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Abstract. Introduction. The physico-chemical and catalytic properties of the bifunctional catalyst
Ni-Mo-Al-HMS-H-bentonite were investigated in the hydrogenation of a model mixture of 2-
methylnaphthalene and dibenzothiophene. This study aimed to compare the properties of fresh and
regenerated catalysts and evaluate their efficiency in this reaction. Results and discussion. Catalyst
physico-chemical parameters were analyzed by X-ray photoelectron spectroscopy, temperature-
programmed hydrogen reduction, nitrogen adsorption-desorption analysis and thermogravimetric analysis.
It was established that nickel and molybdenum are mainly present on the catalyst surface in oxide and
sulfide forms that determine its catalytic activity. Textural analysis showed that the catalyst possesses a
well-developed mesoporous structure with a monomodal distribution of pore sizes. After the catalytic
reaction and regeneration, a decline in the textural characteristics were evaluated. Catalytic tests were
carried out at 260°C, hydrogen pressure of 6 MPa and reaction time of 5 hours. The fresh catalyst
maintained stable activity for four reaction cycles, while the regenerated catalyst demonstrated high
efficiency for three subsequent cycles. Conclusion. The obtained results confirm the potential application
of the Ni-Mo-Al-HMS-H-bentonite catalyst in hydrogenation processes of aromatic and sulfur-containing
compounds.
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1. Introduction

A substantial reduction in sulfur and aromatic compounds in petroleum
products has become necessary due to the tightening of environmental standards
for motor fuel quality. Sulfur-containing compounds, such as dibenzothiophene
and its derivatives, produce sulfur oxides during combustion and must be
removed from petroleum fuels. Therefore, the removal of these compounds is of
considerable importance in contemporary petroleum refining [1]. Nowadays
hydrodesulfurization is the most widely employed and effective industrial method
for sulfur removal from petroleum fractions. This process is based on the catalytic
hydrogenation of sulfur-containing compounds, followed by cleavage of the C-S
bond [2,3].

The most widely used hydrodesulfurization catalysts are Ni-Mo and Co-Mo
systems supported on oxide or aluminosilicate carriers. The high catalytic activity
of these systems is attributed to the formation of an active Ni-Mo-S sulfide phase.
This phase promotes both the hydrogenation of aromatic compounds and the
cleavage of C-S bonds in sulfur-containing molecules [4]. Activity and selectivity
of such catalysts strongly depend on the structure of the active phase, the metal
particle dispersion and the characteristics of metal-support interactions [5,6].

The use of mesoporous aluminosilicate materials as supports for
hydrotreating catalysts has generated particular interest. Such materials are
notable for their large surface area, highly developed porosity, and the ability to
tune surface acidity. These properties enable high dispersion of active metal
components and facilitate reactant access to the catalytic sites [7].

Despite extensive studies on Ni-Mo catalysts, their stability and regeneration
under hydrogenation and hydrodesulfurization conditions remain relevant. During
operation, catalysts may undergo deactivation due to coke formation,
agglomeration of active particles, and changes in the textural characteristics of the
support [8]. In this regard, the comparative study of fresh and regenerated
catalysts remains of considerable interest. It provides insight into the effect of the
catalytic process on catalyst structure.

This work focuses on investigating the physico-chemical and catalytic
properties of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite catalysts in the
hydrogenation of a model mixture of 2-methylnaphthalene and dibenzothiophene.
Dibenzothiophene was selected as a representative sulfur compound, since middle
distillates mainly contain its alkylated derivatives [9]. The novelty of this work
lies in the use of a combined Al-HMS-H-bentonite support containing activated
bentonite from the Tagan deposit. This approach contributes to the development
of catalytic materials based on Kazakhstan's significant bentonite resources.
Particular attention is devoted to the state of active metal sites, the textural
characteristics of the catalysts, and the evaluation of their catalytic activity, as
well as to the effect of the regeneration process on the performance of the
catalytic system.
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2. Experimental part

Al-HMS mesoporous aluminosilicate with a Si/Al = 10 was obtained by a
templating method using hexadecylamine. Tetraethyl orthosilicate and aluminum
sec-butoxide were used as the sources of Si and Al, respectively. The resulting
precipitate was separated by centrifugation, dried, and subjected to thermal
treatment.

