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STUDY OF CATALYSTS BASED ON MESOPOROUS ALUMINOSILICATE IN THE
DEAROMATIZATION PROCESS OF A MODEL MIXTURE: PHYSICO-CHEMICAL
CHARACTERISTICS AND CATALYTIC ACTIVITY

Annotation: The limitation on the content of aromatic hydrocarbons and sulfur is associated
with environmental requirements according to Euro-5 standards. Upon combustion, these
substances release highly toxic compounds into the atmosphere, adversely affecting human health
and the surrounding environment. Additionally, a high concentration of aromatic hydrocarbons in
diesel fuel significantly degrades its quality, leading to soot formation and reducing its cetane
number. According to Euro-5 standards, the content of polycyclic aromatic hydrocarbons and sulfur
compounds should not exceed 8% and 10 mg/kg, respectively. To address the challenge of
producing high-quality diesel fuels, the hydrotreatment process is employed in the presence of
heterogeneous catalysts.

The article presents the synthesis of mesoporous aluminosilicates and bifunctional catalysts
based on them to study the activity of the hydrotreatment process for a model mixture. The obtained
samples were investigated using various physico-chemical methods such as SEM, low-temperature
nitrogen adsorption/desorption, XRD, and FT-IR. It was established that the Ni/MAS-H-bentonite and
Mo/MAS-H-bentonite catalysts exhibit high activity and selectivity in the hydrotreatment process
under optimal conditions (240°C, 3 MPa, and 0.5 h™%).

Key words: mesoporous aluminosilicates, bifunctional catalysts, nickel-molybdenum-
containing catalysts, hydrodearomatization, model mixture.

Introduction

Global energy consumption is increasing, and requirements for diesel fuel are becoming more
stringent worldwide year by year. These requirements include limitations not only on the content of
aromatic hydrocarbons and sulfur but also on the cetane number [1]. According to Euro-5 standards,
the content of polycyclic aromatic hydrocarbons and sulfur compounds should not exceed 8% and
10 mg/kg, respectively [2]. Upon combustion, these substances release highly toxic compounds into
the atmosphere, such as carbon monoxide, sulfur dioxide, and soot [3].

To address the challenge of producing high-quality diesel fuels, the process of
hydrodearomatization is employed in the presence of heterogeneous catalysts. During the process,
aromatic compounds transform into cycloalkanes, thereby increasing the cetane number and
enhancing the low-temperature properties of diesel fuel [4]. Moreover, dearomatization is not only
used to obtain high-quality diesel fuel but also for the synthesis of reactive fuels, leading to an
increase in the volume of produced fuel, and various environmental issues arise due to the impacts
on the environment [5].

The main mechanism of this process is the transformation of large molecules into smaller,
more active catalyst centers [6]. Traditional porous carriers for the hydrodearomatization process
include zeolites, mesoporous aluminosilicates, and y-Al,Os. However, the strong acidic centers of
zeolites and the low specific surface area, weak acidic centers, and unstructured pores of y-Al,O3
are their main disadvantages. Therefore, structured mesoporous aluminosilicates are considered
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promising carriers for catalysts because of the following advantages: a) distinct structure; b) high
specific surface area; c) mesopore sizes [7].

Currently, two-stage hydrodearomatization processes have been developed for the production
of Euro-5 standard diesel fuel. In the first stage, at temperatures of 340-380°C and pressures of 50—
70 atm, heteroatomic compounds are removed on sulfide catalysts Co-Mo and Ni-Mo containing y-
Alb,Os/zeolite. Simultaneously, the partial hydrogenation reaction of di- and polyaromatic
hydrocarbons to monoaromatics takes place. As a result, the content of aromatic hydrocarbons and
sulfur is reduced to 25 wt.% and 30-100 ppm, respectively. In the second stage, the feed undergoes
further hydrodearomatization at 260-300°C and pressures up to 70 atm on catalysts y-Al.O3;
promoted with metals Pt and/or Pd. It should be noted that for the Pt—Pd/AI-SBA-15(5)/y-Al,O3
catalyst, the optimal temperature for hydrodearomatization of 2-methylnaphthalene in n-heptane is
260°C with a selectivity of 97% to methyltetralin [8].

The results of hydrodearomatization experiments on Ni-Mo and Ni-W catalysts indicate that at
low values of the feedstock volumetric flow rate (less than 2 h*) and high hydrogen pressure, a low
content of aromatic compounds is achieved in the hydrodearomatization products. The authors
concluded that at high volumetric flow rates and temperatures below 350°C, the concentration of
monoaromatic hydrocarbons in the final product would be significantly higher than in the feedstock.
This is attributed to the fact that diaromatic hydrocarbons will undergo hydrogenation to form
monoaromatic compounds [9].

