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ABSTRACT A mesoporous nickel-silicon-molybdenum composixee with the
phase of ammonium nickel (or silicon) molybdate v&mthesized by chemical
precipitation and unsupported nickel-silicon-molghdm sulfide catalysts with
various Ni/Si ratios were obtained by sulfidatidntlee oxide precursors. The oxide
precursors and unsupported sulfide catalysts wéraracterized by XRD, N
adsorption-desorption, SEM, TPR, and HRTEM. The uppsrted
nickel-silicon-molybdenum sulfide catalysts werestéel in the hydrogenation of
naphthalene. It was found that the introductionSefcould increase the specific
surface area and improve the pore structure ofupsecs, and reduce the reduction
temperature of Mo species. The results of naphtleatgdrogenation showed that the
introduction of Si could significantly improve theydrogenation activity of the
catalysts, especially the Ni9.5Si0.5Mo010 catalyshilgited the highest aromatic
hydrogenation activity at low temperature. Interegy, it is found that the tetralin
selectivity is 100 % in the low temperature rang@20260 °C) over SilOMol0
catalyst, which might be attractive in the prodotof tetralin and other industrial

application.
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1. Introduction

High content of aromatics in distillates such assdl, gasoline and jet fuel will reduce
the quality of fuel [1] and produce harmful exhagases such as PM2.5 and NOx that
pollute the environment [2-4Yleanwhile, these aromatics and the resulting eonssi
are potentially dangerous and carcinogenic [5]. r@loee, increasingly stringent
environmental regulations and fuel codes requiesréduction of aromatics in fuels
[6]. It can be seen that deep dearomatization has beaommportant issue in the
production of clean fuels, and it is imperativadgvelop the production technology of
ultra-clean fuel for efficient dearomatization.

Traditional industrial hydrotreating processes senultaneously remove S and N by
hydrodesulfurization (HDS) and hydrodenitrogenat{bibN) reactions. The current
hydrotreating process is also applicable to hydaioalimatization (HDA). FCC diesel
contains a large number of aromatics, most of witiehtain bicyclic aromatics of
more than 50%. However, aromatics are the root ecanfs poor combustion
performance and high density of FCC diesel oil [.7FLCC diesel has a high content
of monocyclic aromatics through the conventionadrofining method, which is
mainly due to the relative ease of partial hydragem and saturation reactions of the
polycyclic aromatics. However, the hydrogenationnodnocyclic aromatics can be
completely saturated by catalysts with high hydnagien activity. High temperature

is needed to catalyze the hydrogenation of aromaficwe use the traditional



supported metal sulfide system, but kineticallg khigh temperature is not conducive
to the hydrogenation of aromaticBhe unsupported catalyst has no support, which
greatly increases the content of active comporemismakes the catalyst have higher
catalytic activity. Moreover, the unsupported cghl has a strong catalytic
hydrogenation activity also depends orhitgh resistance to S, N poisoning [10, 11].
However, the unsupported catalyst has problems ascdmall specific surface area
and small pore size, which is not suitable for lyatag the hydrogenation reaction of
macromolecular polycyclic aromaticEherefore, further research is needed on how to
obtain a highly active unsupported catalyst withigh specific surface area and good
pore structure.

Pang et al [12] prepared Mo/AC transition metal carbide catalyst with diffetéoad

by microwave radiation method using activated carljdC) as the carrier. The
catalyst 20 wt.%-MgC/AC can make the selectivity of tetralin up to 1%0and the
conversion rate of naphthalene up to 95 %. Thevateti carbon carrier is very
important for the catalyst to obtain high activégd good stability. Liang et al [13]
successfully synthesized CoSi/i€atalyst in a fluidized bed using Co(SJ@Co), as
the precursor by the MOCVD method, which has higbmeatic hydrogenation
activity and selectivity of 100% for the hydroganatof naphthalene into tetralim

the relatively short contact time between naphti@land catalyst (3.76 min), the
reaction of further hydrogenation of tetralin tacdin did not occur, which indicates
that the hydrogenation of tetralin is the rate ownétep of catalytic hydrogenation of

naphthalenelUnder the same reaction conditions, the naphthalgrrogenation



reaction catalyzed by the contrast catalyst Co/Sid not get any product, which
means that the activity of CoSi/Si@atalyst is higher than that of Co/SiCatalyst.
The results show that the introduction of Si innsition metals can produce novel
catalysts of aromatic hydrogenation, which are etquk to be used in petroleum
processing. Thermodynamic calculation shows thatttansition metal silicides can
tolerate higher k5 concentration than the corresponding carbidesnérides [14],
which means that the introduction of Si in the siian metal catalyst is more stable
and sulfur-tolerant in the reaction of sulfur-contag compounds.