The catalysts synthesized by incipient wetness impregnation of the AI-HMS-
H-bentonite support with aqueous solutions of Ni(NOs),'6H,O and
(NH4)sM070.4-4H,0, where activated bentonite was used as a secondary support.
The obtained catalysts contained 5 wt.% Ni and 5 wt.% Mo. After mixing the
solutions with the support, the samples were dried and subjected to thermal
treatment.

The state of the metal centers in the catalysts was investigated by X-ray
photoelectron spectroscopy (XPS) using a Nexsa G2 spectrometer (Thermo
Scientific) and by hydrogen temperature-programmed reduction (H>-TPR) by a
Micromeritics AutoChem 2910 system. The textural characteristics of the
synthesized samples were determined from nitrogen adsorption-desorption
isotherms at 77 K using a Micromeritics TriStar 3000 analyzer. The specific
surface area was calculated by the Brunauer-Emmett-Teller (BET) method, while
the total pore volume and pore size distribution were determined using the
Barrett-Joyner-Halenda (BJH) method. Thermogravimetric analysis (TGA) of the
bifunctional catalysts was carried out using a Mettler Toledo TGA/SDTA 851e
instrument in an air atmosphere over a temperature range of 30-1000°C with a
heating rate of 10°C/min.

The hydrogenation of aromatic compounds was studied using a model
mixture. The mixture contained 9 wt.% 2-methylnaphthalene, 300 ppm
dibenzothiophene (DBT), and 91 wt.% n-hexadecane. Before the experiments, the
catalysts were activated in a flow reactor at 400°C in a H>S/H; stream (10 vol %)
for 5 hours with a heating rate of 4°C/min. After the hydrogenation reaction, the
catalyst was regenerated in a muffle furnace in an air flow at 500°C for 5 hours
with a heating rate of 3°C /min. The reaction was carried out in a high-pressure
reactor at 260°C for 5 hours under a hydrogen pressure of 6 MPa. After the
reaction, the products were examined using gas chromatography-mass
spectrometry.

3. Results and discussion

The state of the active metal centers in the Ni-Mo-Al-HMS-H-bentonite
catalyst was analyzed by XPS (Figure 1).
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Figure 1 — XPS profiles corresponding to Ni 2p (a) and Mo 3d
(b) for the bifunctional Ni-Mo-Al-HMS-H-bentonite catalyst

Analysis of the Ni 2p spectrum reveals the presence of two spin—orbit
doublets (Figure 1a). The main Ni 2ps/, peak is observed at 857.2 eV with a
satellite peak at 861.9 eV, while the Ni 2p1/> peak is located at 874.9 eV with a
satellite signal at approximately 880.3 eV. The Ni 2ps/> peak corresponds to
nickel oxide (NiO), indicating the presence of nickel in the oxidized Ni** state
[10]. The presence of characteristic satellite peaks further confirms the oxide form
of nickel.

The Mo 3d signals are displayed in Figure 1b. The obtained spectra exhibit
two main peaks corresponding to the Mo** and Mo®* oxidation states. The signals
observed at binding energies around 232.0 eV and 236.1 eV are identified as
MoS; and MoOs; species, respectively [11]. This indicates the presence of
molybdenum in both sulfide and oxide forms in the catalyst.

Metal-support interactions were investigated by H,-TPR. The H2-TPR curve
of the Ni-Mo-AI-HMS-H-bentonite catalyst illustrates three peaks associated with
different stages of reduction of the metal phases (Figure 2).
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Figure 2 — Ho-TPR curve of the Ni-Mo-Al-HMS-H-bentonite catalyst

43



ISSN 1813-1107, elSSN 2710-1185 Ne 2, 2026

In Figure 2, the peak around 435°C is attributed with the reduction of NiO
and MoO;z; oxides exhibiting high reducibility, corresponding to the
transformation of Ni** to Ni° and Mo® to Mo* [12]. The peak at 600°C is
associated with stronger metal-support interactions, indicating enhanced stability
of the metal phases. A high-temperature peak at around 852°C is associated with
the reduction of hardly reducible molybdenum species. It may correspond to the
transformation of Mo** to Mo°. The presence of this peak indicates the high
thermal stability of the catalyst. Further, to evaluate the effect of the
hydrogenation of aromatic compounds on the physico-chemical properties of the
catalyst, a comparison of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite
samples was performed.