The purpose of this article is to investigate the activity of bifunctional catalysts based on
mesoporous aluminosilicate in the process of hydrodearomatization of a model mixture.

Materials and Methods

Mesoporous aluminosilicates were synthesized using the templating method with
hexadecylamine as the structure-directing agent. The synthesis of bifunctional catalysts was carried
out by the wet impregnation method, using pre-activated bentonite from the Tagan deposit in the
East Kazakhstan region as the substrate for the catalysts. Nickel nitrate and ammonium
heptamolybdate tetrahydrate were chosen as precursors for Ni and Mo, respectively. Each sample
of the catalyst was prepared and measured in triplicate.

The morphology of the synthesized mesoporous aluminosilicate was determined using
scanning electron microscopy with Hitachi TM-1000.

The porous structure of the synthesized samples and BET surface area values were
investigated using the standard nitrogen adsorption/desorption method at 77 K on Micromeritics
TriStar 3000 equipment (Micromeritics, Norcross, Georgia, USA).

The mesoporous structure of the synthesized samples was studied by Fourier-transform
infrared spectroscopy using the Nicolas iS50 FT-IR and wide-angle X-ray scattering on the Philips
X’PERT MPD diffractometer (Philips, Eindhoven, Netherlands).

The catalytic properties of bifunctional catalysts were tested in a fixed-bed flow reactor in a
stream of hydrogen under the following process conditions: 220-300°C, 3 MPa, feedstock volumetric
flow rate of 0.5 hl. A solution of 2-methylnaphthalene in n-hexadecane was used as a model
hydrocarbon since 2-methylnaphthalene is a typical representative of diaromatic hydrocarbons in
the diesel fraction.

Results and Discussion

Figures 1 and 2 illustrate schemes for the synthesis of mesoporous aluminosilicate and
bifunctional catalysts based on it. In our previous work [10], the authors presented a comprehensive
description of the synthesis methodology for mesoporous aluminosilicate and the bifunctional
catalyst based on it.

The SEM image (Figure 3) reveals numerous homogeneous particles of a round shape with
an average diameter of 610 nm and ordered hexagonal arrays of mesopores with uniform pore sizes.
Such a diameter is characteristic of mesoporous material, indicating the mesoporosity of the
obtained sample [11-13].

The synthesized samples' low-temperature N, adsorption/desorption isotherms are of type IV
with a more pronounced hysteresis loop closer to H4 according to the IUPAC classification (Figure
4a). Type IV isotherms demonstrate a narrow pore size distribution in the mesopore range [14].
Additionally, the hysteresis loop at relative pressures exceeding P/P¢=0.4 is characteristic of
mesoporous materials. Capillary condensation in mesopores explains the presence of a hysteresis
loop at low pressures.
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Figure 1 — Synthesis of mesoporous aluminosilicate (MAS)
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Figure 3 — SEM images of mesoporous aluminosilicate
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Figure 4 — Low-temperature nitrogen adsorption/desorption isotherms (a) and pore size distribution
(b) of mesoporous aluminosilicate (MAS) and bifunctional catalysts based on it. Error bars depict
95% confidence intervals
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The pore size distribution is presented in Figure 4b and was determined using the BJH (Barrett-
Joyner-Halenda) method. It was found that all synthesized samples exhibit bimodal characteristics
in the pore size distribution [15]. The results of specific surface area, pore volume, and average
mesopore diameter of the synthesized materials are presented in Table 1. There was a decrease in
all the mentioned physico-chemical characteristics, likely associated with the partial blocking of the
aluminosilicate pore system by Ni and Mo [16].

Table 1 — Physico-chemical properties of mesoporous aluminosilicate (MAS) and bifunctional
catalyst Ni/MAS-H-bentonite and Mo/MAS-H- bentonite

Samples Specific surface area, m?/g | Pore volume, cm?®/g | Average diameter pore, nm
MAS 385.5 0.3721 17.01
Ni/MAS-H-bentonite 281.2 0.2833 15.62
Mo/MAS-H-bentonite 298.7 0.2392 16.03

The wide-angle X-ray diffraction method confirms the amorphous structure of mesoporous
aluminosilicate (Figure 5a). The broad halo in the 20 range from 40° to 60° is characteristic of the
amorphous nature of the sample, and the absence of distinct peaks indicates that the molecules of
mesoporous aluminosilicate do not crystallize [16-19]. X-ray peaks of bifunctional catalysts (Ni/MAS-
H-bentonite and Mo/MAS-H-bentonite) reveal a crystalline structure without any traces of amorphous
material (Figure 5b).