Therefore, unsupported NiSiMo catalysts with ddéf@r Ni/Si molar ratios were
synthesized by chemical precipitation method. Tifects of the addition of Si on the
physicochemical properties of unsupported NiMo lgata and the hydrogenation
performance of aromatics were investigat&ince the proportion of bicyclic
aromatics in FCC diesel is the highest, the hydmagien saturation of bicyclic
aromatics is mainly studieth scientific research, naphthalene is generalgduss a
model compound to study the hydrogenation of bicymiomatics [15-17]. Therefore,
the hydrogenation activity evaluation of the unsupgd catalyst prepared in this
paper was carried out by using naphthalene as &lnsothpound.

2. Experimental

2.1. Preparation of unsupported NiSiMo catalyst

A solution of 0.1 mol ammonium molybdate, a certamount of nickel nitrate and
tetraethyl silicate was dissolved in a 500 mL thmeeked, round-bottomed flask. The

solution was heated to 90 °C. Then ammonia wates added in drops until the



solution pH was about 12. The green precipitate (thecursor of SilOMo10 was
white precipitate) was produced by heating at astaont temperature for 12 The
precipitate was isolated by vacuum filtration aniedlfor 12 h at 100 °C to obtain the
powder catalyst precursoAccording to the different molar ratios of Ni/Siet
prepared catalysts were named NixSiyMo10, wheradyawere the molar ratios of
Ni and Si added in the preparation, and the ma#o rof (Ni+Si)/Mo was always
maintained at 1:1.

2.2. Characterization of the catalyst

2.2.1 X-ray diffraction (XRD)

The crystal phase of the catalysts was measured-tay diffraction (XRD) on an
X'Pert Pro MPD instrument with Cud The scanning angle was 5°78he scanning
speed was %Fhin™, and the step speed was 0.0001°. The detectomvsasntillation
counter with a tube pressure of 45 kV and a cur@nt4d0 mA. Before the
measurement, the sample was ground into powdepr@sded into a smooth sheet.
2.2.2 Low temperature MNadsorption-desorption (BET)

The pore structure properties of the samples weterohined by using the ASAP
2010 automatic adsorption apparatus (Micromeritid§A). The samples were
processed at 300 °C in vacuum before the measutemamd the N
adsorption-desorption temperature was -196 °C. $pecific surface area was
obtained by the BET method, the pore volume wasutated by the BJH method, and
the average pore size was calculated by the désorpurve. All samples were

calcined at 300 °C for 4 h for pretreatment beforeasuring the pore structure



properties.

2.2.3 Scanning electron microscopy (SEM)

The morphology analysis of the samples was caraetl by S-4800 cold field
emission scanning electron microscope (Hitachi Camgp Japan). The X650
scanning electron microscope was vacuumized fa3®Biin, and the sample was put
into the sample chamber after the vacuum degretheoinstrument reached above
1x10* Pa, the operating voltage was 5.0 kV and the warklistance was 8.2 mm,
and then the surface structure of the sample wesreed.

2.2.4 High-resolution transmission electron micopee(HRTEM)

The morphology of the sulfided catalysts was obsgnby a JEM-2100UHR
high-resolution transmission electron microscofel Company, Japan) operated at
200 kV. The sulfided catalysts were stored and o ethanol to avoid oxidation
due to exposure to air. After grinding, the sanyées thoroughly dispersed in ethanol
by ultrasound for 30 min, and then a small amodinfpper suspension was taken for
observation.

