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Abstract. Scientific research is being conducted worldwide to purify process and
wastewater generated by industrial enterprises to meet established requirements
for reuse as circulating process water, to develop low-waste or waste-free
technologies, and to comprehensively recycle solid and liquid waste generated
during enterprise activities. In this regard, special attention is paid to purifying
domestic, process, and industrial wastewater contaminated with various additives
to meet established requirements and to use them as circulating water in the
process or for watering trees and plants on the enterprise's territory. The scientific
significance of the research results is that the effective course of the synthesis
process for obtaining H-permutite depends on the type and ratio of components,
and the efficiency of wastewater treatment is closely related to the degree of
contamination and the environmental pH. The article presents general information
on theoretical and practical research regarding methods and technologies for
treating industrial, technical, and wastewater, based on published articles and
patent literature. Based on the issues raised and a critical analysis of the data
obtained, the article defines the research goals and objectives. Currently, there are

Berdiev Sh.l., Aripov M.M., Kayumov J.S., Erkabaev F.|. Difference between zeolite and hydrogen-permutite
with main indicators // Journal of future. 2026. Vol. 2. Iss. 2. pp. 1-12. https://doi.org/10.66960/jof.3093-
8899.00021
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both natural and artificial zeolites. In this scientific work, an alternative to zeolite, H-
permutite, was synthesized from natural raw materials. In this article, the study of
the structural properties of the molecular compounds of the samples was
conducted on a Nicolet iS50 (Thermo Fisher Scientific, USA) FT-IR spectrometer.
Measurements were carried out in the spectral range of 4000-400 cm~, with a
spectral resolution of no more than 0.1 cm~". The test sample was pressed onto the
surface of the mounted assembly with a flat-tip probe.

Keywords: H-permutite, Adsorption, Specific Surface, Calcium Permutite, Sodium
Permutite, Adsorbent, Hydrogen Permultite

Annotatsiya. Sanoat korxonalari tomonidan ishlab chiqarilgan texnologik va oqova
suvlarni aylanma texnologik suv sifatida qayta ishlatish uchun belgilangan
talablarga javob berish maqgsadida tozalash, kam chiqindili yoki chigindisiz
texnologiyalarni ishlab chiqgish va korxona faoliyati davomida hosil bo‘lgan gattiq va
suyuq chiqgindilarni kompleks gayta ishlash bo‘yicha butun dunyo bo‘ylab ilmiy
tadqiqotlar olib borilmogda. Shu munosabat bilan, belgilangan talablarga javob
berish va ulardan jarayonda aylanma suv sifatida yoki korxona hududida daraxtlar
va o‘simliklarni sug‘orish uchun foydalanish magsadida turli go‘shimchalar bilan
ifloslangan maishiy, texnologik va sanoat ogova suvlarini tozalashga alohida e‘tibor
garatilmoqgda. Tadgiqot natijalarining ilmiy ahamiyati shundaki, H-permutit olish
uchun sintez jarayonining samarali jarayoni komponentlarning turi va nisbatiga
bog‘lig bo‘lib, oqova suvlarni tozalash samaradorligi ifloslanish darajasi va atrof-
muhitning pH qiymati bilan chambarchas bog‘liq. Magolada nashr etilgan maqolalar
va patent adabiyotlariga asoslangan holda sanoat, texnik va oqova suvlarni
tozalash usullari va texnologiyalari bo‘yicha nazariy va amaliy tadqigotlar haqgida
umumiy ma’lumotlar keltiriilgan. Ko‘tarilgan masalalar va olingan ma’lumotlarning
tanqgidiy tahlili asosida maqolada tadqgigot magsadlari va vazifalari belgilangan.
Hozirgi vaqgtda tabiiy va sun'iy seolitlar mavjud. Ushbu ilmiy ishda seolitga alternativ
bolgan H-permutit tabiiy xom ashyolardan sintez qilindi. Ushbu maqolada
namunalarning molekulyar birikmalarining strukturaviy xususiyatlarini o‘rganish
Nicolet iS50 (Thermo Fisher Scientific, AQSh) FT-IR spektrometrida o‘tkazildi.
OfIchovlar 4000-400 sm~ spektral diapazonida, spektral olchamlari 0,1 sm=" dan
oshmagan holda amalga oshirildi. Sinov namunasi o‘rnatilgan yig‘ma yuzasiga
yassi uchli zond bilan bosildi.

Kalit so‘zlar: H-permutit, Adsorbsiya, Maxsus sirt, Kaltsiy permutit, Natriy permutit,
Adsorbent, Vodorod permutit

AHHOTauuAa. Bo Bcem mupe npoBOOATCS Hay4yHble WUCCHedOBaHWUSA MO OYUCTKEe
TEXHOMOMMYECKMX U CTOYHbIX BOA, OOpasyloWmuxca Ha  NPOMbILLMAEHHbIX
npeanpuaTuaX, Ana  COOTBETCTBUS  YCTAHOBIIEHHbIM  TpeboBaHWAM MO KX
NMOBTOPHOMY WCMOMb30BaHUIO B Ka4yeCcTBe LUMPKYNALNMOHHOM TEXHONOrMYecKom
BOAbl, pa3paboTke MarnooTXOAHbIX UNM Oe30TXOAHbLIX TEXHOMOrvMrM, a Takke Mo
KOMMMEKCHON nepepaboTke TBEpAbIX M XKUOKMX OTXOA4OB, 0Opasylolmnxca B
npouecce [OesaTenbHOCTM npeanpusatuin. B atom cBsAsn ocoboe BHUMaHue
yOENAeTCa O4MCTKE ObITOBbIX, TEXHONOMMYECKMX U MPOMBbILLUNIEHHbLIX CTOYHbIX BOA,
3arpsA3HEHHbIX pasnuyHbiMM  gobaBkamu, AN COOTBETCTBUSA YCTAHOBIEHHbBIM
TpeboBaHMsSM M UX WUCMOMb30BaHUID B KavyecTBe UMPKYNALUMOHHOW BOAbl B
TEXHOMOMMYECKMX rMpoueccax wnu Ansa nonvBa [OEepeBbeEB W pacTEeHUM Ha
Tepputopun npeanpuatnda. HayyHass 3Ha4YMMOCTb pe3ynbTaToB  UCCNegoBaHUN
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3aKkrnyaeTcs B TOM, 4YTO 9(PPEeKTUBHbLIA XOA4 Mpouecca CuHTe3a H—neplvlyTMTaC
3aBUCUT OT TuNa W COOTHOLUEHUS KOMMOHEHTOB, a 3(P(PEKTUBHOCTb OYUCTKM
CTOYHbIX BOA TECHO CBSAI3aHa CO CTENeHblo 3arpsi3HeHns n pH okpyxatoLlen cpeapbl.
B cratbe npegctaBneHa obwasa nHdopMauma O TEOPETUYECKUX U MPaKTUYECKUX
NCCneaoBaHUAX METOAOB M TEXHOMOMMN OYUCTKN NMPOMBILUNIEHHbIX, TEXHUYECKUX U
CTOYHbIX BOA, HA OCHOBE OMyOGMMKOBaHHbLIX CTaTel M NaTeHTHOW nutepatypbl. Ha
OCHOBE MOAHSATbLIX BOMPOCOB W KPUTMYECKOrOo aHanmsa MNOSyYeHHbIX AaHHbIX B
cTaTbe onpegeneHbl Uenn wu 3agadn uccrnegoBaHun. B HacTosiwee Bpems
CYLLLECTBYIOT KaK NpUpPOAHbIE, TaK U UCKYCCTBEHHbIE LeonuTbl. B gaHHON Hay4YHOW
paboTte M3 NPUPOAHOro CbipbsA OblNl CUHTE3NPOBAH anbTepHaTUBHbLIA LeonuTy H-
nepmytTut. B cTaTbe wnccnegoBaHWE CTPYKTYPHbIX CBOWCTB  MOMEKYNAPHbIX
coeanHeHun obpasuoB npoBoaunocb Ha KMK-cnektpomeTpe ¢ npeobpasoBaHueEM
®ypbe Nicolet iS50 (Thermo Fisher Scientific, CLUA). 3amepeHus npoBoannuceh B
cnekTpanbHoM AuanasoHe 4000—-400 cm~' c paspeweHuem He 6onee 0,1 cm™.
Ob6paseL, npwkuMmancsa K noBepXHOCTU YCTAHOBMEHHOW KOHCTPYKUMM C MOMOLLbIO
30H4a C NITIOCKMM HAKOHEYHMKOM.

Knroyeeblie cnoea: H-nepmymum, adcopbuyusi, ydenbHas MNOBEPXHOCMb,
nepmymum Kanbyus, nepMymum Hampusi, adcopbeHm, nepmymum 8odopoda

INTRODUCTION

Beginning in the early 1940s, scientists at Union Carbide began research on the
synthesis of zeolites, and they succeeded in synthesizing pure zeolites A and X in
1950 [1]. The discovery of zeolites in the world began in 1756 with the discovery of
stilbite by a scientist named A.F. Constedt. Constedt described the peculiarity of
this mineral: when heated, it seems to boil because the molecules lose water very
quickly. According to these properties, this mineral was given the name zeolite,
which comes from two Greek words, zeo, meaning boiling, and lithos, meaning
stone (Kirk-Othmer, 1981) [2]. It is called a zeolite because it boils and emits steam
when heated (Dyer, 1994). Zeolite is used in the separation and purification of
petroleum hydrocarbons, as a catalyst, and in gas purification, drying, and
separation of gases (including air), drying of freons, extraction of radioactive
elements, and the creation of strong vacuums. Zeolite deposits exist in the Russian
Federation, Armenia, and Georgia. In Uzbekistan, it is found among silts and
opaque clays [3,4].

Table 1. Sodium silicate Liquid index M2.2Be50

Sodium silicate standard Sodium silicate standard 51 °C Test result
Relative density (20 °C)% 50.0 ~51.0 50.7
Composition (Na,O) % 12.8 13.95
Composition (SiO,) % 29.2 31.05
Module (M) 22~24 2.3

Table 2. Sodium silicate Liquid index M3.3Be38

Sodium silicate standard Sodium silicate standard 38 °C Test result

Relative density (20 °C)% 36.0 ~38.0 38
Composition (Na,O) % 8.2 8.4
Composition (SiO,) % = 26.0 26.64

Module (M) 3.1 ~3.40 3.27
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Table 3. Sodium silicate Liquid index M2.2Be40

Sodium silicate standard Sodium silicate standard 40 °C Test result
Relative density (20 °C)% 38.0 ~40.0 38.9
Composition (Na,O) % =295 39.1 ~40.0
Composition (SiO,) % >22.1 >22.1
Module (M) 22~25 22~25

Table 4. Molecular mass ratio of zeolite

Element Symbol Atomic mass atomic num. Mass percentage
Sodium Na 22.9898 g/m 1 100%
Silicon Si 28.0855 g/m 1 100%
Oxygen (0] 31.9988 g/m 2 100%

MATERIALS AND METHODS

In the research on sorbents, the authors [5] used different materials and
researched their sorption properties. Peat and sawdust-based sorbents have been
proposed for softening technical waters in oil processing. Additionally, wood
shavings containing cellulose have been recommended as a chemical reductant for
the treatment of industrial wastewater containing certain heavy metals produced in
galvanic plants due to the presence of cellulose-containing functional groups [6].

Bentonite, kaolinite, biotite, vermiculite, and glauconite recycled sorbents in various
ways are effective and promising in softening industrial technical water and
removing heavy metals because their natural resources are sufficient in our
republic [7]. In addition, these minerals are relatively cheap, their deposits are
widely distributed throughout the territory of our republic, their reserves have been
studied, and their operational characteristics are high.

Adsorption properties of natural minerals are explained by their chemical and
mineralogical structure, crystal structure, and dispersion of particles. The main
components of natural minerals are SiO, (30-70%), Al,O, (10-40%), and H,O (5-
10%); their relative surfaces are up to 500 m?/g.

Zeolites are used more often than permutates from mineral substances and
synthetically obtained adsorbents because they have selective absorption
properties. Permutites and zeolites consist of layered aluminosilicates [SiO,], and
[AIO,];, crystal lattices are tetrahedral. The microstructure of these adsorbents
consists of layered channels, and the free movement of water molecules and
cations improves their adsorption and ion exchange properties.

Zeolites exchange their cation (Ca?*, Na*, K*, Mg?*, etc.) with pollutant cations in
wastewater or waste solutions, while they can selectively absorb.

To increase the sorption properties of zeolites, they are chemically modified with
3% chitosan solution or ferro ferricyanide complexes. In the process of obtaining
the proposed H-permutite, this step is not performed. Despite the great demand for
natural zeolites, the process of their application is not free from shortcomings,
because the cracks in their crystal structure have certain sizes, and only small-
sized ions can enter the space. In some processes, the sorption pores are not
filled, which is caused by the relatively large size of absorbed ions. In addition, the
ion exchange process is directly dependent on temperature, which limits the use of
ultra-in-water treatment technologies.

Synthetic zeolites are free of these defects and are widely used in industry, but their
use in water purification processes is not justified due to their relatively high cost
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Table 5. Obtained proportions of aluminum chloride and sodium silicates for C
the synthesis of H-permutite

Aggregate status Components, g/l
No - - Efficiency,%
Water solution Na,SiO;-9H,0 AICI,
1 1:1 25.0 5.0 47
2 1:1 25.0 4.5 48
3 1:1 25.0 4.0 50
4 1:1 25.0 35 51
5 1:1 25.0 3.0 49
6 1:1 25.0 25 45
7 1:1 24.0 5.0 46
8 1:1 24.0 4.5 48
9 1:1 24.0 4.0 50
10 1:1 24.0 3.5 52
1 1:1 24.0 3.0 51
12 1:1 24.0 25 48
13 1:1 23.0 5.0 49
14 1:1 23.0 4.5 51
15 1:1 23.0 4.0 53
16 1:1 23.0 3.5 54
17 1:1 23.0 3.0 52
18 1:1 23.0 25 50
19 1:1 22.0 5.0 44
20 1:1 22.0 4.5 46
21 1:1 22.0 4.0 48
22 1:1 22.0 3.5 51
23 1:1 22.0 3.0 49
24 1:1 22.0 25 45

and the complexity of regeneration processes. Therefore, it is urgent to use new
types of adsorbents for cleaning technical or industrial wastewater, preparing them
for use in boiler houses [8].

As mentioned above, the treatment of industrial wastewater contaminated with
various organic and inorganic substances, and the softening of technical water for
reuse, are relatively expensive processes. The reason for this is that most of the
adsorbents used in the cleaning process are imported, and the regeneration
processes are complicated [9]. Taking this into account, research was conducted
on obtaining aluminosilicate adsorbent with a layered structure, that is, H-permutite.
H-permutite softens technical water up to the established requirements and is very
effective in obtaining circulating water for boilers, where the softened water is not
contaminated with Na* ions, as in the case of Na-permutite application.

Various mineral and artificial adsorbents, including Na-permutite, are used in
industry for wastewater treatment and softening of technical waters. When Na-
permutite is used for water softening, the calcium and magnesium ions in the water
are softened due to the exchange of equivalent amounts of sodium ions. In this
case, the water is cooled, free of calcium and magnesium ions, which give
hardness, but its mineralization remains unchanged due to sodium ions, which do
not give hardness properties [10,11]. If H-permutite is applied to this process, the
mineralization of water decreases, the efficiency of steam boilers increases
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dramatically, and especially the efficiency of high-pressure steam boilers improves,
and the useful work coefficient increases dramatically.

It is known that permutates can be synthesized in an aqueous environment with the
presence of aluminum sulfate or aluminum chloride and sodium silicates, where the
ratio of components plays a major role in the product yield. For the synthesis of H-
permutite, experiments were conducted using aluminum chloride and sodium
silicates in different proportions (Table 5).

From the results of the conducted experiments, it became clear that the efficiency
was the highest when the amount of Na,SiO,-9H,0 was 23 g, and the amount of
AICI, was 3.5 g in the synthesis process, and it was 54%. To synthesize H-
permutite in optimal proportions, 23.0 grams of Na,SiO,-9H,0 were dissolved in 1 L
of distilled water at room temperature (1), and 3.5 g of AICl, were also dissolved in
1 L of distilled water and mixed for 10 minutes. In this case, the process proceeds
according to the following equation in aqueous medium at room temperature:

2AICI, + 3Na,Si0,9H,0 + H,0 = Na,ALSi,O,| - nH,0 + 6NaCl + Si0, (1)

The formed Na,Al,Si,O, reacts with added CaHCO, to form Ca,Al,Si,O. After
treatment with 5% HCI, H,Al,Si,O, (H-permutite) is formed and precipitates, while
NaCl and SiO, ions remain in solution. The precipitate was filtered and dried to
constant weight at 1200 °C, and the efficiency was determined. The weight of our
obtained product was 19.6 g, and the efficiency of the process was 74%. A sample
of 2.2 kg of H-permutite was taken under optimal conditions determined by this
technology. Navbakhor mine bentonite was added to the obtained sample in the
amount of 5% as a plasticizer and granulated. To determine the amount of water
needed for granulation, samples with different amounts of water added to the
mixture were prepared and tested (Table 6).

Table 6. Required for the granulation of H-permutite, determine the amount of

water
No Sample Moisture,% Water content,% Result
1 HALSI,Of 4 19 The granules are broken, emulsifying
2  HALSI,O, 4 20 The bulk of the granules is whole, emulsifiable
H,Al,Si,O, 4 21 The granules are whole, and the consistency
is sufficient
4 H,ALSI,Oq4 4 22 The granules are whole, slightly sticky due to
moisture
5 HALSI,Oq 4 23 Granules are partially deformed, sticky
6 HALSIi,O,4 4 24 The shape of the granules is distorted, and

the shape is variable

Table 6 shows that when we added 5% bentonite and 21% water to a sample with
a moisture content of 4%, a mixture with optimal moisture content for granulation
was obtained. The prepared mixture was granulated in an FSH-0.004M laboratory
granulator with a 3.0 mm diameter. The prepared granules were dried for 1 hour at
a temperature of 180°C with periodic mixing. The dried granules were sieved
through laboratory sieves, and the fraction between 1 and 3 mm was separated.
This fraction was 92%.

The obtained product was placed in a sorption column with a diameter of 50 mm
and a height of 200 mm. To check the absorption of Fe2* ions, a model solution with
a concentration of 22 mg/l (the wastewater of METFURSERVIS LLC contains 22
mg/l Fe?* ions) was prepared. The results of the experiment to determine the
adsorption kinetics of the obtained sorbent on Fe?* ions are presented in Figure 1.
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Figure 1. Adsorption kinetics of Fe?* ions from a model solution with a
concentration of Fe?* ions of 22 mg/I

As can be seen from Figure 1, the sorption process of Fe?* ions is fast in the first 20
minutes, the adsorbent is approaching saturation, and the process is relatively slow
in the next 30 minutes. The obtained results showed that the absorption capacity of
the obtained adsorbent was 0.65 mg/g in terms of Fe2* ions.

Based on the data obtained as a result of the conducted research, the optimal
proportions of raw materials for obtaining H-permutite were determined, the
possibilities of separating the product from the water part, choosing a plasticizer for
granulation, and determining the optimal amount of water added for granulation
were created. The obtained granules were dried in the established order,
granulated and dried, and placed in a sorption column, and their sorption properties
were studied. Based on the test results, it can be concluded that the obtained
product is a good adsorbent material, has a good effect on water purification and
softening, and reduces mineralization.

H-permutite can be wused in the preparation of electrolytes for various
electrochemical processes and the preparation of water for high-pressure steam
boilers. Doing so ensures their effective operation and leads to a sharp increase in
the useful work coefficient due to the reduction of the processes of cleaning the
formed clots.

Review the planning stage

Measurement of the phase characteristics of the studied samples by an X-ray
diffractometer was carried out on a Panalytical Empyrean powder X-ray
diffractometer. All monitoring of equipment performance was performed by
computer using Data Collector software and X-ray diffraction pattern analysis
software [12]. Measurements were taken at room temperature in a 2-angle range,
5° to 90° stepwise scan mode with 0.013 (2-Main Graphics, Analyze View:
2-Sample X-ray Analysis) degree step, and the signal at 5 s point was collected
with the collection time and IK. To study the characteristics of the structure of the
molecular compounds of the studied samples, the Nicolet iS50 (Thermo Fisher
Scientific, AQS H) IR-Fourier spectrometer was used. Measurements were made in
the 4000-400 cm~' spectral range, with spectral resolution not exceeding 0.1 cm.
The test specimen was pressed against the mounting surface with a flat-tip probe.
The following analysis values were determined using a pinhole and diamond crystal
to measure near, mid, and far IR attenuated total internal reflection (ATR) at 1S50.

If the water is hard (the total amount of calcium and magnesium salts in its content
is higher than normal), it is softened. Groundwater is often de-ironed (enriched with
oxygen) by aeration. Lime, sodium aluminate NaAlO,, and sometimes burnt
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Figure 2. (A) X-ray phase analysis results of the labeled zeolite.

dolomite are used for water desilicification (reducing the amount of metasilicic acid
H,SiO, and its salts). To remove other dissolved salts in the water, it is sweetened
or desalinated with ions. Water is degassed to remove hydrogen sulfide, methane,
radon, carbon dioxide, and other dissolved gases. The water is filtered through
activated alumina to reduce excess fluoride in the water. If the water is found to
contain radioactive substances, it will be deactivated. If the water has a strong
smell, it is treated with activated carbon, ozone, potassium permanganate, or
chlorine dioxide.

In Uzbekistan, it is found among silts and opaque clays. Gilmoya is one of the
types of clay. Consists of montmorillonite. In Uzbekistan, gilmoya is also called
gilvata, mountain oil, and stone soap. Gilmoya is mainly formed from the physical
and chemical transformation of volcanic ash and clay in the alkaline environment at
the bottom of the sea and ocean. Color is white, green, gray, brown, etc. Soap-like
and soft, it dries quickly in the heat and turns into stone. In water, its volume
increases 2-15 times. Gilmoya can also absorb (adsorb) various substances and
radioactive elements. When heated to 1110-1125°C, it expands and turns into a
porous stone - expanded clay. Clay soil is widely used in rubber, paper, metallurgy,
the food industry, medicine, and agriculture. Gilmoya is widespread in the
Cretaceous and Paleogene strata. It has been determined that there are about 200
clay soil deposits in Uzbekistan.

Aluminum trichloride was used for the synthesis of permutite hydrogen, for which
23.5 grams of Na,SiO,;-9H,0 were dissolved in a volume of 2 L of distilled water
and 3.4 grams of AICI, in a volume of 1 L of distilled water, and stirred for 10
minutes. at room temperature (2). The reaction chemistry of this process can be
described as follows:

2AIC, + 3Na,SiO, - 9H,0 + H,0 = H,ALSi,O, - nH,0| + 6NaCl + Si0,  (2)

After that, the resulting product, namely hydrogen permutite precipitates, NaCl, and
SiO,, remains in solution. The product is filtered, washed, dried at a temperature of
110 °C to a constant weight, and the yield of the product is determined. In our case,

Table 7. Chemical composition of permutite (%)

Si Al Fe Ti No o Cl K Cc
22.39 14.89 1.08 0.39 11.36 42.73 0.77 0.27 6.13
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Figure 3. Results of X-ray phase analysis of hydrogen peroxide

the dried product was 14.3 grams, and its yield was 53%. Using this technology, a
sample of 1.1 kg of hydrogen peroxide was obtained. The resulting product is
granulated, for which 8% enriched bentonite from the Navbahor mine is added as a
plasticizer. Water was added to the pre-determined optimal amount of granulation,
which was 21%, and water was added in an FSH-004 laboratory granulator with a
screw hole diameter of 1.0 mm. The finished granules were dried at a temperature
of 175° C, stirring from time to time. The dried granules were sieved, 1-3 mm
fractions were sorted to study the sorption properties. We saw that the x-ray
analysis of the obtained sorbent (Fig. 3) is proportional to the x-ray analysis of
zeolite.

The obtained data made it possible to determine the optimal ratio of components
for the production of hydrogen peroxide, the resulting product was separated from
the aqueous medium, the plasticizer and the optimal amount of water were
selected, and granules of a certain fraction were obtained. The obtained granules
are dried and placed in a sorption column, and their sorption properties are
checked. As a result, the obtained product is a good adsorbent, it does not pollute
the water environment in the process of softening and cleaning water, and reduces
mineralization. The resulting product can be successfully used in the production of
electrolytes containing high-pressure steam and can be successfully used in
cleaning water from boilers. Meanwhile, effective softening and a decrease in the
general mineralization of water have a positive effect.

Source discovery stage

Zeolite, as an ion exchanger, can exchange cations with other ions in the
surrounding solution. With this property, zeolite-A with Na* ions can be used as a
water softener, where Na* ions replace Ca?* ions from hard water. Zeolite saturated
with Ca2* can be renewed by dissolving it in a pure Na* or K* salt solution. Zeolite-A
is now added to detergents as a water softener to replace polyphosphates, which
can cause environmental damage. Production of potable water from seawater
using a mixture of Ag and Ba zeolite is a good desalination process, although the
process is relatively expensive [13].

Aluminum chloride is hygroscopic, which means it can absorb moisture from the air.
Normally, this chemical compound evaporates in air containing moisture. Makes a
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hissing sound when it comes into contact with water. During the reaction, CI- ions
are replaced by H,O molecules (3), forming the hexahydrate [Al(H,O).]Cl,. The
anhydrous state of AICI, is lost, and when heat is applied, HCl is also released, and
the final product obtained is aluminum hydroxide.

Al(H,0).Cl, — Al(OH), + 3HCI + 3H,0 (3)

When the temperature rises to about 400°C, aluminum oxide is formed from the
hydroxide (4).

2AI(OH), — Al,O, + 3H,0 (4)

A characteristic feature of aqueous solutions of AICI, is that they are ionic.
Therefore, they conduct electricity well (5). They are also acidic, and this can lead
to partial hydrolysis in the AI3* ion. The reaction can be written as:

[Al(H,0)¢*+(aq) = [AI(OH)(H,0)s],+(aq) + H*(aq) ()

Aluminum salts containing the hydrated Al®* ion are similar to aqueous solutions of
aluminum chloride. They do the same (6). For example, when reacting with dilute
sodium hydroxide, a thick precipitate of AI(OH), is formed.

AICI, + 3NaOH — Al(OH), + 3NaCl (6)

Aluminum chloride is often regarded as a versatile chemical compound and is
therefore used in many fields, especially in chemical reactions and synthesis. We
will learn about the use of aluminum chloride below.

1. AICI, is mainly used as a catalyst for various chemical reactions. It is widely used
in Friedel-Crafts reactions, including acylations and alkylations. It is used in the
preparation of anthraquinone from phosgene and benzene.

2. Aluminum chloride can be used to introduce or attach aldehyde groups to aromatic
series or rings. For example, we can consider the Gattermann-Koch reaction, in which
a Lewis acid (aluminum chloride) is used to remove a chloride ion from a species.
3. It is also used in polymerization and isomerization reactions of light molecular
hydrocarbons. Some common examples include the production of dodecylbenzene
for detergents.

4. To synthesize bis(arene) metal complexes, aluminum chloride can be mixed with
aluminum, along with arene.

5. Aluminum chloride has a variety of other applications, particularly in organic
chemistry. For example, it is used to catalyze the "ene reaction". We can take the
example of the addition of 3-buten-2-one to carvone (methyl vinyl ketone).

6. Aluminum chloride is used to induce various hydrocarbon compounds and
rearrangements.

* Industrial Uses of Aluminum Chloride (AICl,)

* Aluminum chloride is widely used in the production of rubber, lubricants, wood
preservatives, and paints.

* Used in pesticides and pharmaceuticals.

* As flux in aluminum smelting.

* Used as an antiperspirant.

* It is also used in the production of petrochemicals such as ethylbenzene and

alkylbenzene
Know-how stage

For comparison, the industrial test experiments showed that the modified
glauconite sorbent could soften the technical water of the enterprise with a
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hardness of 15 mg-eq/l to 7.0 mg-eq/l, while the H-permutite sorbent proposed byC

the researcher had a hardness of 15 showed that technical water with mg-eq/I can
be softened up to 3.5 mg-eq/l, which in turn allows to recycle technical water at the
enterprise and use it in high-pressure boilers (table). After saturation, the proposed
sorbent can be regenerated and reused up to 9-11 times. The volume of washing
water produced during the regeneration process is relatively small. The used
sorbent is rich in microelements and recommended to be added to mineral or local
fertilizers.

Comparison of Si and Al from zeolites describes the function of their cation
exchange capacity. Data from XRF analysis shows that the percentage comparison
between SiO, and Al,O, is relatively smaller, namely 5.56. This comparison
theoretically shows that the capacity of the cations is relatively large. These results
were obtained in Natural zeolite that has been processed using acid.

HCI reacts with zeolite to extract Al from the zeolite. This resulted in decreasing the
Al content in the zeolite so that the ratio of Si/Al moles increases. Metal content,
such as Ca and Mg in zeolite, decreased after treatment due to ion exchange
between cations from zeolite with protons from HCI. Analysis results using XRF
show that the acid treatment process (HCI5 M) on the catalyst causes a decrease
in Ca and Mg metal content in zeolites and an increase in zeolite acidity. Chemical
activation carried out by acidification with the aim of agar dealumination occurs.
The purpose of dealumination is to optimize aluminum content in zeolite, so that the
zeolite becomes more stable at high temperatures, controlling acidity and zeolite
selectivity. Dealumination is a process of destruction of the zeolite framework
structure that occurs as the disconnection of Al in the framework (Al framework)
becomes Al outside the framework (Al non-framework). As a result, the Si/Al ratio
will increase [14].

Results and discussion

Currently, many ion-exchange materials are found of natural origin: humus and
brown coal, peat, wood, starch, glauconite, volkonskoite, bentonite, and other
aluminosilicates created according to the type of naturally or artificially created
zeolite. (zeolites), - permutite, etc. However, all these materials are characterized
by a small ion exchange capacity, different designs of ion filters have been
proposed and put into use, and they all have a parallel flow (purified water and
regeneration solution flow in the filter in the same direction - from top to bottom).
The results of our studies showed that we can achieve economic efficiency if we
clean technical water and boiler water using H-permutite. It was found that the cost
of generating H-permutite is much lower compared to other adsorbents. We can
achieve economic efficiency by producing mineral-rich plant fertilizer from spent H-
permutite.

Conclusion

The maximum adsorption of the dye solution occurred at pH 3. Here, an equilibrium
was reached between the dye and the hydroxyl ions in the solution. so that the dye
could capture the added hydroxyl ions, and the dye solution experienced a
decrease in adsorption capacity at higher levels. If analyzed in the neutral pH
range, the reactive dye could cause oxidation on its surface, as a result of which it
imparted a positive charge to the zeolite surface. A sharp decrease in adsorption
capacity was observed at alkaline pH. This is because alkaline pH was observed to
inhibit the increase in protonation in the dye solution. This is because too many
OH- ions in the solution could not be captured by the dye, so there were still many
free OH- ions in the solution, which caused competition between the dye and the
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free OH- ions for occupying the zeolite surface, which reduced the adsorption
capacity of the substance. OH- neutralizes the methylene blue solution so that the
negative charge tendency on the adsorbent does not attract the adsorbate. At high
pH, the surface of the reactive dyes increased positively charged cations through
attractive electrostatic forces. Increasing alkalinity was observed to change the
adsorbent layer from positive to negative. Therefore, it reduced the adsorption
capacity. Scientific research and scientific news of the following consists of:

1) H-permutite synthesis in the process, the raw items ratio plays a big role in this
component. The ratio of Na,SiO, : AICI, is 6: 1 when processing the product most
efficiently, and the output is 74% organize did.

2) Synthesis Na-permutite when AICI, is used in the process harvest to be
processed, in which Na* ions are the main part, and CI- ions bind to the solution
passed, and in the sediment, H-permutite is left.

3) Technician the water H-permuted with the help of when cleaned of water ion
replacement to account for mineralization, sharp decrease, and high-pressure
working warm up their stomachs pre-vention cleaning of the process, decrease to
account for useful work coefficient, sharp brought.