Additionally, the structure of synthesized mesoporous aluminosilicates was studied using FT-
IR spectroscopy (Figure 6). The corresponding peaks observed at 1059 cm indicate the presence
of asymmetric stretching vibrations of Si-O-Si and Al-O-Al. Peaks in the range of 789-807 cm
suggest the presence of crystalline ordering, attributed to the internal vibration of tetrahedra
containing Al and Si. The IR spectra below 500 cm™ is associated with Si-O-Si oscillations. A peak
at 1630 cm!, associated with the O-H bond, is explained by the presence of Al and Si hydroxide
particles, along with H>O [17, 21-23].
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Figure 5 — X-ray diffraction of wide-angle scattering of mesoporous aluminosilicate (a) and
bifunctional catalysts based on it. Error bars depict 95% confidence intervals
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Figure 6 — FT-IR spectra of mesoporous aluminosilicate (MAS) and bifunctional catalysts based on
it. Error bars depict 95% confidence intervals
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The catalytic activity of the synthesized catalysts in the hydrotreatment process is provided in
Table 2. Based on the obtained experimental data, it is evident that the selectivity towards 6-
methyltetralin is higher than towards 2-methyltetralin for all samples. This can be attributed to the
fact that the aromatic ring with a methyl substituent is less readily hydrogenated than the
unsubstituted ring due to steric effects [24, 25].

The dependence of product selectivity in the hydrotreatment process and conversion of 2-
methylnaphthalene on a Ni/MAS-H-bentonite catalyst as a function of temperature is presented in
Figure 7.

Table 2 — Influence of temperature on the hydrogenation process on Ni/MAS-H-bentonite and
Mo/MAS-H-bentonite catalysts for the model compound n-hexadecane+2-methylnaphthalene (3
MPa, feedstock volumetric flow rate of 0.5 ht)

Ni/MAS-H-bentonite Mo/MAS-H-bentonite
Parameters Temperature, °C

220 | 240 260 280 300 220 240 260 280 | 300
Conversion, % 91 91 95 95 95 89 90 91 92 92
Selectivity, %
2-MD 35 90 70 23 49 29 76 55 12 32
2-MT 23 5 10 32 19 10 2 14 47 47
6-MT 42 5 20 45 32 61 22 31 41 21

*2-MD — 2 methyldecaline, 2 MT — 2-methyltetraline, 6 MT — 6 methyltetralyne.
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Figure 7 — Dependence of the selectivity of products in the hydrotreating process (a) and the
conversion (b) of 2-methylnaphthalene on Ni/MAS-H-bentonite catalyst on temperature.
Error bars depict 95% confidence intervals

The selectivity towards 2- methyldecalines at 240 °C is 90%, then it decreases with an increase
in temperature up to 280 °C, after which it slightly increases again. The optimal temperature for
hydrogenation on the specified catalyst can be considered as 240°C, where the conversion is close
to quantitative, and the content of fully hydrogenated products (2-methyldecalins) reaches a
maximum value of 91%.

Conclusion

Thus, an ordered mesoporous aluminosilicate was synthesized using the template method.
Physico-chemical analytical techniques were applied to the obtained samples. By using scanning
electron microscopy, low-temperature nitrogen adsorption/desorption, wide-angle X-ray diffraction,
FT-IR spectroscopy, it has been verified that aluminosilicates and catalysts based on them have an
ordered and mesoporous structure. The catalytic activity of Ni/MAS-H-bentonite and Mo/MAS-H-
bentonite was studied in the hydrotreatment process of a model compound. It was demonstrated
that bifunctional catalysts exhibit sufficient activity and selectivity in the hydrotreatment process of
n-hexadecane+2-methylnaphthalene under optimal conditions of 240°C, 3 MPa, and 0.5 h.
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UCCJIENOBAHUE KATAIIUBATOPOB HA OCHOBE ME3ONOPUCTOIO AITFOMOCUITUKATA
B MPOLECCE AEAPOMATU3ALXN MOOEJNIbHOU CMECU: PUSUKO-XUMUYECKUE
XAPAKTEPUCTUKU N KATAIIUTUYECKAA AKTUBHOCTb