2.2.5 Temperature programmed reduction (TPR)

The reduction performance of the samples was pagdron a CHEMBET-3000 TPR
Analyzer. The sample loading quantity was 0.05rgl the size of the sample was
20-40 mesh. The reduced gas wasAH with a volume fraction of 10 % and a gas
flow rate of 80 mimin™. During the heating process, the hydrogen consiomjoff
the sample was recorded with a thermal conductigédiector (TCD). The rate of

heating was 10! [tin™ and the temperature was raised to 900 °C.



2.3. Catalyst activity evaluation

The aromatic hydrogenation performance of unsupgaraitalysts was evaluated by a
10 mL fixed bed high pressure hydrogenation mie@ctor.5 mL of 20-40 mesh
catalyst particles were packed into the middlehef ieaction tube, and the upper and
lower ends of the reaction tube were filled wittada sand of the same patrticle size.
Before the evaluation of the aromatic hydrogenatmtivity of the unsupported
catalyst was started, the oxide precursor was tin miesulfided using a 3.0 wt%
CSy/petroleum ether solution at 330 °C for 8 h at,gpkessure of 3 MPa, and a liquid
hourly space velocity (LHSV) of 2°h The aromatic hydrogenation activity of the
catalyst was evaluated using an 8.0 wt% naphthgdetreleum ether solution as the
feed oil. The reaction conditions were: reactiomgeratures of 220°, 240, 260, 280,
300 and 320 °C, a reaction pressure 3 MPa, a liaigly space velocity of 2h a
H/oil ratio of 400:1.The product distribution of naphthalene hydrogamatwas
analyzed by a GC-7820 gas chromatograph.

3. Resultsand discussion

3.1. Characterization of oxidic NiSiMo precursor

Figure 1 shows the XRD characterization resultsthef NiSiMo precursors with
different Ni/Si molar ratiosThe characteristic diffraction peaks of ammoniurmkal
molybdate crystals are found in the samples Ni100JoNi9.5Si0.5M010,
Ni8Si2M010 and Ni5Si5Mo010 ((NBHHNi(OH),(M0oOs),, JCPDS card N0.50-1414)
[18]. However, the diffraction peaks are not foundhe sample Si1l0Mo10, which is

almost in an amorphous or microcrystalline statee htroduction of Si will change



the crystal structure of ammonium nickel molybdaftehe original NiMo precursor.
With the increase of the amount of Si introducée, tharacteristic diffraction peak
intensity of the ammonium nickel molybdate crygthhse gradually weakens until it
disappears into an amorphous or microcrystallimecire. Besides, the diffraction
peaks of Si species are not detected in the XRi2qoat which may be caused by the
high dispersion of Si species in the precursors.

(Figure 1.)
The N, adsorption-desorption isotherms and pore sizeillisions of the NiSiMo
precursors are shown in Figure R.can be seen from Figure 2(a) that the
low-temperature P adsorption-desorption curves of the NiSiMo preotsswith
different Ni/Si molar ratios are all Type IV [19hdicating that the NiSiMo precursors
are mesoporous materialgom the pore size distributions of the NiSiMo pnesors
(Figure 2b), it can be found that the pore sizéribistion of the SilOMo10 precursor
is wider than that of other NiSiMo precursors. Tpere size of the Sil0Mol0
precursor is distributed from less than 2 nm tani#@ The pore size distributions of
the NilOMo010, Ni9.5Si0.5M010, Ni8Si2M010 and Ni5Bi®10 precursors are
narrow, and the most probable pore sizes are 3738, 3.91 and 3.90 nm
respectively.

(Figure 2.)
The pore properties of the NiSiMo precursors amamearized in Table 1The pore
structure is an important factor affecting the ki@ activity. The higher specific

surface area is beneficial to the uniform distridrutof hydrogenation active sites on



the surface of the catalyst, which is favorable floe continuous hydrogenation
reactions. Clearly, as the amount of Si introduicetdeases, the specific surface area
of the NiSiMo precursors also increaséempared with the Ni1lOMo10 precursor, the
pore size of the Ni8Si2Mol1l0 precursor decreases, @@ pore sizes of the
Ni9Si0.5M010, Ni5Si5Mo010, and Si10Mo10 precursorséase.