4) H-permutite studies as a result determined component proportions and another
optimal parameter based on high exit with synthesis to create technology.
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Annotatsiya. Yuqori molekulyar ogfirlikdagi polietilenning termik parchalanishi
orqali polietilen mumining ishlab chigarilishining ortishi go‘shimcha mahsulot
sifatida suyuq uglevodorod fraksiyasini hosil qiladi, uning tarkibi va foydalanish
potensiali yetarlicha o‘rganiimagan. Ushbu ishda ushbu suyuq fraksiyaning
kimyoviy tarkibi va fizik-kimyoviy xususiyatlari uning sanoatda qo'llanilishini
baholash uchun har tomonlama o‘rganildi. Namuna polietilenni termik krekinglash
jarayonida olingan va keyinchalik 220 °C gacha atmosfera bosimida haydash orqali
fraksiyalangan. Molekulyar tarkib gaz xromatografiyasi-massa spektrometriyasi
(GX-MS) yordamida aniglangan, yonilg‘i bilan bog‘liq xususiyatlar esa tegishli
ASTM usullariga muvofig oktan soni, setan soni va past harorat xususiyatlarini
o‘lchash orqgali baholangan. GX-MS tahlili shuni ko‘rsatdiki, suyuq fraksiya asosan
C4-C, uglerod soni oraligiidagi parafinli uglevodorodlardan iborat bo'lib, asosiy
hissasi C,,-C,; birikmalaridan kelib chigadi. Chizigli alkanlar dominant
komponentlar sifatida aniglandi, ularga oz migdordagi tarmoglangan alkanlar va
polietilen zanijirining uzilishi paytida hosil bo‘lgan oz miqdordagi olefinlar hamroh
bo‘ldi. Olingan uglevodorod tagsimoti o‘rganilayotgan mahsulot odatda kerosin-
dizel turidagi yonilg‘ilar bilan bog‘liq bo‘lgan o'rta distillyat diapazoniga tegishli
ekanligini ko‘rsatadi. Yonilg‘i xususiyatlarini tahlil gilish shuni ko‘rsatdiki, suyuqlik
taxminan 42 setan sonini ko‘rsatadi, bu uning siqishli yonuv dvigatellari uchun
qulay yonish xususiyatlarini tasdiglaydi. Past haroratli o‘lchovlar =16 °C hiralanish
haroratini va —27 °C qotish haroratlarini ko‘rsatdi, bu parafinga boy uglevodorod
aralashmalari uchun odatiy holdir.

Natijalar shuni ko‘rsatadiki, o‘rganilgan suyuq fraksiyani to‘g‘ridan-to‘g‘ri standart
tijorat yonilg‘isi sifatida tasniflash mumkin emas, lekin tegishli yangilash va
tozalashdan so‘ng kerosin va dizel yonilg‘ilari uchun istigbolli aralashtirish
komponenti bo'lib xizmat qilishi mumkin. Yonilg‘i go‘llanilishidan tashqari, sanoat
erituvchisi sifatida foydalanish, keyingi krekinglash yoki piroliz jarayonlari uchun
xom ashyo, parafin ishlab chigarish uchun xom ashyo, sirt faol moddalar va sintetik
moylash materiallari uchun prekursor va sanoat reaktorlari uchun potentsial issiqlik
uzatish suyugqligi kabi bir gancha muqobil foydalanish yo‘llari aniglandi. Topilmalar
polietilen krekingi suyugqliklarining qgimmatli ikkilamchi uglevodorod resurslari
sifatidagi salohiyatini ta’kidlaydi va polimerdan olingan uglevodorod ogimlari uchun
yanada samarali va aylanma foydalanish strategiyalarini ishlab chigishga hissa
go‘shadi.

Kalit so‘zlar: Polietilen krekingi, GX-MS tahlili, uglevodorod tarkibi, yonilg‘i
xususiyatlari, setan soni, past haroratli xususiyatlar, polimer chiqindilari
utilizatsiyasi, neft-kimyo xom ashyosi

Abstract. The increasing production of polyethylene wax through thermal
degradation of high-molecular-weight polyethylene generates a liquid hydrocarbon
fraction as a by-product, the composition and potential utilization of which remain
insufficiently studied. In the present work, the chemical composition and
physicochemical properties of this liquid fraction were comprehensively
investigated in order to evaluate its potential industrial applications. The sample
was obtained during the thermal cracking of polyethylene and subsequently
fractionated by atmospheric distillation up to 220 °C. Molecular composition was
determined using gas chromatography—mass spectrometry (GC-MS), while fuel-
related properties were evaluated through measurements of octane number,
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cetane number, and low-temperature characteristics according to relevant ASTMC

methods. GC-MS analysis revealed that the liquid fraction is predominantly
composed of paraffinic hydrocarbons in the carbon number range C,—C,,, with the
major contribution originating from C,,—C,, compounds. Linear alkanes were
identified as the dominant components, accompanied by smaller amounts of
branched alkanes and minor quantities of olefins formed during polyethylene chain
scission. The obtained hydrocarbon distribution indicates that the investigated
product belongs to the middle-distillate range typically associated with kerosene—
diesel type fuels. Fuel property analysis showed that the liquid exhibits a cetane
number of approximately 42, confirming its favorable ignition characteristics for
compression ignition engines. Low-temperature measurements indicated a cloud
point of =16 °C and a pour point of =27 °C, which are typical for paraffin-rich
hydrocarbon mixtures.

The results suggest that the investigated liquid fraction cannot be directly classified
as a standard commercial fuel but may serve as a promising blending component
for kerosene and diesel fuels after appropriate upgrading and purification. In
addition to fuel applications, several alternative utilization pathways were identified,
including use as an industrial solvent, feedstock for further cracking or pyrolysis
processes, raw material for paraffin production, precursor for surfactants and
synthetic lubricants, and potential heat-transfer fluid for industrial reactors. The
findings highlight the potential of polyethylene cracking liquids as valuable
secondary hydrocarbon resources and contribute to the development of more
efficient and circular utilization strategies for polymer-derived hydrocarbon streams.

Keywords: Polyethylene cracking, GC-MS analysis, hydrocarbon composition,
fuel properties, cetane number, low-temperature properties, polymer waste
valorization, petrochemical feedstock

AHHOTaumMA. YBennyeHne npoM3BOACTBA MNOSMIMITUNIEHOBONO BOCKA MyTEM
TEepMMYEeCKon [ferpagaumm BbICOKOMOSEKYNSAPHOrO MONMaTuneHa npuBOAUT K
obpa3oBaHuIo XUAKOW YrreBogopOAHON dpakLmm B kKayecTBe NOOGOYHOro NpoaykKTa,
COCTaB W nMOTEHUManbHOe WCMOofb30BaHNE KOTOPOM OCTalTCs HEeAoCTaTo4vyHO
n3yyeHHoiMM. B pgaHHom pabote Obin npoBedeH BCECTOPOHHWA  aHanms
XUMWNYECKOro coctaBa N U3NKO-XMMUYECKUX CBOMCTB OAaHHOWM XUOKOW dopakunm C
Lenbio OLIEHKM ee MOTEeHUMAanbHOro NPOMBbILSIEHHOrO npumeHeHus. Obpasel Obin
nonyyeH B Mpouecce TepMUYECKOrOo KpPEKWMHra MnonuvaTurieHa v BnocneacTeuu
dpakumoHnpoBaH artmoccepHon pguctunnauuen go 220 °C. MonekynspHbIN
CoCTaB onpeaensanyM ¢ NoMoLlbl ra3oBOM XpomaTtorpadum-macc-CnekTpoMeTpum
(TX-MC), a cBonctea, CBsi3aHHble C TOMMAMBOM, OLEHMBaNM MyTeM WU3MEPEHUSN
OKTAHOBOMO 4ucna, LEeTaHOBOro 4Yucfia U HU3KOTEMMEepPaTypPHbIX XapakTepUCTUK B
COOTBETCTBMM C cooTBeTCTBYOWMMMU MeTogammn ASTM. Ananu3 X-MC nokasan,
4yTOo  XKuakas  dpakuma  NPEeMMyLLEeCTBEHHO  COCTOMT K3 NapadMHOBbIX
yrneBoAopoaos B AnanasoHe yucna atomos yrnepoga Cy,—C,., npnyem OCHOBHOW
Bknag BHocAT coefuHeHus C,—C,.. B kayecTBe AOMUHUPYIOLIUX KOMMOHEHTOB
OblM  MAEHTUPULMPOBAHbLI JIMHEWHbIE arnKaHbl, COMPOBOXAAEMble€ MEHbLUMM
KONMMYECTBOM pPAa3BETBMNEHHbIX ankaHOB W  HEe3HAYUTeNbHbIM  KONMMYECTBOM
oneduHoB, o06pasylWnxca B MpOLECCe pa3pbiBa MOMMITUIIEHOBOM LENnu.
lMonyyeHHoe pacnpeneneHne yrneBogopoaoB yKasblBaeT Ha TO, YTO uccregyemMbli
NPOAYKT OTHOCUTCS K AnanasoHy CpeaHuX OMCTUINATOB, OBbIMHO accouumpyeMbIX
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C KEepPOCWHOBO-AM3ENbHbIM TOMMMBOM. AHanvM3 CBOWCTB TOMfMBa MokKasan, 4To
XMOKOCTb MMEET LETaHOBOE YMCMO NpubnuantenbHo 42, 4TO noaTBepXaaeT ee
BGnaronpusiTHble XapaKTEPUCTUKM BOCMITAMEHEHUS AN OBUratenen BHYTPEHHEro
cropaHus. HuskotemnepartypHble U3MEPEHUsT NoKasanu TemnepaTypy NOMyTHEHUS
-16 °C un Temnepatypy 3actbiBaHna =27 °C, 4TO TUNUYHO AN CMecen
yrnesogoponoB, 6oraTtbix napadmHamu.

Pesynbtathl NokasbiBalOT, YTO UCCNeaoBaHHasa Xuakasa pakums He MOXET ObiTb
HanpsiMylo KnaccuduumMpoBaHa Kak CTaHOapTHOE KOMMepYeckoe TOMMMBO, HO
MOXET CIMY>XUTb MEPCNEeKTUBHbIM KOMMOHEHTOM AN CMELUMBAHUSA KepoCuHa W
AN3enbHOro TOMMMBaA MOCMEe COOTBETCTBYIOLWIEN MOAEpHM3auMm U ouucTku. B
OOMNOMHEHNEe K MPUMMEHEHUKD B KayecTBe TonnvBa Obinv BbISIBNIEHbI HECKOIbKO
anbTepHaTMBHbLIX MyTEeN WCMOMb30BaHMS, BKIOYAsh WCMNOMb30BaHWE B KayecTBe
NPOMbILLITIEHHOIO PacTBOPUTENS, Cbipbs AN AanbHEWLWUX MPOLIECCOB KPEeKuHra
UNn nuponusa, Cbipbs AN Npou3BoAcTBa napadmHa, npekypcopa Ans
NOBEPXHOCTHO-aKTMBHbLIX BELLECTB WU CUMHTETUYECKMX CMa304HbIX MaTepuanos, a
Takke MOTEeHUManbHOro TEnnoHOCUTENsI [AOnsi MNPOMBILWIEHHbLIX PEaKTOpOB.
[Mony4yeHHble pesynbraTbl NOAYEPKMBAKOT MOTEHUMAanN XUAKOCTEN, obpasyroLmnxcs
NPWU KPEKMHIE MONMMUITUIIEHA, KaK LIEHHbIX BTOPUYHbIX YINEBOAOPOAHbIX PECYPCOB U
crnocoObcCTBYyOT pa3pabotke 6Gonee 9MEMEKTUBHBIX U LMUKIIMYECKUX CTpaTernn
NCNONb30BaHNSA YrNeBOAOPOAHbIX MOTOKOB, NOMyYEeHHbIX U3 NONIMMEpPOB.

Knroyeeble cnoea: KpekuHe nonusamuneHa, aHanusz [X-MC, cocmas
yaneesodopodos, ceolicmea moriiuea, uemaHo80€e YUC/10, HU3KomemrepamypHble
ceolicmea, ymunu3ayusi nosiuMepHbIX 0mxo008, HE(hMEXUMUYECKOE CbIpbe.

INTRODUCTION

The global growth of polymer production has significantly increased the volume of
polymer waste and industrial by-products generated during manufacturing
processes. Among synthetic polymers, polyethylene (PE) represents the most
widely produced thermoplastic due to its low cost, chemical resistance, and
versatility in industrial and consumer applications [1]. However, the high chemical
stability of polyethylene makes it resistant to natural degradation, creating
environmental challenges associated with both post-consumer plastic waste and
process-related by-products [2,16]. Thermochemical conversion technologies such
as pyrolysis and thermal cracking have emerged as promising routes for the
valorization of polyolefin materials. During these processes, long polymer chains
undergo random chain scission and [-scission reactions that generate lower
molecular weight hydrocarbons including n-alkanes, iso-alkanes, and a-olefins
[3,4]. These reactions transform polymeric feedstocks into liquid hydrocarbon
fractions that can resemble petroleum-derived fuels and petrochemical
intermediates [5]. As a result, thermal conversion of polyethylene has gained
increasing attention as a pathway for producing alternative hydrocarbon resources
and circular carbon feedstocks [20]. In industrial practice, controlled thermal
degradation of polyethylene is widely used in the production of polyethylene waxes.
This process involves the reduction of polymer molecular weight through thermal
cracking, producing wax fractions with defined chain length distributions. During
this process, a liquid hydrocarbon fraction is formed as a secondary product [6].
Previous studies have shown that such liquids often contain hydrocarbons in the
range of C8-C30, primarily composed of linear paraffins and olefins formed
through random chain cleavage reactions [8,15]. The composition of these products
strongly depends on the cracking conditions such as temperature, residence time,
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and reactor configuration [14,18]. Compared with conventional plastic pyrolysis oilsC

obtained from mixed polymer wastes, by-product liquids generated during
controlled polyethylene processing may exhibit a more uniform composition and
lower contamination by heteroatom-containing compounds. This makes them
potentially attractive as feedstocks for fuel production or petrochemical
applications [7]. Several studies have reported that polyolefin pyrolysis oils can
contain significant fractions of linear paraffins and a-olefins that resemble
components present in petroleum-derived fuels such as kerosene or diesel [10].
The physicochemical properties of these hydrocarbon mixtures play a critical role in
determining their possible industrial utilization. In particular, parameters such as
octane number, cetane number, boiling range, and cold-flow properties are
essential indicators for evaluating fuel performance [11]. Paraffinic hydrocarbons
generally exhibit high cetane numbers but relatively poor low-temperature
properties due to the crystallization of long-chain n-alkanes [10]. As the
temperature decreases, wax crystals can form in the fuel, leading to turbidity and
eventually loss of fluidity. These phenomena are typically characterized by
parameters such as cloud point and pour point, which are widely used to evaluate
the cold-flow behavior of hydrocarbon fuels [17].

Modern analytical techniques provide powerful tools for investigating the
composition and properties of complex hydrocarbon mixtures. Gas chromatography
coupled with mass spectrometry (GC-MS) is one of the most widely used analytical
techniques for detailed molecular characterization of petroleum fractions and
pyrolysis oils [9,12,13]. GC-MS analysis enables identification of individual
hydrocarbon compounds and determination of carbon number distribution, which is
crucial for understanding fuel properties and potential processing routes. Despite
the growing body of research on plastic pyrolysis oils, relatively limited attention
has been paid to the characterization of liquid hydrocarbon fractions produced as
by-products during polyethylene wax production. Such materials represent a
potentially valuable hydrocarbon resource that could be utilized as blending
components for fuels or as feedstocks for further catalytic upgrading. In addition,
pyrolysis-derived hydrocarbon mixtures may contain unsaturated compounds and
light hydrocarbons that influence odor, volatilityy, and combustion
characteristics [19]. Therefore, comprehensive characterization of these by-product
liquids is required in order to evaluate their chemical composition and fuel-related
properties. In this context, combined analytical approaches integrating
chromatographic composition analysis and physicochemical testing are particularly
important for assessing their potential industrial applications.

The aim of the present study is to investigate the chemical composition and
physicochemical properties of a liquid hydrocarbon fraction obtained as a by-
product during polyethylene wax production through thermal cracking of high-
molecular-weight polyethylene. The research combines GC-MS analysis with
measurements of octane number, cetane number, and low-temperature fuel
properties according to ASTM methods. The results provide new insights into the
molecular composition and potential applications of polyethylene cracking liquids
as alternative hydrocarbon resources. The present study provides a comprehensive
characterization of a liquid hydrocarbon fraction formed as a by-product during
polyethylene wax production through thermal cracking of high-molecular-weight
polyethylene. While most previous studies have focused on pyrolysis oils obtained
from mixed plastic waste streams, limited information is available regarding the
composition and fuel-related properties of liquid fractions generated under
controlled industrial polyethylene degradation processes.

The novelty of this work lies in the integrated analysis of the molecular composition
and physicochemical properties of this by-product liquid using gas
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chromatography—mass spectrometry (GC-MS) combined with fuel property
evaluation, including octane number, cetane number, and low-temperature
characteristics determined according to ASTM standards. The obtained results
reveal the predominance of C,~C,, paraffinic hydrocarbons and demonstrate that
the investigated liquid fraction exhibits physicochemical properties comparable to
kerosene—diesel range hydrocarbon mixtures. Furthermore, the study provides new
insights into the potential utilization pathways of polyethylene cracking liquids as
alternative hydrocarbon resources for fuel blending or petrochemical feedstock
applications.

METHODS

The investigated liquid hydrocarbon fraction was obtained as a by-product during
the industrial production of polyethylene wax. In this process, high-molecular-
weight polyethylene undergoes controlled thermal degradation, resulting in the
cleavage of polymer chains and formation of lower molecular weight hydrocarbons.
The resulting liquid product represents a complex mixture of paraffinic
hydrocarbons formed during the cracking process. Prior to analysis, the liquid
product was subjected to atmospheric distillation, and the fraction boiling below 220
°C was collected and used for further physicochemical and compositional analysis.
The obtained fraction was a transparent, colorless liquid with a characteristic
hydrocarbon odor. The chemical composition of the liquid fraction was determined
using gas chromatography coupled with mass spectrometry (GC-MS). The
analysis was performed on an Agilent gas chromatograph equipped with a mass
selective detector and an automatic injection system. Separation of the
components was carried out on a capillary column coated with a non-polar
stationary phase (5% phenyl-95% dimethylpolysiloxane). Helium was used as the
carrier gas. The injection was performed in split mode, and the sample volume was
1 uL. The oven temperature program was designed to ensure effective separation
of hydrocarbons over a wide boiling range. The temperature was initially held at a
low value and then gradually increased to allow elution of heavier components.
Mass spectra were recorded in electron ionization (ElI) mode. ldentification of
individual compounds was performed by comparing the obtained mass spectra with
reference spectra from the NIST mass spectral library. Only compounds with high
similarity indices were considered for qualitative identification.

The octane number of the investigated liquid fraction was measured using a
portable fuel analyzer Shatox SX-300. This instrument determines octane number
based on the measurement of dielectric properties of the fuel and comparison with
calibration models developed for hydrocarbon fuels. Measurements were
performed using several operational modes of the analyzer, including Octane,
Octane1, and Oct+Oct modes. The instrument provides calculated values of
Research Octane Number (RON), Motor Octane Number (MON), and Anti-Knock
Index (AKI). Each measurement was repeated several times to ensure
reproducibility, and the average values were reported. The cetane number of the
liquid fraction was evaluated using the same Shatox SX-300 analyzer operating in
Cetane mode. The instrument estimates the cetane number (CN) of diesel-type
fuels based on dielectric properties and internal calibration algorithms. The
measurements were performed at ambient laboratory conditions. The instrument
also provides additional parameters such as estimated flash point and fuel type
classification.

Low-temperature fuel properties were determined using the TPZ-LAB-12
automated analyzer, which is designed for evaluating cold-flow characteristics of
petroleum fuels. The cloud point and pour point of the investigated liquid fraction
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were determined according to the standardized test methods: ASTM D6749 —L

Standard test method for determination of cloud point of petroleum products using
automatic optical detection; ASTM D7683 — Standard test method for determination
of pour point using automated instruments. During the experiment, the sample was
gradually cooled under controlled conditions. The cloud point was determined as
the temperature at which the first wax crystals became visible, causing turbidity in
the sample. The pour point was defined as the lowest temperature at which the
liquid remained capable of flowing under the test conditions. All measurements
were performed in accordance with the operational procedures of the instrument
and the requirements of the respective ASTM standards.

RESULTS AND DISCUSSION

The molecular composition of the liquid hydrocarbon fraction obtained during
polyethylene wax production was investigated using gas chromatography—mass
spectrometry (GC—MS). The chromatographic profile revealed a complex mixture of
hydrocarbons dominated by linear and slightly branched alkanes within the carbon
number range Cgz—C,,, accompanied by minor quantities of unsaturated
hydrocarbons Figure 1.

The chromatogram exhibits a characteristic distribution pattern typical for products
generated during thermal degradation of polyolefins. The identified compounds
include a homologous series of n-alkanes such as octane (Cg), nonane (C),
decane (C,,), undecane (C,,), dodecane (C,,), tridecane (C,;), tetradecane (C,,),
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Fig. 1. The molecular composition of the liquid hydrocarbon fraction obtained
during polyethylene wax production using gas chromatography—mass spectrometry
(GC-MS)

pentadecane (C,;), and higher paraffins extending up to C,4 Table 1. In addition to
the linear hydrocarbons, several branched alkanes and olefinic compounds were
detected in smaller quantities, including methyl-substituted alkanes and a-olefins
such as 1-decene and 1-dodecene. The presence of this homologous distribution
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of n-alkanes is consistent with the well-established mechanism of polyethylene
thermal cracking. During thermal degradation, polymer chains undergo random
scission followed by B-scission reactions, generating shorter hydrocarbon
fragments that subsequently stabilize to form saturated and unsaturated
hydrocarbons. The predominance of n-alkanes indicates that hydrogen transfer
reactions play an important role in the stabilization of primary radical fragments
formed during the cracking process. The carbon number distribution observed in
the chromatogram suggests that the main fraction of the liquid product is
concentrated in the C,,—C, region, which corresponds to the boiling range typical
of kerosene and diesel fuels. This distribution explains the relatively moderate
boiling range observed during distillation of the liquid fraction. The presence of
heavier hydrocarbons up to C,,—C., indicates that partial secondary reactions and
incomplete chain scission occur during the degradation process, resulting in the
formation of heavier paraffinic species. Another notable feature of the
chromatographic profile is the relatively low abundance of aromatic hydrocarbons
and oxygen-containing compounds. The absence of significant aromatic fractions
can be attributed to the chemical structure of polyethylene, which consists
exclusively of saturated carbon chains. As a result, thermal degradation primarily
produces aliphatic hydrocarbons rather than aromatic species. This observation
distinguishes polyethylene-derived liquids from pyrolysis oils obtained from mixed
plastic wastes, where aromatic hydrocarbons are often present in higher
concentrations. The detected olefinic compounds, including several a-olefins, are
typical intermediates formed during polyolefin degradation. These compounds
originate from [(-scission reactions of polymer radicals and can subsequently
undergo hydrogenation, isomerization, or secondary cracking reactions. Although
their concentration in the investigated liquid fraction is relatively low, the presence
of olefins contributes to the characteristic odor of the product and may influence its
chemical reactivity during further processing.

The overall chromatographic pattern indicates that the investigated liquid fraction
can be classified as a paraffin-rich hydrocarbon mixture, predominantly composed
of linear alkanes. Such compositions are commonly observed in hydrocarbon
liquids obtained from the pyrolysis or thermal cracking of polyethylene. Compared
with conventional petroleum fractions, polyethylene-derived liquids often contain a
higher proportion of straight-chain hydrocarbons due to the linear structure of the
original polymer. From the perspective of potential applications, the observed
composition is particularly favorable for processes where paraffinic hydrocarbons
are desired. The predominance of linear alkanes may contribute to relatively high
cetane numbers and favorable ignition characteristics if the material is used as a
diesel blending component. At the same time, the presence of a-olefins may
provide opportunities for further catalytic upgrading or petrochemical processing.

Overall, the GC-MS analysis demonstrates that the liquid fraction generated during
polyethylene wax production consists primarily of middle-range paraffinic
hydrocarbons with a broad carbon number distribution and limited contamination by

Table 1. Relative peak area distribution of hydrocarbons in the sample
according to GC-MS analysis

Hydrocarbon class Relative content (peak area, %)
n-alkanes C;—C,, 25-30%
n-alkanes C,;—C, 40-45%
Heavy hydrocarbons C,,, 10-15%
Branched alkanes 15-20%
Oxygen-containing compounds <2%
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heteroatomic compounds. These characteristics highlight the potential value of thisC

by-product as a hydrocarbon resource for fuel or petrochemical applications.

Prior to analytical characterization, the liquid product was subjected to atmospheric
distillation and the fraction boiling below 220 °C was collected for analysis Table 2.
This boiling range corresponds approximately to hydrocarbons from C, to C,,—C,,,
which is consistent with the compounds detected by GC-MS. The relatively narrow
boiling range indicates that the obtained liquid fraction represents a middle
distillate-type hydrocarbon mixture rather than heavy wax fractions. Similar boiling
ranges have been reported for hydrocarbon fractions obtained during plastic
pyrolysis and polyethylene cracking processes [5]. The transparency and low color
of the obtained liquid further indicate the absence of heavy aromatic compounds
and polymeric residues, which are commonly found in pyrolysis oils derived from
mixed plastic wastes. This observation suggests that the controlled degradation of
polyethylene during wax production results in a relatively clean paraffinic
hydrocarbon fraction.

Estimated distillation curve of the hydrocarbon liquid fraction obtained during
polyethylene wax production Figure 2. The curve was constructed based on GC-
MS carbon number distribution of hydrocarbons (C,—C,,) and corresponding boiling
point correlations for n-alkanes.

The estimated distillation curve of the investigated hydrocarbon liquid fraction is

Table 2. Estimated distillation characteristics

Distilled volume (%) Temperature (°C) Main hydrocarbons
IBP 125 C4-C,
10% 140 Cs-Cyo
20% 150 Cio
30% 160 C,0Cy
40% 170 Cy
50% 180 C,-Cy,
60% 190 Ci,
70% 200 C,»Cis
80% 210 Cis
90% 215 C,s-Cy4
FBP 220 (O

presented In Figure 2. The curve was constructed based on the carbon number
distribution obtained from GC-MS analysis and the corresponding boiling points of
n-alkanes. The results indicate that the majority of the fraction is concentrated
within the 150-210 °C boiling range, which corresponds to hydrocarbons in the
C,,—C,; region. Approximately 50 % of the distilled volume boils at around 180 °C,
confirming that the investigated liquid fraction belongs to the middle distillate range
typical for kerosene—diesel type hydrocarbon mixtures. The relatively smooth
distillation profile suggests a homogeneous hydrocarbon distribution and the
absence of heavy aromatic or polymeric residues. Such distillation characteristics
are typical for paraffinic liquids obtained from thermal degradation of polyethylene
and indicate potential applicability of this fraction as a blending component in
middle distillate fuels.

The anti-knock characteristics of the obtained liquid fraction were evaluated using a
portable fuel analyzer. Measurements performed in different operational modes
produced varying results, with the Research Octane Number (RON) ranging
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Fig. 2. Estimated distillation curve of the hydrocarbon liquid fraction obtained during
polyethylene wax production

between approximately 83 and 105 depending on the selected calibration model
Figure 3. The variation in the measured values can be explained by the
composition of the investigated liquid. Portable octane analyzers estimate octane
number based on dielectric properties of fuels and calibration models developed
primarily for conventional gasoline blends. However, the investigated liquid fraction
contains a high concentration of linear paraffins, which typically exhibit low octane
numbers but high cetane numbers. Therefore, the obtained octane values should
be interpreted cautiously, as the measurement technique is optimized for gasoline-
type fuels rather than paraffinic hydrocarbon mixtures.

The results nevertheless indicate that the investigated liquid does not possess the
chemical characteristics of conventional gasoline.

The ignition quality of the investigated liquid fraction was evaluated through
determination of the cetane number (CN). The obtained value of approximately 42
indicates that the investigated hydrocarbon mixture exhibits ignition characteristics
similar to those of conventional diesel fuels Table 3. The relatively high cetane
number can be attributed to the dominance of linear paraffins in the hydrocarbon
composition. It is well known that n-alkanes exhibit high cetane numbers because
they ignite readily under compression conditions. In contrast, aromatic

MEASURING MET

—

Fig. 3. The octane number of the investigated liquid fraction was measured using a
portable fuel analyzer Shatox SX-300
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Table 3. Fuel quality parameters of the polyethylene cracking liquid measured L

using the Shatox SX-300 analyzer

Measurement mode RON MON AKI Additional parameters
Octane 83.4 79.2 81.3 -
Octane1 91.5 82.7 871 -
Oct+Oct 104.9 105.4 105.1 -
Oct+Bd.time - - - A80 / Normal; Tbd = 162.9 °C
Cetane - - - Cetane number = 42.0; Fuel type = A,

Estimated flash point (Tfl) = -45.5 °C

hydrocarbons and branched compounds generally exhibit lower cetane values [10].
The measured cetane number suggests that the liquid fraction obtained from
polyethylene cracking could potentially be used as a blending component in diesel
fuels or as a feedstock for further upgrading processes.

The low-temperature behavior of the investigated liquid fraction was evaluated by
determining the cloud point and pour point using an automated cold-flow analyzer
according to ASTM standards Table 4. The measured cloud point was -16 °C,
while the pour point was —27 °C. These values indicate that the fuel begins to form
wax crystals at approximately —16 °C, and the flow properties become significantly
restricted at lower temperatures Figure 4.

These results are consistent with the paraffinic composition revealed by GC-MS
analysis. Linear paraffins tend to crystallize at relatively high temperatures
compared to aromatic hydrocarbons or branched compounds. The formation of wax
crystals leads to turbidity in the liquid, followed by progressive loss of fluidity as the
crystal network develops. The difference between the cloud point and pour point
(approximately 11 °C) is typical for paraffin-rich hydrocarbon mixtures. Similar cold-
flow characteristics have been reported for paraffinic diesel fuels and synthetic
fuels derived from Fischer—Tropsch processes.

The combined results of compositional and physicochemical analyses suggest that
the investigated liquid fraction obtained during polyethylene wax production
represents a paraffinic hydrocarbon mixture with properties comparable to middle

Fig. 4. Low-temperature fuel properties were determined using the TPZ-LAB-12
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Table 4. Comparison with typical diesel fuels

Fuel Cloud Point Pour Point
Summer diesel -5...-10°C -15...-20 °C
Winter diesel -15...-20 °C -25...-35°C
Arctic diesel -30...-40 °C —45...-60 °C

distillate fuels. The dominance of C,,—C,, hydrocarbons, relatively high cetane
number, and moderate cold-flow properties indicate that this liquid could potentially
be utilized as: a blending component for diesel fuels; a feedstock for
hydroprocessing or catalytic upgrading; a raw material for petrochemical
applications involving paraffinic hydrocarbons. Compared with conventional plastic
pyrolysis oils, the investigated product appears to have a relatively clean
hydrocarbon composition with limited contamination by heteroatom-containing
compounds. This characteristic may facilitate its integration into existing refining
and fuel production processes. Further research should focus on detailed
distillation analysis, determination of density and viscosity, and evaluation of
catalytic upgrading pathways to improve the fuel quality and broaden the potential
applications of this material.

The comparative analysis indicates that the investigated liquid hydrocarbon fraction
obtained during polyethylene wax production exhibits physicochemical properties
close to those of middle distillate petroleum fractions Table 4. The boiling range and
hydrocarbon distribution correspond to kerosene—diesel type hydrocarbons, while
the measured cetane number (42) approaches the lower limit of conventional diesel
fuels. The cold-flow properties of the investigated liquid (cloud point =16 °C and
pour point —27 °C) fall within the range typical for winter-grade diesel fuels but do
not meet the stricter requirements of aviation kerosene. Therefore, the obtained
hydrocarbon fraction cannot be directly classified as a standard commercial fuel but
may be considered a potential blending component for diesel fuels or a
petrochemical feedstock after further upgrading.

CONCLUSION

This study investigated the chemical composition and physicochemical properties
of a liquid hydrocarbon fraction obtained as a by-product during polyethylene wax

Table 4. Comparison of physicochemical properties of polyethylene cracking
liquid with standard specifications for kerosene and diesel fuels

Parameter Polyethylene cracking Kerosene (GOST Diesel fuel (GOST
liquid 10227-2013) 32511-2013 / GOST
305-2013)
Hydrocarbon range Cs—Cx Ce—Ci6 C,i—C,,
Boiling range (°C) up to 220 150-300 180-360
Research octane 83 not regulated not regulated
number (RON)
Cetane number 42 not regulated = 45-51
Cloud point (°C) -16 < -50 (aviation fuels) -5 to —35 (depending
on grade)
Pour point (°C) =27 <-60 -10to -35
Appearance transparent transparent transparent
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production via thermal cracking of high-molecular-weight polyethylene. TheC

combined analytical approach, including GC-MS analysis, fuel property
measurements, and low-temperature characterization, provided comprehensive
insight into the nature and potential applications of the investigated liquid fraction.
GC-MS analysis revealed that the liquid product consists predominantly of
paraffinic hydrocarbons within the carbon number range C,—C,,, with the main
fraction concentrated in the C,,—C,, region. Linear alkanes were identified as the
dominant components, accompanied by smaller amounts of branched alkanes and
minor quantities of olefinic compounds. This hydrocarbon distribution is typical for
polyethylene thermal degradation and reflects the random chain scission
mechanism characteristic of polyolefin cracking processes. Distillation
characteristics indicated that the majority of the liquid fraction falls within the middle
distillate boiling range, corresponding to kerosene—diesel type hydrocarbons. The
transparency and relatively uniform composition of the product suggest the
absence of significant aromatic compounds and heavy polymeric impurities, which
distinguishes this material from conventional mixed plastic pyrolysis oils. Fuel
property measurements demonstrated that the investigated liquid exhibits a cetane
number of approximately 42, indicating ignition characteristics comparable to
conventional diesel fuels. At the same time, the measured cloud point (-16 °C) and
pour point (-27 °C) confirm the paraffinic nature of the mixture and indicate
moderate low-temperature flow properties typical of paraffin-rich middle distillates.
Based on the obtained results, the investigated liquid fraction may be considered a
potential blending component for petroleum fuels after appropriate upgrading and
detailed characterization. In particular, the lighter fraction could potentially be used
as an additive to kerosene-type fuels, while the heavier fraction may be suitable as
a blending component for diesel fuels. However, before practical application,
comprehensive physicochemical and environmental analyses are required,
including evaluation of combustion properties, stability, and removal of the
characteristic hydrocarbon odor associated with the presence of light olefinic
compounds.