OepaHuyeHue Ha colepxxaHUe apoMamuyeckux yerneeo0opodo8 U Cepbl CB853aHO C
mpebosaHusiMU  3Koso2udeckux cmaHdapmoe Euro-5. [lpu czopaHuu asmu eeuwecmsa
8bIC8060X0aM 8bICOKOMOKCUYHbIE COEOUHEHUST 8 ammocgepy, HeeamueHO eo3delicmeys Ha
300posbe 4esriogeka U OKpyxatowyr cpedy. Kpome moz2o, 8bICOKasi KOHUeHmpayus
apomMamu4ecKkux y2r1eeo0opo0o8 8 du3esibHOM MOonuee CyuecmeeHHO CHUXaem e20 Ka4ecmso,
rpuso0dsi K 0bpazosaHuo Caxu U yMeHbUWEHUK yemaHoeo20 Yuca. CoanacHo cmaHOapmam Euro-
5, codeprxkaHue NONUUUKIUYECKUX apoMamu4ecKkux yarneeodopodos u coeOuHeHUl cepbl He OOIMKHO
npesebiwamb 8% u 10 wma/ke coomeemcmeeHHo. [ns peweHus 3adadu rnpou3sodcmea
8bICOKOKa4YeCmeeHHo20 Ou3e/IbHO20 monsuea UCMOMb3yemcs npouyecc 2udpooquUCmKU 8
rpucymecmaeuu 2emepo2eHHbIX Kamarsu3amopos.

B cmambe npedcmasneH cuHme3 Me30rnopucmabix artoMoCcuiukamos u 6ugyHKYUOHanbHbIX
Kamasnu3amopo8 Ha UX OCHoge Onsi U3y4YeHUsi akmueHOcmu rpouecca 2udpOOYUCMKU Ha
modesnbHolU cmecu. lNonyvyeHHbie 06pa3sybi uccriedo8anuch C UCM0/1b308aHUEM Pa3iUuYHbIX hU3UKO-
xumudeckux memodos, makux kak COM, adcopbuusi/decopbuusi azoma rpu HU3KoU memrepamype,
peHmeaeHocCmpyKkmypHbIil aHanu3 u @ypbe-rnpeobpa3zosaHue uUHgpakpacHo20 crekmpa. bbino
ycmaHoerieHo, Yymo kamasnuzamopsl NilMAS-H-6enmoHum u Mo/MAS-H-6eHmoHum nposenstom
8bICOKYK aKmueHOCMb U CEefIeKmMUBHOCMb 8 [pouecce 2udpooYuUCMKU Mpu OonmuMarbHbIX
ycrosusix (240°C, 3 MIMa u 0,5 u™).

Knroyeenie crnosa: me3ornopucmsie asiroMocunukamel, 6ugbyHKYUOHarbHbIEe
Kamanu3zamopel, Hukesb-monubdeHcodepxawue Kamasnusamopel, eaudpodeapomamusauus,
MoOeribHasi CMeCb
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MOAENBbAIK KOCIMAHbI AEAPOMATU3ALUATIAY NPOLECIHAE ME3OKEYEKTI
ANMIOMOCWUITUKAT HETI3IHAET KATAJIM3ATOPINAPAbI 3EPTTEY: ®U3UKA-XUMUATBIK
CUNATTAMAIJAPDI XKOHE KATAITUTUKATbIK BENCEHAINIT

ApomMammebl Kemipcymekmep MeH KyKipmmiy KypambiH wekmey Eepo-5 aKonoausinibiK
cmaHOapmmapbiHbiH marnanmapbiHa balnaHbicmbl. XaHy Ke3iHOe 6yl KOCbibicmap
ammoccpepara adam OeHcayrbifbl MEH KopwarfaH opmara mepic acep ememid eme yiibl
Kocblnbicmap wbiFapadbl. CoHbIMEH Kamap, du3esibdeai apoMammel KemipcymekmepOiH XoFapbl
KOHUeHmMpauusicbl OHbIH canacbiH edayip memeHdemedi, HomuxxeciHOe kyle natida 6os1adbl XoHe
uemaH caHbl a3as0bl. Eepo-5 cmaHOapmmapbiHa calkec noauyukndi xow uicmi Kemipcymexkmep
MeH KyKipm KoCblibicmapbiHbIH Mesnwepi calikeciHwe 8% xoHe 10 me/ke acnaybl kepek. XKofapsbl
canarsnbl Ou3eslb OMbIHbIH 6HOIPY MOCENEeCiH wewy ywiH a2emepoeeHOi KamarnuszamopnapObiH
KambiCybiMeH audpomaa3sarnay rpoueci KordaHbinaobi.

