shell. Ions in an electrolyte are surrounded by solvent
molecules, forming a solvation shell. For an ion to
begin moving, it must break these bonds, which
requires energy. Next, it must overcome an energy
barrier to move the ion through the electrolyte.
Ion movement in the electrolyte is hindered by
interactions with other ions and solvent molecules.
The ion must overcome electrostatic attraction and
repulsion forces, as well as van der Waals forces.
An energy barrier also accompanies the ion's entry
into its new solvation shell. When the ion reaches its
destination, it must form new bonds with solvent
molecules to create a new solvation shell. A correctly
calculated PEL contains complete thermodynamic
information characterizing the processes described
above [78].

The following factors influence the heights of
energy barriers. The type of solvent and solutes
initially determines the energy barriers. For example,
solvent viscosity affects the energy required for ion
movement. The higher the ion concentration, the
stronger the interaction between them, which
increases energy barriers. Increasing temperature
increases the kinetic energy of ions, which helps them
overcome energy barriers. An external electric field
can lower the energy barriers to ion movement
in a given direction.

The magnitude of the energy barriers in PEL at
the microscopic level determines the macroscopic
characteristics of the electrolyte. The lower the
energy barriers, the higher the ion mobility and,
consequently, the ionic conductivity of the
electrolyte. Energy barriers affect the rate of ion
diffusion in the electrolyte and the dynamics of
charging and discharging [78]. Understanding the
energy barriers to ion migration is key to the
development of new electrolytes with improved
characteristics, for example, for use in batteries, fuel
cells, and other electrochemical devices.

PEL allows for the modeling of processes
occurring in batteries [79], such as ion intercalation,
the formation of passivation layers, and electrolyte
degradation. Furthermore, PEL enables the modeling
of charge and mass transfer processes in fuel cells
and the optimization of their design. Finally, PEL
enables the modeling of charge storage processes in
supercapacitors and the development of new high-
capacity materials [78].

Research into PEL has enabled the development
of new electrolytes with high ionic conductivity and
electrochemical stability, leading to batteries with
increased efficiency, capacity, reduced production
costs, and extended service life. Similar research into
supercapacitors has enabled the increase of their
capacity and charging rates [80, 81].

Lithium-sulfur batteries have a high theoretical
capacity, but their practical application is limited by
several issues, such as the dissolution of lithium
polysulfides and the low electrical conductivity of
sulfur. Research into PEL allows us to understand the
mechanisms of these processes and develop
electrolytes that minimize polysulfide dissolution and
increase sulfur conductivity. For example, the use of
electrolytes with a high salt content or the addition of
special additives can significantly improve the
performance of lithium-sulfur batteries [82]. Sodium-
ion batteries are considered a promising alternative to
lithium-ion batteries due to their lower cost and
greater availability of sodium. However, sodium ions
are larger in size and mass than lithium ions, resulting
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in reduced ionic conductivity and deterioration of
electrode reaction kinetics. Studying PEL allows for
optimization of electrolyte compositions for sodium-
ion batteries, for example, by selecting solvents with
high permittivity and low viscosity, as well as by
adding salts with high solubility and low activation
energy for sodium ion transport [10, 51]. Modeling
PEL allows for inclusion of the electrode in the
analysis and an energetic description of the
electrolyte behavior in a charged device (Fig. 4).
Studying the influence of temperature and
pressure on PEL helps understand how electrolyte
properties change under various operating conditions.
Taking into account the shape of PEL in an applied
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electric field allows us to understand charge transfer

mechanisms in electrolytes and optimize the
operation of electrochemical devices [83].
Electrolyte—electrode  surface interactions are

important for understanding the mechanisms of
electrode reactions. Thus, it is possible to propose
new, improved materials with  improved
electrochemical properties.

The development of theoretical methods for
studying PEL opens new possibilities for the
development of electrolyte solutions with improved
characteristics [84-85]. A comparative analysis of
modern approaches (Table 1) demonstrates their
complementarity.

(@) (b) (c)

Fig. 4. Low-energy ion-molecular configurations

of lithium, sodium, and potassium ions on the surface

of a negatively charged graphene electrode. Dashed lines indicate the water molecules closest to the ions.