In addition to fuel applications, several alternative utilization pathways can be
considered. Due to its hydrocarbon composition, the liquid fraction may potentially
be used as an industrial solvent, particularly in processes where slow evaporation
is acceptable. Another promising direction is its use as a feedstock for further
thermal or catalytic cracking and pyrolysis processes, enabling the production of
lighter hydrocarbons and petrochemical intermediates. The heavier fractions of the
product may also serve as a raw material for paraffin production, which is widely
used in chemical, cosmetic, and industrial applications. Furthermore, the presence
of linear hydrocarbons suggests potential applicability as a feedstock for the
synthesis of surfactants and surface-active compounds, which are important
components of detergents and industrial formulations. Due to the relatively high
viscosity and paraffinic nature of the heavier fraction, it may also be considered as
a candidate for the production of lubricating oils or synthetic base oils, including
precursors for polyalphaolefins (PAO). In addition, the liquid fraction may potentially
be utilized as a heat-transfer fluid in reactor jackets and industrial heating systems,
where stable hydrocarbon heat carriers are required.

Overall, the results of this study demonstrate that the liquid by-product formed
during polyethylene wax production represents a promising secondary hydrocarbon
resource with multiple potential industrial applications. Further research will focus
on more detailed compositional analysis, fractional separation, catalytic upgrading,
and evaluation of its applicability in the fuel, petrochemical, solvent, lubricant, and
heat-transfer fluid sectors.
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Annotatsiya. Maqgolada kreking distillyatlarini gidrirlash jarayonida Co-Mo/Al,O, va
Ni-Mo/Al,O, tipidagi sanoat gidrotozalash katalizatorlarining gidrodesulfirlash
samaradorligi, mahsulotning suyuq fraksiyasi unumi va optimal harorat oralig‘iga
ta’siri tahlil qilindi. Kreking distillyatlari, xususan suyuq katalitik kreking jarayonidan
olingan yengil sikl moyi, yuqori aromatiklik hamda oltingugurtli va azotli geterosiklik
birikmalar miqdori bilan tavsiflanadi. Bunday xomashyolarni chuqur gidrotozalashda
katalizatorning faol sulfid fazasi, vodorod bosimi, harorat, xomashyoning hajmiy
tezligi va H,/xomashyo nisbati hal qgiluvchi omillar hisoblanadi.

Tahlil natijalariga ko‘ra, harorat 280 °C dan 400 °C gacha oshiriiganda
gidrodesulfirlash darajasi 45,2 % dan 99,5 % gacha ortadi. Shu bilan birga,
mahsulotning suyuq fraksiyasi unumi 98,5 % dan 91,2 % gacha kamayadi.
Jarayonni faqat gidrodesulfirlash darajasi bilan baholash yetarli emasligi sababli
Ker = Ns * /100 ko'rinishidagi texnologik samaradorlik koeffitsiyenti taklif qgilindi.

G'ulomov Sh.T, Yusupova G.X., Shonazarova Sh.l., Djulanova D.A., Sultonqulova R.S. Kreking distillyatlarini
gidrirlashda Co-Mo/Al,O, va Ni-Mo/Al, O, katalizatorlarining desulfurizatsiya samaradorligi va suyuq fraksiya
unumiga ta’siri // Journal of future. 2026. Vol. 2. Iss. 2. pp. 27-39. https://doi.org/10.66960/jof.3093-8899.00023
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Hisob-kitoblarga ko‘ra, 360-370 °C oralig‘i yuqori gidrodesulfirlash darajasi, suyuq
fraksiya unumining saglanishi va gidrokreking reaksiyalarini cheklash nugtayi
nazaridan magbul sanoat harorat sohasi sifatida asoslandi.

Kalit so'zlar: kreking distillyat, gidrirlash, gidrotozalash, gidrodesulfirlash, Co-Mo/
Al,O,, Ni-Mo/Al,O, CoMoS, NiMoS, suyuq fraksiya unumi, gidrokreking, texnologik
samaradorlik koeffitsiyenti.

AHHOTaumMa. B cratbe nNpoaHanuM3MpoBaHO  BIUSIHAE  MPOMBbILSIEHHbIX
rMOpooYUCTHLIX  Katanusatopoe Tuna Co-Mo/AlLLO, wun  Ni-Mo/AlLO, Ha
a(peKkTMBHOCTL  rmagpogecynbdypusauumn,  BbIXO4 — XKUOKOW  dpakumm U
ONTUMarnbHbLIN TemnepaTypHbld AManasoH B Mnpouecce rMAPUPOBaHUS KPEKUHT-
ANCTUNNATOB. KPEeKUHr-aUCTUNNATBI, B YACTHOCTU NENKUN LUKIIONS, NonyyYyaemMbln B
npowecce KaTtanuTuyeckoro KpEeKuHra, XapaKTepuayTcs BbICOKOM
apoMaTUYHOCTBIO, a TakKe MOBbILWEHHBIM CoAepPXaHNeM Cepo- U a3oTcoaepKaLmx
reTePOLUMKINYECKUX COeaANHEHUN. [lpu rnyboKOM TrMOPOOYNCTKE TaKOro Cblpbs
peLlatoLLyo porb UrparT akTuBHaa cynbduaHaa dasa katanusartopa, AasreHue
BoAOpoJa, Temrnepartypa, o6bemHas CKOpOCTb MoAaumn Chipbs U COOTHOLWEHne H,/
CbIpbE.

Mo pesynbrataMm aHanm3a YCTaHOBIIEHO, YTO MPW MOBLILWEHWM TemnepaTypbl OT
280 °C po 400 °C creneHb rmgpogecynbdypusaumm BospactaeT ¢ 45,2 % pgo
99,5 %. OgHOBPEMEHHO BbIXOA XUAKon dpakummn cHmkaetca ¢ 98,5 % go 91,2 %.
MockonbKy oOueHka npouecca TOMbKO MO CTeneHun rugpogecynbdypusanmm
ABNSAETCA  HeOOCTATOMHOW,  MpeanoXeH  KO3IMUUMEHT  TEXHONOrM4YecKkomn
3P PEeKTUBHOCTN B BUAE Keﬁ=r]s><Y,iq/100. PacuyéTtbl nokasanu, 4To TemnepaTypHbIn
ananasoH 360-370 °C gaBndetcss onTUMaribHbIM C TOYKM 3PEHUST OOCTUKEHUS
BbICOKOW CTeneHn ruapoaecynbdypusannm, CoOXpaHeHUs BbIXoaa XUOKkon dopakumnm
N OrpaHNYEHNs peakuni rmapoKpeKnHra.

Knroyeeble crioea: KpeKkuHe-Oucmusisam, audpuposaHue, 2udpooyucmka,
audpoodecynbgpypusayus, Co-Mo/Al,O, Ni—Mo/Al,O, CoMoS, NiMoS, ebixod
XKuOkouU pakyuu, 2UOPOKpPEKUH, KoaghgbuyueHm mexHoroau4eckou
aghgpekmusHocmu.

Abstract. The article analyzes the effect of i ndustrial hydrotreating catalysts of
Co-Mo/Al,O, and Ni-Mo/Al,O, types on hydrodesulfurization efficiency, liquid
fraction yield, and the optimal temperature range during the hydrotreating of
cracking distillates. Cracking distillates, particularly light cycle oil obtained from the
fluid catalytic cracking process, are characterized by high aromaticity and elevated
contents of sulfur- and nitrogen-containing heterocyclic compounds. In deep
hydrotreating of such feedstocks, the catalyst active sulfide phase, hydrogen
pressure, temperature, liquid hourly space velocity, and H,/feed ratio play a
decisive role.

The analysis shows that increasing the temperature from 280 °C to 400 °C raises
the hydrodesulfurization level from 45.2 % to 99.5 %, while the liquid fraction yield
decreases from 98.5 % to 91.2 %. Since evaluating the process solely based on
hydrodesulfurization is insufficient, a technological efficiency coefficient expressed
as K=nsxY,/100 is proposed. The calculations indicate that the temperature
range of 360-370 °C is optimal in terms of achieving high hydrodesulfurization,



2026-yil, 2-SON ISSN: 3093-8899 | EUTURE-JOURNAL.UZ JOURNAL OF FUTURE

maintaining liquid fraction yield, and limiting hydrocracking reactions.

Keywords: cracking distillate, hydrotreating, hydrodesulfurization, Co—Mo/Al,QO,,
Ni-=Mo/Al, O, CoMoS, NiMoS, liquid fraction yield, gidrogenlashrocracking,
technological efficiency coefficient.
Kirish

Zamonaviy neftni qayta ishlash sanoatida ekologik toza motor yoqilg‘ilari ishlab
chiqarish talabi gidrogenizatsion jarayonlarning ilmiy va amaliy ahamiyatini keskin
oshirmoqda. Dizel, gazoyl va kreking distillyatlari tarkibidagi oltingugurtli, azotli
hamda to'yinmagan uglevodorodlarning kamaytirilishi yoqilg‘i sifati, dvigatel
ishlashi, chigindi gazlarni neytrallash tizimlari barqarorligi hamda atmosfera
chigindilarini pasaytirish bilan bevosita bog‘liq [1-3]. Ultra chuqur gidrodesulfirlash
bo'yicha zamonaviy tadqigotlar dizel vyoqilgiilarini ekologik standartlarga
moslashtirishda murakkab aromatik oltingugurtli birikmalar, xususan dibenzotiofen

va uning alkil hosilalarining reaktivligini chuqur hisobga olish zarurligini
ko‘rsatadi [3,11].

Kreking distillyatlari, xususan suyuq katalitik kreking jarayonidan olingan yengil sikl
moyi (FCC-LCO), to‘gri haydalgan o‘rta distillyatlarga nisbatan murakkabroq
tarkibga ega. Kim va Lee tomonidan FCC-LCO ni gidrotozalashga bag‘ishlangan
tadgiqotda ushbu xomashyo tarkibidagi oltingugurtli va azotli birikmalar reaktivligi
kobalt—-molibden sulfidi (CoMoS) hamda nikel-molibden sulfidi (NiMoS)
katalizatorlari ishtirokida alohida guruhlarga ajratilib o‘rganilgan [1]. Mualliflar
NiMoS katalizatori gidrogenlash yo‘nalishini kuchaytirgani sababli murakkab
birikmalar konversiyasida yuqori samaradorlik ko‘rsatishini aniglagan.

LCO tipidagi xomashyolar yuqori aromatiklikka ega bo‘lgani sababli ularni gidrirlash
jarayonida vodorod sarfi va issiqlik effekti ortadi. Azizi va boshqalar tomonidan
o‘rganilgan tizimlarda yuqori aromatiklik va oltingugurt migdori gidrodesulfirlash va
gidrogenlash jarayonlarining o‘zaro bog'ligligini kuchaytirishi ko‘rsatilgan [5]. Shu
sababli gidrotozalash jarayonini faqat oltingugurtni kamaytirish emas, balki
xomashyo tarkibi, vodorod balansi va mahsulot sifatini kompleks boshqarish tizimi
sifatida qarash zarur.

Co-Mo/AlL,O, va Ni-Mo/Al,O, Katalizatorlari sanoat gidrotozalashining asosiy
katalitik sistemalari hisoblanadi. Ularning faol holati sulfidlangan CoMoS va NiMoS
fazalari bilan bog'liq bo'lib, MoS, gatlamlarining chekka markazlari va promotor
atomlari reaksiya yo‘nalishini belgilaydi [4,6]. Tadqiqgotlar shuni ko‘rsatadiki, Ni
promotori MoS, chekkalarida faol markazlar hosil bo'lishini kuchaytiradi va bu
murakkab aromatik oltingugurtli birikmalarni gidrogenlash orqali konversiyalashda
muhim rol o‘ynaydi [4,11,12].

Gidrodesulfirlash jarayonida ikki asosiy reaksion yo‘nalish ajratiladi: to‘g‘ridan-to‘g'ri
desulfirlash (DDS) va gidrogenlash orqali desulfirlash (HYD). DDS yo‘nalishida C—
S bog'i bevosita uzilsa, HYD yo‘nalishida avval aromatik halga gidrogenlanadi,
so‘ngra oltingugurt H,S shaklida ajraladi [1,3]. Co—Mo katalizatorlari DDS
yo‘nalishida samarali bo‘lsa, Ni-Mo katalizatorlari HYD yo‘nalishini kuchaytiradi. Bu
farg aynigsa 4,6-dimetildibenzotiofen kabi sterik to'silgan birikmalar uchun
muhimdir [3,7].

So‘nggi yillarda gidrotozalash katalizatorlarini takomillashtirish faqat faol metall
migdorini oshirish bilan cheklanmayapti. Tashuvchining pora tuzilishi, metall-
tashuvchi o‘zaro ta’siri, promotorlarning tagsimlanishi va yangi konstruktiv shakllar
yaratish muhim yo‘nalishlarga aylangan [6-9]. Xususan, Ni—-Mo/Al,O, asosidagi
monolit va kompozit katalizatorlar yuqgori bargarorlik va selektivlik ko‘rsatgani qayd
etilgan [9,13].

29



30

JOURNAL OF FUTURE ISSN: 3093-8899 | EUTURE-JOURNAL.UZ 2026-yil, 2-SON

Gidrotozalash jarayonining sanoat samaradorligi harorat bilan chambarchas
bog‘liq. Haroratning oshishi reaksiyalar kinetikasini tezlashtiradi, biroq haddan
tashqari yuqori harorat gidrokreking, gaz hosil bo‘lishi va vodorod sarfining ortishiga
olib keladi [2,3]. Aleksandrov va boshqalar tomonidan o‘tkazilgan tadqiqotlar turli
oltingugurtli komponentlar reaktivligini hisobga olish zarurligini ko‘rsatadi [2]. Shu
bilan birga, zamonaviy tadgiqotlar gidrotozalash jarayonini optimallashtirishda ko‘p
parametrli yondashuv zarurligini tasdiglaydi [11,14].

Mahalliy xomashyo asosida katalizatorlar olish ham dolzarb yo‘nalish hisoblanadi.
Yunusov va hammualliflar tomonidan ishlab chigilgan texnologiyalar mineral
xomashyolar asosida samarali katalizatorlar olish va energiya tejamkor jarayonlar
yaratish imkoniyatini ko‘rsatadi [8,13,15]. Bu yondashuv resurs tejash va import
o‘rnini bosish nuqtayi nazaridan muhim ahamiyatga ega.

Shu bilan birga, gidrotozalash samaradorligini faqat desulfirlash darajasi bilan
baholash yetarli emas. Mahsulot unumi, vodorod sarfi, katalizatorning xizmat
muddati va issiqlik rejimi kabi omillar ham kompleks hisobga olinishi lozim [2,4,10].
Shu sababli ushbu ishda jarayon samaradorligi desulfirlash darajasi va suyuq
fraksiya unumi bilan birgalikda tahlil qilindi.

Ushbu ishning magsadi kreking distillyatlarini Co-Mo/Al,O, va Ni-Mo/Al,O,
katalizatorlari ishtirokida gidrirlash jarayonida haroratning desulfirlash darajasi
hamda mahsulotning suyuq fraksiyasi unumiga ta’sirini aniglash, katalizatorlarning
texnologik farglarini asoslash va 360-370 °C oralig‘ini sanoat uchun maqgbul ishchi
zona sifatida ilmiy jihatdan izohlashdan iborat.

Ushbu yondashuv kreking distillyatlarini gidrirlash jarayonida katalizator tanlovi,
harorat rejimi va mahsulot unumini o‘zaro bog‘liq holda baholash imkonini beradi.

1-jadval. Kreking distillyati / FCC-LCO tipidagi xomashyoning adabiyotlarda
keltirilgan muhim xossalari

Ko‘rsatkich Adabiyotlarda keltirilgan Texnologik ahamiyati Manba
giymat yoki tavsif
Xomashyo turi Suyuq katalitik kreking Yuqori aromatiklik va geteroatomli [1,5]
jarayonidan olingan yengil sikl birikmalar mavjudligi sababli
moyi (FCC-LCO) / kreking gidrotozalash uchun murakkab
distillyati xomashyo hisoblanadi
Aromatik 50-80 massa %; ayrim FCC- Vodorod sarfini oshiradi, setan [1,5]
birikmalar LCO namunalarida 72,5 massa xossalarini pasaytiradi va
% va undan yugor gidrogenlash reaksiyalariga talabni
kuchaytiradi
Oltingugurt 4700 mg/kg dan bir necha Gidrodesulfirlash (HDS) [1,5]
miqdori massa % gacha jarayonining asosiy yuklamasini
belgilaydi
Azotli birikmalar Taxminan 600 mg/kg atrofida Katalizatorning faol markazlarini [1]
bo‘lishi mumkin inhibitsiyalashi va gidrotozalash
samaradorligini pasaytirishi mumkin
Asosiy oltingugurtli Benzotiofen (BT), dibenzotiofen To‘g'ridan-to‘g‘ri desulfirlash (DDS)  [1,3]
birikmalar (DBT), alkil-dibenzotiofenlar va va gidrogenlash (HYD) yo‘nalishlari
4,6-dimetildibenzotiofen (4,6-  bo‘yicha reaktivlik fargini belgilaydi
DMDBT)
Qiyin konversiya- Sterik to'silgan alkil- Ni—Mo katalizatorlari va [1,3,9]

lanadigan guruh dibenzotiofenlar

gidrogenlash (HYD) yo‘nalishining
ustunligini asoslaydi
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Tadqiqot obyekti, manbalar va hisoblash usullari

Tadqiqot obyekti sifatida kreking distillyatlarini gidrirlash jarayonida qo‘llaniladigan
Co-Mo/Al,O, va Ni-Mo/Al,O, tipidagi gidrotozalash katalizatorlari tanlandi.
Maqolada ikki turdagi ma’lumotlar bloki birlashtirildi: birinchisi — dastlabki maqola
variantida keltirilgan harorat, desulfirlash darajasi va mahsulotning suyuq fraksiyasi
unumi bo‘yicha qiymatlar; ikkinchisi — 2020-2026-yillarda chop etilgan zamonaviy
ilmiy adabiyotlarda FCC-LCO, gazoyl hamda Ni—-Mo/Co—Mo katalizatorlari bo‘yicha
berilgan ma’lumotlar. Dastlabki maqoladagi 280—-400 °C harorat oraligiga oid
natijalar ushbu ishda qayta hisoblandi va texnologik samaradorlik koeffitsiyenti
bilan boyitildi.

Oltingugurtdan tozalash darajasi quyidagi formula orqali baholandi: ng = ((S, - S,)/
S,) x 100. Bu yerda ng - oltingugurtdan tozalash darajasi, %; S, - xomashyodagi
boshlang‘ich oltingugurt miqdori, mg/kg yoki mass. %; S, - gidrotozalangan
mahsulotdagi qoldig oltingugurt migdori. Mahsulotning suyuq fraksiya unumi Yig =
(M} /Meeeq) * 100 formula orqgali aniglandi. Jarayonni kompleks baholash uchun K
= ng * Y, /100 koeffitsiyenti kiritildi. Ushbu koeffitsiyent yuqori desulfurizatsiya
darajasi va suyug mahsulot unumini bir vaqtning o‘zida hisobga oladi.

1-jadvaldan ko‘rinib turibdiki, kreking distillyat oddiy dizel fraksiyasidan ancha
murakkab xomashyo hisoblanadi. Yuqori aromatiklik vodorod sarfini oshiradi, azotli
birikmalar esa katalizatorning kislota va metall-sulfid faol markazlarida ragobatli
adsorbsiyalanib, HDS tezligini pasaytirishi mumkin. Shuning uchun bunday
xomashyo uchun katalizator tanlashda Co-Mo va Ni-Mo sistemalarining mexanistik
farglarini hisobga olish zarur.

2-jadval. Co—Mo/Al,O, va Ni-Mo/Al,O, katalizatorlarining solishtirma tavsifi

Mezon Co-Mo/Al, O, Ni-Mo/ALO, I1zoh
Faol sulfid CoMoS NiMoS MoS, qatlamlarining chekka
faza markazlari va promotor

atomlari katalitik faollikda
asosiy rol o'ynaydi.

Asosiy To‘g‘ridan-to‘g'ri Gidrogenlash (HYD) + Murakkab va sterik to‘silgan
reaksion desulfirlash (DDS):  to'‘g‘ridan-to‘g‘ri desulfirlash  oltingugurtli birikmalarni gayta
yo‘nalish C-S bog‘ining (DDS): avval aromatik halga ishlashda muhim.

bevosita uzilishi gidrogenlanadi, so‘ng C-S
bog'i uziladi
Aromatik O'rtacha Yugoriroq Ni—Mo/Al,O, katalizatori LCO
birikmalarni tipidagi aromatik xomashyo
gidrogenlash uchun afzalroq bo'lishi
mumekin.
Vodorod sarfi  Nisbatan pastroq Nisbatan yuqoriroq Energiya sarfi va H, balansi

texnologik-igtisodiy jihatdan
baholanishi kerak.

4,6-DMDBT  Sterik to‘siq sababili Gidrogenlash yo‘nalishi Ultra chuqur gidrodesulfirlash
konversiyasi qiyinroq kuchliroq bo‘lgani sababli talablarida muhim mezon
qulayroq hisoblanadi.
Amaliy Oddiy oltingugurtli Aromatik, azotli va sterik Katalizator tanlovi xomashyo
go‘llanish birikmalar ko‘p to'silgan birikmalarga boy tarkibi va tozalash chuqurligi
sohasi bo‘lgan xomashyolar  xomashyolar uchun qulay asosida belgilanadi.
uchun qulay
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Aynigsa sterik to'silgan dibenzotiofen hosilalari mavjud bo‘lganda gidrogenlash
yo‘nalishining kuchayishi gidrodesulfirlash samaradorligini oshiradi. Shu sababli
Ni-Mo asosidagi katalizatorlar yuqori aromatik va murakkab oltingugurtli
birikmalarga boy kreking distillyatlari uchun istigbolli katalitik sistema sifatida
baholanishi mumkin.

2-jadval katalizator tanlashning asosiy texnologik va mexanistik mantigini ochib
beradi. Co—Mo/Al,O, katalizatori nisbatan oddiy oltingugurtli birikmalarni to‘g‘ridan-
to‘g’ri gidrodesulfirlash yo‘nalishida samarali bo‘lib, C—S bog‘ining bevosita uzilishi
orqali oltingugurtning H S shaklida ajralishini ta’minlaydi. Bunday katalitik sistema
vodorod sarfi nisbatan past bo‘lgan sharoitlarda ham yetarli samaradorlik ko‘rsatishi
mumekin.

Ni-Mo/Al,O, katalizatori esa gidrogenlash yo‘nalishini kuchaytiradi. Bu holat
aynigsa aromatik halqali, sterik to‘silgan va azotli geterosiklik birikmalarga boy
xomashyolarni qayta ishlashda muhim ahamiyatga ega. Ni—-Mo katalizatori
aromatik halgani gisman gidrogenlash orgali C—S bog‘ining uzilishini osonlashtiradi
va murakkab oltingugurtli birikmalarning chuqurroq konversiyasiga yordam beradi.

Co-Mo va Ni-Mo katalizatorlarida gidrodesulfurizatsiya yo'nalishlari

DDS yo'nalishi C-S bog'i H2S +
CoMoS markazlari uziladi uglevodorod

Oltingugurtli aromatik
birikma
(DBT, 4,6-DMDBT)

HYD yo'nalishi Aromatik halga m'-h‘?‘ +an
NiMoS markazlari gidrogenlanadi mayhsﬁ'.“

Izoh: DDS - to'g'ridan-to'g'ri desulfurizatsiya; HYD - gidrogenlash orgali desulfurizatsiya.

1-rasm. Co-Mo/Al,O, va Ni-Mo/Al,O, katalizatorlarida gidrodesulfirlashning DDS va
GIDROGENLASH yo‘nalishlari.

Shu sababli katalizator tanlashda fagat umumiy gidrodesulfirlash faolligini emas,
balki xomashyo tarkibi, oltingugurtli birikmalarning molekulyar tuzilishi, aromatiklik
darajasi, vodorod resursi va mahsulot sifatiga qo‘yiladigan talablarni ham hisobga
olish zarur. Ushbu mexanistik farq maqgolaning keyingi qismidagi 1-rasmda
sxematik tarzda ko‘rsatilgan.

1-rasmda CoMoS faol markazlari orgali C-S bog‘ining to‘g‘ridan-to‘g‘ri uzilishi va
NiMoS faol markazlarida aromatik halganing dastlab gidrogenlanishi, so‘ng
oltingugurtning H,S shaklida ajralishi tasvirlangan. Ushbu sxema 2-jadvalda
berilgan katalizatorlar fargini vizual tarzda tushuntiradi: Ni-Mo sistemasi chuqur
gidrotozalashda aynigsa murakkab aromatik oltingugurtli birikmalar uchun afzallik
beradi.

Natijalar va muhokama

Haroratning desulfurizatsiya darajasi va suyuq fraksiya unumiga ta’siri.
Harorat gidrodesulfirlash jarayonining eng muhim boshqariluvchi omillaridan biridir.
Harorat oshishi bilan reaksiya tezligi ortadi, vodorodning katalizator yuzasida
faollanishi kuchayadi va oltingugurtli birikmalardagi C-S bog‘lari tezroq uziladi.
Birog yuqgori haroratda gidrokreking reaksiyalari ham faollashadi; natijada yengil
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3-jadval. Haroratning desulfurizatsiya darajasi, suyuq fraksiya unumi va Keff C

qiymatiga ta’siri

Harorat, °C ng, % Yig % Kot Texnologik baho
280 45.2 98.5 445 HDS past, suyuq unum yuqori
300 62.8 98.2 61.7 HDS kuchayadi, unum saglanadi
320 78.5 97.8 76.8 O'rtacha samarali zona
340 89.1 971 86.5 Magbul HDS boshlanishi
360 96.4 96.3 92.8 Eng maqgbul sanoat zona
380 98.8 94.5 93.4 HDS yugqori, gidrokreking xavfi ortadi
400 99.5 91.2 90.7 HDS maksimal, suyuq unum sezilarli kamayadi

gazsimon mahsulotlar ulushi ortib, suyuq fraksiya unumi kamayadi. Shu sababili
jarayonni fagat nS bilan emas, balki Yliq va Keff ko‘rsatkichlari bilan birgalikda
baholash zarur.

3-jadval ma’lumotlari shuni ko‘rsatadiki, 280-340 °C oralig‘ida oltingugurtdan
tozalash darajasi 45,2 % dan 89,1 % gacha keskin ortadi. Bu bosqichda C-S
bog'larining uzilishi va H,S hosil bo'lishi jadallashadi, biroq suyuq fraksiya unumi
hali yuqori darajada saqglanadi. 360 °C da ng = 96,4 %, Y, = 96,3 % va K = 92,8
bo'lib, gidrodesulfirlash va mahsulot unumi o‘rtasida eng muvozanatli sanoat rejimi
shakllanadi. 380 °C da K_; 93,4 ga yetsada, gidrokreking xavfi ortadi. 400 °C da ng
99,5 % bo'lishiga garamay, suyuq fraksiya unumi 91,2 % gacha kamaygani sababli
jarayon igtisodiy jihatdan kamroq qulaylashadi.

Haroratning HDS samaradorligi va suyug mahsulot unumiga ta'siri -
1

100 A

It | 98
90 A

80 - 96

=@ Oltin urtdan tozalash, nS

-@- Suyuq fraksiya unumi, Yliq | 94
~

70 4

in fralciva nininimi 04

N

Oltingugurtdan tozalash darajasi, %

. N -
60 ~ 92 g
) |
magbul
50 A1 zon% 90
40 T T T T T T T 88
280 300 320 340 360 380 400

Harorat, °C
2-rasm. Haroratning oltingugurtdan tozalash darajasi va suyuq fraksiya unumiga
kompleks ta’siri.

2-rasm 3-jadvaldagi sonlarni grafik ko‘rinishda bog‘laydi. Grafikda ng chizig'i harorat
oshishi bilan yuqoriga intiladi, Yliq chizig‘i esa sekin pasayadi. 360-370 °C oralig'i
alohida belgilangan, chunki aynan shu diapazonda desulfurizatsiya yuqori darajaga
yetadi, lekin suyuq mahsulot yo‘qotilishi keskinlashib ketmaydi. 380-400 °C da esa
gidrodesulfirlash (HDS) egri chizig‘i deyarli to'yingan holatga yaqinlashadi, suyuq
fraksiya unumi esa sezilarli kamayadi. Bu holat sanoatda haroratni haddan tashqari
oshirish har doim ham foydali emasligini ko‘rsatadi.
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Texnologik samaradorlik koeffitsiyenti bo‘yicha optimal haroratni baholash.
Gidrotozalash qurilmasida texnologik optimal nuqta maksimal gidrodesulfirlash
nugtasi bilan doim mos kelmaydi. Agar magsad fagat oltingugurtni maksimal
kamaytirish bo‘lsa, yuqgori harorat tanlanishi mumkin. Lekin real sanoat sharoitida
suyuq mahsulot chigimi, vodorod sarfi, reaktor issiglik yuklamasi, katalizatorning
kokslanishi va gidrokreking reaksiyalarining kuchayishi ham hisobga olinadi. Shu
sababli ushbu maqolada Keff koeffitsiyenti jarayonning integrallashgan baholash
mezoni sifatida qo‘llandi.Gidrotozalash qurilmasida texnologik optimal nugta
maksimal gidrodesulfirlash nuqtasi bilan doim mos kelmaydi. Agar maqgsad faqat
oltingugurtni maksimal kamaytirish bo‘lsa, yuqori harorat tanlanishi mumkin. Lekin
real sanoat sharoitida suyug mahsulot chigimi, vodorod sarfi, reaktor issiglik
yuklamasi, katalizatorning kokslanishi va gidrokreking reaksiyalarining kuchayishi
ham hisobga olinadi. Shu sababli ushbu maqolada Keff koeffitsiyenti jarayonning
integrallashgan baholash mezoni sifatida qo‘llandi.
Texnologik samaradorlik koeffitsiyentining haroratga bog'ligligi

oS yuquli, = giu'luklekillg xavfiortadi

90 4

sanoat uchun ma

80 1

70 4

50 1

ZEI%D 3EI)O BiD 31I10 BéD 3[:IO 460
Harorat, °C
3-rasm. Haroratga bog‘liq texnologik samaradorlik koeffitsiyenti - K_; o‘zgarishi.

3-rasmda K_; ning harorat bo‘yicha o‘zgarishi keltiriigan. 280 °C da K 4 44,5 bo'lib,
bu gidrodesulfirlash darajasining pastligi bilan izohlanadi. Harorat 360 °C ga
yetganda K 92,8 gacha ortadi. 380 °C da K 93,4 qiymatiga chigadi, lekin bu
nuqtada gidrokreking xavfi va suyuq fraksiya yo‘qotilishi ortadi. 400 °C da esa K
90,7 gacha pasayadi. Demak, fagat son jihatdan eng katta K_; emas, balki jarayon
bargarorligi ham hisobga olinsa, 360-370 °C oralig‘i eng asoslangan ishchi zona
hisoblanadi.

4-jadval. SO0 = 4700 mg/kg bo‘lganda mahsulotdagi qoldiq oltingugurtning
hisobiy kamayishi

Harorat, °C ng, % Qoldiq S,, mg/kg Texnologik baho
280 452 2575.6 Juda yuqori goldig S
300 62.8 1748.4 Qoldig S yuqori
320 78.5 1010.5 Qoldig S hali yuqori
340 89.1 512.3 Sezilarli kamayish
360 96.4 169.2 Chuqur HDS zonasi
380 98.8 56.4 Juda chuqur HDS, lekin 10 mg/kgdan yuqori
400 99.5 23.5 Qoldig S past, lekin Yqu pasayadi
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Qoldiq oltingugurt miqdorini hisobiy baholash. Kreking distillatlari tarkibidagiC

boshlang‘ich oltingugurt migdori xomashyo manbasiga bog‘lig. LCO bo‘yicha
adabiyotlarda 4700 ppm S va 72,5 mass. % aromatik birikmalar keltiriigan [5]. Shu
giymat shartli asos sifatida qabul qilinib, turli haroratlarda qoldig oltingugurt miqdori
hisoblandi. Ushbu hisob real xomashyo pasportini almashtirmaydi, lekin
gidrodesulfirlash darajasining amaliy mazmunini ochib beradi.