(Table 1.)
Shown in Figure 3 are the SEM images of the NiSiMecursors. The NilOMo10
precursor contains many irregular bulk structure2@-1000 nm, on which some
spherical particles of about 30 nm adhere. The3$i®.5Mo010 precursor also has a
bulk structure similar to the Ni1OMo10 precursart the size of about 300-800 nm is
smaller than the Ni1OMo10 precursor, and more spalicles of less than 50 nm are
attached to the bulk structure. In addition to beristals, the Ni8Si2Mo10 precursor
also have flower-like structures, which are formbeg the self-assembly of
nano-spherical structures. The Ni5Si5Mo010 precurs@imilar to the Ni8Si2Mo10
precursor, it can be clearly seen that the largik tstructure formed by the
accumulation of nanoparticles, and the nano-spdlesituctures adhere to the bulk
crystals. The morphological structure of the SilQBloprecursor is mainly
transformed into small particles with a relativelyiform dispersion of about 20 nm.
It can be seen that with the increase of the amoust introduced, the bulk structure
of the precursor gradually disappears, and the#spherical structure adheres to the
large bulk crystals, and then gradually transfointe the nano-spherical particles.

The results further validate the XRD characteraatresults, as the amount of Si



increases, the peak intensity of the ammonium hicla@ybdate gradually weakens
until it transforms into an amorphous or microcajlgte structure similar to that of
the Si10Mo10 precursor.

(Figure 3.)
The TPR profiles of the NiSiMo precursors are pnése in Figure 4lt is generally
considered that the NilOMo010 precursor shows onérge and broad reduction peak
in the range of 400-690 °C, and the other NiSiMecprsors have two reduction
peaksAccording to the literature reports, the reductieak in the range of 400 °C to
690 °C should be attributed to the reduction of IMpecies with octahedral
coordination, that is, the reduction of Rido Mo**[20]. The reduction peak at 750 °C
to 900 °C can be ascribed to the reduction of Mecsgs with tetrahedral coordination,
that is, the reduction of M&to the metal MB[21, 22]. The reduction temperature is
above 800 °C, which is due to the difficult redaontiof the Mo species with
tetrahedral coordination [23, 2#s can be seen from the figures that the introduacti
of Si can reduce the reduction temperature of Mecigs, and the reduction
temperature of the Mo species decreases as thenamb&i increases. It has been
proved that the introduction of Ni species couldkenghe reduction of Mo species
easier [25]. The reduction peaks of Ni speciedyaserlap with those of Mo species,
making it difficult to distribute the reduction t@erature of Ni species [20]. However,
there are some differences the intensities of reduction peaks. The inteesiof

reduction peaks of the Ni1lOMo10, Ni9.5Si0.5M01088i2M010, and Ni5Si5Mo10



precursors are significantly greater than thosthefSi10Mo10 precursor, which may
be due to the overlap of the Ni and Mo signaldafrecursors.

(Figure 4.)
3.2 Characterization of sulfided NiSiM o catalysts
The XRD patterns of the sulfided unsupported NiSikb&dalysts are displayed in
Figure 5, from which we can find that the chardster diffraction peaks of the MeS
and NS, crystal phases are detected in the sulfided NiSiktalysts [26, 27]As the
amount of Si increases in the catalysts, the pe@asities of the MoSand NiS,
crystal phases decrease. The average crystal &izéisS, and Mo$S in the sulfided
catalysts calculated byhe Scherrer equation are shown in Table 2. It ban
concluded from the results that the average crysta of NiS, phase and MaS
phase gradually decreases with the increase drtieunt of Si introduced, which is
consistent with the XRD characterization resultihdugh the nickel content on the
catalysts is different, the molybdenum content lo@ five catalysts is basically the
same, which indicates that the introduction of @itdbutes to the dispersion of active
metal components in the catalysts, thereby makiegNiSiMo catalysts have good
potential for aromatic hydrogenation.

