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This study investigates the effect of dibenzothiophene on the hydrogenation of aromatic
hydrocarbons over bifunctional catalysts based on mesoporous Al-HMS aluminosilicates.
Mesoporous aluminosilicate materials with different Si/Al ratios varying from 10 to 70 were
synthesized and employed as supports for Ni-Mo-Al-HMS-H-bentonite catalysts. The physico-
chemical features of the materials were characterized using ICP-OES, nitrogen physisorption at
low temperatures, XRD, FTIR, and pyridine adsorption FTIR spectroscopy. Catalytic activity was
evaluated in the hydrogenation of a model mixture of 2-methylnaphthalene and n-hexadecane
at temperatures between 220-300°C and at 6 MPa H,. The optimal catalytic performance was
observed for the sample with a Si/Al ratio of 10, displaying high conversion and selectivity
to 2-methyldecalin as a result of sufficient Brgnsted and Lewis acidity. The presence of
dibenzothiophene leads to a decrease in conversion and selectivity due to sulfur-induced catalyst
poisoning and shifts the optimal reaction temperature from 240 to 260°C. These findings highlight
the important role of acid properties of mesoporous aluminosilicates in hydrogenation and
hydrotreatment processes of aromatic compounds.
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Byn )KymbicTa me3okeyeKTi Al-HMS antomocuamMKarTapbiHa HerizgenreH 6udyHKLMoHanabl
KaTanusaTopnapablH, KaTblCybIMeH apomatThbl KeMipCyTeKTEPAIH, rmapneHyiHe
anbeH3oTModpeHHIH acepi 3epTTeneai. pTypai 10-HaH 70-Ke aeniHri apTypni Si/Al KaTbiHaCbl
6ap me3oKeyeKTi anomocunukaTt matepuangapbl cuHtesgenin, Ni-Mo-Al-HMS-H-6eHTOHUT
KaTanu3aTopiapbl YWiH TacbiManafblll peTiHAe nankaanaHbingbl. ANbIHFAH MaTepuanaapablH,
du3nKa-xMumuanbiK KacmetTtepi ICP-OES, TemeH TemnepaTtypanbl a30T GU3MKANIbIK aacopbumaco,
peHTreH audpakumscbl, FTIR cNeKTPOCKOMUACH! KaHe apcopbuumsanaHFaH nUpUAWHHIH FTIR
CMeKTPOCKOMMUACHI apKblbl cunatTangbl.. Katanutukanolk 6enceHpinik 2-metunHadTanuH
MEH H-TeKCafeKaHHbIH, mogAenbai KocrmacbiHbliH, 220-300°C TemnepaTypa Aguanas3oHbiHAa 6
MnMa H, KbicbiMblHAa rMAPAey peakuusacbiHaa GafanaHAbl. BpeHcTes KaHe JIbIOMC KblWKbIA
OpTaNbiKTapblHbIH, OHTaNALI MewwepiHe 6arnaHbicTbl Si/Al KatbiHackl 10 60n1aTbiH KaTanusatop
MAKCaTTbl OHIM, 2-METUAAEKANIMNH YLLIIH KOFapbl KOHBEPCUA MEH CENIeKTUBTINIKTI KaMTamacbl3
eTeTiHi aHblkTanabl. AubeHsoTnodeHAl KOCYy KaTanusaTopablH, aKTUBTI OPTanblKTapbIHbIH,
KYKIpTNEeH ynaHybiHa 6aWAaHbICTbl KOHBEPCUA MEH CEeNEeKTUBTINIKTI TemeHAeTeTiHi, CoHpawn-
aK OHTaWbl npouecc TemnepatypacbiH 240-TaH 260°C-ka AeniH e3repTeTiHi KepceTingi. byn
HaTUXKenep Me30KeyeKTi aNloMOCUAMKATTapAbIH,  KbIWKbINABIK KacMeTTepiHiH apomaTTbl
KOCbINIbICTAapAbl FUAPAEY XKaHE FMAPOTa3apTyAafbl MaHbI3Abl PeiH pacTaiabl.
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apOMaTUYECKUX YIeBOAOPOLOB B MNPUCYTCTBUM OUPYHKLMOHANbHBIX KATannM3aTOpPOB Ha
OCHOBE ME30MOPUCTbIX antoMocuamkatoB Al-HMS. BbinnM cUHTE3MPOBaHbI ME30NopUCTble
aNtOMOCUIMKATHbIE MaTepmasbl C Pas3iMiHbIMK COOTHOWeHMAMM Si/Al B ananasoHe ot 10 4o 70 n
MCMNONb30BaHbl B KaYecTBe Hocutenel ana katanmsatopos Ni-Mo-Al-HMS-H-6eHTOHUT. dusumko-
XMUMUYECKMe CBOMCTBA NOIyYEeHHbIX MaTepuanos Bblan oxapakTepusosaHbl metogamu ICP-OES,
HU3KoTemnepaTypHoi pusmyeckoin agcopbumm a3ota, peHTreHOBCKOM andpakumm, UK-Oypbe-
cnekTpockonuun n UK-dypbe-cnekTpockonuu aacopbrupoBaHHOro nupuamnHa. Kataantuyeckyto
aKTUBHOCTb OLEHMBANAW B Peakuum TMAPUPOBAHUA MOALENbHOW cmecu 2-meTunHadTanuHa
N H-TeKcageKaHa B TemnepaTypHOm uHTepBane 220-300°C u npu 6 MMa H,. Haunyuywwe
KaTa/IMTUYECKME XapaKTepUCTUKK Bbian nonydeHbl Ana ob6pasua c cooTHoweHuem Si/Al, paBHbim
10, KOTOpPbI NPOABUA BbICOKYIO CTeNeHb KOHBEPCUM U CENEKTUBHOCTM NO LeNIeBOMY NPOAYKTY
2-MeTUNAEKANNHY, 4YTO O0B6YC/NOBAEHO [O0CTATOYHBIM KO/NIMYECTBOM KUC/IOTHbBIX LLEHTPOB
BpeHcTeaa u Nlbtonca. MpucytcTene gmbeHsoTMoPeHa NPUBOAUT K CHUNKEHUIO KOHBEPCUU U
CeNneKTUBHOCTU BCNeACTBME CEPHOro OTPaB/JIEHWA KaTanu3atopa U CMellaeT OMNTUMAJbHYH
Temnepatypy peakuun ¢ 240 po 260°C. MNonyyeHHble pe3ynbTaTbl NOAYEPKUBAIOT BaXKHYO
PO/ib KUC/IOTHBIX CBOWCTB ME30MOPUCTBIX a/SIIOMOCWU/IMKATOB B MpoLeccax rMApupoBaHUsa U
r'MAPOOYMNCTKM aPOMATUYECKUX COeAUHEHWNN.