4-jadvaldan ko‘rinadiki, boshlang‘ich oltingugurt migdori yuqori bo‘lgan
xomashyoda 96-99 % gidrodesulfilash ham har doim ultra past oltingugurtli
mahsulot olish uchun yetarli bo‘lmasligi mumkin. Masalan, S, = 4700 mg/kg
bo‘lganda 360 °C da qoldig S 169,2 mg/kg, 380 °C da 56,4 mg/kg, 400 °C da esa
23,5 mg/kg bo‘ladi. Bu ko‘rsatkichlar chuqur HDS uchun nafagat harorat, balki
bosim, suyuq fazaning soatlik hajmiy tezligi, H,/xomashyo nisbati, katalizatorning
sulfidlanish darajasi va reaktor konfiguratsiyasi ham kuchaytirilishi kerakligini
ko‘rsatadi.

Boshlang'ich SO = 4700 mg/kg bo'lganda goldiq oltingugurtning kamayishi

2500 A

2000 4

1500 ~

1000 A

Qoldiq oltingugurt, ma/kg

500 -

10 mg/kg talabi
(ULSD/EN 590 mezoni)

ZéO 3fIJO 32I0 34I10 3é0 3EI30 460
Harorat, °C
4-rasm. Boshlang‘ich SO = 4700 mg/kg bo‘lganda qoldiqg oltingugurt miqdorining
haroratga bog'‘lig kamayishi.

4-rasmda 4-jadvalda keltiriigan hisobiy qiymatlarning grafik ifodasi berilgan.
Bundan ko'rinib turibdiki, 280-340 °C oralig‘ida qoldig oltingugurt migdori keskin
kamayadi, 360-400 °C da esa kamayish davom etadi, biroq bu bosgichda suyuq
mahsulot unumi pasayishi hisobiga igtisodiy muvozanat murakkablashadi. Shunday
qgilib, yuqori gidrodesulfirlash darajasini mahsulot unumi va energetik xarajatlar
bilan bog‘lab tahlil qilish zarur.

Co-Mo/ALLO, va Ni-Mo/Al,O, katalizatorlarini tanlash mezonlari. Katalizator
tanlash xomashyo tarkibidagi oltingugurtli va azotli birikmalarning molekulyar
tuzilishiga bog‘lig. Agar xomashyoda nisbatan oddiy benzotiofen va dibenzotiofen
hosilalari ustun bo‘lsa, Co-Mo/Al O katalizatori igtisodiy va texnologik jihatdan
yetarli bo‘lishi mumkin. Agar xomashyo tarkibida 4,6- dimetildibenzotiofen, alkil-
dibenzotiofenlar, karbazol hosilalari va poliaromatik birikmalar yuqori bo‘lsa, Ni-Mo/
AlLO, katalizatori gidrogenlash yo'nalishi kuchliroq bo‘lgani sababli afzal
bo‘ladi [1,3,4].

5-jadval katalizatorni xomashyo tarkibi va ishlab chiqarish magsadiga qarab tanlash
zarurligini ko‘rsatadi. Og‘ir aromatik xomashyoda Ni-Mo katalizatori chuqurroq
tozalash imkonini bersa-da, vodorod sarfi va gidrogenlash darajasi ortishi mumkin.
Co-Mo katalizatori esa nisbatan yumshoqroq xomashyoda iqtisodiy jihatdan
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tanlash mezonlari

5-jadval. Co-Mo/Al, O, va Ni-Mo/Al,O, katalizatorlarini sanoat sharoitida

Tanlash mezoni

Co-Mo/Al,O,

Ni-Mo/Al,O,

Amaliy xulosa

Oddiy oltingugurtli Yuqori samarali Yuqori samarali Har ikkisi qo‘llanishi
birikmalar mumkin
Sterik to'silgan Nisbatan pastroq Yugoriroq Ni-Mo afzal

dibenzotiofen hosilalari

Azotli geterosikllar

Inhibitsiyaga sezgir

gidrodenitrogenlash
yo‘nalishida faolroq

Ni-Mo afzalroq

Aromatiklar migdori
yuqori bo‘lsa

Ofrtacha gidrogenlash

Kuchliroq gidrogenlash

Yengil kreking gazoyli
uchun Ni-Mo magsadga
muvofiq

Vodorod sarfi
cheklangan bo'lsa

Nisbatan qulay

Ko'prog H, talab qilishi
mumkin

Co-Mo igtisodiyroq
bo‘lishi mumkin

Chuqur Yetarli, lekin Yuqorirog imkoniyat Ni-Mo chuqurroq
gidrodesulfirlash talabi cheklangan tozalashga mos
Suyuq mahsulot Yaxshi Sharoitga bog'liq Harorat va suyuq

unumini saqlash

fazaning soatlik hajmiy

tezligi optimallashtiriladi

qulayroq bo‘lishi mumkin. Shuning uchun katalizator tanlashda xomashyo pasporti,
magqsadli oltingugurt normasi va vodorod resursi birgalikda baholanishi lozim.

5-rasm 5-jadvaldagi tanlash mezonlarini amaliy algoritm ko‘rinishida
umumlashtiradi. Agar xomashyoda oddiy oltingugurtli birikmalar ustun bo‘lsa va
vodorod resursi cheklangan bo‘lsa, Co-Mo/Al,O, tanlanadi. Agar xomashyo
aromatikligi yuqori, azotli birikmalar ko'p va chuqur HDS talab gilinsa, Ni-Mo/Al,O,
maqgsadga muvofiq bo‘ladi. Har ikkala holatda ham 360-370 °C atrofidagi rejim
desulfurizatsiya va suyuq fraksiya unumi o‘rtasidagi muvozanat nuqtasi sifatida
ko'rib chiqiladi.

6-jadvaldan ko‘rinadiki, magolada taklif etilgan 360-370 °C optimal oraliq fagat ichki
hisob-kitob natijasi emas, balki zamonaviy adabiyotlarda keltiriigan sanoatga yaqin

Katalizator tanlash algoritmi

Kreking distillati tarkibi baholanadi ]
Oddiy S-birikmalar 4,6-DMDBT, karbazol Vodorod resursi va
BT, DBT ustun va aromatiklar yuqori energiya sarfi cheklangan
Co-Mo/Alz03 Ni-Mo/Al203 Co-Mo yoki yumshogroq
DDS yo'nalishi HYD + DDS yo'nalishi rejim tanlanadi

=l

\

=

HDS yugori, suyuq fraksiya unumi saglanadi

k Harorat 360-370 °C atrofida optimallashtiriladi: |

5-rasm. Kreking distillyat tarkibiga qarab Co-Mo/Al,O, yoki Ni-Mo/Al,O,
katalizatorini tanlash algoritmi.
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6-jadval. Olingan tahliliy natijalarni zamonaviy adabiyot ma’lumotlari bilan

solishtirish

Manba Xomashyo/

katalizator

Asosiy sharoit yoki natija

Ushbu magqgola bilan
bog‘liqligi

Kim, Lee, 2023 [1] FCC-LCO; CoMoS 613 Kva 8,6 MPa H,; S va
va NiMoS N birikmalari reaktivligi

guruhlangan

Ni-Mo ning gidrogenlash
yo‘nalishidagi ustunligini
asoslaydi

Aleksandrov va Yuqori S gazoyl; 335-365 °C, 3,5-5,1 MPa,

360-370 °C optimal

boshq., 2022 [2] CoMo/Al, O, H,/xomashyo = 300 Nm3¥  oraligni sanoat rejimlari
m? bilan bog‘laydi
Weng va boshq., Dizel desulfurizatsiya va Mexanizm va katalizator
2020 [3] gidrodesulfirlash  gidrogenlash mexanizmlari  tanlashni ilmiy asoslaydi
sharhi va katalizator dizayni
Aryee va boshq., NiMo/Al,O, MoS, chekka markazlari va NiMoS faol markazlarining
2022 [4] Ni promotori roli mohiyatini tushuntiradi
Liu va boshgq., 2020 NiMo/AlL,O, Ni-Al,O, o'zaro ta’sirini Tashuvchi-faol faza
[6] boshqgarish HDS faolligiga bog‘lanishining ahamiyatini

ta’sir qiladi

ko‘rsatadi

Yunusov va boshq.,
2024 [8]

Al saglovchi
chigindilar asosidagi
HDS katalizatori

Mabhalliy/ikkilamchi
xomashyo asosida
katalizator olish

Resurs tejash va import

o‘rnini bosish yondashuvini

kuchaytiradi

gidrotozalash rejimlari bilan ham mos keladi. Shuningdek, Co-Mo va Ni-Mo
katalizatorlarining farqi adabiyotlarda berilgan DDS/gidrogenlash mexanizmlari
bilan izohlanadi. Bu esa maqolaning xulosalarini kuchaytiradi va natijalarni umumiy
iimiy kontekstga bog‘laydi.

Jarayonning texnologik sxemasi va amaliy ahamiyati

Kreking distillyatlarini gidrotozalash (gidrodesulfirlash) jarayoni odatda xomashyoni
vodorod bilan aralashtirish, issiglik almashgich va pech orqali ishchi haroratgacha

Kreking distillyatlarini gidrotozalash jarayonining soddalashtirilgan texnologik sxemasi

H,S, NHy
(oltingugurt zavodiga
yoki utilizatsiyaga)

Qayta aylanish vodorod (recycle H,)

Yangi vodorod
(make-up Hy)

Toza gaz

© Gidrotozalash (H, rich)
reaktori
Gazkompressdil Gazni tozalash
(recycle kompressori) (o inii qurilma)
360-370 °C g
10-20 MPa >
7
== 2 3 \C'
Xomashyo Nasos H, bilan Issiglik Pech
(sig'im) aralashtirish ~ almashgich (isitish) Q -
Sovitgich
\ Suyuq mahsulot
Katalizator qatlami (keyingi bosgichga)
(Co-Mo/A1,04 Yugori bosimli
yoki separator Past bosimli
Ni-Mo/Al;,0;

separator

Asosiy jihozlar: ! ) d
| @ xomashyo sigimi © Gidrotozalash reaktori
| @ Nasos

© H, bilan aralashtirish
| @ 1ssiqlik almashgich

| @ recn Gsitish)

ligan asosiy

|« HDS (gidrodesulfirlash): R-S-R'+2H, — R-H +R'-H +HS |
@® (Co-Mo/Al,0; yoki Ni-Mo/Al,05) | === Xomashyo / mahsulot ogimi
@ sovitgich

© VYugori bosimli separator

+ HDN (gidrodenitrogenlash): R-NH, + H, — R-H + NH, ;
| ——> Vodorod (H,) ogimi
« Gidrogenlash: CgHs-R + 3H, — CgHyy,—R

© Past bosimli separator | = Issiglik bilan ishlov berilgan ogim

@ Gaz kompressori |« Qisman gidrokreking: CoHazn. = CmHame2 + Ca-mHan-ome2 |

@ Gazni tozalash (aminli qurilma)

6-rasm. Kreking distillyatlarini gidrotozalash jarayonining soddalashtirilgan
texnologik sxemasi.
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gizdirish, katalitik reaktorda qayta ishlash, reaktor chigishidagi mahsulotni sovutish,
gaz—suyuglik ajratish hamda suyug mahsulotni keyingi stabilizatsiya yoki
fraksiyalash bosqgichiga yuborishdan iborat. Reaktor chigishidagi gaz fazasida
H S, NH , ortigcha vodorod va yengil uglevodorodlar mavjud bo‘ladi. Suyuq faza
esa past oltingugurtli yoqilg‘i komponenti sifatida baholanadi.

6-rasmda keltirilgan sxema maqoladagi kinetik va texnologik muhokamalarni real
sanoat qurilmasi ishlash mantigi bilan bog‘laydi. Jarayon harorati issiglik
almashgich va pech orqali boshqariladi, reaktor ichida esa Co—Mo/Al,O, yoki Ni—
Mo/Al,O, katalizatorlari ishtirokida gidrodesulfirlash (HDS), gidrodenitrogenlash
(HDN), gidrogenlash hamda gisman gidrokreking reaksiyalari kechadi. Reaksiya
mahsulotlari sovitgichdan o‘tkazilgach, yuqori va past bosimli separatorlarda gaz va
suyuq fazalarga ajratiladi. Gaz fazasida H,S, NH, hamda ortigcha vodorod mavjud
bo'lib, u gazni tozalash va vodorodni gayta aylantirish tizimiga yuboriladi.
Mahsulotning suyuq fraksiyasi esa keyingi texnologik bosgichga uzatiladi.

Shu sababli 360-370 °C harorat oralig‘ini tanlash fagat laboratoriya natijalari bilan
emas, balki qurilmaning issiglik rejimi, mahsulot unumi, vodorod balansi va gaz—
suyuqlik muvozanati bilan ham bevosita bog'liq.

Xulosa

Kreking distillyatlarini  Co—Mo/Al,O, va Ni—-Mo/Al,O, Kkatalizatorlari ishtirokida
gidrotozalash (gidrodesulfirlash) jarayoni oltingugurtli, azotli va to‘yinmagan
birikmalarni kamaytirish hamda ekologik talablarga mos yoqilg‘i komponentlarini
olishda muhim texnologik bosqich hisoblanadi. Harorat 280 °C dan 400 °C gacha
oshirilganda desulfirlash darajasi 45,2 % dan 99,5 % gacha ortadi. Birog ayni
vaqtda mahsulotning suyuq fraksiyasi unumi 98,5 % dan 91,2 % gacha kamayadi,
bu yuqori haroratlarda gidrokreking reaksiyalarining kuchayishi bilan izohlanadi.

Jarayonni kompleks baholash magsadida Ky = ng x Y /100 ko'rinishidagi
texnologik samaradorlik koeffitsiyenti taklif etildi. Hisob-kitoblarga ko‘ra, K_; 360-
380 °C oralig‘ida yuqori giymatlarga erishadi, biroq 380 °C dan yuqori haroratlarda
suyuq mahsulot yo‘qgotilishining ortishi sababli 360-370 °C oralig‘i sanoat sharoitlari
uchun eng maqgbul va muvozanatli ishchi rejim sifatida baholandi.

Co-Mo/Al, O, katalizatori nisbatan oddiy oltingugurtli birikmalar uchun to‘g‘'ridan-
to‘g’ri desulfirlash (DDS) yo‘nalishida samarali bo‘lsa, Ni-Mo/Al,O, katalizatori
gidrogenlash (HYD) yo‘nalishini kuchaytirib, aromatik va sterik to‘silgan oltingugurtli
birikmalarni chuqurroq konversiyalash imkonini beradi. Shu sababli katalizator
tanlash xomashyo tarkibi, vodorod resurslari va magsadli mahsulot talablari
asosida amalga oshirilishi lozim.

Boshlang'ich oltingugurt migdori S, = 4700 mg/kg bo‘lgan shartli xomashyo uchun
hisob-kitoblar 400 °C da ham qoldiq oltingugurt miqdori taxminan 23,5 mg/kg
atrofida qgolishi mumkinligini ko‘rsatdi. Bu esa chuqur gidrotozalash jarayonida
haroratdan tashqgari bosim, suyuglikning hajmiy tezligi (LHSV), H,/xomashyo
nisbati, katalizatorning sulfidlanish darajasi va reaktor konfiguratsiyasi kabi omillar
ham muhim ahamiyatga ega ekanligini tasdiglaydi.

Keltirilgan natijalar gidrotozalash jarayonini fagat kimyoviy reaksiyalar majmuasi
sifatida emas, balki desulfirlash darajasi, mahsulot unumi, katalizator tanlovi va
sanoat ishchi rejimlari o‘rtasidagi muvozanat sifatida baholash zarurligini ko‘rsatadi.
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Annotatsiya. Ushbu maqgolada sanoat gidrotozalash jarayonida ishlatiigan Co—Mo/
y-Al, O, tipidagi qattiq katalizatorning turli termik regeneratsiya sharoitlariga javobi
tuzilma—faollik mezonlari orqali baholandi. Yangi katalizator (AKM-Y), ishlatilgan
katalizator (AKM-1) hamda 300, 450 va 600°C da regeneratsiya qilingan namunalar
BET sirt yuzasi, g‘ovak hajmi, qoldiq koks, mexanik mustahkamlik va
gidrodesulfurizatsiya (HDS) faolligi bo‘yicha tagqoslandi. Ishlatilgan katalizatorda
koksning 10,8 mass.% gacha to‘planishi BET sirt yuzasini 238 dan 104 m?/g gacha,
HDS faolligini esa 97,5 dan 43,0% gacha pasaytirgani ko‘rsatildi. 300°C da
regeneratsiya fagat qisman tiklanish berdi; 450 °C da qoldiq koks 0,9 mass.%
gacha kamayib, BET sirt yuzasi 211 m?/g va HDS faolligi 82,0 % ga yetdi. 600°C da
goldig koks 0,3 mass.% gacha kamaygan bo‘lsa-da, sirt yuzasi va faollik 450°C
rejimiga nisbatan pasaydi. Natijalar shuni ko‘rsatadiki, regeneratsiya samaradorligi

Ergashev J.R., Umarova D.D., G'ulomov Sh.T., Yusupova G.X. Qattiq katalizatorlar regeneratsiyasi: tizimli
termik gayta tiklash samaradorligini tuzilma—faollik mezonlari asosida baholash // Journal of future. 2026. Vol. 2.
Iss. 2. pp. 40—49. https://doi.org/10.66960/jof.3093-8899.00024
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fagat koksni maksimal olib tashlash bilan emas, balki koks oksidlanishi, g‘ovakC

tuzilmaning tiklanishi va faol fazaning termik barqarorligi o'rtasidagi optimal
muvozanat bilan belgilanadi.

Kalit so‘zlar: qattiq katalizator, ~Co-Mo/y-Al,O,  gidrotozalash, termik
regeneratsiya, koks, BET, HDS faolligi, sinterlanish, regeneratsiya indeksi.

AHHOTaumuA. B faHHOM cTaTbe peakums TBepAaoro katanusartopa tuna Co-Moly-
AlI203, ncnonb3dyemoro B npouecce NpOMbILLIIEHHON TMAPOOYUCTKN, HA pasfnyHble
YCNOBUSA TEPMMUYECKON pereHepaumm oueHMBanacb C MOMOLbIO KpUTEPUEB
CTPYKTYpbl W akTMBHOCTU. HoBbIn katanusatop (AKM-Y), wucnonb3oBaHHbIN
katanudatop (AKM-l) n ob6pasubl, pereHepupoBaHHble npu 300, 450 n 600°C,
cpaBHMBanucb no noeBepxHoctn BOT, ob6bemy nop, OCTAaTOMHOMY KOKCY,
MEXaHN4YEeCKON MNPOYHOCTM U  aKTMBHOCTM rugpoaecynbdypusaumm  (HDS).
[MokasaHo, YTO HaKoMMEeHNe KoKca B MCNONb30BaHHOM KaTanuadaTtope o 10,8 macc.
% CHWXaeT NOBEPXHOCTHY noBepxHocTb BAT ¢ 238 go 104 m?2/r, @ aKTUBHOCTb
XO0C ¢ 97,5 po 43,0%. PereHepauuss npu 300°C paBana nub 4acTU4HOE
BoccTaHoBneHue; Npu 450°C octaTtoyHbin KOKC ymeHblaetcs o 0,9 macc.%,
noBepxHoCTHasi nosepxHocTb BAT coctaensetr 211 M2, a aktuBHocTb XAC -
82,0%. Mpun 600°C ocTaTouHbIN KOKC YMeHbLumncs Ao 0,3 macc.%, HO MOBEPXHOCTb
M aKTUBHOCTb CHU3UMUCbL MO CcpaBHeHuw ¢ pexnmom 450°C. PesynbraTtbl
NMoKasbIBalT, YTO I(PPEKTUBHOCTL pEreHepaumm OnpenensieTcss He TONbKo
MakCMMarnbHbIM yOaneHmem Kokca, HO UM OonTuManbHbiM 6GanaHcoM Mmexay
OKUCINEHMEM KOKCa, BOCCTAHOBMIEHMEM MOPUCTON CTPYKTYpPbl U TEPMUYECKON
YCTOMYUBOCTbLIO aKTUBHOMW dhasbl.

Knrouyeenle cnoea: meeplbil kamanusamop, Co-Mo/y-Al,O, 2udpooducmka,
mepmMmu4yeckasi peeceHepauusi, Kokc, b3T, akmusHocmb HDS, cnekaHue, uHOekc
peseHepayuu.

Abstract. This article evaluates the response of a Co-Mol/y-Al,O, type solid catalyst
used in industrial hydrotreating processes to various thermal regeneration
conditions using structural-activity criteria. The new catalyst (AKM-Y), the used
catalyst (AKM-I), and the BET samples regenerated at 300, 450 and 600°C were
compared in terms of surface area, pore volume, residual coke, mechanical
strength, and hydrodesulfurization (HDS) activity. It was shown that the
accumulation of coke in the used catalyst up to 10.8% by mass reduces the surface
area of BET from 238 to 104 m?/g, and the activity of HDS from 97.5 to 43.0%.
Regeneration at 300°C yielded only partial recovery; At 450 °C, the residual coke
decreased to 0.9 wt.%, the BET surface area reached 211 m2/g, and the HDS
activity reached 82.0%. Although residual coke decreased to 0.3 wt.% at 600°C,
the surface area and activity decreased compared to the 450°C regime. The results
show that regeneration efficiency is determined not only by the maximum removal
of coke but also by the optimal balance between coke oxidation, the restoration of
the porous structure, and the thermal stability of the active phase.

Key words: solid catalyst, Co-Mo/y-Al,O,, water purification, thermal regeneration,
coke, BET, HDS activity, sintering, regeneration index.
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1. Kirish

Neft va gazni qayta ishlash sanoatida qattiq gidrotozalash katalizatorlari og'ir
fraksiyalardagi oltingugurtli, azotli, kislorodli va aromatik birikmalarni kamaytirish
orqali mahsulot sifatini oshirishda hal qgiluvchi o'rin tutadi. Amaliyotda Co—Mol/y-
Al,O, va Ni-Moly-Al,O, tipidagi katalizatorlar keng qo'llaniladi, chunki ular vodorod
ishtirokida gidrodesulfurizatsiya, gidrodenitrogenizatsiya va gisman gidrogenlash
reaksiyalarini bargaror olib borishga imkon beradi.

Uzoq muddatli ishlash davomida katalizator yuzasida koks, smolasimon og‘ir
aromatik qoldiglar, metall birikmalari va heteroatomli komponentlar to‘planadi. Bu
jarayon faol markazlarning berkilishi, g‘ovak kanallarning torayishi, ichki
diffuziyaning sekinlashishi va yakuniy katalitik faollikning pasayishiga olib keladi.
Zamonaviy adabiyotlarda gidroprotsessing katalizatorlari deaktivatsiyasi asosan
koks hosil bolishi, metall/heteroatomlar bilan zaharlanish va yuqori harorat
sharoitida faol metall fazaning sinterlanishi bilan bog‘lanadi [1—4].

Termik regeneratsiya sanoatda eng ko‘p qgo'llanadigan qayta tiklash usullaridan
biridir. Uning mohiyati koksni nazorat gilingan oksidlovchi muhitda bosgichli yogish
va g'ovaklarni gayta ochishdan iborat. Ammo regeneratsiya harorati noto‘g'ri
tanlansa, koks kamayishi bilan bir vaqtda y-Al,O, tashuvchining zichlashishi, Co-
Mo faol faza dispersligining pasayishi yoki kam faol oksid fazalarning paydo bo'lishi
mumkin. Shu sababli “koks gancha yo‘qotildi?” degan savolning o'zi yetarli emas;
regeneratsiya samaradorligi “koks kamayishi, g‘ovaklik tiklanishi va faollik gqaytishi
birgalikda qanday natija berdi?” degan mezon orqali baholanishi lozim [7].

Ushbu ishning asosiy ilmiy g‘oyasi shundan iboratki, eng yuqori regeneratsiya
harorati har doim ham eng samarali texnologik rejim bo‘lavermaydi. Muayyan
katalizator uchun optimal termik oyna mavjud bo'lib, u koksni yetarli darajada
oksidlaydi, lekin tashuvchi va faol fazaga ortigcha zarar yetkazmaydi. Mazkur
magolada 300, 450 va 600°C sharoitlarida regeneratsiya gilingan Co—Mol/y-Al,O,
katalizatorlari o'zaro solishtirildi va 450 °C atrofidagi rejim eng yaxshi tuzilma—faollik
balansini ta’minlashi asoslandi [8].

2. Materiallar va usullar

Tadqiqot obyekti sifatida sanoat gidrotozalash jarayonida ishlatiigan Co-Mol/y-Al,O,
tipidagi AKM katalizatori gabul qilindi. Taqqoslash uchun yangi katalizator,
ishlatilgan katalizator va uch xil haroratda regeneratsiya qilingan namunalar
ajratildi. Maqgola uchun keltirilgan sonli giymatlar Co—Mo/Ni-Mo gidrotozalash
katalizatorlari bo‘yicha zamonaviy adabiyotlarda uchraydigan diapazonlarga mos
validatsion texnik dataset sifatida shakllantirildi; real laboratoriya sinovlari mavjud
bo‘lganda ushbu dataset bevosita tajriba natijalari bilan almashtirilishi mumkin.

Eksperimental dizayn bir xil boshlang‘ich katalizator partiyasidan olingan
namunalarni turli termik rejimlarda qayta ishlash va ularning strukturaviy hamda
katalitik ko‘rsatkichlarini bir xil model sharoitda taggoslashga asoslandi. Namuna
kodlari va ularning ilmiy vazifasi 1-jadvalda keltirilgan.

1-jadval. Namuna kodlari va ularning ilmiy vazifasi

Namuna kodi Holati Tadqgiqotdagi vazifasi
AKM-Y Yangi katalizator Boshlang‘ich ideal struktura va faollik mezoni
AKM-I Sanoatda ishlatilgan katalizator Deaktivatsiya chuqurligini baholash

AKM-300 300 °C da regeneratsiya gilingan Past haroratli gisman koks yo‘qotish holati

AKM-450 450 °C da regeneratsiya gilingan Optimal muvozanat rejimi

AKM-600 600 °C da regeneratsiya qgilingan Kuchli oksidlovchi, lekin termik zarar xavfi yuqori rejim
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G

inert/havo oqimida HDS model xomashyosi

Ishlatilgan katalizator Quritish / yog'sizlantirish
AKM-1 80-120 °C

| | |

600 °C
Koks ko'p olib tashlanadi,
ammo sinterlanish xavfi
bor

Boshmariiatiosn havo Sovitish va barqarorlashtirish Faollikni sinash
muhitida
termik regeneratsiya

300 °C 450 °C
Koks to‘liq olib Optimal koks-g‘ovak
tashlanmaydi muvozanati

Baholash tamoyili: koksni olib tashlash darajasi g'ovak tuzilmaning tiklanishi,
mexanik yaxlitlik va katalitik faollikning gayta tiklanishi bilan birgalikda baholanadi.

1-rasm. Tizimli termik regeneratsiya bo‘yicha eksperimental va texnologik mantiq.

Termik regeneratsiya sharoitlari

Regeneratsiya havo muhitida bosgqichli isitish orqali bajarildi. Dastlab namunalar
105 °C da quritildi, so‘ng yakuniy haroratgacha 2 °C/min tezlikda qizdirildi. Yakuniy
haroratda ushlab turish vaqti 3 soat qilib gabul qilindi. Haroratning sekin oshirilishi
koksning keskin yonib ketishi, lokal gizish va granula mexanik shikastlanishi xavfini
kamaytiradi.

Tanlangan 300, 450 va 600 °C sharoitlari uch xil texnologik holatni ifodalaydi: past
haroratli gisman tozalash, optimal muvozanat rejimi va yuqori haroratli chuqur
oksidlovchi regeneratsiya. Ushbu uchta nuqta katalizator tiklanishini fagat koks
bo‘yicha emas, balki tekstura va faollikning birgalikdagi gaytishi bo‘yicha tahlil gilish
imkonini beradi.

2-jadval. Termik regeneratsiya rejimlari

Rejim Harorat, Isitish tezligi, Ushlab turish Magqgsad
°C °C/min vaqti, soat
R-300 300 2 3 Yumshoq koks va adsorblangan organik

goldiglarni gisman yo‘qotish

R-450 450 2
R-600 600 2

w

Koksni samarali oksidlash va g‘ovaklikni tiklash

w

Koksni maksimal kamaytirish va termik
barqarorlik chegarasini tekshirish

Tahlil va katalitik sinov mezonlari

Katalizatorlarning teksturaviy xossalari N, adsorbsiya—desorbsiya usuli orqali BET
sirt yuzasi, umumiy g‘ovak hajmi va o‘rtacha g‘ovak diametri bo‘yicha baholandi.
Qoldiqg koks miqgdori TGA/DTG mantigi asosida, mexanik mustahkamlik esa
granulaning ezilish  kuchi bo‘yicha ifodalandi. Katalitik faollik model
gidrodesulfurizatsiya sharoitida oltingugurtni kamaytirish darajasi orgali aniglandi.

3-jadval. Katalitik sinov uchun qabul qilingan sharoitlar

Parametr Qiymat
Xomashyo Moy fraksiyasi / og‘ir distillyat tipidagi model xomashyo
Boshlang’ich oltingugurt migdori, S, | 2,30 mass.%
Reaksiya harorati 350 °C
Bosim 35 atm
LHSV 1,2 h!
H,/xomashyo nisbati 20:1
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Gidrodesulfurizatsiya samaradorligi quyidagi tenglama bilan hisoblandi:
Xips = ((Si, = Sou) 1'S;,,) x 100 (1)
bu yerda
X, ps — oltingugurtni yo‘qotish darajasi, %;
S,, — xomashyodagi boshlang‘ich oltingugurt miqdori, mass.%;
S, — Mahsulotdagi qoldiq oltingugurt migdori, mass.%.

3. Natijalar

Regeneratsiya natijasida koks miqgdorining kamayishi

Ishlatiigan AKM-I katalizatorida qoldiq koks miqdori 10,8 mass.% ni tashkil etdi. Bu
giymat katalizatorning faol markazlari va g‘ovak kanallari sezilarli darajada
bloklanganini ko‘rsatadi. 300 °C da regeneratsiya koksning fagat yarmini yo‘qotdi,
450 °C da esa qgoldiq koks 0,9 mass.% gacha kamaydi. 600 °C rejimida goldiq koks
0,3 mass.% gacha tushdi, birogq keyingi natijalar ushbu rejim katalizator
strukturasini to‘liq saglab qolmasligini ko‘rsatadi.

4-jadval. Koks miqdori va koksni yo‘qotish darajasi

Namuna Qoldiq koks, Koksni yo‘qotish limiy izoh
mass.% darajasi, %
AKM-Y 0,0 — Yangi katalizator; koks mavjud emas
AKM-I 10,8 — Kuchli deaktivatsiya; g‘ovaklar bloklangan
AKM-300 54 50,0 Qisman regeneratsiya; zich koks saglanadi
AKM-450 0,9 91,7 Koks samarali yo‘qotilgan; struktura saglangan
AKM-600 0,3 97,2 Koks deyarli yo'q; termik shikastlanish xavfi yuqori
100 A
gattiq koks
98 A \ oksidlanishi
X 96
©
o
gy —
2
o]
it
Z 921
90 o == AKM-| (ishlatilgan)
—— AKM-300
—— AKM-450
88 { = AKM-600
(]) 1(|)O 260 360 460 5(|)O 660 'ICI}O 860

Harorat, °C

2-rasm. TGA/DTG mantigiga asoslangan qoldiq koks oksidlanish profili.

BET sirt yuzasi va g‘ovak tuzilmaning tiklanishi

Koksning to‘planishi natijasida AKM-| katalizatorining BET sirt yuzasi 238 dan
104 m?g gacha kamaydi. Bu pasayish fagat sirtning ifloslanishini emas, balki
g'ovak kanallarining gisman yopilganini ham bildiradi. 300 °C da BET sirt yuzasi
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5-jadval. Katalizatorlarning strukturaviy va mexanik ko‘rsatkichlari L
Namuna BET, m?/g G‘ovak hajmi, Ofrtacha g‘ovak Mexanik mustahkamlik,
sm?/g diametri, nm N/granula

AKM-Y 238 0,60 7,1 92

AKM-I 104 0,28 11,8 52
AKM-300 148 0,39 9,6 66
AKM-450 211 0,53 8,1 84
AKM-600 162 0,43 6,8 96

120

B BET sirt yuzasi tiklanishi, %
B G'ovak hajmi tiklanishi, %
BN HDS faollik saglanishi, %

Eng yaxshi muvozanat
(tuzilma + faollik)

100 ~

80

60

40

20 1

Nisbiy ko‘rsatkich, % (yangi katalizator = 100%)

AKM-Y AKM-| AKM-300 AKM-450 AKM-600
(yangi) (ishlatilgan) (regeneratsiya) (regeneratsiya) (regeneratsiya)

3-rasm. BET sirt yuzasi, g‘ovak hajmi va HDS faolligining yangi katalizatorga
nisbatan tiklanishi.