(Figure 5 andrable 2)

The N, adsorption-desorption isotherms and pore sizeillisions of the sulfided
NiSiMo catalysts are depicted in Figure 6. It candbserved that the adsorption and
desorption curves of the sulfided NiSiMo catalyats all Type IV, which is a typical

characteristic of mesoporous materidlbe pore size distributions of the sulfided



Ni9.5Si0.5M010 and Ni8Si2Mo10 catalysts are narramwg the pore size distributions
of the sulfided Ni1lOMo10 and Ni5Si5Mo10 catalyste eelatively wide. Obviously,
the sulfided Si10Mo10 catalyst has a very wide mize distribution.

(Figure 6.)
Table 3 shows the pore properties of the sulfidésiNMo catalystsCompared with
Table 1, it can be found that except for the NiB&30 precursor, the specific surface
area of other NiSiMo precursors increases aftefusmation. The pore volume of
NilOMo10 precursor increases after sulfurizationd dhe pore volume of other
sulfided NiSiMo catalysts is basically unchangedeavwhile,the pore size of the
Ni10OMo10 and Ni5Si5Mo010 precursors increases, aedobre size of other NiSiMo
precursors decreases after sulfurization.

(Table 3.)
The microstructure of the active components insthiéded catalysts was investigated
by HRTEM. The results are shown in FigureAs. seen by the images, the black
stripes with a spacing of about 0.6 nm are founithénHRTEM images of all catalysts,
which can be attributed to the structure of the MaSystal [28, 29]. The
hydrogenation activity of the sulfided NiMo catdlys also related to the slab length
and the stacking layer number of MoB80]. The shorter slab length and the more
stacking layer number can produce higher hydrogemaictivity [31-33]. The NiS,
fringes with a spacing of about 0.29 nm are alsiealed for the NilOMol10 and
Ni9.5Si0.5M010 catalysts [34]. The length of the $4daanoparticle layer in the

sulfided Ni1lOMo10 catalyst is longer than thosethad other sulfided catalysts, and



the stacking numbers of the Mpfayers of the SilOMo10 catalyst are lower than
those of the other NiSiMo catalysts, which are &sieat with the XRD results of the
sulfided NiSiMo catalysts. The M@Sobserved in the sulfided Ni9.5Si0.5M010
catalysts is more striped, indicating that the B80.5Mo010 catalyst will have higher
hydrogenation activity. On the whole, the dispersaf MoS increases with the
increase of silicon content in the catalysts.

(Figure 7.)
3.3. Evaluation of aromatic hydrogenation activifyunsupported NiSiMo catalysts
3.3.1. Activity evaluation of the NiSiMo catalysts
The conversion rate of naphthalene hydrogenati@ctin on the unsupported
NiSiMo catalysts is shown in Figure 8(a)he selectivity of decalin on the
unsupported NiSiMo catalysts is shown in Figure)8ifo the range of 220-320 °C,
the conversion of naphthalene hydrogenation reacticreases first and then
decreases slowly, and the NiSiMo catalysts canhremdigh conversion rate (>
99.8 %). The hydrogenation conversion rate of rfzgdehe on the NiSiMo catalysts
exceeded 98.61 % in the temperature range of 280@26which was significantly
higher than that of the Ni1lOMo10 cataly§his indicates that the introduction of Si
can significantly improve the naphthalene hydrogjenaactivity of the unsupported
NiMo catalyst, especially the low temperature arbenfaydrogenation performance of
the catalyst (220-260 °Apn addition, Figure 8(b) shows that the selectiatydecalin
increases with the increase of reaction temperanaiating that the temperature is

beneficial to obtain more decalin on the sulfida&iNlo catalystOn the other hand,



the selectivity of decalin decreases in the ordeNi@OMo10 > Ni9.5Si0.5Mo010 >
Ni8Si2Mo10 > Ni5Si5Mo10, indicating that the seleity of decalin gradually
decreases with the increase of the amount of Ridoted, and the introduction of Si
is not beneficial for the conversion of naphthalént decalin. Catalysts with
different content of Si have different aromatic togenation activities. The
Ni9.5Si0.5M010 catalyst has the highest aromatidrbgenation activity, the
conversion of naphthalene hydrogenation is 100 %the selectivity of decalin is
68.81 % at 260 °C, which is slightly lower than ttled the NilOMol10 catalyst
(69.61 %).The high aromatic hydrogenation activity of the [SiSi0.5Mo010 catalyst
is closely related to the physicochemical chargsties of the sulfided catalyst§he
XRD results of the sulfided catalysts showed thamgared with other NiSiMo
catalysts, the sulfided Ni9.5Si0.5M010 catalyst Hagher crystallinity Mog and
Ni3S, crystal phases. HRTEM showed that there were noctreter-stacked MoS
nanoparticles in the sulfided Ni9.5Si0.5M010 caalyrhese properties can make the
Ni9.5Si0.5M010 catalyst has higher aromatic hydnagien activity.