The catalyst’s textural characteristics were studied by analyzing the BET
surface area, pore volume, and average pore diameter. These parameters play an
important role in the formation of active sites and the accessibility of reactants to
the catalyst surface. The obtained results are presented in Figures 3 and 4.
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Figure 3 — N2 physisorption isotherms of fresh and regenerated catalysts

An analysis of the textural characteristics of the Ni-Mo-Al-HMS-H-bentonite
system was conducted using nitrogen physisorption. As shown in Figure 3, both
fresh and regenerated samples exhibit type IV adsorption-desorption isotherms
according to the IUPAC classification. The distinct H4 hysteresis loop observed
for these materials serves as evidence of their mesoporous nature. The steep rise
in adsorption within the 0.4-0.8 P/Py region can be attributed to the filling of
mesopores via capillary condensation [13]. A comparative analysis reveals that
the regenerated catalyst shows a significant decline in nitrogen uptake relative to
its fresh counterpart. This reduction points to a partial degradation of the porous
structure or a loss of surface area, likely resulting from the harsh conditions of the
catalytic reaction.
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Figure 4 — Pore size profiles of fresh and regenerated catalytic materials

Figure 4 shows the pore size profiles of fresh and regenerated Ni-Mo-Al-
HMS-H-bentonite catalysts. The distribution is monomodal and lies within the
mesopore region (Figure 4). The fresh catalyst is characterized by a maximum at
3.46 nm, whereas the regenerated sample exhibits a shift of the maximum toward
smaller pore sizes, 2.36 nm, along with a decrease in peak intensity (Table 1).

Table 1 — Textural characteristics of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite catalyst

Ni-Mo-Al-HMS-H-bentonite Specific surfage area Pore vglume, Average pore diameter,
(BET), m?/g cm3/g nm

Fresh 805 0.74 3.46

Regenerated 675 0.67 2.36

After regeneration, the BET of the catalyst decreases from 805 to 675 m?/g,
while the pore volume decreases from 0.74 to 0.67 cm®g (Table 1). The reduction
in textural characteristics after regeneration is likely associated with partial pore
clogging by carbonaceous deposits formed during the catalytic reaction [2].

The TGA curves of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite
catalysts show a decomposition of the sample with rising temperature. The
primary decomposition step is observed from 200 to 600°C and is associated with
the removal of adsorbed moisture, residual organic compounds, and the
decomposition of surface functional groups (Figure 5).
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Figure 5 — TGA curves of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite catalysts

As shown in Figure 5, the fresh catalyst demonstrates a more weight loss
compared to the regenerated sample. This may be attributed to the presence of a
larger amount of surface species and residual organic compounds, whereas the
regenerated catalyst demonstrates higher thermal stability [14].

The results of the study on the effect of sulfur-containing compounds on
catalyst performance are presented in Figure 6 and Table 2. The catalytic
performance was evaluated in the hydrogenation of a model mixture of 2-
methylnaphthalene and dibenzothiophene at T = 260°C, P(H2) = 6 MPa, and a
reaction time of 5 hours. The catalyst stability was examined over four
consecutive cycles. It was found that after regeneration, the catalyst retains high
activity for up to three cycles.
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Figure 6 — Selectivity of hydrogenation products of a sulfur-containing model compound over fresh
and regenerated Ni-Mo-Al-HMS-H-bentonite catalyst
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Table 2 — Comparison of the performance of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite catalysts
in the hydrogenation of a model mixture of 2MD and DBT

Conversion, % Selectivity, %
Ni-Mo-Al-HMS-H-
bentonite
2MN DBT 2MD 2MT 6MT BP THDBT | CHB
Fresh 92 76 68 8 27 52 19 29
Regenerated 86 61 56 13 31 46 10 44
*Note:

2MN: 2-methylnaphthalene;

DBT: dibenzothiophene;

2MD: 2-methyldecalin;

2MT and 6MT are 2-methyltetralin and 6-methyltetralin, respectively;
BP: biphenyl;

THDBT: tetrahydrodibenzothiophene;

CHB: cyclohexylbenzene.