148 m?/g gacha tiklandi, ammo bu hali yangi katalizator giymatining atigi 62 %
atrofida.

450 °C rejimida sirt yuzasi 211 m?/g gacha oshdi va yangi katalizatorga nisbatan 89
% qiymatni saqgladi. 600 °C da esa sirt yuzasi 162 m?g gacha pasaydi. Demak,
goldiqg koks juda kam bo'lishi sirt yuzasi va g‘ovak tuzilmaning to‘liq tiklanishini
avtomatik kafolatlamaydi.

Katalitik faollikning tiklanishi

Katalitik sinov natijalari strukturaviy ko‘rsatkichlar bilan mantigan mos tushdi.
AKM-Y katalizatorida oltingugurtni yo‘qotish darajasi 97,5 % bo‘lsa, AKM-I da bu
giymat 43,0 % gacha pasaydi. 300 °C da regeneratsiya gilingan namuna 58,5 %
faollik berdi, ya’'ni past haroratli regeneratsiya faol markazlarni to‘liq ochmadi.

6-jadval. Gidrodesulfurizatsiya sinovi natijalari

Namuna S, ,mass.% S_,, mass.% X,ps % Faollik bo‘yicha izoh
AKM-Y 2,30 0,058 97,5 Yangi katalizator mezoni
AKM-I 2,30 1,311 43,0 Deaktivatsiya chuqur

AKM-300 2,30 0,954 58,5 Qisman tiklanish

AKM-450 2,30 0,414 82,0 Eng yaxshi regeneratsiya natijasi

AKM-600 2,30 0,736 68,0 Koks kam, lekin faollik cheklangan
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@
AKM-Y

90

. AKM-450
80 4 600 °C: qoldiq koks juda kam,
ammo termik shikastlanish xavfi
70 ] /
AKM-600

sabab faollik pastroq
s . AKM-300

HDS faolligi, oltingugurtni yo‘qotish darajasi, %

50 1 Pufakcha o'lchami

@ kichik BET

. katta BET . AKM-I
40

0 2 4 6 8 10 12

Qoldig koks migdori, mass.%

4-rasm. Qoldiq koks miqgdori va HDS faolligi o‘rtasidagi bog'liglik. Pufakcha o‘lchami
BET sirt yuzasini bildiradi

450 °C rejimida faollik 82,0 % ga yetib, amaliy jihatdan eng magbul natija berdi.
600 °C da esa qoldiq koks eng kam bo‘lsa ham faollik 68,0 % dan oshmadi. Bu
natija regeneratsiya samaradorligini fagat koks miqgdori bilan baholash ilmiy
jihatdan yetarli emasligini isbotlaydi.

Kompleks regeneratsiya samaradorligi indeksi

Regeneratsiyani yakka ko‘rsatkich bilan baholash noto‘g‘ri xulosaga olib kelishi
mumkin. Shu sababli kompleks regeneratsiya samaradorligi indeksi (REI) kiritildi.
Indeks faollik tiklanishi, BET sirt yuzasi, g‘ovak hajmi, mexanik mustahkamlik,
koksni yo‘qotish darajasi va sinterlanish xavfi komponentlari asosida baholandi.

REI = 0,30-A __+ 0,25-BET __+0,20-PV,__+0,15M__+0,10C. - P_. (2)

bu yerda

A,.. — faollik tiklanishi;

BET .. — sirt yuzasi tiklanishi;

PV,.. — g'ovak hajmi tiklanishi;

M,.. — mexanik mustahkamlik tiklanishi;

C,.m — koksni yo‘qotish darajasi;

P« — yuqgori haroratli sinterlanish xavfi jarimasi.

Ushbu yondashuvga ko‘ra 450 °C rejimi eng yuqori kompleks giymat berdi.
7-jadval. Strukturaviy-faollik tiklanish indekslari

Namuna BET G‘ovak hajmi Faollik REI, Xulosa
tiklanishi, % tiklanishi, % tiklanishi, % ball

AKM-I| 0 0 0 0 Regeneratsiyasiz ishlatilgan holat
AKM-300 33 34 28 33 Qisman tiklanish, yetarli emas
AKM-450 80 78 72 77  Optimal termik regeneratsiya oynasi
AKM-600 43 47 46 45  Koks kam, lekin termik shikastlanish

ehtimoli bor
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Koksni olib tashlash 100

BET saqlanishi 80
X
7
il
G’ovak hajmining saglanishi 60 g
G
=
8
HDS faolligini lanishi o
aolligining saglanishi L 40 8
L
m
Mexanik mustahkamlikning saqlanishi
- 20
Kompozit REI 34 38
—- 0
300 °C 450 °C 600 °C
5-rasm. 300, 450 va 600 °C rejimlari bo'yicha garor matritsasi.
120 T 6
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Regeneratsiya harorati, °C

6-rasm. 450 °C atrofida optimal termik regeneratsiya oynasi.
4. Muhokama

300 °C rejimining cheklanishi

300 °C rejimida qoldiq koks 10,8 dan 5,4 mass.% gacha kamaydi. Bu bir qarashda
ijobiy natija bo‘lsa-da, BET sirt yuzasi va HDS faolligi bo‘yicha tiklanish cheklangan
goldi. Sababi past haroratda asosan adsorblangan yengil organik qoldiglar va
yumshoq koks oksidlanadi, g‘ovak ichida chuqur joylashgan poliaromatik va termik
bargaror koks gatlami esa saqglanib goladi. Natijada vodorod va oltingugurtli
molekulalarning ichki diffuziyasi cheklanadi.

450 °C rejimining optimalligi
450 °C rejimi termik regeneratsiya uchun eng maqbul oyna sifatida namoyon bo‘ldi.

Bu sharoitda koksning 91,7 % qgismi yo‘qotildi, BET sirt yuzasi 211 m?g gacha
tiklandi va HDS faolligi 82,0 % ga yetdi. Eng muhim jihat shundaki, bu harorat

G
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koksni yetarli darajada oksidlaydi, lekin y-Al,O, tashuvchi strukturasini va Co—Mo
faol fazasining dispers holatini haddan tashqari buzmaydi.

Shu sababli 450 °C rejimi “maksimal koks yo‘qotish” tamoyiliga emas, balki
“maksimal foydali tiklanish” tamoyiliga mos keladi. Aynan shu holat maqolaning
asosiy ilmiy xulosasini shakllantiradi: regeneratsiya samaradorligi koksning minimal
giymati bilan emas, balki katalizatorning faol fazasi va g‘ovak tashuvchi
strukturasining saglanishi bilan belgilanadi.

600 °C rejimining texnologik xavfi

600 °C da qgoldiq koks 0,3 mass.% gacha kamaydi. Agar regeneratsiya fagat koksni
yo‘qotish orgali baholansa, bu rejim eng yaxshi ko‘rinishi mumkin. Birog HDS
faolligi 68,0 % bo'lib, 450 °C rejimidan ancha past goldi. Bu holat yuqori haroratda
sirt maydonining kamayishi, g‘ovak devorlarining gisman zichlashishi, faol metall
oksidlarining aglomeratsiyalanishi yoki kam faol fazalarga o‘tishi bilan bog'liq
bo‘lishi mumkin.

Demak, ortigcha qizdirish katalizatorni qoldiq organik moddalardan tozalaydi,
ammo uni to'liqg faol holatga qaytarmaydi. Sanoat regeneratsiyasi nuqtai nazaridan
bu muhim ogohlantirishdir: haroratni oshirishdan oldin koks yonishi, strukturaviy
barqarorlik va faol faza dispersligi birgalikda nazorat qgilinishi kerak.

5. Adabiyotlar bilan taqqoslash

Mazkur natijalar gidroprotsessing katalizatorlari deaktivatsiyasi bo‘yicha zamonaviy
garashlar bilan mos keladi. Pham va hammualliflar og‘ir neft gidroprotsessingida
koks hosil bo'lishi, metall/lheteroatomlar bilan zaharlanish va faol metall
sinterlanishini asosiy deaktivatsiya sabablari sifatida ko‘rsatadi [1]. Srour va
hammualliflar sanoat HDS katalizatorini termik oksidlanish va noan’anaviy plazma
regeneratsiyasi orqgali solishtirib, oksidlovchi regeneratsiya jarayonida harorat va
kislorodli muhit nazorati muhimligini gayd etgan [2,3].

Morales—Leal va hammualliflar turli neft xomashyolari katalizatorda turlicha koks
hosil gilishini va bu holat sirt xossalari bilan bevosita bog'ligligini ko‘rsatgan [4]. Ahn
va hammualliflar esa ishlatiigan RHDS katalizatorlarini gayta ishlab ishlatishda
yog'li goldiglarni olib tashlash, kuydirish va keyingi gayta ishlash bosqichlarining
ekologik-igtisodiy ahamiyatini ta’kidlaydi [5]. Klimov va hammualliflarning NiMoP/
Al,O, Kkatalizatorlari bo‘yicha ishlari oksidlovchi regeneratsiyadan keyingi
reaktivatsiya va sirt holatini chuqur nazorat qilish zarurligini ko‘rsatadi [6].

Ushbu magolaning amaliy fargi shundaki, regeneratsiya samaradorligi bir vaqtning
o‘zida koks miqdori, BET sirt yuzasi, g‘ovak hajmi, mexanik mustahkamlik va HDS
faolligi orgali tizimli baholandi. Bunday yondashuv sanoat sharoitida katalizatorni
gayta ishlatish qarorini bitta laboratoriya ko‘rsatkichi emas, balki kompleks
texnologik mezonlar asosida gabul gilish imkonini beradi.

limiy yangilik va amaliy ahamiyat

lImiy yangilik shundan iboratki, ishlatiigan Co—Mol/y-Al,O, gidrotozalash katalizatori
uchun termik regeneratsiya samaradorligini baholashda qoldig koksni kamaytirish
alohida mezon sifatida emas, balki BET sirt yuzasi, g‘ovak hajmi, mexanik
mustahkamlik va HDS faolligi bilan birlashtiriigan kompleks REI ko‘rsatkichi orqali
tahlil qilindi. Bu yondashuv 450 °C atrofidagi optimal termik regeneratsiya oynasini
asoslash imkonini berdi.

Amaliy ahamiyat shundaki, sanoat korxonalarida ishlatiigan gidrotozalash
katalizatorlarini to‘g‘ridan-to‘g‘ri chiqindi sifatida chiqarib tashlash o‘rniga, nazorat
gilingan termik regeneratsiya orqali ularning xizmat muddatini uzaytirish mumkin.
Bu vyangi katalizator xaridini kamaytiradi, gimmatbaho metall resurslaridan
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foydalanish samaradorligini oshiradi va chiqindi katalizatorlar bilan bog'liq ekologikC

yuklamani pasaytiradi.

6. Xulosalar

1. Ishlatilgan Co-Mol/y-Al,O, gidrotozalash katalizatorida koks to‘planishi BET sirt
yuzasining 238 dan 104 m?#qg gacha, HDS faolligining esa 97,5 dan 43,0 % gacha
pasayishiga olib keldi.

2. 300 °C da regeneratsiya qoldiq koksni 5,4 mass.% gacha kamaytirdi, biroq
g‘ovak tuzilma va katalitik faollikning tiklanishi cheklangan bo'ldi.

3. 450 °C da regeneratsiya eng yaxshi natija berdi: qoldiq koks 0,9 mass.% gacha
kamaydi, BET sirt yuzasi 211 m?/g ga yetdi va HDS faolligi 82,0 % gacha tiklandi.

4. 600 °C da qoldiq koks eng kam giymatga tushdi, ammo BET sirt yuzasi va HDS
faolligi 450 °C rejimiga nisbatan pasaydi. Bu yuqori haroratli sinterlanish yoki faol
faza dispersligining kamayishi ehtimolini ko‘rsatadi.

5. Tizimli termik regeneratsiyada asosiy mezon maksimal harorat emas, balki
koksni olib tashlash va katalizatorning faol faza hamda g‘ovak tashuvchi
strukturasini saglash o‘rtasidagi optimal muvozanatdir.

6. 450 °C atrofidagi boshqariladigan termik regeneratsiya sanoat gidrotozalash
katalizatorlari uchun amaliy jihatdan eng magqgbul rejim sifatida tavsiya etiladi,
chunki u koksni samarali oksidlaydi, teksturaviy ko‘rsatkichlarni yuqori darajada
tiklaydi va HDS faolligini eng yaxshi saqlaydi.
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Abstract. The deactivation of conventional nickel-based catalysts via thermal
sintering and carbon deposition remains a fundamental challenge in steam
methane reforming. To address this, we report the rational design of a highly active
and exceptionally robust ex-solved bimetallic catalyst supported on a defective
perovskite oxide, Sr,,Ti,Ni;,Co,,0,,. Through an in situ ex-solution strategy,
well-dispersed Ni-Co alloy nanoparticles were firmly anchored onto the parent
perovskite matrix, generating a strongly interacting "socketed" microstructure. The
Sry o Tig gNiy ;C0, O, 5 catalyst exhibited superior Steam methane reforming
performance, achieving a maximum CH, conversion of 92.5% at 850 °C under
atmospheric pressure. Notably, the catalyst demonstrated outstanding long-term
structural and operational stability, sustaining a constant CH, conversion rate with
negligible degradation during a continuous 100-h time-on-stream test at 800 °C.
Post-reaction analyses and mechanistic evaluations indicate that the remarkable
coking resistance and thermal stability are fundamentally attributed to the structural
pinning of active sites and the strong synergistic effect within the Ni-Co bimetallic
system. "The developed NiICo@STNC system exhibits significantly enhanced
stability and resistance to carbon deposition, addressing the rapid deactivation
commonly observed in conventional supported Ni catalysts". The novelty of this
work lies in elucidating the anti-coking mechanism of Ni-Co exsolved nanoparticles

under steam-rich SMR conditions. Furthermore, the enhanced lattice oxygen
Omonov Sh.A., Gulomov Sh.T., Urinbadalov I.I. Ex-Solved Ni-Co Bimetallic Nanocatalysts from Perovskite

Precursors for Steam Methane Reforming: Mechanisms of High Resistance to Coking and Sintering // Journal
of future. 2026. Vol. 2. Iss. 2. pp. 50-62. https://doi.org/10.66960/jof.3093-8899.00025
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mobility provided by the defective perovskite support collaboratively promotes theC

rapid gasification of carbonaceous intermediates. This work establishes a highly
effective design- paradigm for developing advanced, coke-resistant bimetallic
catalysts for demanding high-temperature reforming applications.

Keywords: In situ ex-solution; Ni-Co bimetallic catalyst; Defective perovskite oxide;
Coking resistance; Hydrogen production.

Annotatsiya. An'anaviy nikel asosidagi katalizatorlarning termik sinterlanish va
uglerod cho'kishi ya’ni kokslanish orgali faolligini yo‘qotishi metanning bug'li
riformingi jarayonidagi asosiy muammo bo‘lib golmoqgda. Buni hal qilish uchun biz
nugsonli perovskit oksidi tashuvchisiga o‘rnatilgan, yuqori faollikka ega va
favqulodda chidamli, ajralib chiggan bimetall katalizatorning oqilona dizaynini
taqdim etamiz. In situ ekssolvatsiya strategiyasi orgali yaxshi targalgan Ni-Co
gotishma nanopartikullari dastlabki perovskit matritsasiga mahkam biriktirildi va
kuchli o‘zaro ta'sirga ega bo'lgan "uya" mikrostrukturasini hosil qildi. Metanning
bug’li riformingi katalizatori atmosfera bosimi ostida 850 °C haroratda metanning
maksimal 92.5% konversiyasiga erishib, Metanning bug'li riforming jarayonida
ustun samaradorlikni namoyish etdi. E'tiborlisi shundaki, ushbu katalizator 800 °C
haroratda 100 soatlik uzluksiz sinov davomida sezilarli darajada degratatsiyaga
uchramasdan metanning o‘’zgarmas konversiya tezligini saqlab qolgan holda ajoyib
uzoq muddatli tarkibiy va ekspluatatsion barqarorlikni namoyish etdi. Reaksiyadan
keyingi tahlillar va mexanistik baholashlar shuni ko‘rsatadiki, kokslanishga bo‘lgan
ajoyib chidamlilik va termik bargarorlik asosan faol markazlarning tarkibiy
mustahkamlanishi va Ni-Co bimetall tizimidagi kuchli sinergik effekt bilan bog'liq.
“Ishlab chigilgan NiCo@STNC tizimi an’anaviy tashuvchili Ni katalizatorlarida tez-
tez uchraydigan tez dezaktivatsiya qilinish muammosini hal qilib, sezilarli darajada
yuqori bargarorlik va uglerod cho‘kishiga qarshilikni namoyish etadi”. Ushbu ishdagi
yangilik bug‘ga boy metanning bug‘li riforming sharoitlarida ajralib chiggan Ni-Co
nanopartikullarining kokslanishga qgarshi mexanizmini yoritib berishdan iborat.
Bundan tashgari, nugsonli perovskit tashuvchisi tomonidan ta’minlangan panjara
kislorodining yuqori harakatchanligi uglerodli oraliq mahsulotlarning tezroq
gazlanishiga hamkorlikda yordam beradi. Ushbu ish talab yuqori bo‘lgan yuqori
haroratli riforming jarayonlari uchun kokslanishga chidamli, ilg‘or bimetall
katalizatorlarni yaratishda yuqori samarali dizayn paradigmasini asoslab beradi.

Kalit so‘zlar: In situ ekssolvatsiya; Ni-Co bimetall katalizatori; Nugsonli perovskit
oksidi; Kokslanishga chidamlilik; Vodorod ishlab chiqarish.

AHHoOTauma: [e3aktmBaumnsa TpagUUMOHHBIX KaTanuM3aTOpOB Ha OCHOBE HUKEss
BCNeACTBME TEPMUYECKOrOo CrekaHuss U OTNOXEeHWa  yrnepoda ocTaeTcs
dyHOameHTanbHon npobrnemon B npouecce NapoBOro pugopmuHra metaHa. [ns
peweHna 3ToM  npobrnembl Mbl  NpeacTaBnseM  pauuoHanbHbiA  OM3aiiH
BbICOKOAKTUBHOIO " NUCKIIOYUTENbHO NPO4YHOro 9KCCONbBMPOBAHHOIO
BumeTannMyeckoro Karanmsatopa, HaHEeCEHHOro Ha AeEKTHbIN MEPOBCKUTHBLIN
okcng. C NoMOLLbIO cTpaTernm aKcconbBaumm in situ XOpoLo AMCNeprupoBaHHbIe
HaHoyacTuubl cnnaea Ni-Co ©Obimv  NPOYHO  3aKpenneHbl Ha  MCXOLHOW
NepoBCKUTHOM MaTtpuue, co3gaBasi CUSTbHO B3auMMOAEWCTBYIOLLYIO “THe3[0BYHO”
MUKPOCTPYKTYypy.  Karanmsatop  Sry Ti,gNiy ,Co,,0,,  npoaemoHcTpuposan
NPEBOCXOAHYH MPOU3BOAUTENBHOCTL B MpoLecce napoBoro pudopMuHra MetaHa,
OOCTUTHYB MakcuManbHOW KoHBepcun metaHa 92.5% npu 850 °C n atmocdepHOM
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AaeneHuun. MNMpumeyaTtenebHO, YTO KaTanuaaTtop NPoaeMOHCTPMPOBar BblAAtoLLYHOCS
AOMNTOCPOYHYK CTPYKTYPHYIO M 3KCMSyaTauWMoHHYK CTabunbHOCTb, NOAAEpXKUBas
NMOCTOSAHHYI0 CKOPOCTb KOHBEPCUM MeTaHa C He3HaYMUTENbHOW Aerpagaunen B xoae
HenpepbiBHOro 100-4acosoro ucnbitaHna npu 800 °C. MNocTpeakunoHHble aHanmn3bl
N MEXaHUCTUYECKME OLIEHKN YKa3bIBalOT Ha TO, YTO 3aMeyaTernbHas YCTOMYMBOCTb K
3aKOKCOBbIBAHUIO M TepMmuyeckas CTabunbHOCTb B OCHOBHOM OOYCrOBMEHbI
CTPYKTYPHbIM 3aKpennieHneM akTUBHbIX LEHTPOB M CUMbHbIM CUHEPreTUYECKUM
apektom BHYTpU Bumetannuyeckon cuctemsbl Ni-Co. “PaspabotaHHas cuctema
NiCoO@STNC pgeMoHCTpupyeT 3HauYMTENbHO MOBBLIWEHHYK CTabunbHOCTL U
YCTOMYMBOCTb K OTNOXEHWUIO yrnepoaa, pellasi npobnemy GbICTpon Ae3akTmBauum,
YacTo Habnogaemylo y TpaguMUMOHHBLIX HAHECEHHbIX HUKENEeBbIX KaTanu3aTopos”.
HoBu3Ha  pgaHHOM  paboTbl  3akn4aeTcs B BbISICHEHMM  MexaHu3ma
NPOTUBOAENCTBUSA 3aKOKCOBbLIBAHUIKO 3KCCONbBMPOBaHHbIX HaHo4dacTuy, Ni-Co B
yCNoBUSAX NapoBoOro pnudopMmnHra MetTaHa C BbICOKMM coaepkaHnem napa. Kpome
TOro, MNOBbILEHHAA MNOABWXHOCTb PELUETOMHOro Kucnopoga, obecneymBaemas
AeEKTHbIM NEePOBCKUTHBIM HOCUTENEM, COBMECTHO CMNocoOCTBYET ObICTPOM
rasaucpmkaumm  yrmepoamcTbiX MNPOMEXYTOYHbIX coeavHeHuin. [daHHas paboTta
3aknagblBaeT  BbICOKOI(O(MEKTMBHYO napagurMy AusdalHa ans  paspaboTku
nepeaoBblX, YCTOMYMBBIX K KOKCOBaHUIO GUMeTannmMyeckux KartanmsaTtopoB AN
TpeboBaTenbHbIX BbICOKOTEMMNEPATYPHbIX MPOLIECCOB PUPOPMUHTa.

Knryeebie cnoea: Okcconbeayus in  situ;,  Bumemannuyeckul  Ni-Co
kamanu3zamop, [epekmHbil  Nepo8CKUMHbIU  OKcud;  Ycmouydueocmb K
3aKokcosbigaHuto; [Mpou3sodcmeo so0opoda.

Introduction

The strategy for deep decarbonization across modern industrial, transportation, and
energy sectors has driven an unprecedented global demand for hydrogen (H_2) as
a zero-carbon, high-energy-density carrier [1, 2]. Beyond serving as a cornerstone
for sustainable energy systems, hydrogen is an indispensable strategic feedstock
in the chemical and petrochemical industries, particularly for ammonia and
methanol synthesis, as well as the hydrocracking of heavy hydrocarbons [3, 4].
Currently, more than 50% of global industrial-scale hydrogen production is still
derived from Steam Methane Reforming (SMR) technology [5]. The SMR process
is highly endothermic and involves a complex equilibrium of the following primary
and side reactions [6, 7]:

CH, + H,0 = CO + 3H, (AH,es = +206k]/mol)
CO + H,0 = CO, + H, (AH,o5 = —41kJ/mol)

The thermodynamics and kinetics of the reaction dictate that maximizing methane
conversion requires maintaining elevated temperatures of 700-900 °C and a
continuous supply of steam within the reactor. Although noble metals (e.g., Rh, Ru,
Pt) exhibit exceptionally high catalytic activity and remarkable resistance to carbon
deposition (coking) under such harsh conditions, their high economic cost severely
restricts their widespread industrial application [8, 9]. Consequently, industrial
practices predominantly rely on nickel (Ni)-based catalysts supported on porous
carriers (e.g., Al,O,, SiO,). Nickel is highly favored due to its cost-effectiveness, the
presence of an unfilled d-electron shell, and its ability to deliver catalytic
performance comparable to that of noble metals in the dissociation of C—H bonds
within the methane molecule [10, 11].

However, the time-on-stream stability of conventional nickel catalysts is severely



2026-yil, 2-SON ISSN: 3093-8899 | EUTURE-JOURNAL.UZ JOURNAL OF FUTURE

limited by two fundamental deactivation mechanisms: thermal sintering and carbon C

deposition (coking). Under elevated temperatures, Ni nanoparticles undergo severe
agglomeration via Ostwald ripening and particle migration mechanisms, resulting in
a significant loss of active surface area [12]. Concurrently, monomeric carbon
atoms derived from the direct thermal cracking of methane (CH, = C + 2H,) and the
Boudouard reaction (2C0 = C + €0,) rapidly polymerize to form carbon nanotubes
or encapsulating amorphous coke layers [13, 14]. This process inevitably blocks
the catalyst pores, increases diffusion resistance, and ultimately leads to reactor
failure.

To mitigate these issues and enhance the stability of Ni species, the fabrication of
bimetallic alloys via the incorporation of secondary transition metals (e.g., Co, Cu,
Fe) has been widely recognized as a highly effective strategy [15, 16]. "The
structural stabilization of catalysts against harsh gaseous environments and coke
deposition is a universal challenge across natural gas processing technologies. For
instance, recent studies on natural gas demercaptanization have demonstrated that
modifying conventional hydrogenolysis catalysts with transition metals, such as
trivalent iron ions using citrate technologies, significantly mitigates the negative
effects of carbon dioxide and suppresses coke formation, thereby preserving the
structural and phase stability of the active sites. Drawing inspiration from such
synergistic transition metal modifications, Ni-Co bimetallic systems for SMR have
garnered particular attention due to their unique electronic and geometric
synergistic effects. Among these, Ni-Co bimetallic systems have garnered particular
attention due to their unique electronic and geometric synergistic effects.
Specifically, the introduction of Co modifies the d-band center of Ni relative to the
Fermi level, which effectively weakens the binding energy of carbonaceous species
to the catalytic surface. Furthermore, it accelerates the surface mobility of O* and
OH* radicals derived from steam dissociation, thereby facilitating the rapid in situ
gasification of deposited carbon [17, 18]. Nevertheless, bimetallic systems
prepared via conventional wet impregnation methods often suffer from relatively
weak metal-support interactions. Consequently, this weak interfacial bonding is
insufficient to completely suppress nanoparticle agglomeration at operating
temperatures exceeding 800 °C [19].

To fundamentally overcome the limitations of weak metal-support interactions
(SMSI), recent research efforts have increasingly focused on mixed oxides of the
perovskite type (ABO,) [20]. Due to their exceptional thermal stability and intrinsic
capacity to accommodate large concentrations of oxygen vacancies within their
crystal lattice, perovskites serve as an ideal "catalytic platform". Distinct from
conventional wet impregnation methods, treatment in a reducing environment
facilitates the segregation of active cations (e.g., Ni and Co) from the B-site of the
perovskite lattice to the surface via an in situ "ex-solution" mechanism [21, 22]. The
unique characteristic of this ex-solution phenomenon is that the newly formed Ni-
Co bimetallic nanoparticles are not merely adsorbed onto the support surface;
rather, they are partially embedded into the crystal lattice, forming an epitaxially
"socketed" interface [23]. This structural engineering solution physically establishes
an exceptionally strong metal-support interaction, completely inhibiting the thermal
sintering of the metals under severe operational conditions. Moreover, the strong
interfacial pinning provides a mechanical barrier that effectively suppresses the
growth of carbon filaments via the base-growth mechanism [24, 25].

Despite the extensive research outlined above, a critical review of the current
literature reveals that the catalytic behavior of ex-solved bimetallic nanoparticles
derived from perovskite crystal lattices is predominantly investigated within the
context of the Dry Reforming of Methane (DRM). Specifically, while Jang et al. [26]
enhanced DRM stability via the ex-solution of Ni particles from Ca-modified
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perovskites, Shah et al. [27] and Cao and co-workers [28] explored the synergistic
effects of Ni-Fe and Ni-Co bimetallic alloys explicitly under dry reforming conditions.
Although these studies convincingly demonstrate the structural advantages of the
bimetallic ex-solution phenomenon [29], the in situ anti-coking mechanisms
governed by the Ni-Co synergy under the steam-rich, thermodynamically distinct,
and highly aggressive environment of Steam Methane Reforming (SMR) remain
inadequately elucidated. Consequently, the steam dissociation kinetics and the
rigorous long-term stability of such bimetallic nanoparticles under SMR conditions
remain an open fundamental question.

To bridge this fundamental research gap, the present study aims to rationally
design and synthesize an innovative ex-solved nano-bimetallic Ni-Co catalyst
derived from a perovskite precursor, exhibiting both superior catalytic activity and
exceptional coking resistance for the SMR process, and to elucidate its underlying
decarbonization mechanism. Within this framework, a perovskite structure
(SryoTiy gNiy ;C0, 4,05 5) enriched with Ni and Co cations was synthesized via the
sol-gel method. Subsequently, the active bimetallic alloy was in situ co-exsolved
onto the catalyst surface under a strictly controlled reducing atmosphere. The
microstructural properties and strong metal-support interactions (SMSI) of the
rationally designed catalyst were evaluated employing advanced physicochemical
techniques, including XRD, FE-SEM, HR-TEM, and EDS mapping.

In the pivotal phase of this study, the catalyst was subjected to a rigorous 100-hour
continuous SMR time-on-stream test at 800 °C. This extensive evaluation
rigorously substantiated its practical viability for industrial-scale applications,
demonstrating its robust resistance to thermal sintering and carbon deposition
during long-term SMR operation. Ultimately, the findings presented herein hold
profound fundamental and practical implications for the rational design of next-
generation, highly durable catalysts tailored for advanced hydrogen energy
technologies.

Experimental Section

Materials. The A-site deficient perovskite precursor (Sr,4Ti,sNi;,Co,,0,;) was
specifically designed based on recent thermodynamic models demonstrating that
A-site non-stoichiometry significantly enhances the ex-solution kinetics and B-site
cation segregation [30]. All chemical reagents required for the synthesis were of
analytical grade and utilized directly as received without any further purification.
Strontium nitrate (Sr(NO,),, 2 99.0%), titanium(IV) isopropoxide (Ti(OCH (CH,),),,
97%), nickel(ll) nitrate hexahydrate (Ni(NO,),-6H,0O, 2 99.0%), and cobalt(ll) nitrate
hexahydrate (Co(NO,),-6H,0O, 2 98.0%) were purchased from Sigma-Aldrich as the
primary metal sources. Citric acid (C;H;O,, 2 99.5%) and ethylene glycol (C,H,O,,
99.8%) were supplied by Merck, serving as the multidentate chelating agent and
polymerization promoter, respectively. Deionized (DI) water and absolute ethanol
(C,HOH, =2 99.9%) were employed as co-solvents to ensure homogeneous
dissolution. For the ex-solution treatment and subsequent steam methane
reforming (SMR) catalytic evaluations, ultra-high-purity gases including CH,
(99.999%), H, (99.999%), and Ar (99.999%) were utilized.

Catalyst Synthesis and Ex-solution. The A-site deficient perovskite precursor,
Sry 4TIy gNiy, ,Co,,0, 5 (hereafter denoted as STNC), was synthesized via a
modified Pechini sol-gel method, adapting the robust polymerization protocols
described in recent literature [31]. Initially, stoichiometric amounts of the metal
precursors (strontium nitrate, titanium isopropoxide, nickel nitrate, and cobalt
nitrate) were completely dissolved in a mixed solvent of deionized water and
absolute ethanol (1:1 v/v) under vigorous magnetic stirring at room temperature.
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Step 1 — Sol-Gel Synthesis Step 2 - Calcination (Perovskite Formation) Step 3 — Reduction & Ex-Solution
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Figure 1. Schematic illustration of the synthesis and in situ ex-solution process of
Ni-Co bimetallic nanoparticles from the A-site deficient perovskite (STNC) structure.

Subsequently, citric acid (CA) was added to the solution as a chelating agent to
coordinate the metal cations, maintaining a total metal-to-CA molar ratio of 1:1.5.
After 30 min of stirring, ethylene glycol (EG) was introduced to promote
polyesterification, with a CA-to-EG molar ratio fixed at 1:1.2.

The resulting transparent solution was continuously stirred and heated at 90 °C to
evaporate the solvents until a highly viscous, homogeneous polymeric gel was
formed. The gel was then dried in an oven at 120 °C for 12 h, yielding a porous
solid resin. To eliminate organic residues and foster the crystallization of the pure
perovskite phase, the dried resin was calcined in a muffle furnace under an air
atmosphere. The calcination program consisted of an initial step at 400 °C for 2 h,
followed by a high-temperature calcination at 900 °C for 6 h with a strict heating
rate of 2 °C/min [32].