Makanada modenblik Kocrnadarbl eudpoma3sanay rnpoueciHid benceHdinieiH 3epmmey ywiH
Me30KeyeKkmi anomocunukammap MeH onapObiH Heei3iHOe bugpyHkuuoHandbl
Kamanu3zamopnapdblH cUHMe3i KenmipinaeH. AnbiHraH ynainep COM, memeH memnepamypada
azommbiH adcopbuusicbl/decopbuyusicbl, peHmaeHOiK KypbinbiMObIK marnday XeHe UHGpaKbi3bin
crniekmpliH @ypbe mypreHyi cuskmbel apmypsii ousuka-xumusisibik a0dicmepdi KondaHy apKbisibl
3epmmendi. Ni/lMAS- H-6eHmoHum xsHe Mo/MAS-H-6eHmoHum kamasnusamopriapbl oHmadsbl
xardatinapda (240°C, 3 Mflla xsHe 0,5 c*) 2udpomasanay npoueciHde xorapbl 6enceHdinik rneH
cesiekKmuemirik kepcememiHi aHbIKmMarobi.

TytiH ce30ep: Me3okeyekmi antoMocunukammap, 6ughyHKyuoHanobl Kamanusamopnap,
Hukesb-mMonuboeH KypamObl kKamarsusamopnap, 2udpodeapomamu3sayusi, Modernsdi Kocra.
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3AKbIMOAHFAH «<KAHALCKASAl» C¥PbINTbl BUOAU T¥KbIMbIHAH ANbIHFAH
CO:-CbifblIHAbICbIHbIH ®UTOXUMUATIBIK CAPANTAMACDI

AHOamna: byn makanada «KaHadckasi» CcOpMbIHbIH mMymac XoHe eHeeH (3aKbiMOaHfaH)
budali mykbiMbIHa canarsblK XoeHe caHOblK manday Hemuxernepi KenmipinzeH. ©OHeeH
(3aKkbiMOaHfaH) budal OoHiHeH xofapbikpumukarsnbiK ¢praoudmi CO»-3KCmpaKyuscbl apKbisbl
CbifbIHObI anbiHObl. PumoxumusinbiKk manday Homuxeci 6olbiHwa CQO2-CbiFbIHObIHbIH KypaMbiHOa
Kemipcyrnap, amuHKbiWwKbIndap, ¢rnasoHoudmap, Mal KbiwKblidapbl alkebiHOandel. [a3dbi
xpomamozpacgbus 80ici apKblisibl CbifbIHObIOa 14 Mal KbiwKbiibl 6ap eKeHi aHbIKmasnobl, OHbIH 6acbiM
beniei memun wmupucmam (42,57%), memun dekaHoam (25,85%), yuc-10-neHmadekeH
KbIWKbIbIHBIH ~ Memun  agupi  (16,80%) xoeHe wmemun nanmumam (7,35%) Kypadbl.
«Ypanocubupckas 2» 6udali masa mymac OsoHiHeH anbiHFaH  COx-CbifbIHObICLIMEH
canbicmbipraHda 3akbiMOaraH «KaHadckasiy 6udalli  cypbliribiHaH  arnblHFaH  CbifbIHObIOA
atmaprbikmal albipMmawbinbik 6alkanmadsl. Tek memurn naypam Menwepi 4 ece, memurn
cmeapam — 12 ece, uuc-10-eenmadeueH KblWKbIIbIHbIH mMemusn agupi — 3 ece a3 60n0kbl.
KepiciHwe, 3akbimOaraH 6udatidaH anbiHraH CO;z-cbifbiHObICbIHOA Memursl OekaHoam Mmenuiepi 4,48
%-ra, an yuc-10-neHmadeueH KblWKbIbIHbIH Memur 3¢hupi — 14,52%-ra xorapbi 60510b1. COHbIMEH
Kamap, ocbl CbifbiIHObIOa «Ypanocubupckas 2» 6udal masa mymac OeHiHeH arnbiHfraH CO;-
CbifbIHObICbIHOa boniMaraH Memun yHOekaHoam, Memusl nafibmumam, Memusn 6e2eHam KaHbIKKaH
mal Kblwkbindapbl aHblKmandbsl. Tarbl eckepemiH xaum, 3akbiMOaHraH «KaHadckasi» 6udal
cypbinbiHadH  aneiHFaH  COz-akcmpakma  KaHbiknaraH mMal  KbIWKblidapbiHbIH — oKindepi
udeHmupukayusinaHobl. XKannbl onapdeiq yneci 19,7% Kypadbi. Kanunnsprnbl anekmpoghopes
Hemuxernepi 6olbiHwWa B mobbiHOarbl dapymeHOep iwiHeH muaMuHHiH (B1 OspyMeHiHiH) yneci
Jxorapbl 6ondbl xeHe 0,13 £ 0,03 me/100 2 Kypalsi, anatida oHbIH budal myKbiMbiHOa 6ornambiH
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