The target products of hydrogenation are 2-methyldecalins and biphenyl. A
comparison of fresh and regenerated catalysts revealed a decrease in both
conversion and selectivity toward the target products after regeneration. The
conversion of 2-methylnaphthalene decreases from 92 to 86%, while the
conversion of dibenzothiophene decreases from 76 to 61%. At the same time, the
selectivity toward 2-methyldecalins decreases from 65 to 56%, and the selectivity
toward biphenyl in the hydrodesulfurization of dibenzothiophene decreases from
52 to 46%. Furthermore, the fresh catalyst yielded 63% 2-methyldecalin and 40%
biphenyl. The corresponding values for the regenerated catalyst were 48% and
28%, respectively. The reduction in conversion and selectivity after regeneration
may be attributed to partial changes in the state of active metal centers and a
decrease in the catalyst textural characteristics. In addition, interaction of sulfur-
containing compounds with active metal sites may lead to a decrease in their
accessibility [15].

4. Conclusion

The physico-chemical and catalytic properties of fresh and regenerated Ni-
Mo-Al-HMS-H-bentonite catalysts were investigated. Their performance was
evaluated in the hydrogenation of a model mixture of 2-methylnaphthalene and
dibenzothiophene. It was shown that the catalyst possesses a well-developed
mesoporous structure and high catalytic activity. It was established that the
catalyst maintains stability over four reaction cycles and, after regeneration,
demonstrates high performance over three subsequent cycles. The obtained results
confirm the potential of this catalyst for application in the hydrogenation of
aromatic and sulfur-containing compounds.

Funding: This research was funded by the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan (Grant No. AP32724827).
Conflict of Interest: The authors declare no conflict of interest.
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PEIEHEPAIIS U KATAJIMTUYECKAS AKTUBHOCTbD NI-MO-AL-HMS-H-BEHTOHUT
KATAJIM3ATOPA B TIPOLECCE T'HIPUPOBAHUA APOMATHYECKHUX
YIVIEBOAOPOJ10B
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Pestome: Bseoenue. @DU3MKO-XUMUYECKHE M KaTAUTHYECKHE CBOMCTBA  OM(YHKIMOHAIBHOIO
karanuzaropa Ni-Mo-Al-HMS-H-GenToHnT GbutH HCCIEOBAaHBl B PEaKUUU THAPUPOBAHUS MOCIHHOI
cmecu 2-metunHadranmuaa u aunbeHsotuodena. [leavio 0aHHO20 ucciedo8anus SBISUIOCH CPaBHEHHE
CBOMCTB CBEXET0 U PEreHepUPOBAHHOIO KAaTaIM3aTOPOB, a TAKKE OLEHKA UX d3()(PEKTUBHOCTH B JaHHOH
peakuuu. Peszynemamur u o6cyscoenue. PU3NKO-XMMHUYECKHE XapaKTEPUCTHKU KaTaIU3aTOPOB ObUIH
H3YYCHBl C  HCIOJNB30BAHMEM  PEHTTCHO(OTOINIEKTPOHHON  CHEKTPOCKOIHH,  TEMICPAaTypHO-
IIPOrPaMMHUPOBAHHOTO  BOCCTAHOBIEHMS BOJOPOJIOM, AaHAlIM3a aAcopOLMH-IecopOnuH a3oTa |
TEpMOrPaBUMETPUUECKOTO aHaIU3a. YCTaHOBIEGHO, YTO HHUKEIb H MONUOACH HPEUMYIIECTBEHHO
MPUCYTCTBYIOT Ha IIOBEPXHOCTH KaTrajau3aTopa B OKCHAHOH U cynbduaHod Qopmax, KoTopble
OIPE/IEIIAIOT €r0 KaTaIMTHYECKYI0 aKTUBHOCTb. TEKCTYpHBII aHaIu3 1oKa3all, 4YTo KaTajlu3aTop 001anaer
XOpOLIO pPa3BUTOM ME30MOPUCTON CTPYKTYpPOH C MOHOMOAAJIBHBIM pacmpeneneHueMm mop. [locne
KaTAIMTUYECKOH peakuuu W pereHepanud ObUIO OTMEYEHO CHM)XKEHHE TEKCTYPHBIX CBOMCTB.
KaTanutuuecknue ucnbiTaHus NPOBOJMIMCH NpH Temnepatype 260°C, maBinenuu Bojopona 6 Mlla u
BpEMEHH peakiuy 5 yacoB. CBEeXUI KaTalu3aTop COXPaHAI CTAOMIBHYIO aKTHBHOCTD B TEUCHUE YETBHIPEX
PCaKLHOHHBIX IMKJIOB, TOTJa KaK PEreHepUpPOBAHHBIA KaTaau3aTop JAEMOHCTPUPOBAN BBICOKYIO
9 (EeKTUBHOCT, B TEUEHHUE TPEX HOCIEAYIOUUX LHUKIOB. 3axniouenue. IlonydeHHbIe pe3ybTaThl
MOJTBEPXK/AAIOT IIEPCIIEKTHBHOCTD IpuMeHeHus karanuszaropa Ni-Mo-Al-HMS-H-6exronut B mponeccax
THAPUPOBAHKS aPOMATHYECKUX U CEPOCOACPIKAIIIX COCAUHCHUN.