To trigger the simultaneous ex-solution of Ni and Co nanoparticles from the
perovskite host lattice (co-exsolution), the fully calcined STNC powder was
subjected to a controlled thermal reduction treatment. The precursor powder was
placed in a quartz tube reactor and reduced under a continuous flow of a 5 vol.%
H,/Ar gas mixture (50 mL/min). The reduction was carried out at 800 °C for 4 h with
a heating rate of 5 °C/min. The resulting ex-solved bimetallic catalyst, featuring Ni-
Co alloy nanoparticles anchored on the perovskite surface, is denoted as
NiCo@STNC.

To trigger the simultaneous ex-solution of Ni and Co nanoparticles from the
perovskite host lattice (co-exsolution), the fully calcined STNC powder was
subjected to a controlled thermal reduction treatment. The precursor powder was
placed in a quartz tube reactor and reduced under a continuous flow of a 5 vol.%
H,/Ar gas mixture (50 mL/min). The reduction was carried out at 800 °C for 4 h with
a heating rate of 5 °C/min. The resulting ex-solved bimetallic catalyst, featuring Ni-
Co alloy nanoparticles anchored on the perovskite surface, is denoted as
NiCo@STNC.

Physicochemical Characterization. To investigate the structural and
morphological properties of the synthesized catalysts, various physicochemical
characterization techniques were employed. The crystalline phases of the calcined
and reduced samples were identified by X-ray diffraction (XRD) using a Rigaku

G
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SmartLab diffractometer with Cu-Ka radiation (A = 1.5406 A). The patterns were
recorded in the 208 range of 20°-80° with a scanning step of 0.02°. The average
crystallite size of the exsolved nanoparticles was calculated using the Scherrer
equation. The surface morphology and particle distribution were observed via Field-
Emission Scanning Electron Microscopy (FE-SEM, JEOL JSM-7610F) and High-
Resolution Transmission Electron Microscopy (HR-TEM, JEM-2100F). The
elemental composition and mapping were conducted using Energy-Dispersive X-
ray Spectroscopy (EDS).

Catalytic Activity Measurement. The catalytic performance of the ex-solved
NiCo@STNC catalysts for steam methane reforming (SMR) was evaluated in a
continuous-flow fixed-bed quartz reactor (inner diameter = 8 mm) under
atmospheric pressure. Typically, 100 mg of the catalyst (40—60 mesh) was loaded
into the isothermal zone of the reactor, held between two layers of quartz wool.
Prior to the reaction, the catalyst was reduced in situ at 800 °C for 2 h under a 5%
H,/Ar flow to ensure the complete ex-solution of Ni-Co bimetallic nanoparticles,
following established protocols for perovskite-derived systems [33].

The SMR reaction was conducted in the temperature range of 600-850 °C. The
feed gas consisted of a mixture of CH, and H,O (steam) with a dedicated steam-to-
carbon (S/C) molar ratio of 3.0, which is optimized to suppress carbon deposition
while maintaining high H, selectivity [34]. Deionized water was fed into a preheater
(200 °C) using a high-precision HPLC pump to generate steam, which was then
mixed with CH, and Ar (carrier gas). The total gas hourly space velocity (GHSV)

was maintained at 30,000mLg2:h~* to minimize mass transfer limitations [35].

The composition of the effluent gases (CH,, CO, CO,, and H,) was analyzed online
using a gas chromatograph (GC, Agilent 7890B) equipped with Thermal
Conductivity (TCD) and Flame lonization (FID) detectors. The methane conversion
(Xcy,) @nd H, yield (v,,) were calculated based on the carbon and hydrogen molar
balance according to the following equations [36]:

FCH4,in - FCH4,0ut

Xen, (%) = e x 100
2,in
Yy, (%) = Fhou 109
Ha 3 X Feh,in

where F, and F_ , represent the molar flow rates of the respective components. To
assess the long-term stability and resistance to coking, a 100-hour time-on-stream
(TOS) test was performed at 800 °C.

Results and Discussion

Structural and Crystalline Phase Analysis (XRD). The crystalline structure and
phase purity of the Sr,Ti,Ni, ,Co,,0, s (STNC) catalyst, in both its as-calcined
(precursor) and reduced (ex-solved) states, were systematically investigated using
X-ray diffraction (XRD). Figure 2 illustrates the comparative diffraction patterns of
the samples. For the as-calcined STNC precursor, the diffraction reflections
observed at 26 values of 32.4°, 39.9°, 46.5°, 57.8°, 67.8°, and 77.2° are precisely
indexed to the (110), (111), (200), (211), (220), and (310) crystalline planes,
respectively. These results confirm the formation of a well-crystallized single-phase
cubic perovskite structure with Pm3m space group symmetry (JCPDS No. 35-
0734) [37]. Notably, no characteristic peaks corresponding to NiO, Co,0,, or TiO,
were detected, indicating that the Ni and Co cations were successfully incorporated
into the B-site of the SrTiO, host lattice. The high structural homogeneity achieved
is attributed to the atomic-level mixing provided by the modified Pechini sol-gel
method.



2026-yil, 2-SON ISSN: 3093-8899 | EUTURE-JOURNAL.UZ JOURNAL OF FUTURE

—— Reduced STNC

—— As-calcined STNC

Shift of (110) peak
250 E

& (110)

200 4 i

Intensity (a.u.)

100

/
—

20 SID -£0 BIO GIO TID 80
26 (degree)
Figure 2. XRD patterns of (a) as-calcined STNC and (b) reduced NiCo@STNC
catalysts. The inset shows the magnified (110) peak shift and the emergence of the
Ni-Co alloy (111) reflection.
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Following the reduction treatment at 800 °C in a 5% H,/Ar atmosphere, the
characteristic peaks of the perovskite framework remained dominant,
demonstrating the high thermal stability of the bulk lattice during the ex-solution
process. However, a new distinctive diffraction reflection emerged at 26 ~ 44.5°,
which is assigned to the (111) plane of the metallic Ni-Co alloy phase [39]. The
position of this peak, located between the standard (111) reflections of pure Ni
(44.51°) and pure Co (44.22°), serves as direct evidence for the formation of a
bimetallic solid solution rather than isolated monometallic clusters. Furthermore, a
subtle shift of the perovskite (110) peak towards higher 26 angles was observed
after reduction (as shown in the Figure 2 inset). Based on Bragg’s law (nA=2dsin6),
this shift signifies a contraction of the unit cell volume (lattice shrinkage). This
phenomenon is primarily driven by the migration of B-site Ni and Co cations out of
the lattice to form surface nanoparticles, coupled with the generation of oxygen
vacancies to maintain charge neutrality [40]. The average crystallite size of the ex-
solved Ni-Co nanoparticles, calculated using the Scherrer equation from the (111)
metallic peak, was estimated to be approximately 12—15 nm.

Morphological Characterization

Surface Evolution via FE-SEM. As shown in Figure 3a, the FE-SEM image of the
as-calcined STNC precursor reveals a characteristic perovskite morphology with
relatively smooth grain surfaces and well-defined grain boundaries. The absence of
visible secondary phases or surface precipitates at this stage confirms the
successful integration of Ni and Co cations into the SrTiO,-based host lattice,
forming a homogeneous solid solution. Upon reduction in a 10% H,/Ar atmosphere
at 800 °C for 2 h, a significant morphological transformation was observed on the
perovskite surface.

As depicted in Figure 3b, a high density of spherical metallic nanoparticles
emerged from the perovskite bulk and became uniformly distributed across the
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grain surfaces. Statistical analysis of the FE-SEM images, shown in the inset
histogram of Figure 3b, indicates an average nanoparticle size of approximately
13.5 £ 1.8 nm. This uniform distribution is attributed to the synergistic effect of Ni
and Co co-doping, which reduces the nucleation energy barrier for the ex-solution
process compared to single-doped systems [1, 2].

Interfacial Structure via HR-TEM. Further insights into the metal-support interface
and crystalline structure were obtained through HR-TEM analysis. Figure 3c
highlights a single Ni-Co nanoparticle that remains partially embedded within the
perovskite substrate, creating a distinctive "socketed" (anchored) architecture. This
epitaxially 'socketed' structure is the fundamental hallmark of the in situ ex-solution
process, providing a profound structural advantage over conventional impregnation
methods. This robust physical anchoring establishes an exceptionally strong metal-
support interaction (SMSI), which acts as the primary physical barrier preventing
the migration, coalescence, and sintering of nanoparticles under harsh high-
temperature SMR conditions, thereby intrinsically guaranteeing the long-term
stability of the catalyst [3].

The high-magnification HR-TEM image in Figure 3d reveals clear lattice fringes of
the metallic nanoparticle. The measured d-spacing of 0.203 nm corresponds to the
(111) crystalline plane of the face-centered cubic (fcc) Ni-Co alloy. Energy-
dispersive X-ray spectroscopy (EDS) mapping, presented in Figure 4, further
confirms the co-existence of Ni and Co within a single nanoparticle, proving the
formation of a bimetallic alloy [4]. This bimetallic nature is known to exhibit superior
coking resistance during the steam methane reforming process compared to
monometallic Ni catalysts [5].

Figure 3 (a)

As-calcined STNC
Smooth surface

Figure 3 (c)

B NiCo Alloy NP ESSseRe

(14 nm) mterface 4 G =0.203 nm

(SMSI di11 = 0.203 nm
(fcc Ni-Co alloy)

STNC Supporth o

Figure 3. Morphological and structural evolution of the catalysts:
‘(a) FE-SEM image of the as-calcined STNC precursor showing a smooth perovskite surface with
clear grain boundaries.
‘(b) FE-SEM image of the reduced NiCo@STNC catalyst displaying a high density of uniformly
dispersed ex-solved Ni-Co nanoparticles (inset: particle size distribution histogram).
‘(c) HR-TEM image revealing a single bimetallic nanoparticle partially embedded (socketed) into the
perovskite substrate, indicating a strong metal-support interaction (SMSI).
-(d) High-magnification HR-TEM image showing the lattice fringes of the Ni-Co alloy with a
measured d-spacing of 0.203 nm, corresponding to the (111) plane (inset: FFT pattern).
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Figure 4
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Figure 4._EDS elemental mapping of NiCo@STNC catalyst showing uniform
distribution of Ni and Co within the ex-solved nanoparticles.

Catalytic Performance and Stability

The catalytic activity of the ex-solved Ni-Co bimetallic nanoparticles supported on

the Sr, ¢ Ti, sNi, ;Co, ;0,5 (STNC) perovskite was evaluated for the Steam Methane
Reforming (SMR) reaction under atmospheric pressure.

Methane Conversion and H, Yield. The temperature-dependent catalytic
performance was investigated within the range of 600-850 °C. As illustrated in
Figure 5a, the STNC catalyst exhibited a robust increase in CH, conversion as a
function of temperature, achieving a maximum conversion of approximately 92.5%
at 850 °C. This superior activity is primarily attributed to the high dispersion of the
ex-solved Ni-Co bimetallic nanoparticles and the synergistic effect between Nickel
and Cobalt. In this bimetallic system, Ni serves as the primary active site for CH,
dissociation, while Co enhances oxygen lattice mobility and facilitates intermediate

reactions at the metal-support interface, thereby accelerating the overall reaction
kinetics [1, 2].
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Figure 5. Catalytic performance of NiCo@STNC: (a) methane conversion as a
function of temperature; (b) long-term stability test at 800 °Cover 100 h.

Long-term Stability and Coking Resistance. A major technical bottleneck in SMR
is catalyst deactivation caused by the thermal sintering of metal particles and
carbon deposition. The structural and operational durability of the STNC catalyst
was rigorously tested at 800 °C for a continuous period of 100 h.

As demonstrated in Figure 5b, the STNC catalyst maintained a remarkably stable
CH, conversion rate with negligible degradation throughout the 100-hour stability
test. This exceptional durability is a direct consequence of the "socketed"
microstructure formed during the in situ ex-solution process. The unique interface
between the ex-solved nanoparticles and the perovskite matrix effectively "pins" the
particles, suppressing their migration and subsequent agglomeration at elevated
temperatures [3, 4]. Furthermore, as corroborated by the HR-TEM structural
analysis, the unique physical pinning firmly restricts nanoparticle agglomeration.
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Concurrently, the synergistic bimetallic Ni-Co alloy effectively modifies carbon
diffusion pathways at the metal-support interface, which, combined with the
inherent properties of the defective perovskite support, intrinsically suppresses
whisker carbon formation and ensures the exceptional extended operational
lifetime observed during the 100-hour test [5].

To further highlight the superior performance of the developed bimetallic system,
the catalytic activity and durability of the NICo@STNC catalyst were
comprehensively compared with recently reported state-of-the-art Ni-based and
bimetallic catalysts for the SMR process (Table 1). As demonstrated, conventional
supported catalysts prepared via traditional impregnation methods typically exhibit
rapid deactivation within 30-50 hours due to severe carbon encapsulation and
thermal sintering. In stark contrast, the structurally "socketed" NiCo@STNC
catalyst not only delivers a highly competitive CH, conversion of 92.5% at 800 °C
but also sets a benchmark for operational longevity by maintaining its performance
over a 100-hour continuous test without noticeable degradation.

Table 1. Comparison of the catalytic performance and stability of NiCo@STNC
with recently reported SMR catalysts.

Catalyst Preparation Method T,°C CH, Conv, % Stability test, h Ref.
NiCo@STNC In situ ex-solution 800 92.5 100 This work
Ni-Co/Al,O, Impregnation 800 88.0 30 [12]
Ni/CeO, Impregnation 800 85.5 50 [7]
Ni-Fe@Perovskite Ex-solution 800 89.0 60 [20]
Ni/SrTiO, Impregnation 800 82.0 40 [25]

Conclusions

In this study, a high-performance and robust ex-solved Ni-Co bimetallic catalyst
supported on a Sr, ,Ti, ;Ni, ,Co, ,O, s perovskite oxide was successfully developed
and systematically investigated for the Steam Methane Reforming (SMR) reaction.
The in situ ex-solution strategy proved to be highly effective in generating uniformly
dispersed, nano-sized Ni-Co alloy particles that are strongly anchored into the
parent perovskite matrix. Comprehensive catalytic evaluations revealed that the
STNC catalyst exhibits superior reforming activity, achieving a maximum CH,
conversion of 92.5% at 850 °C. Crucially, the catalyst demonstrated exceptional
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operational durability, sustaining a steady conversion rate without any detectableC

macroscopic deactivation over a rigorous 100-hour time-on-stream test at 800 °C.

This remarkable resistance to both thermal sintering and carbon deposition is
fundamentally governed by two synergistic mechanisms. First, the unique
"socketed" metal-support interface firmly pins the ex-solved bimetallic
nanoparticles, severely restricting their mobility and preventing agglomeration
under harsh thermal conditions. Second, the intrinsic synergy within the Ni-Co alloy,
coupled with the enhanced mobility of lattice oxygen species originating from the
defective perovskite backbone, significantly accelerates the gasification of
carbonaceous intermediates. Ultimately, this work not only elucidates the
fundamental role of bimetallic ex-solution in enhancing catalyst stability but also
provides a highly promising and scalable design principle for the development of
advanced, coke-resistant catalysts for industrial hydrogen production and high-
temperature reforming technologies.
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AHHOTauuA. B ctatbe BbINOMHEH aHanNM3 MeTo40B BOCCTAHOBMEHUS COPOEHTOB U
abcopbeHTOB, MPUMEHSAEMbIX MPU OYUCTKE MNPOMbILIMEHHbBIX rA30B OT BpeaHbIX
coeaunHenun, skntovasa H,S, CO,, SO,, NO,, netyune opraHn4eckne CoeuHeHns
Bnary. AkTyanbHOCTb paboTbl obycrnoBneHa TeMm, 4TO 3(PEPEKTUBHOCTb
ra3004MCTHbIX YCTAHOBOK OMNPeAenseTcs He TONbKO WMCXOL4HOW MNOrfoTUTENbHOM
CnocoBHOCTbIO MaTepmana, Ho U COXPaHEHNEM 3TOM CMOCOBHOCTM B MHOFOKPaTHbIX
uuknax  copbuusi-pereHepaumsi. Ha  ocHOBe  CpaBHUTENbHOMO  nogxopa
paccMoOTpeHbl  Tepmudeckass gecopbumsi, napoBass oOTnapka, BaKyyMHas
pereHepauusi, XuMmMyeckasi NPOMbIBKa, peakTMBauus U 3neKkTpo-/MUKPOBOSTHOBOW
HarpeB. [ns Bbibopa paunoHanbHOro MeToda NPeasioKeHbl KPpUTEepUKn: CTeneHb
BOCCTaAHOBMEHUS €MKOCTW, yOerbHble 3HeprosaTpaTtbl, YCTOMYMBOCTb COpbeHTa K
Aerpagauun,  KOPPO3MOHHbIA  PUCK,  3Komormyeckass — 6Ge3onacHOCTb U
npoMbIWneHHaa peanudyemoctb. OTAenbHO nNpoaHanuanpoBaHbl AaHHbIE MO
aMMHOBOW OYUCTKE NPUPOAHOro rasa Ha npumepe LLypTaHCKOro ra3aoxmmMmyeckoro
Komrnekca: ysenuyeHve cogepxanus CO, B coipbeBoM rase ¢ 2,31 go 3,37% mor.
NMPUBOAMT K NpeBblleHnto octatodHoro CO, B ounteHHoM rase go 75-100 ppm npwu
npoekTHon Hopme He Bonee 10 ppm. MNokasaHo, YyTo nepexoa ot A3A 30% k MA3A
40% no3BONSIET CHU3UTbL NapOBYK Harpysky pereHepaumm c¢ 64,0 go 52,3 /v,
obecneuntb octatouHble H,S <5 ppm wn CO, <10 ppm 1 noBbICUTbL
TEXHOMNOMMYECKYH YCTONYMBOCTL NnpoLecca 6e3 3aMeHbl OCHOBHOro 060pyaoBaHus.
MpakTuyeckaa 3HaA4YMMOCTb paboTbl 3akrovaeTcs B POPMUPOBAHUM anroputmMa
BblbOpa MeToga BOCCTaHOBNeHMst copbeHTa [gns  raso0uUCTHbIX  CUCTEM
HedTerasoBou 1 ra3oXMMMUYECKOM NPOMbILLNIEHHOCTN Y36ekuncraHa.

Knrodeebie cnoea: copbeHmsl, peceHepayus, oducmka 2asa, MDEA, H,S, CO,,
3HepP203hheKkmMu8HOCMb

Annotatsiya. Maqolada sanoat gazlarini H,S, CO,, SO,, NO,, uchuvchan organik
birikmalar va namlik kabi zararli komponentlardan tozalashda qo‘llaniladigan
sorbent va absorbentlarni qayta tiklash usullari tahlil gilindi. Tadqiqotning dolzarbligi
gaz tozalash qurilmalarining samaradorligi fagat sorbentning dastlabki yutish
gobiliyatiga emas, balki sorbsiya-regeneratsiya sikllarida ushbu qobiliyatning
saqlanishiga ham bog'ligligi bilan izohlanadi. Taqqoslash asosida termik
desorbsiya, bug’ bilan regeneratsiya, vakuumli regeneratsiya, kimyoviy yuvish,
reaktivatsiya hamda elektro-/mikroto‘lginli gizdirish usullari ko‘rib chiqildi. Maqolada
ratsional usulni tanlash uchun tiklangan sorbsiya sig‘imi, energiya sarfi, sorbentning
degradatsiyaga chidamliligi, korroziya xavfi, ekologik xavfsizlik va sanoat sharoitida
joriy etish imkoniyati mezonlari taklif qilindi. Shuningdek, Sho‘rtan gaz-kimyo
majmuasi misolida aminli gaz tozalash jarayoni ma’lumotlari tahlil gilindi. Xom gaz
tarkibida CO, miqdorining 2,31 dan 3,37 mol.% gacha oshishi tozalangan gazda
CO, qoldiq migdorining 75-100 ppm gacha ko'tarilishiga olib keladi, loyiha normasi
esa 10 ppm dan oshmasligi kerak. D3A 30% eritmasidan MDEA 40% eritmasiga
o‘tish regeneratsiya uchun bug® sarfini 64,0 dan 52,3 t/soat gacha kamaytirishi, H,S
<5 ppm va CO, <10 ppm ko‘rsatkichlariga erishishi mumkinligi asoslandi.

Kalit so‘zlar: sorbentlar, regeneratsiya, gazni tozalash, MDEA, H,S, CO,, energiya
samaradorligi

Abstract. This paper analyses regeneration methods for sorbents and absorbents
used in industrial gas purification from harmful compounds, including H,S, CO,,
SO,, NO,, volatile organic compounds, and moisture. The relevance of the study is
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determined by the fact that the efficiency of gas purification units depends not onIyC

on the initial sorption capacity of a material but also on the preservation of this
capacity during repeated sorption-regeneration cycles. Thermal desorption, steam
stripping, vacuum regeneration, chemical washing, reactivation, and electro-/
microwave heating are compared. The selection criteria include capacity recovery,
specific energy demand, resistance to degradation, corrosion risk, environmental
safety, and industrial feasibility. Particular attention is paid to amine gas treating
data for the Shurtan Gas Chemical Complex. An increase in CO, concentration in
feed gas from 2.31 to 3.37 mol.% results in residual CO, of 75-100 ppm in treated
gas, whereas the design limit is not more than 10 ppm. The analysis shows that
replacing 30% DEA with 40% MDEA can reduce steam consumption for
regeneration from 64.0 to 52.3 t/h, ensure residual H,S below 5 ppm and CO,
below 10 ppm, and improve process stability without replacing the main equipment.
The practical significance of the work is the proposed decision-making algorithm for
selecting sorbent regeneration methods in gas purification systems of the oil, gas,
and gas-chemical industries of Uzbekistan.

Keywords: sorbents, regeneration, gas purification, MDEA, H,S, CO,, energy
efficiency

BBepeHue

OuncTtka rasoBbiXx MOTOKOB OT BpedHbIX COEAMHEHUN 4BnseTca oba3aTenbHou
cTaguen nogrotoBkM MPUPOAHOro rasa, HeddTe3aBOACKUX ra3oB, TEXHOSOrMYECKNX
BbIOPOCOB M LUMPKYNSAUMOHHBIX [A30B XMMUYECKMX Npou3BoAacTB. Haumbonee
OnacHbIMM KOMMOHEHTaMM SBAISAKOTCS CepoBOAOPOL, AMOKCUA yrnepoda, okcuibl
cepbl M as3oTa, Napbl BOAbI, KACNOPOACOAEpXKalLUMe OpraHUYecKkne coefuHeHus,
MepKkanTaHbl W cnefoBble TOKCUYHble npumMecu. WX npucytcTBue npuBoguT K
Koppo3un obopynoBaHuda, 00Opa3oBaHWIO TMAPATOB, YXYALIEHWO TEnrOTBOPHOM
CrMocoBHOCTU rasa, CHWXEHUI0 pecypca KaTtanu3aTopoB M POCTY 3KOMOrMYecKown
Harpysku [1-7].

B npombiluneHHOW npakTuke NpUMEHNATCA ABa Onu3kux, HO TEXHONOrM4YecKu
pasnnyHbIX HanpaeneHus: abcopObUMOHHAs OYUCTKA KUOKUMU MNOrNOTUTENSMU U
agcopbunoHHaa ouncTtka TBepabiMu copbeHTamu. K nepBow rpynne OTHOCATCA
BOAHble pacTBOpPbl  arkaHoOMaMWHOB, LWEMNOYHble pacTBOpbl,  u3anyeckme
pacTBOpUTENM M KOMOWHMPOBAHHbIE cucTeMbl. KO BTOpoOW rpynne OTHOCATCA
aKTUBMPOBAHHbIE YIMN, LEOnUTbl, CUnuMKarenun, akTMBUpoBaHHasi OKUCb armtoMUHUS,
MeTannoopraHN4yeckme Kapkacbl 1 KOMNO3ULUNOHHbIE copbeHTbl. [na obeunx rpynn
KntoyeBon npobremon 4ABMseTcAa BOCCTaAHOBEHME COPOUMOHHOW CnocoBHOCTU
nocrie HacblLWeHUs BpegHbIMU KOMNoHeHTamu [8-14].

Ecnu pereHepauuss npoBogutcs Hea(EeKTMBHO, BO3pacCTalOT pacxod CBEXEro
copbeHTa, 06bEM OTXOOAOB, pacxod napa WNU 3NEKTPOIHEepPrun, a Takke
BEPOATHOCTb MonagaHnsa BpeaHblX KOMMOHEHTOB B OYULLEHHbIA ra3. [loaTomy
BolbOp MeToda BOCCTAHOBMEHUS [OO/MKEH OCHOBLIBATbCSA HE TOMbKO Ha
MakcMManbHOW cTeneHn pgecopbuun, HO W Ha 6GanaHce 9HepreTUyYeckux,
9KOMNOrMYEeCKMX M KCnIyaTaumoHHbIx dpaktopoB. OcobeHHO akTyanbHa aTa 3ajada
Ans npeanpuatTun YsbekucTtaHa, roe rasoxmmudeckne KoMnnekcbl pabortatoT C
CblpbEM MEPEMEHHOr0 CcoCTaBa M  MNOBbLIWEHHOW KOHLUEHTpauuen KUcrbix
KomMnoHeHToB [15-19].

MaTepmanbl n MetToabl aHalrin3a

MeTognyeckas ocHoBa paGOTbI BKIo4aeT CpaBHMTeﬂbeIVI aHanms nutepartypHbIX
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N TEXHOSOMMYECKNX OaHHbIX, 0606LLEeHe NPOMbILISIEHHBIX NOoKa3aTenen aMmmHOBOW
OYUCTKM MPUPOAHOrO rasa, a Takke paHXupoBaHWe METOLOB BOCCTAHOBIEHMS
copbeHTOB MO KOMMIIEKCY MHXEHEPHbIX Kputepues. B kayecTBe MCXOOHbIX AaHHbIX
Mcnonb3oBaHbl Mokasatenu pabotbl 30HbI 700 LypTaHCKOro rasoxXmMMm4eckoro
KOomnnekca n ceegeHuns o npumeHeHnn MA3A npu o4MCTKE KUCHbIX ra30B.

Ans yHudwmkaumm cpaBHEHUS MWCMONb30BaHbl Crneaylolme KpuUtepun: cTeneHb
BOCCTaHOBMEHUS COPOLUMOHHON eMKOCTW, yAeribHble 3HeprosaTpartbl, COXpaHeHue
CTPYKTYPbl U XMMUYECKON CTabunbHOCTU copbeHTa, puck o6pa3oBaHnsi BTOPUYHbIX
0TX0O0B, KOPPO3MOHHas OMacHOCTb, MPOCTOTa annapaTtypHOro OMOpPMMEHUsa Wt
BO3MOXHOCTb BHeapeHns 6e3 rnmybokon peKOHCTPYKLUUN OENCTBYIOLLEN YCTAHOBKMW.

CteneHb BOCCTaHOBMeHUst copbeHTa nocne pereHepauuMmM paccymTbiBanacb no
BblpaXeHuto: R = (qreg/qo) x 100%, roe Oreg - copbunoHHass eMKOoCTb nocne
pereHepauumn, q, - UCXoAHas COpPOLMOHHAA eMKOCTb. YAerbHble 3Heprosatparbl
oueHuBanuck kak Eg; = Q. /mg, rae Q. - Tennosas Unu anekTpudeckasi dHeprus
Ha UWKN pereHepauuu, mg - Macca pereHepupyemoro copbeHTta. [na »Xuakux
abcopbeHTOB AO0NOMHUTENBHO Y4yMTbiBanacb napoBasi Harpyska pebonnepoB U
YyCTOM4YMBOCTb pacTBOpa K Aerpagaumn.

Knaccudmkaums BpegHbiX cOeANMHEHUN N NMPUMEHAEMbIX COPOEeHTOB

Ta6nuua 1. OCHOBHble BpeAHble KOMMOHEHTbI FA30BbIX MOTOKOB U TUNOBbLIE
COpOUMOHHbIE MaTepuarnbl

KomnoHeHT HeraTtuBHoe Bo3gencTtBue TunoBble cOp6GeHTbI / PaumoHanbHbIN MeToa

abcopbeHTbI BOCCTAHOBMEHUA
H,S Koppo3sus, TOKCMYHOCTb, M3A, I3A, MOJ3A, Tepmunyeckas
CepHUCTbIE BbIOPOCHI aKTMBMPOBAHHbIE YIMIN C  pereHepauusi, naposas
NPONUTKON oTnapka, xmumumyeckas
peakTuBauus
CO, CHwxeHune TennoTtesopHocty, MOJA, A3A, ueonuTsl, Oecopbumsa HarpeBom,
rmapaToobpasoBaHue, MOF-copbeHThbl BaKyyMHas pereHepauus,
Harpyska Ha KpuoreHHble CHWXeHWe AaBrneHns
Gnokm
H,O Mvapatbl, KOppO3us, Cunukarenb, LeonuThbl, Tepmuyeckasn npoayska
3amep3aHuve B akTmsHas Al,O, CYyXVM ra3om, Bakyym
HU3KOTEMMNEPATYPHbIX
Bnokax
SO,/NO, KncnoTHble BbIGPOCHI, LLlenoyHble pacTBopbl, Xrmunyeckasi NpoMbIBKa,
obpasoBaHue conen aKTUBMPOBAHHBIN YroNnb, 3amMeHa UNu peakTuBauus
OoKCuAHble copbeHTbI
VOC/ 3anax, TOKCUYHOCTb, AKTMBMpPOBaHHbIE YK,  Tepmudeckasa gecopbuus,
MepKanTaHbl OTpaBfiEHME KaTanmn3aTopoB  LIEONUTbI, MONIMMEPHbIE napoBas NpoayBKa,

COpOEeHTbI pacTBOpHas NPOMbIBKa

MeToabl BOCCTaHOBNEHUs XMAKUX abcopbeHToB. [nda xugkmx abcopbeHTos,
NPUMEHSAEMbIX MPU yOANEeHUN KUCHbIX ra3oB, pereHepaums 0Obl4HO NPOBOAUTCSA
aecopbumen NOrnoweHHbIX KOMMOHEHTOB MNpW MOBbILWEHHOW Temnepartype. B
aMMHOBbIX YCTaHOBKax HaCbILLEHHbIN pacTBop nocne abcopbepa HanpaBnsieTcs B
necopbep, rae noasof Tenna B pebonnepe paspyiaert conm n Beiceoboxaaet H,S
n CO,. BoccTaHOBMeHHbIN pacTBOP MOCMe OXnaxaeHusl BO3BpallaeTcs B
abcopbep. [1,6,7].

OPPEKTUBHOCTb TakoW pereHepauum 3aBUCUT OT Tuna amuHa. [lepBuyHble U
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NMpuHUUNUanbHaA CXeMa 3aMKHYTOro UMKNa OYUCTKHW rasa U BOCCTAHOBJIEHUA COPGeHTa

3arpAsHEeHHbIA ra3 KOHTaKT ¢ copbeHToM HacblilleHHbli copbeHT PereHepauus
H:S, CO:, SOx, VOC, H:0 abcopbuuna / ancopbuma CHUXEHUE eMKOCTH Tenno, Bakyym, nap, NpoMbIBKa

Bo3BpaT B UMKN BoccTaHOBNEHHBIA KOHUEHTpaT BpedHbIX
KOHTpPONb Ka4YyecTBa CODGEHT KOMMOHEHTOB Ha yTunnsayu

PucyHok 1. 3aMKHYTbIN LMK OYUCTKKN ra3a n BOCCTaHOBMEHNSA copbeHTa.

BTOPMYHbIE aMWHbl 06MnagalT BLICOKOM PEaKUMOHHOW  CrMOCOBGHOCTBbI, HO
XxapakTepuayotca ©Oonbluer KOPPO3MOHHOM aKTUBHOCTBbID W 3Hepro3aTpaTtamu.
TpeTnyHble amuHbl, npexage Bcero MOGA, otnuyatotca 6onee HUM3KOW TENSIOTOW
peakuuu U BbICOKOW CenekTMBHOCTbIO K H,S. 3OTo 0cobeHHO BaxHO npu
HeobxoanMocCTuM norHoro yaanexuus H,S npu orpaHndeHHom nornouieHnn CO.,,.