KnioueBble c/n0Ba: Me30mnopbl; antomocuaukatel; Si/Al; apomaTuyeckue coeguHeHus;
KaTasnusaTop.
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1. Introduction

The progressive strengthening of environmental
requirements for diesel fuel composition stimulates the
development of more selective and deep purification processes.
Aromatic hydrocarbons, as well as sulfur- and nitrogen-
containing compounds, remain among the key factors limiting
the production of environmentally compliant fuels. In the
United States, regulatory measures lowered the sulfur content
in diesel fuel to 15 ppm by 2006 [1]. The Euro 7 framework limits
a maximum sulfur level of 10 ppm, with nitrogen oxide emissions
regulated within the range of 0.01-0.03 g km™ [2].

Hydrodearomatization (HDA) and hydrodesulfurization
(HDS) represent the principal processes employed to decrease
the aromatic hydrocarbon content in diesel fuels. It should be
noted that fuel dearomatization is often accompanied by the
simultaneous occurrence of hydrodesulfurization reactions,
since many sulfur-containing components of diesel fractions
belong to polyaromatic compounds [3]. The implementation of
these processes contributes to the achievement of the United
Nations Sustainable Development Goals 3 “Good Health and
Well-Being” and 13 “Climate Action” [4].

Due to their high catalytic activity, selectivity, and thermal
stability, zeolite catalysts are widely used in deep hydrocarbon
processing. In contrast to conventional supports such as y-ALO,,
zeolites exhibit a pronounced shape selectivity effect that
promotes directed reaction pathways and enhances selectivity
toward target products [5]. However, the microporous nature
of zeolites leads to limited accessibility of active sites and
diffusion constraints for reactants, which in some cases may
reduce their catalytic efficiency [6].

Mesoporous aluminosilicates with an ordered porous
structure represent a promising alternative to zeolite catalysts.
Their well-developed mesopore system and high specific
surface area ensure efficient reactant transport, high dispersion
of active sites, and reduced mass transfer limitations,
which is particularly important for reactions involving bulky
molecules [7].

In HDA and HDS processes, acid sites of moderate strength
play a key role. Such sites enable the activation of hydrocarbon
compounds without promoting undesirable side reactions,
including cracking and coke formation[8-10]. The acidic
properties of mesoporous aluminosilicates, including the
concentration and strength of acid sites, can be purposefully
tuned by varying the Si/Al ratio, which allows optimization of
the catalytic performance of the materials in HDA and HDS
reactions.