KiroueBble cj10Ba: ME30IOPHCTHIA aTIOMOCHIINKAT, AaKTUBUPOBAHHBIA OCHTOHUT, OM(YHKLMOHAIbHbIH
katanmzarop, Ni-Mo, MoJienbHast cMech
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Tyiiingeme. Kipicne. Ni-Mo-Al-HMS-H-6GenTonut OU(YHKIMOHAIIB KaTaIU3aTOPBIHBIH  (H3HUKa-
XUMHUSUIBIK JKOHE KaTaIWTHKAIBIK KacueTTepi 2-MeTWiHa(TaluH MEH AMOEH30THO(QEHHIH MOJIEIb/Ii
KOCHAChIH THApPIIEY pEeaKkUWsIChIHIA 3epTTeNi. 3epmmeyodiy Mmaxcamsl KaHa JKOHE pereHepanusulaHFaH
KaTalM3aTopiapablH KaCHETTEPIH CaJbICTBIPY, COHIAM-aK OJapAblH OCBI peakuusaarbl 3Q(eKTHBTLTIrH
Garanay Oomnmsl. Homuowcenep sicone manxvliay. Karanuzaropaapasiy GU3HUKa-XUMHSIIBIK CHITATTaMaTapbl
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PEHTTeHO(DOTONICKTPOHABIK CIIEKTPOCKOIIHS, CYTEK TEeMIIEpaTypalblK OarJapiaMalaHfaH CyTeriMeH
TOTBIKCBI3IaHy, A30TTHIH aJCOPOLUSI-IeCcOpOIUs OMICi KOHE TEPMOTPABUMETPUSIIBIK Taljlay apKbLIBI
3epTTeNii. 3epTTey HOTHXKECIH/AE KaTalU3aTOP/bIH aKTHBTUINH aHBIKTAWTBIH HUKEIb MEH MOJMOACH
OHBIH OCTiH/Ie HETi3iHeH OKCUATI koHe Cyab(UATI Kyiiae OoJaThiHBI aHBIKTAIIbL. TEeKCTYpasbIK Tanaay
KaTau3aTop/IblH JKaKChl JaMbIFaH ME30KEYEKTi KYPhUIBIMFa U €KCHIH JKOHE KEYeKTEeP/iH MOHOMOAAIIBIbI
TapadybIMEH CHUIIATTANaThIHBIH KepceTTi. KaraluTHKanblK peakiuss MEH pereHepalusaaH Keiin
TEKCTypaJIbIK KacHeTTepliH TeMeHzaeyi Oaiikanasl. Karanutukansik ceiHakrap 260°C Temneparypana, 6
MIla cyTek KbICBIMBIHIA JKOHE 5 cararT peakisi yakbIThl jkaraaiibinaa kyprizingi. XKana karanuzarop
TOPT PEAKIMSUIBIK LUK OOMBI TYPAKTHIFBIH CaKTaca, pereHepalisIaHFaH KaTalnnu3arop KeHiHri Y HUKIIe
JKOFapbl TYPAKTBUIBIK KopceTTi. Kopwimoinovl. Anbiaran natikenep Ni-Mo-Al-HMS-H-Gentonur
KaTaJlM3aTOPbIHBIH apOMAaTThl JKOHE KYKIPTKYpPaMIbl KOCBUIBICTAP/bl THAPIEY MPOLECTEpiHAe KOJAaHy
MYMKIHZITIHIH jKOFapbl €KeHiH JAJICIACHII.

Tyiiin ce3mep: ME30KEyeKTi aTFOMOCUIINKAT, aKTUBTCHAIPIITeH OCHTOHUT, OU(YHKIIMOHAIIBI
karanu3arop, Ni-Mo, Mozernb/ii Kocra

Ab6opacunosa Anvouna Kanamosna PhD
Bacununa I'yazupa Kaxcemypamosna Xumusi 2b1IbIMOGPLIHBIH KAHOUOAM bl
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