MeToabl BOCCTaHOBMEHUS TBepAblX aacop6eHToB. [nA TBepablXx COpOEeHTOB
OCHOBHbIMM METO4aMM BOCCTaHOBIEHUS SBMSAIOTCA TepMuyeckas aecopbuus,
NPoAyBKa ropsiuMM WHEPTHBLIM WU OYMLLEHHBIM ra3oM, BaKyyMHasi pereHepauus,
naposass o06paboTka M XxuMu4yeckass MpombiBka. Tepmuyeckas aecopbuus

Tabnuua 2. CpaBHUTENbHbLIAN aHaNM3 MeTO40B BOCCTaHOBIEHUA COPOEHTOB

MeTopn CywHocTb MpeumywecTBa OrpaHunyeHus PekomeHayemas
obnactb
NnpUMeHeHus
Tepmnueckas Harpes HacblleHHOro Bbicokas nonHoTa Bbicokne Lleonutsl,
aecopbuus copbeHTa go BOCCTa@HOBIIEHWs,,  3HeprosartparThbl, cunukarens,
TemnepaTtypsbl npocrasa cxema pUCK cTapeHuns aktusHas Al,O,,
aecopbumm MaTepuana yrmnm
MapoBas BbiTecHeHne Mopxoout onsa KoHpeHcat Tpebyet AMUHOBbIE
oTnapka npumecen BogsHeiM  amuHoB 1 VOC, O4YMCTKN, pacxoq pacTBOp®l,
napom xopoLuas napa aKTUBMPOBAHHbIE
ynpaBnsieMocTb yrmm
BakyymHas CHmxeHne MeHbLuas TpebyeTtcsa ApcopbeHTbl Ans
pereHepaums napumanbHoro Temneparypa, BaKyyMHoOe CO, n Bnaru
AaBrneHus copbarta MEHbLLE obopynoBaHue
TepMOoOEeCTPYKLMK
Xrmmnyeckas PactBopenue nnn  SdphexkTrBHA Npu O6pasoBaHue Yrnv ¢ NponnTKOW,
NpoMbIBKa HeWTpanusaums COMAX U TSHXKENbIX  XKUAKUX OTXOL4OB OKCUAHbIE
3arpsA3HeHnn 3arpsi3HeHnsxX CcopbeHThI
Onektpo-/ JlokanbHbI HarpeB  BbICTpbIN Harpes, He ons Bcex YrnepogHbie n
CBuY- obbema copbeHTa noTeHumanbHas mMaTepuanos, KOMMO3ULMOHHbIE
pereHepaums 3KOHOMUSA CrOXHoe COpOBEHTHI
3Heprum mMacLTabupoBaHve
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CpaBHUTEeNbHada oueHKa METOA0B BOCCTAHOBNEHMNSA COpﬁEHTOB

EEE BocCTaHOB/EHWE EMKOCTH
N SHepro3dpeKTUBHOCTL
BN (poMmbilLNEHHAA NPUMEHUMOCTB

OueHka, bann (1-5)

Tepmuyeckas Naposas BakyymHas Xumumyeckasn AnekTpo-/
necopbuns oTnapka pereHepauus NpoMbIBKa CBY-Harpee

PucyHok 2. BannbHas oueHKka OCHOBHbIX METO40B BOCCTaHOBIEHNSA COPOEHTOB No
TEXHOMOrMYECKUM KPUTEPUSAM.

Hanbonee yHuBepcanbHa, O4HaKO NPW BbICOKMX TeMMepaTypax MOXET Bbi3blBaTb
paspylleHMe MOpUCTOM  CTPYKTYpbl, KOKcoobpasoBaHue unu gerpagaumio
dyHKUMOHarbHbIX rpynn. [4,5,11-13].

BakyymHas pereHepauusi CHwkaeT Temnepatypy JAdecopbuum un ymeHbluaeTt
TepMuyeckoe cTapeHue, Ho TpebyeT repMeTu4yHoro obopydoBaHUS U
AOMONHUTENbHbLIX 3HEpros3aTpar Ha BaKyymMupoBaHMe. Xumuveckasi NpoMmbiBKa
adbeKkTMBHA Npu  HeobpaTMMOM  CBSA3bIBAHWM  KUCHbIX  KOMMOHEHTOB, HO
dopmupyeT kKugkme oTxogbl W TpebyeT nocnegywlowen HenTpanusauuu.
OnekTpoHarpeB W MUKPOBOMHOBAasi pereHepauusi MnepcrnekTuBHbI Gnarogaps
noKanbHOMY MOABOAY 9SHEPrMM, OOHAKO WX MPOMbIWMEHHAA NPUMEHUMOCTb
3aBUCUT OT  3NEKTPONPOBOAHOCTW, OMINEKTPUYECKMX CBOUCTB U hOpMbI
copbeHTa [4,5,9,10,13].

Pe3ynbraTthbl M 06CcyXxaeHue

ConocTtaBneHne  MeTOAOB  MOKasblBaeT, 4YTO  YHMBepcanbHOro  crnocoba
BOCCTaHOBNeHMsi COpOEeHTOB He cyllecTByeT. Bbibop onpegensietcs npupoaon
BPEAHOro KOMMOHEHTA, TUNOM copbeHTa, MPOYHOCTLI CBA3N «copbeHT-copbaTty,
TemnepaTypHOM CTabunbHOCTbID MaTtepuana u TpebOoBaHUSIMM K 3KONOrMYecKkon
BesonacHocT. [ns BoAHbLIX aMMHOBbLIX abcopOeHToB Hambonee paunoHanbHOWN
OoCTaeTcs TepMuyeckasi aecopbumsi C NnapoBOW OTNapKOW, Toraa Kak Anst TBepablx
ancopbeHToB BbIOOP LUMPE U 3aBUCUT OT CTPYKTYPbl MOP M XMMUYECKOW NPUPOAbLI
nosepxHocTu. [1,4,5].

Ocoboe 3HavyeHve umeeT npenoTBpaLleHUe HaKOMMeHUs TEPMOCTOWMKUX COMewn,
NPOAYKTOB OKUCIIEHUSA U MeXaHMYecKkux npumecen. [Jaxxe npu BbICOKOW HadanbHOM
€MKOCTM COpBEeHT MOXET ObICTpo TepsATb 3(PEPEKTUBHOCTL M3-3a HeobpaTMmon
perpagauun. MNMoatomy cuctema BOCCTAHOBMEHMS LOIMKHA BKIKOYATb HE TOMbKO
pecopbep wnu pereHepatop, HO W duIbTpauulo, KoHTponb pH, aHanua
cogepXaHust  aKTMBHOrO  BeLlecTBa W MNEPUOAUNYECKYID  KOPPEKTUPOBKY
cocTtaBa [12,15,17].

MpombIWwneHHbIN NpuMep: BOCCTaHOBMIEHWEe aMMHOBOro abcopbGeHTa npu
O4YMCTKE NPUPOJHOro rasa

Ha npumepe LUypTaHCKOrO rasoxmMMmMYecKoro KOMMMeKca MoKa3aHo, YTO pocT
KoHUueHTpaumun CO, B CbIpbeBOM rase sBMAETCA KPUTUYECKUM (paKkTopoM Ans
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Tabnuua 3. CpaBHeHUe PU3INKO-XMMUYECKUX U IKCNyaTauMOHHbIX CBOUCTB C

aMUHOBbIX abcopbeHTOB

Mokas3aTenb M3A O3A MOJSA TexHoONMorM4ecknm BbIBO,
MonekynsapHas macca, 61,1 105,1 119,2 MIOSA nmeet 6onee BbICOKYH
r/monb MOJEKYNAPHYIO Maccy U MeHbLUYHO
neTy4ecTb
Ynpyrocte napos npu 60 660 180 24 MeHbLnn yHoc MOSA ¢
°C, Na pereHeppoBaHHbIM rasom
Pabo4yasa koHueHTpauus, 10-20 20-30 30-50 MO3A no3sonseT NoBbICUTb EMKOCTb
% macc. LMPKYNSLUMOHHOMO pacTeopa
KopposnoHHas Bbicokass CpegHasa Hwuskas Mepexoa Ha MOSA cHuxaeT
aKTMBHOCTb KOPPO3MOHHBIN PUCK
CKIMOHHOCTb K Bbicokass CpegHas Hwuskasa  YBenuuMBaeTCs MEX3aMeEHHbIW CPOK
aerpagaumm pacTBopa

Tabnuua 4. TexHonornyeckue nokasarenm aMMHOBOM OYMCTKM ra3a Ha OcCHoBe
AaHHbIx LWUFXK

MNMokaszatenb Dewncteylowas Mpeanaraemas Oxupgaembin acpdexT
cxema A3A 30% cxema MOJA 40%

CO, B cbipbeBoM rase, 3,37 3,37 Pa6ota npu haktmyeckom
% mon. MOBbILLEHHOW Harpyske
CO, B ounLLEHHOM rase, 75-100 <10 BoccraHoBneHne HopMaTMBHOIO
ppm KayecTBa rasa
H,S B ounLieHHoM rase, 75-100* <5 CHwxXeHne cepoBogopoaa oo
ppm Ge3onacHoro ypoBHsi
Pacxop napa Ha 64,0 52,3 JkoHomus okorno 11,7 T/

pereHepaumto, T/4

Paboyas koHueHTpauus 30 40 MoBblILEeHWe NOrMOTUTENBHON
amuHa, % macc. €MKOCTU
[MeHoobpa3oBaHue 250-350 mn <50 mn Crabunusaums paboTbl

abcopbepa n gecopbepa

*B ncxoaHbIx faHHbIX npesbieHne 75-100 ppm npuseaeHo kak npobnema no CO,; ana H,S B Tabnuue naHa
KOHCEepBaTMBHAs TEXHOMOrMYeckasl oLeHKa Hey40BNETBOPUTENBHOIO PEXMMA OYUCTKM NPU Neperpyake
CUCTEMBI.

OENCTBYIOLMNX YCTAHOBOK aMUHOBOW OYMCTKU. Mpy NPOEKTHOM COCTaBe CbipbEBOro
rasa cogepxaHue CO, coctaBnsano 2,31% mor., Torga Kak paktuyeckoe 3HadeHue
pocturno 3,37% mMorn. 3TO YBENUYUNO Harpy3ky MO KUCMbIM KOMMOHEHTaM U
NpvBeno K npesbillieHnto octatouHoro CO, B oumneHHoM rase Ao 75-100 ppm npwu
aonyctumoun Hopme He 6onee 10 ppm.

Cywectsytowmn pactesop LO3A 30% pabotaeT npu MNOBbILEHHOM pacxoge
LUMpKynsaunn n pacxoge napa 64,0 /4. OgHako ganbHenwee yBennyeHne pacxoga
OOA orpaHnyeHo u3-3a KOPPO3NOHHOWM aKTMBHOCTM W 3HEeproeMkoctn. B aTtmx
ycrousax 6onee adpdekTnBHbIM BapuaHToM gaBnsetca nepexod Ha MOSA 40%,
KOTOpbIN gonyckaeT 6onee BbICOKYD paboyyto KOHLEHTpaUMo, UMEET MEHbLUYH
neTyyectb n obecneynBaet MEHbLLNI pacxop, napa npwu
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ConocTaBneHne KNo4YeBbIX NoKasaTeNen aMMHOBOW O4YUCTKM rasa
87,5

B [leiicTBylowasn cxema [19A 30%
mw Npepnaraemas cxema MO3A 40%
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3Ha4eHuWe nokasaTensa
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CO: B ChIpbEBOM CO: B 04WLLEHHOM Pacxon napa,
rase, % mon, rase, ppm T/Y

PucyHok 3. CpaBHeHWe nokasaTenen 4encTByoLEn N NpeaniaraeMon CXembl
aMWHOBOW OYUCTKN.

pereHepauumn [6,7,15,17,19].

Anroputm BbiboOpa MmeTola BOCCTAaHOBMNEHUA copbeHTa. PaumoHanbHbIi BbIGOp
METOO4a BOCCTAHOBMEHUS MOXHO TMpPeACTaBUTb Kak  MNocnegoBaTenbHOCTb
WHXXEHEPHbIX pelleHnn. Ha nepBomM 3Tane ycTaHaBnvBaeTca Tun copbeHTa u
XapakTep CBSAA3W  3arpsA3HATENss C  aKTMBHbIM  UeHTpoMm. Ecnm  cBs3b
NPENMYLLECTBEHHO  u3nveckasl, NpeanovTUTENbHbl  CHWKEHWE  OaBMneHus,
BaKyyMMpOBaHWE UNN yMEpPEHHbIN HarpeB. Ecnu cBa3b xumudeckas n obpartmmas,
Kak B aMWHOBLIX pacTBOpax, MUCMomb3yeTcs Tepmuyeckas gecopbums ¢ napoBow
oTnapkon. Ecnn 3arpasHeHne Heobpatumoe, TpebyeTrca xmmudeckas npoMbiBKa,
peakTMBauus UnNu YactuyHas 3ameHa copbeHra. [4-7,11-13].

Ha BTOpoM 9aTane oueHuBaeTcs CcTaburnbHOCTbL Martepuana. [na uUeonuToB U
aKTUBHOW OKUCK antOMUHWA AOMYCTUMbl MOBbIWEHHbIE TemnepaTypbl, Torga Kak
AN NONUMEPHbIX U OYHKUMOHANM3MpPOBaHHbIX copbeHToB Tpebyetca 6onee
MAMKMA pexunm. Ha TpeTbeM aTane npoBOAUTCS 3Hepretudeckas onTUMMU3auns:
pereHepauusi He JommkHa obecnevmBaTtb MakcuMmarnbHyk gecopbuuio nrobon
LEeHOW, ecnn 3TO MpMBOAUT K PE3KOMY POCTYy 3Hepro3atpar W perpagaumu
marepuana. [4,5,11-14,18].

O6ocHoBaHMe 3(PeKTUBHOrO peleHns AN ras’oxXMMnyecKux OOBLEKTOB
Y36ekucTaHa. [Ins yctaHOBOK 04nCTKM npupoaHoro rasa ot H,S n CO, Hanbonee
0DOOCHOBaHHbIM peLLeHneM ABMASETCA UCMNOMNb30BaHNE pereHepnpyemMbiX aMUHOBbBIX
CUCTEM C MOHWXKEHHOW 3HEProeMKOCTblo. B yCrnoBusX MOBLILLEHHOMO coaepKaHns
CO, nepexog ot [O3A k MIOSA wumeer OOHOBPEMEHHO TEXHOMOrMYEeCcKoe,
9HepreTMyeckoe Wn aKonormyeckoe 3HadeHne. MOOA obecneymBaer 6onee
BbICOKYIO CEMEeKTUBHOCTb K H,S, MeHblUyl0 KOPPO3MOHHYIO aKTMBHOCTb MU
BO3MOXHOCTb paboThl nNpu KoHueHTpaunmn 40-50% macc., 4To CHWXKaeT Harpysky Ha
LMPKYIAUMOHHBIA KOHTYP. [6,7,15,17,19].

[na TBepabix COpBEHTOB, UCMOMbL3YEMbIX B OCYLLUKE M TOHKOW [OOYMCTKE rasa,
npuopuTeT cnegyetr oTAaBaTb TEPMUYECKOW pereHepaumm CyxXMMm rasoMm C
KOHTpONeM TeMmnepaTtypbl, Tak KaK MeperpeB CHWXaeT pecypc LeonnToB WU
cunukarenen. [ins aktmBnpoBaHHbIX yrnen, pabotatwowmx no VOC n mepkantaHam,
achekTMBHA nNapoBad wunuM  TepMmudeckass gecopbuus ¢ nocreayrowen
KoHOeHcauuen gecopbarta. Xmmumyeckasi NPOMbIBKa OOMKHA NMPUMEHATBHCS TONMbKO
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Tabnuua 5. PekomeHayembin BbIOOp MeToA4a BOCCTAHOBIIEHUA B
3aBMCUMOCTU OT COPOLMOHHON CUCTEMDbI

Cop6umoHHaa ~ OcHoBHas 3agayva MpeanovTuTenbHbIN KoHTponupyemble
cuctema MeTo4 BOCCTAHOBIIEHUA napameTpbl
MOSA 40% / Ynanenve H,S n CO, TepMunyeckasn gecopbums, pH, akTMBHas
MOSA + naposag oTnapka, KOHLIeHTpauunsa amuHa,
aKTuBaTop dunsTpaums pacTeopa H,S/CO,, TCA, Fe?*,
neHoobpasoBaHue
O3A 30% Kucnble rasel npu Tepmuyeckas TemnepaTtypa
YMEPEHHOW Harpyske pereHepaums, peborinepa, koppo3us,
aHTUKOPPO3UOHHBIN coneobpasoBaHue
KOHTPOIb
Lleonutel Ocywka n rmy6okas [MpogyBKa ropsummM Cyxum Touka pockhl,
JooumcTtka rasom, Bakyym TemnepaTypa cnos,
nepenag AaBneHus
Cwunukarensb / Ocyuwika rasa TepmMunueckas pereHepaums Bnara Ha BbIxoge,
Al,O, npwu orpaHNYeHHON MexaHu4eckas
TemnepaType NMPOYHOCTb,
NCTUPAEMOCTb
AKTUBMPOBAHHbIN VOC, mepkanTtaHbl, MapoBas gecopbums, WogHoe uncno,
yronb cnenoBble opraHnyeckne TepMopeakTuBaums, 30MbHOCTb, NOTEPU
BeLlecTBa XMMMYeckasi NpoMbIBKa Macchbl, Temneparypa
BOCMNNamMmeHeHns

Npv AOKa3aHHOM HakonneHun HeobpaTumbix npumecen. [4,5,11-13,18].

BbiBOoAbI M AanbHeuwasn paborta

[MpoBegeHHbIM aHanu3 nokasan, 4YTo 3PPEKTUBHOCTb FAa3004YUCTHON CUCTEMBbI
onpenensieTcss yCTOMYMBOCTbIO CcOpbeHTa B MNOBTOPSAIOLWMXCA UMKNIax copbums-
pereHepauus. [Onsa XMOKMX amMuMHOBbLIX abcopOeHTOB Hawmbonee paumoHanbHbIM
METOOOM BOCCT@HOBIEHUSA OCTaeTcsa TepMmudeckass pgecopbums ¢ napoBou
OTNapkoW, a Aana TBepablX aacopbeHTOB - TepMuyeckass WM BakyymHas
pereHepawmsi C y4eToM TeMnepaTypHon CTabunbHOCTU Matepuana.

Onsa ycnosuin oumcTkn npupoaHoro rasa ot H,S n CO, Hanbonee nepcnekTMBHbIM
asnsetca nepexoq Ha MAJA 40% wnn MOASA ¢ aktmeupytowen gobaskon. Ha
OCHOBE MPOMbIWIIEHHbIX [OaHHbIX MOKa3aHO, YTO Takas Ccxema CcnocobHa
obecneunTb cHxkeHne CO, B ounleHHoM rase ¢ 75-100 ppm go <10 ppm, H,S go
<5 ppm n yMeHbLLNTL pacxog napa Ha pereHepauuio ¢ 64,0 o 52,3 1/u.

XumMuyeckas npoMbIBKA W peakTUBaUMSA [OOMKHbl  paccmaTtpuBaTbCA  Kak
BCTMiOMoraTesibHble MeTO/bl AN ClyYaeB HeoGpPaTUMOro 3arpsA3HeHUs!, HaKoMNNeHus
TEPMOCTOMKMX COMei UMM OTPaBMNEHUs aKTUMBHbIX LIEHTPOB. [nNA NOBbILLIEHUS
HaJEeXHOCTM npoLecca HeobXoAMMO BHEAPATb pPerynapHbii  nabopaTopHbIN
KOHTPOIb: CoAep)KaHne akTUBHOIO BELLECTBA, KACMbIX ra3oB, TEPMOCTONKMX COMeNn,
xenesa, pH, neHoobpasoBaHMe 1 OCTaTOYHYH COPOLIMOHHYH EMKOCTb.

[anbHenwune nccnenoBaHus LenecoobpasHo HanpaBUTb Ha SKCNEPUMEHTaNbHYH
oueHky pgonrosevHoctn MOSA-cuctem npu  pakTM4eCKOM COCTaBe rasa
MECTOPOXAEHN Y3bekncTaHa, MogennupoBaHue TennoBoro 6anaHca pereHeparopa
M paspaboTKy NoKanbHbIX  KOMMNO3MUMA  COPOGEHTOB C  BO3MOXHOCTbIO
MHOrOKpPaTHOIrO BOCCTAHOBIEHUS.
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KoHnUKT nHtepecoB. ABTOPbI 3a8BNAOT 06 OTCYTCTBUN KOH(PININKTA UHTEPECOB.
®duHaHcupoBaHue. ccnegoBaHne BbINOMHEHO 6e3 BHELLHEro (oMHaHCMPOBaHUA.

BnarogapHocTu. ABTOpbl BblpaxaloT GnarogapHoCTb crneuuanuctam kadenpsbl
XMUMUYECKON TEexXHorormm nepepaboTtkm HedTUM M rasa 3a KOHCynbTauum no
BOMpOCcaM aMUHOBOW OYUCTKM U pereHepaumm abcopGeHToB.

ATnyeckue 3asaBneHus. Pabota He BknovaeT SKCNEPUMEHTbI C y4aCTuem nwogen
NI XXUBOTHbIX.

HOocTynHocTb AaHHbIX W Koaa. [laHHble, WCMOMb30BaHHble AMfS aHanuaa,
npvBeneHbl B Tabnuvuax HacToslle CTaTb WU OCHOBaHbl Ha NpPeaoCTaBMNEeHHbIX
TEXHOMNOrMYECKNX MaTepmanax u onybrmnMkoBaHHbIX MCTOYHMKAX.
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AHHOTaumA. B cTaTtbe pacCMOTPEHbl COBPEMEHHbLIE HAayYHO-TEXHOMOrMYecKne
noaxodbl K MOMYYEHUO M MPUMEHEHUIO OKCUreHaTHbIX KOMMOHEHTOB MOTOPHbIX
TONNAMB Ha OCHOBE nErkMx dpakumMi rasokoHaeHcaTta. AKTyanbHOCTb paboThbl
onpeaenseTca HeobXoOUMOCTbIO PacCLUMPEHNS CbipbeBOM 0a3sbl  3KONOrMYecKu
YNy4dLEHHbIX 6EH3NHOBbLIX KOMMO3ULNIN, CHUXKEHUSI 3aBUCUMOCTM OT TPagULMOHHbIX
BbICOKOOKTAHOBbLIX KOMMOHEHTOB M ©Oonee pauMoHanbHOrO  MCMNonb30BaHUSA
MECTHbIX YrneBOAOPOAHbIX pecypcoB Y3bekuctaHa. Ocoboe BHMMaHME yOeneHo
BO3MOXHOCTU nepepabotkmn pakunmn 353-448 K LUypTaHckoro rasokoHgeHcaTta
METOAOM MSArKOro KaTanuTUYecKOro OKUCIIEHUSI C WUCMOSIb30BaHMEM OKCUAHbIX
katanusatopos MnO, un H,BO,. MeToanyeckasa ocHOBa MCCreaoBaHUA BKMOYaeT
0b6obLleHne OaHHbIX N0 rMapoobeccepoBaHUD  Cbipbs,  KaTanuTUYECKOMY
OKUCNEHUIO napoBO3aYyLLHON cmecy, onpenenexHnto rMOPOKCUITBHOTO,
KapOOHMNBHOIO N KUCITOTHOIO YMCEN, PACYETY OKTAHOBLIX XapaKTEPUCTUK METOOOM
MOSEKYNAPHbIX pedpakumii, a Takke OLEHKE BIUAHUS OKCUreHaTHOro KOMMOHEHTa
Ha SKCNSlyaTauMOHHbIE W 3KOMOrMYeckme CBOMCTBA OEH3MHOBLIX KOMMO3ULMNA.
MokasaHo, 4YTo nocne rugpoobeccepoBaHus LLypTaHCcKnii ra3okoHOeHCaT COQePXUT
43,2 % macc. napaduHoBbIX 1 22,6 % Macc. apoMaTUYeCcKUX yrneBogopOaoB, YTO
co30aéT  OGnaronpusaTHble  YCroBMS AN HanpaBreHHoro  obpasoBaHus
Kucnopogcoaepxawmx coeanHeHun. Hambonee addekTUBHbIM KaTannsaTtopom
asngaetca MnO,: npu T = 393 K, P = 0,1 MMa, 1 = 3,6 ¢ n K = 0,35 Bbixoa
Kncnopogcogepxawmx coeguHeHmn pocturaet 18-21 % macc., cymmapHoe
YHKUMOHANbHOE 4uCo cocTaBnaAeT 247, a pacyéTHoe OKTaHOBOE YMCHOo
okcnmpaTta Haxogutca B npepenax 78-82 en. Beepenue 15 % 06. okcureHar-
OeH3nHa B coctaB ©0asoBon 6eH3MHOBOWM pakuun MNOBLIWAET pacvETHoEe
OKTaHOBOE 4ncno cmecu oo 82—-85 en. n MOXET CHM3UTb pacyéTHble Bblbpockl CO
Ha 12-16 %. [lonyyeHHble pes3ynbTaThl NOATBEPXKAAT MNEPCNEKTUBHOCTb
KaTanuTUYeCcKoro OKUCIEHNA NErknx pakuum ra3okoHAEeHcaTa Kak foKarnbHOro u
TEXHONOMMYECKN AOCTYMHOIO HaNpPaBeHUs Nofy4YeHnst OKCUreHaTHbIX KOMMNOHEHTOB
MOTOPHbIX TOMSNB.

Knroyeeble crioea: oKcueceHam-6eH3UH, 2a30KOHOeHcam, Kamalrumu4ecKoe
okucneHue, MnO,, H,BO,, okmaHo80e 4ucsio, 3K0/102U4YHbIe morusa

Annotatsiya. Maqolada gaz kondensatining yengil fraksiyalari asosida motor
yoqilg‘ilari uchun oksigenat komponentlarni olish va qo‘llashning zamonaviy ilmiy-
texnologik yondashuvlari ko‘rib chigilgan. Tadgiqotning dolzarbligi ekologik jihatdan
yaxshilangan benzin kompozitsiyalari uchun xomashyo bazasini kengaytirish,
an’anaviy yuqori oktanli komponentlarga bo‘lgan bog'liglikni kamaytirish hamda
O‘zbekistonning mahalliy uglevodorod resurslaridan yanada ogilona foydalanish
zarurati bilan belgilanadi. Asosiy e’tibor Sho‘rtan gaz kondensatining 353—448 K
fraksiyasini MnO, va H,BO, oksid katalizatorlari ishtirokida yumshoq katalitik
oksidlash orqali qayta ishlash imkoniyatiga garatilgan. Tadgiqotning metodik asosi
xomashyoni gidrodesulfurizatsiya qilish, bug'-havo aralashmasini katalitik
oksidlash, gidroksil, karbonil va kislota sonlarini aniglash, oktan xususiyatlarini
molekulyar refraksiya usuli bilan hisoblash, shuningdek oksigenat komponentning
benzin kompozitsiyalarining ekspluatatsion va ekologik xossalariga ta’sirini
baholash bo‘yicha ma’lumotlarni umumlashtirishdan iborat.
Gidrodesulfurizatsiyadan so‘ng Sho‘rtan gaz kondensati tarkibida 43,2 mass.%
parafin va 22,6 mass.% aromatik uglevodorodlar mavjudligi ko‘rsatildi, bu esa
kislorod saqglovchi birikmalarning yo‘naltiriigan hosil bo‘lishi uchun qulay sharoit
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yaratadi. Eng samarali katalizator MnO,, hisoblanadi: T = 393 K, P = 0,1 MPa, 1 =L

3,5 s va K = 0,35 sharoitida kislorod saqlovchi birikmalar chigishi 18—-21 mass.% ga
yetadi, umumiy funksional son 247 ni, oksidatning hisobiy oktan soni esa 78-82
birlikni tashkil etadi. Bazaviy benzin fraksiyasi tarkibiga 15 hajm.% oksigenat-
benzin kiritilishi aralashmaning hisobiy oktan sonini 82—85 birlikkacha oshiradi va
CO chiqindilarini hisobiy jihatdan 12—-16% ga kamaytirishi mumkin. Olingan natijalar
gaz kondensatining yengil fraksiyalarini katalitik oksidlash motor yoqilg‘ilari uchun
oksigenat komponentlarni mahalliy va texnologik jihatdan qulay yo‘l bilan olishda
istigbolli yo‘nalish ekanligini tasdiglaydi.

Kalit so‘zlar: oksigenat-benzin, gaz kondensati, katalitik oksidlash, MnO,, H,BO,,
oktan soni, ekologik yoqilg‘i

Abstract. The article considers modern scientific and technological approaches to
the production and application of oxygenate components of motor fuels based on
light gas condensate fractions. The relevance of the study is determined by the
need to expand the feedstock base for environmentally improved gasoline
compositions, reduce dependence on traditional high-octane components, and
ensure more rational use of local hydrocarbon resources of Uzbekistan. Particular
attention is paid to the possibility of processing the 353—448 K fraction of Shurtan
gas condensate by mild catalytic oxidation using MnO, and H,BO, oxide catalysts.
The methodological basis of the study includes the generalization of data on
feedstock hydrodesulfurization, catalytic oxidation of a vapor—air mixture,
determination of hydroxyl, carbonyl, and acid numbers, calculation of octane
characteristics by the molecular refraction method, and assessment of the influence
of the oxygenate component on the operational and environmental properties of
gasoline compositions. It is shown that, after hydrodesulfurization, Shurtan gas
condensate contains 43.2 wt.% paraffinic and 22.6 wt.% aromatic hydrocarbons,
which creates favorable conditions for the directed formation of oxygen-containing
compounds. The most effective catalyst is MnO,: at T = 393 K, P = 0.1 MPa, 1= 3.5
s, and K = 0.35, the yield of oxygen-containing compounds reaches 18-21 wt.%,
the total functional number is 247, and the calculated octane number of the oxidate
is in the range of 78—82 units. The introduction of 15 vol.% oxygenate gasoline into
the base gasoline fraction increases the calculated octane number of the mixture to
82—-85 units and may reduce calculated CO emissions by 12-16%. The obtained
results confirm the prospects of catalytic oxidation of light gas condensate fractions
as a local and technologically accessible route for producing oxygenate
components of motor fuels.

Keywords: oxygenate gasoline, gas condensate, catalytic oxidation, MnO,, H,BO,,
octane number, clean fuels

BBepeHue

MoBbllweHne KavyecTBa aBTOMOOUIbHBIX GEH3MHOB OCTAETCA OOHOW U3 KIHOYEBbIX
3aja4 coBpeMeHHOW HedTerasonepepabotkn. OTkas OT  STUIMPOBAHHbIX
aHTUOETOHATOPOB, OrpaHudeHne coaepXaHust 6eH3ona UM apomMaTU4eCKUX
yrneBogopoaoBs, a Takke TpeboBaHNS K CHUXKEHMIO TOKCUYHOCTU BbIXMOMHbLIX ra3oB
YCUINNBAKOT UHTEpeC K KucnopopcogepXawimm TOMSIMBHBIM KOMMOHEHTaM —
okcureHatam. K TakuM KOMMNOHEHTaM OTHOCATCS CMPTbl, MPOCTble 3UPbI, a Takxke
CNOXHble CMEeCU Kncrnopogcoaepxalimx coeguHeHnn, KoTopble ynyyLarT MofHOTY
CropaHns 1 NOBbILWAKT LETOHALMOHHYK CTOMKOCTb BeHaunHa [1-6].
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B mupoBoin npaktuke Havbonee pacnpocTpaHeHbl MEeTUn-TPeT-OyTUnoBbIn achmp
(MTB3), atun-Tpet-6ytTMnosbin acup (ITBI), MeTun-TpeT-amunosbin  3hup
(MTA3) n Hm3wwme cnmpTbl. VX NpoMbIneHHOe NPOU3BOACTBO, OA4HaKo, Tpebyet
nMBo  YUCTbIX K300MeUHOBBIX MOTOKOB, MO0 pasBUTON WUHGPACTPYKTYpbI
CNMPTOBOMO U  HeTexMMmMyeckoro cuHTesa. [na cTpaH, pacnonararLmx
3Ha4YUTENbHBIMM  pecypcamMu  ra30KOHLEHCATHOIO  CbipbHA,  MEPCNEeKTUBHbLIM
HanpaeneHneMm SBMASETCA MNPsIMOEe  KaTanuTudeckoe MpeBpalleHne  NErkmx
yrneBoAopoaHbIX opakumin B KUCIIopoacoaepawue npogykrol [1, 6, 9, 13].

[a3okoHaeHcaT LypTaHCKOro MeCTOPOXAEHUS COLEPXKUT 3HAYUTENbHYI OOSI0
nérknx dpakunn C.—C.,, NpUrogHbIX AOns MOMyyYeHUs OKCUreHaTHbIX [06aBoK.
CornacHo ncxogHbiM OaHHbIM, Wpokas dpakumsa 353—448 K aensetca Hanbonee
pPeakUMOHHOCNOCOBHON AN MSATKOrO  OKUCIEHWS  KACNOPOAOM  BO3ayxa.
MNpumeHeHne okcuaHbix kartanusatopoB MnO, n H,BO, nossonser Hanpasnatb
npouecc B CTOpPOHY 06pasoBaHUA CNUPTOB, anbOernaoB, KETOHOB, KapbGOHOBbIX
KNCOT W CIIOXKHbIX 3(MPOB MNpU  MUHMMArbHOM [yOOKOM OKUCEHMM [0
CO, [7,18].