Thus, the aim of the present work is the synthesis of
mesoporous aluminosilicate materials with different Si/Al ratios
and the preparation of catalysts based on these materials, as
well as the investigation of dibenzothiophene effects on
aromatic hydrocarbon hydrogenation over the obtained
catalytic systems.

2. Experiment

2.1 Materials

All chemicals used were purchased from Sigma-Aldrich
and were used without further purification: aluminum-tri-sec-
butoxide (aluminum sec-butoxide, 97%, 246.32g/mol),
tetraethoxysilane (TEOS, 98%, 208.33 g/mol), nickel nitrate
hexahydrate (Ni(NO,), 6H,0, 99.9%, 290.79 g/mol), ammonium
heptamolybdate tetrahydrate (NH,),Mo,0O,, 4H,0, extra pure,
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1235.86 g/mol), dibenzothiophene (DBT, 98%, 184.26 g/mol),
2-methylnaphthalene (95%, 142.20 g/mol), n-hexadecane (99%,
226.44 g/mol) and activated bentonite from Tagan field (East
Kazakhstan region).

2.2 Preparation of mesoporous aluminosilicate supports
and catalysts based on them

The synthesis of mesoporous aluminosilicate materials
with different Si/Al ratios and catalysts based on these materials
was carried out following the procedure described in [11].
Aluminum sec-butoxide, tetraethyl orthosilicate (TEOS), nickel
nitrate hexahydrate, and ammonium heptamolybdate
tetrahydrate were used as precursor reagents. Activated
bentonite was employed as a secondary support, where the
mesoporous aluminosilicate and H-bentonite contents were 35
wt% and 65 wt%, respectively.

2.3 Physico-chemical characterization of the synthesized
samples

The Si/Al ratios of the mesoporous aluminosilicates were
quantified by inductively coupled plasma optical emission
spectroscopy (ICP-OES) using a Spectro Arcos Multiview FHX22
instrument. Structural ordering was evaluated by X-ray
diffraction (XRD) on a Philips X’PERT MPD diffractometer
employing Cu Ko radiation (A = 0.15418 nm). Textural
characteristics were determined from nitrogen adsorption-
desorption isotherms measured at 77 K with a Micromeritics
Tristar 3000 analyzer. The specific surface area was calculated
according to the Brunauer-Emmett-Teller (BET) . method,
whereas pore volume and pore size distribution were obtained
using the Barrett-Joyner-Halenda (BJH) approach. Fourier-
transform infrared (FTIR) spectra were collected on a Thermo
Scientific Nicolet iS50 spectrometer,and the acidic properties of
the materials were investigated by pyridine adsorption followed
by FTIR analysis on a Jasco FT/IR-4600 instrument.

2.4 Evaluation of the catalytic performance of bifunctional
catalysts

Catalytic performance tests were conducted in a high-
pressure reactor at temperatures of 220-300°Cand at6 MPa H,,
with a reaction duration of 5 hours. A model mixture consisting

(a) 250
&
_ 4
< 200 %
o P
E ,/0' '
T 150 Y 4
] 4
] rd
® 100 -
: -
3 'y
(=] 4
> 504
L ]
0 T T T T T T
0.0 02 04 0.6 08 1.0
P/Po

(b) o.0012

of 9 wt% 2-methylnaphthalene, 300 ppm DBT, and 91 wt%
n-hexadecane was used to simulate the principal components
of diesel fuel. The catalyst loading was 0.2 g, corresponding to a
catalyst/feedstock ratio of 1:50. Prior to catalytic testing, the
catalyst was sulfided in a flow reactor at 400°C for 5 hina H,
stream containing 10 vol% H,S, with a heating rate of 4°C/min.
The active Ni-Mo phase is generally considered to consist of Ni?*
and Mo* species. The liquid reaction products were
characterized by GC-MS using a Shimadzu GCMS-QP2010 fitted
with a Restek Rxi-5 ms capillary column. All catalyticexperiments
were performed in triplicate.

3. Results and Discussion

The porous structure of Al-HMS mesoporous
aluminosilicates was examined by low-temperature nitrogen
adsorption-desorption. The main textural properties of the

samples with Si/Al ratios of 10, 30,50, and 70 are summarized in
Table 1.