Reproduced from the author’s source [51] with permission from Elsevier. Copyright Elsevier (2024)

Table 1. Comparative assessment of the methods for studying PEL presented
in this paper and their application

Method Essence of the method Potential opportunities Disadvantages
Quantum-chemical Solution of quantum High accuracy, study of Extremely high
calculations (DFT) mechanical  equations  to chemical reactions, bond computational costs.
[7, 12, 43-45] calculate  the electronic  breaking / formation, electron Inapplicable to large

Classical Molecular

structure and total energy of a
system

Simulation of atomic motion

polarization, parametrization of
force fields for classical
methods

Simulation of large systems

systems (>1000 atoms) and
long processes

Accuracy depends entirely

Dynamics (MD) based on classical Newton’s (millions of atoms) over on the quality of the force
[22, 46-47, 49] laws using predefined force nanoseconds and field parameterization. It
fields microseconds. Calculation of does not take into account

transport  properties:  ionic chemical  reactions  or

conductivity, viscosity, and electron polarization

Ab initio molecular

A combination of quantum

self-diffusion coefficients

The most accurate modeling,

(without special polarizable
fields)

The most resource-intensive

dynamics (AIMD) chemical calculations (usually taking into account the method. Limited to very
[10, 23, 51] DFT) and molecular electronic  structure. Correct small systems (hundreds of
dynamics. Forces are  description of  reactions, atoms) and picosecond time
calculated on the fly from first polarization, and charge scales
principles transfer. It does not require
parameterization of force fields
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Continued Table 1

Method Essence of the method Potential opportunities Disadvantages
Monte Carlo A stochastic method for Efficient calculation of It does not provide
(Metropolis) Method generating system equilibrium thermodynamic information on the
[6, 52-55] configurations according to a properties (free energies, phase dynamics and kinetics of
given distribution (e.g., diagrams). It does not require processes (no concept of
canonical NVT) calculation of forces (energy time). Not applicable for

gradients)

Kinetic Energy A modification of MD in

It effectively searches for the

direct calculation of
transport properties

It introduces a non-physical

Injection Method which the system periodically global energy minimum and stochastic element. It
[12, 62, 63] receives kinetic excitation to low-energy configurations. It requires careful selection of
escape from local PEL allows one to avoid "stuckness" injection parameters to
minima and more fully explore the avoid artifacts and non-

phase space physical states
Experimental methods ~ X-ray and neutron diffraction, Provide direct data on the They provide averaged
(for validation) NMR, Raman spectroscopy, structure,  dynamics, and information, often without
[38, 66, 69] and electrochemical methods macroscopic properties of real atomic detail. They do not
systems. Critically important allow one to directly "see"
for testing and refining PEL, but only its

theoretical models consequences
Advances in methods for calculating the calculated using analytical relationships based on

potential energy of a system can enable the study of
electrolyte systems with more complex compositions
and provide more information about PEL.
The combination of theoretical calculations and
experimental data will provide a more symbiotic
understanding of PEL and use this information for the
rational design of new electrolytes. Finally, the
application of machine learning methods to PEL
analysis will accelerate the development of new
electrolytes and optimize their properties [83].

3. Conclusion

This paper analyzed a significant number of the
most recent literature sources, covering both
comprehensive studies of electrolyte solutions using
molecular modeling methods to describe PEL, and
auxiliary computer calculations to confirm
experimental results.

Based on this critical analysis, we believe it is
appropriate to draw the following conclusions.
Studying PEL is a powerful tool for analyzing and
predicting the properties of electrolyte solutions.
The use of research methods based on classical and
quantum chemical approaches allows us to obtain
unique physical information. First, it seems possible
to study in detail the intermolecular and ion-
molecular  interactions  that  determine  the
macroscopic properties of an electrolyte solution.
Ionic conductivity, viscosity, and density can be

statistical processing of the system’s phase trajectory.
Second, it is easy to identify stable configurations of
ions and solvates that influence the equilibrium state
of the electrolyte and the mechanisms of ion transport
within it. Third, the resulting thermodynamic
properties of the simulated system and the energies of
paired ion-molecule interactions allow us to estimate
barriers to ion migration, which is directly related to
electrolyte conductivity.

Thus, the combination of PEL research methods
with experimental data opens new prospects for the
targeted design of electrolyte solutions with specified
characteristics, which is crucial for the development
of highly efficient electrochemical devices.
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