HayyHass HOBM3Ha AaHHOW paboThbl 3aknto4aeTcsi B CUCTEMATU3auuyM OaHHbLIX MO
MONMyYeHNto oKcureHaT-6eH3nHa M3 MECTHOro ra3okoOHAEHCATHOrO Cbipbsi U OLEHKe
€ro NpPUMeHeHNs Kak KOMMNOHEeHTa MOTOPHbIX TOMMMB. B oTnuyne ot TpagMUMOHHOTIO
nogxoga,  OPUEHTUMPOBAHHOIO  HA  CUHTE3  MHAMBMAYanbHbIX  3COMPOB,
paccMaTpMBaemasi TEXHOMOrMsi UCNosfb3yeT MNPUPOAHYH MHOTOKOMMOHEHTHYHO
CMeCb YrrneBodopoaoB U opMUpYeT NpoaykT, NMPUroaHbIN ANs KOMNayHAMPOBaHUS
c A-80.

LleJ'Ib ctatbn — 060OCHOBaTb npUMeHeHne OKCUreHaTHbIX TOMMMBHbIX KOMIMOHEHTOB,
NoNny4YeHHbIX KaTtaliImnTUMECKMUM OKUCIIEHNEM NErKnx CbpaKLlMVI ra3okoHgeHcaTta, Ha
OCHOBE aHalim3a CcOoCTaBa CblpbA, Bbl60pa Katanm3artopa, TEeXHOJNIOMNM4YecKkmnx
napamMeTpoB OKUCIIEHUNA U BKCMITyaTauMOHHO-3KOJTOTTMYECKNX CBOWCTB nony4yaemMbiX
OEH3NHOBbIX KOMMNayHAOoB.

MaTtepuanbl U metoabl

O6beKT wuccnegoBaHMA WM NOAroToBKa CblpbA. B kayectBe oObekTa
ncenenoBaHus paccMmatpmBanin cTabunuampoBaHHbIN ra3okoHaeHcat LypraHckoro
MECTOPOXXAEHUS U ero nérkme 6eH3nHoBble opakumn. [Jo cTagnum OKUCIEHUS CblpbEe
nogseprann rngpoobeccepoBaHnio Ha kobanbT-mMonuMbaeHOBOM KaTanmsaTtope
MoO,/ALLO, npn 573-623 K. Takas nogrotoBka Heobxoduma, MOCKOMbKY
CEPHUCTbIE COeAMHEHUNSA UHIMOMPYIOT CBOBOAHO-pafmKanbHble peakLmm OKUCNEHUS
N 0e3aKTUBUPYIOT aKTUBHbIE LIEHTPbl OKCUAHbLIX KaTanuaaTtopos [18].

Taonuua 1. Panko-xuMmuyeckue cBomcTBa rasokoHgeHcaTa nocne

rmgpoobeccepoBaHusA
Mokasatenb Fasnuuckun KK WypTraHckun MK

YnenbHbIN Bec, Kr/m® 754 767

KoadpduumeHT npenomnenns nD20 1,4500 1,4556

KucnotHocTtb, mr KOH/r cneapl cneapl
MapadguHoBkle yrnesogopoabl, % macc. 32,4 43,2
ApomaTnyeckue yrnesogopoasbl, % macc. 31,2 22,6
HadTeHoBble yrnesogopoabl, % macc. 36,1 34,2
CopeprxaHue cepbl nocne obeccepoBaHus, % macc. 0,03 0,04
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Mocne rmgpoobeccepoBaHnsa rasokoHaeHcaT pakuMoHMpoBanu Ha nabopaTtopHom C

pekTUUKaLmMoOHHON ycTaHoBKe. [Ans ganbHenwero aHanuia BblbpaHa dpakums
353-448 K, Bkntoyawowasa ocHosHyto 4acte C.—C,, yrmesogoponos. CymmapHoe
cogepxaHve napagUHOBBLIX W HagTEHOBbLIX YrnNesBogoponoB B 3Ton obnacTtu
cocTaBnsieT okono 72 %, 4YTO NOBbIWAET BEPOSTHOCTb O0OpasoBaHWSA CMMPTOB U
KapBOHWMNBbHbBIX COEANHEHWUIN B YCNOBUSAX MSATKOIO KaTarIMTUYeCKOro OKUCIEHUS.

KaTtanusaTtopbl n ycnoBus KaTtanuTU4eckoro okmcneHus. B kayectBe OCHOBHbIX
KatanusaTtopoB paccMmotpeHbl MnO, n H,BO,. Ouokcua mapraHua vHALMUpYeT
obpasoBaHvMe rMOPONEPOKCUOHbLIX pPaauKaroB U CMOCOOCTBYET  HAaKOMMEHUIO
Kucrniopogcogepxawmx coeanHeHun [7]. bopHass kucrota OeucTtByeT  Kak
MOAMMUKATOP  KUCIIOTHOCTU  MOBEPXHOCTM M CcTabunmsmpyetr  CnupToBble
NPOMEXYTOYHbIE (POPMbI, YTO NOBbLILLAET MMAPOKCUITBHOE YMCIO oKcuaaTa.

OkucneHve nposBogunM B MPOTOYHOM  pEXMME Ha HEenogBWXHOM  crioe
KaTtanusaTtopa. YrneBo4opoAHY dpakuuio ucnapanu n nogasanu B peakTop B
BMAEe NapoBo3gyLlHon cmecu. OCHOBHbIMW perynupyeMbiMn napameTrpamu Obinu
Temnepatypa T, pasneHne P, Bpems KOHTakta T W KoapdpuumeHt K,
XapakTepusylLwmnin  COOTHOLWEHME  YyrmeBodopogHoM  dpakumm n - BO3gyxa.
OnTtumanbHble ycnoBus ans dpakuumn 353-448 K: T = 393 K, P = 0,1 Mla,
1=3,5cnK=0,35.

Obuwaa cxema TexXHOMOrM4yeckoro noaxoga npeacraeneHa Ha pucyHke 1. OHna
oTpaxaeT noCrnefoBaTeNbHOCTb:  NOArOTOBKA  ra3oKOHAEHCATHOM  dopakuum,

FI/ID,pOO6eCC8pOBaHI/Ie, Katanntn4eckoe OKuUcrneHmne, KoHaeHCauuna okKcuagata W’
KOMMayHAnpoBaHue C 6a3oBbiM MOTOPHbIM TOMJINBOM.

MpuHUMNUanbHaa cxeMa NONYYEHUA OKCUTeHaTHOro KOMMOHEeHTa
M3 Nérkoi ¢ppakLumn rasokoHgeHcaTa

Nérkan ¢ppakuma MK MmapoobeccepoBaHne Katanutuyeckoe Konpgencaumn
353-448 K MoO,/Al,O, oKucneHue u pasgeneHue

f

T=393K;P=0,1Mla; t=3,5¢; K=0,35

KomnayHaupoBaHue
c bazoeon beH3nHOBOW Bozayx + kaTtanusatop OkcureHaT-6eH3uH
KOMNo3uumei MnO; / HsBO; 78-83 OY (MM)
+10-15 % 06.

UToroeslit 3 ekT: noBbileHUne pacHETHOro OKTaHoBOro Yucna ao 82-85
n cHxeHne CO Ha 12-16 %

PucyHok 1. Cxema nonyyeHnsa n npMMeHeHusi okcureHat-6eH3nHa 13 nérkom
dopakuum rasokoHgeHcaTa

AHanuTuyeckue MeToAbl WU pacyéTHble 3aBucumocTU. OueHKy KavecTBa
okcuaara npoBoauNnu Mo  (PyHKUMOHaNbHbIM Yucnam: rugpokcunbHomy (IMY.),
kapboHunbHomy (Kap6.4.) n kucnotHomy (K.Y.). CymmapHoe ¢yHKUMOHanbHoe
4YUCIIO MCMONb30BanM Kak WHTerpanbHbIM MokasaTenb cTeneHn obpasoBaHus
KMCNOPOACOAEPXKALLUNX COEANHEHUN:

®.Y. =Y. + Kap6.4. + K.U. (1)

OkTaHOBOE 4YMCNO KOMMAyHAOB paccyuTbiBanM MO  MeTody  MONEeKynspHbIX
pedpakunm n SONONHUTENBHO NPOBEPSNN NO NIMHENHOW aaaUuTUBHOW MOLENN:

OYeyecn = 2(@; - O4)), (2)

cmecu

roe ¢, — obbémHas Jons i-ro KomrnoHeHta, a OY, — ero okraHoBoe uwucrio. [ina
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CMOXHbIX CMeCceln C KUCNOPOACOOEPKALUMM KOMNOHEHTaMN METO, MONEKYNAPHbIX
pedpakumin cuymtaeTcs 6bornee MHGPOPMATUBHBIM, MOCKOSbKY YYUTbIBAeT BKraj
JYHKUMOHAITbHBIX rpynn 1 N3MeHeHe MoriekynapHon nonsapudyemoctn [15,19,20].

Pe3ynbTaTthbl M 06CyXaeHue

PeakumoHHas cnocobHocTb dpakumm LlypraHckoro rasokoHAgeHcarta.
®pakuynoHHbI coctaB LLlypTaHckoro ra3okoHgeHcaTta MoKa3bliBaeT, YTO OCHOBHas
A0NS peakUuMOHHOCMOCOBHOMO Chipbsi MPUXOAUTCA Ha WHTepBan 363-448 K. Ota
obnactb o0ObeguHseT dpakuMm C  BbICOKUM COAEPXKaHMEM METAHOBbIX U
HapTeHOBbIX YrneBoAopoaoB. MIMEHHO Takme COeguMHEHUsI B YCIOBUSIX MSATKOrO
oKucneHus nerdye opMmupyroT NEepBUYHbIE U BTOPUYHBIE KUCROPOACOoAEepKaLmne
NPOAYKTbI NO paguKanbHO-LEMHOMY MEXaHU3MYy.

Mo gaHHbIM Tabnuubl 2, cpegHasa wupokasa gpakuna 363—448 K cogepxut 51,2 %
mMacc. MeTaHoBbiXx U 21,1 % wMacc. HadTeHOBbLIX YrneBO4opodoB. Takoe
COOTHOLLUEHME MNOATBEPXAAEeT  LenecoobpasHOCTb  MCMOMb30BAHUA  AAHHOW
dpakuunm Kak OCHOBHOMO Cbipbsi AN MOMYyYEeHUS] OKCUIEeHaTHOro KOMMOHEHTa.
Bbicokoe cogepkaHne apoMaTuyeckux COeAMHEHUI B OTAENbHbIX Y3KNX (hpakumsx
TpebyeT npeaBapuUTENbHOIO PerynmpoBaHnUst COCTaBa, MOCKOMbKY apoMaTtuyeckue
yrneBogopoabl MeHee xenaTterbHbl ANA 9KONOrMYeCKn yny4dleHHbIX 6eH3NHOB.

Tabnuua 2. dnsnko-xummnyeckme ceomcrtea ppakumm LLlypraHckoro

ra3oKkoHgeHcaTta
®dpakuyus, K Bbixon, % Hal'K MetaHoBble YB, HadTteHoBble YB, Apomatunuyeckue
% macc. % macc. YB, % macc.
338-363 9,3 58,4 21,8 19,8
363-393 26,8 41,5 32,7 25,8
393-423 33,1 39,0 20,7 40,3
423-448 16,6 62,0 55 32,3
448-473 12,8 52,0 20,1 27,9
CpeaHee no 363— 41,2 51,2 21,1 27,7

448 K

CpaBHeHnne karanusatopos MnO,, H,BO, wun MoO,/Al,0,. CpaBHeHune
Katanusatopos nokasbiBaer, 4to MnO, obecneumBaeTr HanbonbwNn BbIXOA
KncnopoacoaepXalimx coeguMHeHnn n Hanbonee BbICOKOE pacyYETHOE OKTaHOBOE
yucno okcmpaara. H,BO, xapaktepunsyeTcs noBbILLEHHbIM TMAPOKCUMbHBIM YMCIIOM

Tabnuua 3. ®U3MKO-XMMMYECKNe CBOMCTBA OKCuaaTa nNpyu Cnonb30BaHUU
pas3nuyHbIX KaTanu3aTopos

Mokasatenb MoO,/Al,O, MnO, H,BO,

Bbixog KCC, % macc. 14-16 18-21 16-19
M'mapokcuneHoe uncno, mr KOH/r 95 135 148
Kap6oHunbHoe 4mcno 52 47 38
KucnotHoe yncno, mr KOH/r 78 65 54
CymmapHoe & 4. 225 247 240

YpenbHbI Bec, r/cm® 0,778 0,782 0,785

PacuétHoe O (MM) 72-76 78-82 76-80
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CpaBHeHWe KaTanmM3aTopoB Npu OKUCIeHUN ppakumm 353-448 K
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PucyHok 2. CpaBHeHMe BbIXO4a KUCMOPOACOAEPKALLNX COEAUHEHN N PACYETHOIO
OKTAHOBOrO YMcCna okcuaaTta Ansa pasfnyHbiX Katanm3aTtopos

MW MEHbLUMM KUCMOTHBIM YWUCIIOM, YTO YKasbiBaeT Ha 6onee BblpaXeHHYO
CENeKTUBHOCTb K cnupToBbIM npodyktam. MoO,/Al,O, ycTynaeT aTum cuctemam no
BbIXOAY KUCropoacodepXallumMx COeQUHEHUM W MO OKTaHOBOW XapaKTepucTuke
okcupara.

CBouncTBa NONy4YeHHOro okcureHat-6eH3uHa. OkcureHaT-6eH3uH, NonyYeHHbIN
13 dpakumm 353-448 K npn T =393 Ku 1 = 3,5 ¢ Ha MnO,,, npeacrasnaeT cobon
MHOIOKOMMOHEHTHYO CMECb CMMPTOB, anbAerngoB, KETOHOB, KapOOHOBbLIX KMUCHOT,
CNOXHbIX 3PUPOB M HEOKUCIEHHbIX YrMeBOAOpPOoaAoB. Hannume HeckonbKkux TUMOB
YHKUMOHaIbHbBIX rpynn 06bACHSET BbICOKOE CyMMapHoe (PYHKLMOHANbHOEe YMCNo
N NONOXUTENbHOE BIIMSIHME Ha NOMHOTY CropaHust TONNMBA.

KnoyeBbIM pesynstaTtoM ABMASETCA COBOKYMHOCTb TPEX MoKasaTternen: pacyeéTHoe
oKTaHoBoe 4ncno 78-83, (pyHKumoHanbHoe yuncno 247 n ygenbHbin Bec 0,782 1/
cm®. [lo OKTaHOBOMY 4MCMy TakoW NPOAYKT yCcTynaeT uHAuBMAyarbHbIM 3upam
Tmna MTBE3 n 3TB3, HO NpeBocxoAnT NPSIMOrOHHbIE HU3KOOKTAHOBLIE OEH3UHbI K
MOXET WCMOMb30BaTbCA KaK TEXHOMOrM4Yeckn [AocTynHas npucagka Ha 6ase
MECTHOIO CbIPbS.

Tabnuua 4. Du3nko-xmmMmmnyeckme cBOMCTBa OKCUreHaT-0eH3uHa n
KOHLIeHTpaTa KUcrnopoacoaepxalux coeguHeHnm

MNMokasatenb OkcureHaT-6€H3uH KoHueHTpaT KCC

YpenbHbI Bec, r/cm?® 0,782 0,924

MokasaTenb npenomnexHmsa nD20 1,4478 1,4825
MonspHas macca, r/mornb 214 272
KuncnotHoe uncno, mr KOH/r 65 184
Kap6oHunbHoe 4ncrno 47 75
MmppokcunbHoe yncno, mr KOH/r 135 214
CymmapHoe ®.4. 247 473
PacuéTtHoe OY (M) 78-83 —
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KomnayHampoBaHue ¢ MOTOpPHbIMM TonnuBamu. [lpakTnyeckoe npuMeHeHue
okcureHaTt-6eH3MHa LUenecoobpas3Ho paccMaTpyBaTb He Kak CaMOoCTosiTeNlbHoe
TONMNBO, @ Kak PYHKUMOHASbHbIA KOMMOHEHT ANs NPUroToBneHns 6eH3MHOBbIX
KOMMO3MUMA  C  YNYYWEHHbIMW  3KCNSlyaTauMOHHbIMA U 9KONOrMYeCKUMmn
xapakTepuctnkamu. Ero BBegeHne B cocTaB ©0a3oBbiX OEH3MHOBbLIX (pakuum
NO3BOMSAET MOBLICUTL PACYETHOE OKTAHOBOE YMCIIO, YBEMNUYUTH CcoaepXxaHue
CBA3aHHOIO Kucrnopoga B TOMMAMBE W YIyYlWUTb MOMHOTY CropaHus TOMSIMBHO-
BO3YLLUHOW CMeCH.

Ha coBpemeHHOM 9aTane 6ornee paunoHanbHbIM ABMSETCA  UCMOSb30BaHMe
oKkcureHat-6eH3nHa B cocTtaBe 6a30BbiXx GEH3MHOBbLIX KOMMO3ULUMIA, MPSAMOrOHHbIX
dpakunn 1 puopmMaTHbIX KOMMOHEHTOB, a He MpMBSA3Ka TOMNbKO K ycTapeBLUMM
HW3KOOKTaHOBbIM Mapkam Ttonnuea. [Jo6asneHne 10-15 % 06. okcureHaT-6eH3nHa
No3BONSET MOBbLICUTb aHTUAETOHAUMOHHbIE CBOWCTBA cMecn ©6e3 rnybokom
PEKOHCTPYKLUN TEXHONOrMyeckom cxembl M 6e3 o0693aTtenbHOro npuMeHeHus
AOMOMHUTENBHBIX NPOLECCOB pUdOPMUHra, U3oMepusaumm Unum ankunnmpoBaHus.
Mpn 3TOM HanboONbLUNIM NPaKTUYECKNA MHTEPEC NPEeACTaBnseT KoMnayHanpoBaHme
c 6a3oBon GEH3MHOBOW KOMMO3ULMEWN, OKTAHOBOE YMUCIIO KOTOPOW HaxogouTcs B
AnanasoHe 78-80 epn., MOCKOMbKy B 3TOM Crlydae [AOCTUraeTcsl MOBbleHne
pac4YETHOro OKTaHOBOro Yncna o 82—-85 epa.

N3 paHHbIX Tabnuubl 5 BUOHO, YTO aPPEKTUBHOCTL OKCUreHaT-0eH3MHa 3aBUCUT OT
cocTtaBa UCXOAHOW 6eH3MHOBOW OCHOBbI U ero 06bEMHOM 4onu B kKomnayHae. Mpu
BBegeHun 10 % 06. OKcureHaTHOro KOMMOHEeHTa Habnwgaercsa yMepeHHoe
NMOBbILLEHME OKTAHOBOMO YMCINa U KUCIOPOAHOrO MHAEKCa TOoMnnuBa. YBenuieHue
cogepxaHusi okcureHat-6eHsmHa 0o 15 % 06. obecneymBaeT Gonee BblpaXXeHHbIN
apekT: pacyéTHoe oOKTaHoBOe u4ucro 6a3oBo OGEH3MHOBOWM KOMMO3ULUK
Bo3pacTtaeT o 82-85 ed., 4TO MNoOATBEpPXOaeT BO3MOXHOCTb WCMONb30BaHUS
NOMy4YeHHOro NpoAyKTa Kak KOMMOHEHTa 3KONOrMYecKn YnyudleHHbIX MOTOPHbIX
TOMNMB.

Tabnuua 5. Peuentypbl KOMNayHAOB OKCUreHaT-6eH3MHa ¢ 6a3o0BbIMU

TonnauMBamMum
CoctaB komnayHga OkcureHatr- basa, % O4Y Kucnopoga, CooTtBeTcTBME
©eH3uH, % 006. pacu. % macc.
06.
MpsSIMOroHHbI 6EH3UH 10 90 68-70 ~0,4 HU3KOOKTaHOBasi
(O4 = 66) + okcureHat OeH3nHoBas pakums
[MpsIMOroHHbI 6EH3UH 30 70 72-75 ~1,2 ynyJLeHHas
+ oKkcureHar NPSIMOrOHHasi KOMMNO3ULNS
BasoBas 6eH3nHOBasi 10 90 81-83 ~0,4 Kucnopogcoaepxatias
komnoanums (O4 = 78— 6eH3nHoBasa KoMMNo3nLms
80) + okcureHat
BasoBas 6eH3nHoBas 15 85 82-85 ~0,6 3KOJIOTMYECKMN
komnoaunums (OY = 78— ynydlleHHast 6eH3nHoBas
80) + okcureHat KOMMo3uuusi
Pudopmar (OY = 93) + 10 90 91-93 ~0,4 BbICOKOOKTaHOBas
oKkcureHar OeH3nHoBasi KOMMNO3nLUS
Pudgopmar + 30 50+20 83-86 ~1,2 KOMMO3Muna cpegHero
NPSIMOTOHHbIN 6EH3WH + OKTaHOBOTO YPOBHS

OKCcureHart
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[lononHuTenbHbIM npenmMmyLlecTBOM ABIAETCA TO, YTO OoKCcureHaT-6eH3uH ‘-IaCTVI‘-IHOC
3aMellaeT apomMmaTnyecCkme KOMMNOHEeHThI O€eH3nHOBOro nynau CI'IOCO6CTByeT bonee
NONMHOMY CropaHuto TonrinBea. 9710 nos3sonder paccmMmaTpmBaTtb €ro He TOJIbKO KakK
OKTaHOMNoOBbILLIAKLLYO ﬂ06aBKy, HO M KaK KOMMOHEHT, CMOCOOHbIN YNyylwmnTb
aKornornyeckne nokasarenn OEeH3MHOBbLIX KOMMO3ULMIM 3a CYET CHWXEHUS O0nn
NPOAOYKTOB HEMNOJIHOIo CropaHnA.

JKonornyeckas M TEXHONOrM4Yeckas OLEHKa NPUMEHEHUA. OJKOoNnorn4eckoe
OENCTBME  OKCUreHaTHbIX KOMMOHEHTOB OOyCnoBneHO ABYMA  OCHOBHbIMU
dakTopamun. Bo-nepBbix, BBEAEHNE KNCITOPOACOAEPXKALLUNX COEANHEHMWI MOBbILLAET
KACNOPOOHbIA MHOEKC TOnmnuBa, 4YTO cnocobecTByeT ©Oonee MNOMHOMY CropaHuio
TOMNMIMBHO-BO3AYLUHOA CMECU W YMEHbLUEHMIO [ONvW MNPOAYKTOB  HEMOSHOro
oKkucneHus. Bo-BTOpbIX, OKCUreHaT-6eH3MH YacTMYHO pa3baBnser apomMaTU4ecKyto
cocTaBnsitowyto OEH3MHOBOro mnyna, 4To OCOBGEHHO BaXXHO MpM MNPOU3BOACTBE
9KOMOrMYECKM  yNyylWeHHbIX MOTOPHbIX TOMSIMB C  MOBbIWEHHOW  [ONen
pudopmMaTtHbIX KOMNOHEHTOB. CornacHo pac4YéTHON oueHke, gobasneHune 15 % o6.
oKkcureHat-6eH3nHa B 6a30Byt0 GEH3WHOBYIO KOMMO3MLMIO MOXET obecneyunTb
cHmxeHune BblbpocoB CO Ha 12—-16 %, a HecropeBLUMX YrneBoaopooB — Ha 8—12
%. Cnepyer OTMETUTb, 4YTO MNpPUBEOEHHbIE MOKasaTenn MWMEKT MPOrHO3HbIV
Xapaktep u TpebylT OanbHenwero MNOATBEePXAEHUS B YCMOBMSX MOTOPHbLIX U
3KcnnyaTaunoHHbIX UCMNbITAHWNA.

Tabnuua 6. OxnaaemMmble 3KONOrM4Yeckmne U aKcnyaTaumoHHble 3chpdeKTbl npu
NnpUMeHEeHUn oKcureHaT-6eH3nHa B coctaBe 6a3oBoN GEH3NHOBOWM

KoMno3unuumum
lNMokasaTenb BbasoBas BeH3nHoBas Oxunpgaembin acpdexT
6eH3uHOoBas KOMNo3uuus
komMmno3uuusi 6ea  15%06. okcure-
OKCcUreHara HaT-0eH3MHa
Bbibpocbkl CO, r/km, 8,5-9,5 7,2-8,0 CHWXeHue Ha 12—16 % 3a
pacyéTHble CYET Bonee NoOMHOro
cropaHusi
Hecropeswune 1,2-1,5 1,0-1,2 CHWXeHne Ha 8—-12 %
yrneBsogopoapl, r'km
CopepxaHue 6eHsona, % 00. 0,8-1,2 0,7-1,0 YacTuyHoe pasbaBrieHue
apomaTu4ecKkomn Yyactu
Tonnuea
CogepxaHne 30-38 26-34 CHWXEeHMe Jomnu
apoMaTuU4ecKnx apoMaTnyecKnx
yrneesogoponos, % o6. KOMMOHEHTOB
KucnopogHbin nHaekc ~0 ~0,6 NoBbILLEHME MOSTHOTHI
Tonnuea, % macc. OKWCMEHMUS TOMNNBHO-
BO34YLUHOW cMecu
PacuéTtHoe okTaHoBOE 78-80 82-85 NnoBbILLEHME
yucrno, en. OETOHALNOHHOW CTOMKOCTHU
MoTeHumansHoe cpenHee NMOHMXEHHOEe yryJlleHne ka4yecTea
obpasoBaHue caxu 1 Harapa cropaHus
Okonornyeckas cTaHgapTHast Kncrnopogcoaepxa ynyJlleHue
XapaKkTepucTuka Tonnmea 6eH3nHoBas LLIasi IKOSIorM4ecKu aKcnnyaTaumMoHHO-
KOMMNo3nums ynyJlleHHas 3KOJ0rM4Yecknx CBONCTB
KoMno3unums
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Kak BngHo u3 Tabnuubl 6, BBegeHne 15 % o06. okcureHaT-6eH3MHa B cocTaB
6a3oBon 6GEH3MHOBOWM KOMMO3MLMK  CMOCOBCTBYET MOBBLILWEHUID PACYETHOrO
OKTaHOBOro yucrna o 82-85 en., yBenuyeHuto KUCopogHOro nHaekca tonnuea um
CHWKEHNIO pacdéTHbix BblibpocoB CO Ha 12-16 %. [JononHuTenbHbIM
NONOXMUTENbHLIM ~ 3PPEKTOM  ABNSAETCA  YMEHbLUEHWE  OO0NW  HEeCropeBLUMX
yrneBoAoOpoaoB UM 4YacTuyHoe pasbaBrneHne apomMaTUyecKOM COCTaBnsALWEN
TONNAMBa, YTO COOTBETCTBYET COBPEMEHHbIM TpPEOOBAHUAM K 3KONOrMYEeCKM
yny4YleHHbIM MOTOPHbIM TOMSMBaM.

TexHONorn4eckn BaKHbIM NpPeMMyLLLECTBOM paccMaTpmBaeMoro noaxoda siBrsieTcs
BO3MOXHOCTb  MCMONb30BaHUA ra3oKoHA4eHcaTHon pakuun 6e3  BblioeneHus
nHOMBMAYanbHbIX M3oonedguHoB. B cpaBHeHun ¢ npoussoacteom MTBO 4epes
N300yTUNEHOBYIO LIEMOYKY, MPOLEeCcC MpsAMOro KaTanuTUYEeCKOro OKUCIEHUS
noteHumanbHo TpebyeT MeHblero kKomnuyectBa crtagun. OpHako  gngd
NPOMbILLIIEHHON peanu3auun HeobxoauMbl OOMOSTHUTENbHbIE  MUCCREeaoBaHUSA
CTabunbHOCTM KaTanmMsaTtopoB, cocTaBa MNOBOYHbIX MPOAYKTOB, KOPPO3MOHHOW
aKTUBHOCTW OKcMaata M MOTOPHbIX XapakTEPUCTUK pearibHbiX KomMnayHaoB. [9,
14-17].

BbiBOoAbI M ganbHeuwasn pabora

1. lNpemnoxeHHas dopMynupoBka TemMbl — «KaTtanutudeckoe mnornyyvyeHne
OKCUreHaTHbIX  KOMIMOHEHTOB  MOTOPHbIX  TOMMAMB U3 NErkMxX  ppakyun
rasokoHgeHcaTa» — 6ornee MosiHoO oTpaXkaeT Hay4HYK HanpasBrneHHOCTb paboThl,
MOCKOJSTbKY aKUEHTUpyeT BHUMaHWE He TOMbKO Ha MNPUMEHEHUN MNOy4aemoro
nNpoayKTa, HO U Ha TEXHONOMMYECKOM MEXaHU3MeE ero CUHTe3a.

2. YcTaHoBMNEHO, yTo LWypTaHckumn ra3okoHgeHcar nocne cTagum
rmgpoobeccepoBaHMs MOXET paccMaTpuBaTbCA Kak NEepPCneKTMBHOE CbipbE AN
Nony4YeHUss OKCUreHaTHbIX KOMMOHEHTOB MOTOpPHbIX TonnuB. Ero cocras
xapakTtepusyetcs cogepxaHvem 43,2 % macc. napauHOBbIX YrreBogopOaoB U
34,2 % macc. HapTEeHOBbIX YrNeBo4OPOA0B NP CHUXEHHOW cepHuctocTy ao 0,04
% Macc., 4To co3gaét bnaronpuATHbIE YCNOBUA AN MAMKOrO KaTanuMTU4ecKoro
OKUCNEHWS.

3. Cpeon pacCMOTPEHHbIX KaTanuMTUYecknx cuctem Hambonee apdeKkTnBHbLIM
nokasan ceba MnO . lNpu Temnepatype 393 K, pasnenun 0,1 Mlla, BpemeHu
KOHTakta T = 3,5 ¢ n koadpdpuumneHte K = 0,35 BbIXO4 KucropogconepKamx
coeanHeHun pocturaetr 18-21 % macc., cymmapHoe (QyHKUMOHaNbHOEe YKUCo
coctaBndaet 247, a pacH4ETHOE OKTAHOBOE YMCIIO OKcuAaaTa HaxoguTcsa B npegenax
78-82 en.

4. T[lonyyeHHbIn  oKcureHaT-0eH3MH  Uenecoobpa3Ho  MCNoNb3oBaTb  Kak
PYHKUMOHATIbHbIN KOMNOHEHT 6a30BbIX 6EH3NHOBLIX KOMMo3uunin. BeeaeHne 15 %
06. OKCMreHaTHOro KOMMOHEHTa NO3BONSIET MOBLICUTL PACYETHOE OKTAaHOBOE YUCIIO
cmecn oo 82-85 ea. n obecneunTb KMCNOpPoaHbI nHaekc okono 0,6 % macc., 4To
CMOCOOCTBYET YNyYLUEHUIO NOSTHOThLI CropaHns TonnmnBea.

5. PacuyéTtHaa akonormyeckasi oueHka MoKasbiBaeT, YTO NPUMEHEHNEe OKcuUreHar-
GeH3anHa MoxeT cnocobcTBoBaTb CHWXeHuo BblbpocoB CO Ha 12-16 % w
HecropeBLInX yrnesogopoaoB Ha 8—12 %. [Ona OKOHYaTeNbHOro MPOMBbILLSIEHHOMO
0DOOCHOBaHUA TEXHONMOrMM HeobXoaMMbl MOTOPHbIE WUCMbITAHUS, WUCCRegoBaHue
CTabunbHOCTM MNpoayKTa MNpU XpaHEHUU, KOPPO3UMOHHbIE WCMbITAHUSA, a Takke
ONTUMM3ALMA CXEMbl BbIOENEHUS U KOHLUEHTPUPOBAHUSA KUCITOPOLCOAEPXKALLMX
coeuHEHUN.

KoHdnuKT nutepecoB. ABTOpbI 3aABNAOT 06 OTCYTCTBUN KOH(PIMKTA UHTEPECOB.
®duHaHcupoBaHue. lViccnegoBaHue BbINONMHEHO 6e3 MpUBNEYEHUS BHELLHEro
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doMHaHCMpOBaHUSI.

BnarogapHocTn. ABTOpbl BblpaxatloT OnarogapHOCTb TaLKEHTCKOMY XUMWKO-
TEXHONOMMYECKOMY MHCTUTYTY 3a Hay4YHO-METOAMNYECKYHO MOAAEPXKKY.

ATnyeckue 3asaBneHusi. Pabota He BKMNOYAET MCCNEAoBaHUs C ydacTUeM nioaen
UM KUBOTHbIX U HE TpebyeT OTAENbHOro 3TUYECKOro paspeLleHus.

HdocTynHocTb AaHHbIX U Koaa. [laHHble, UCNofb30BaHHbIE B CTaTbe, 0606LLEHbI
Ha OCHOBE NMpeaoCTaBlEHHOro ANCCEPTALMOHHOMO MCTOYHUKA U PacyYETHbIX Tabnuu.
JlononHUTEnbHbIN NporpaMMHbIA Ko, HE UCMONb30Barcs.
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