Table 1 — Influence of the Si/Al ratio on the textural
characteristics of AI-HMS

Sample Initial Si/Al*  BET area, Pore Average pore
Si/Al m?/g volume, diameter,
ratio cm’/g nm
10 9 818 0.87 3.47
30 29 901 0.96 3.49

Al-HMS
50 50 932 0.96 3.86
70 68 956 0.98 3.86

* Si/Al ratio determined by ICP-OES

As shown in Table 1, all synthesized Al-HMS materials with
Si/Al ratios of 10, 30, 50, and 70 display a well-developed
mesoporous structure. This is evidenced by high specific surface

0.0008
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0.0004

0.0000 T T T
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Figure 1 — Nitrogen physisorption isotherm (a) and pore size distribution (b) for Al-HMS(10)
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areas (818-956 m?/g), pore volumes (0.87-0.98 cm?/g), and
average pore diameters (3.47-3.86 nm). A decrease in aluminum
content leads to an improvement in the textural properties of
the synthesized aluminosilicates, which may be attributed to
reduced framework distortion at lower aluminum content [12,
13].

Figure 1 displays nitrogen physisorption isotherm (a) and
pore size distribution (b) of AI-HMS(10) as a representative
example.

The nitrogen physisorption isotherm shown in Figure 1la
correspond to type IV with an H4 hysteresis loop classified
according to IUPAC standards. The appearance of hysteresis at
relative pressures P/P, > 0.4 is associated with capillary
condensation of nitrogen within the mesoporous structure [14].
The average pore diameter determined from the pore size
distribution curves is 3.47 nm (Figure 1b).

X-ray diffraction measurements provided additional
insight into the structural formation of Al-HMS-based catalysts
with varying Si/Al ratios. The XRD patterns of Al-HMS(10) and
Ni-Mo-Al-HMS-H-bentonite catalysts recorded in the 20 range
of 10-90° are shown in Figure 2.

Figure 2 — XRD patterns of AI-HMS(10) and Al-HMS based
catalysts with different Si/Al ratios

The resulting diffraction patterns indicate the presence of
crystalline Niand Mo phases in the catalyst composition. In the
26 range of 20-30°, Al-HMS(10) exhibits the amorphous nature
of the silica matrix (Figure 2). The diffraction peak at 26 = 27.3°
corresponds to the MoO, phase, whereas the peaks at 44.6 and
62.7° can be attributed to the cubic NiO phase [15-17].

In the case of Ni-Mo-Al-HMS(50)-H-bentonite, additional
reflections are observed. A reflection around 26° can be
associated with NiMoO, [18], whereas the peaks at 35.3°, 53.1°,
and 58.3° are assigned to MoO, [19, 20], and those at 43.3° and
66.1° to NiO [21, 22]. These reflections are observed exclusively
for this sample, while in the other samples these reflections are
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either absent or significantly less intense, suggesting a lower
extent of crystallization of the corresponding oxide phases.

Also, a gradual decrease in the intensity of diffraction
peaks is observed with increasing Si/Al ratio from 10 to 70,
indicating a reduction in the crystallinity of the oxide phases.
This trend suggests that higher Si/Al ratios promote a more
uniform distribution of metal species and suppress the
formation of well-defined crystalline domains [23, 24].

To investigate the interaction between silicon and
aluminum within the framework and the presence of hydroxyl
groups, Fourier transform infrared (FTIR) spectra of Ni-Mo-Al-
HMS-H-bentonite catalysts based on AlI-HMS materials with
varying Si/Al ratios were recorded. The corresponding spectra
are shown in Figure 3.

Figure 3 — FTIR spectra of bifunctional Al-HMS catalysts with
different Si/Al ratios

All FTIR spectra show a broad absorption feature in the
3700-3300 cm™ region (Figure 3), attributed to hydroxyl group
vibrations and hydrogen-bonded water molecules. The higher
intensity of this band observed for the Ni-Mo-Al-HMS(10)-H-
bentonite and Ni-Mo-Al-HMS(30)-H-bentonite catalysts may be
attributed to the presence of hydroxyl groups related to extra-
framework aluminum species [25]. The absorption band at 1635
cm?is attributed to O-H bending vibrations. Increasing the Si/Al
ratio results in a reduced intensity of hydroxyl-related bands,
which reflects an enhanced degree of silanol condensation. The
bands at 1064, 800, and 472 cm™ correspond to Si-O-Si, Al-O-Al,
and AI-O-Si vibrational modes characteristic of the
aluminosilicate framework, respectively [26, 27].

The acidic properties of the synthesized catalysts were
investigated by diffuse reflectance infrared Fourier transform
spectroscopy using adsorbed pyridine (Py-FTIR). The Py-FTIR
spectra of catalysts with different Si/Al ratios are shown in
Figure 4.
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Figure 4 reveals that the absorption feature at 1545 cm™ is
characteristic of Brgnsted acid sites, while the band near 1455
cm? is indicative of Lewis acidity. The signal detected at 1490
cm™ arises from contributions of both Brgnsted and Lewis acid
sites [28]. With increasing aluminum content, the intensities of
these bands become more pronounced, reflecting a higher
concentration of both types of acid sites.

Figure 4 — Py-FTIR spectra of bifunctional Al-HMS catalysts
with different Si/Al ratios

The catalytic activity of the obtained bifunctional catalysts
was first investigated in the hydrotreatment of a model mixture
of 2-methylnaphthalene and n-hexadecane in the absence of
sulfur-containing compounds. Figure 5 shows the dependence
of 2-methyldecalin (2MD) selectivity on the different Si/Al ratio
in Ni-Mo-Al-HMS-H-bentonite catalysts.

Figure 5 — Dependence of 2MD selectivity on the Si/Al ratio in
Ni-Mo-Al-HMS-H-bentonite catalysts

A maximum selectivity of 93% toward the target product
(2MD) is achieved over Al-HMS containing a Si/Al ratio of 10 at a
reaction temperature of 240°C (Figure 5). Higher Si/Al ratios lead
to alower concentration of Brgnsted and Lewis acid sites, thereby
decreasing selectivity and hydrogenation efficiency [29-32].

Among the investigated materials, AI-HMS (Si/Al = 10)
demonstrated the highest hydrogenation efficiency and was
selected for further investigation. DBT was additionally
introduced into the model reaction system in order to
investigate the effect of a sulfur-containing compound on the
hydrogenation process.

Table 2 summarizes the results of the study on the effect
of DBT on the hydrogenation of a 2-methylnaphthalene and
n-hexadecane mixture over the Ni-Mo-Al-HMS-H-bentonite
catalyst at temperatures of 220-300°C, at 6 MPa H, and a
reaction time of 5 hours.

Table2 - |Influence of DBT on 2-methylnaphthalene
hydrogenation over Ni-Mo-Al-HMS(10)-H-bentonite

Parameter Temperature, °C

220 240 260 280 300
Conversion, %  890.3 91#0.2 92+0.4 92+0.1 95%0.5
Selectivity, %
2MD 3130.2° 21+0.3 68404 49:0.1 41:0.4
2MT 14+0.2  36+0.4 13:0.1 24+0.1 22:0.3
6MT 55:0.4 43301 19:0.3 27:0.3  37:0.3

*2MD — 2-methyldecaline, 2MT — 2-methyltetraline, 6MT — 6 methylt-
etralyne.

Figure 6 compares the catalyst selectivity toward reaction
products in hydrogenation experiments performed with and
without DBT.

Figure 6 — Effect of DBT on 2-methylnaphthalene
hydrogenation selectivity at 260°C over
Ni-Mo-Al-HMS(10)-H-bentonite
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At a reaction temperature of 260°C, the conversion of
2-methylnaphthalene reaches 98% in the absence of sulfur-
containing  compounds, whereas the addition of
dibenzothiophene results in a decrease in conversion to 92%,
corresponding to a reduction of 6% (Table 2). The selectivity
toward the target product, 2-methyldecalin, attains 73% at
260°C in the sulfur-free system but decreases to 68% in the
presence of dibenzothiophene, representing a 5% reduction
(Figure 6). The observed decrease in conversion and selectivity
is attributed to sulfur-induced catalyst poisoning caused by the
adsorption of dibenzothiophene molecules on the active sites,
which reduces their availability for reactant activation.

Conclusion

Thus, mesoporous aluminosilicate materials with different
Si/Al ratios and Ni-Mo-Al-HMS-H-bentonite catalysts based on
these materials were successfully synthesized. The
physicochemical properties of the obtained materials were
investigated using ICP-OES, nitrogen physisorption at low
temperatures, XRD, FTIR, and pyridine adsorption FTIR
spectroscopy. The catalytic activity of the samples was
evaluated in the hydrogenation of a 2-methylnaphthalene-n-
hexadecane mixture, and the effect of dibenzothiophene on the
process efficiency was also assessed. It was established that, in
the hydrogenation of 2-methylnaphthalene, the Ni-Mo-Al-
HMS(10)-H-bentonite catalyst (Si/Al = 10) provides the
maximum conversion and selectivity toward the target product.
The high catalytic performance of this sample is attributed to
the presence of both Brgnsted and Lewis acid sites. The optimal
reaction temperature for the sulfur-free model mixture is
240°C. The addition of dibenzothiophene increases the optimal
process temperature to 260°C, which is associated with
additional energy requirements in the presence of sulfur.
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