(Figure 8.)
3.3.2. Activity evaluation of the Si10Mo10 catalyst
The conversion of naphthalene hydrogenation reactlte selectivity of decalin and
the selectivity of tetralin of the SilOMol1l0 catdlywe shown in Figure 9. The
conversion of naphthalene hydrogenation of the MdID catalyst increases
remarkably with the increase of reaction tempeggthe conversion rate is only 4.71 %

at 220 °C and 72.3 % at 320 °C, but it is stillnigantly lower than other NiSiMo



catalysts. In addition, the SilOMo0l0 catalyst ist raonducive to the deep
hydrogenation of naphthalene, and its decalin seigcis almost 0. However, it has
a very high selectivity of tetralin, and the teimaselectivity is 100 % in the low
temperature range (220-260 °C). In summary, th@NddlLO catalyst can be used as a
selective hydrogenation of naphthalene to prodetalin.At 320 °C, the naphthalene
conversion rate of the Si1l0Mo10 catalyst is 71.97af@ the selectivity of tetralin is
98.95 %.

(Figure 9.)
4. Conclusion
A series of NiSiMo precursors with different Ni/@iolar ratios were synthesized by
chemical precipitation method@he results showed that the introduction of Siha t
unsupported catalysts could increase the speadififace area of the catalysts, and
decrease the average grain size of Ma8d NiS,. The results of naphthalene
hydrogenation evaluation showed that the introductof Si could significantly
improve the naphthalene hydrogenation activity bk tunsupported -catalyst,
especially the low temperature aromatic hydrogenagierformance of the catalyst
(220-260 °C). The Ni9.5Si0.5M010 catalyst exhibited the highesbnatic
hydrogenation activity, and the SilOMol0 catalysiswnot conducive to deep
hydrogenation of naphthalene, but it had a veryhtsglectivity of tetralin (about

100 %).
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Table 1. Pore properties of the NiSIMo precursors

NiMo precursor Sger (M/g) Ve (cm¥/g) D&’ (nm)
Nil0OMo10 31 0.06 6.26
Ni9.5Si10.5M010 30 0.11 8.94
Ni8Si2Mo10 69 0.04 5.74
Ni5Si5Mo010 71 0.03 7.37
Si10Mol10 122 0.62 18.96

a Sget: BET surface area.
b Vp: Pore volume was cal culated by the BJH method.
¢ Dp: Average pore diameter was calculated by the BJH method from the desorption

branch of the isotherms.



Table 2. Average crystal sizes of Ni3S, and MoS; in the sulfided NiSiMo catal ysts

Catalyst NilOMol0  Ni9.5505M010 Ni8Si2Mol0  Ni5Si5Mo010 Si10Mo010

NiszS,/nm 40.6 37.8 30.7 18.2 -

MoS,/nm 32.5 30.1 24.3 15.6 58




Table 3. Pore properties of the sulfided NiSiMo catalysts

NiMo precursor Sger (M?g) Vp(cm¥/g) Dp(nm)
Ni10Mo10 60 0.15 8.72
Ni9.5S10.5M010 7 0.10 5.96
Ni8Si2Mo10 87 0.05 4.84
Ni5Si5Mo010 10 0.02 11.86

Si10Mo10 126 0.61 18.75




Fig. 1. XRD patterns of the NiSiMo precursors

Fig. 2. N, adsorption-desorption isotherms (a) and pore size distributions (b) of the NiSiMo

precursors

Fig. 3. SEM images of the NiSIMo precursors

Fig. 4. TPR profiles of the NiSiMo precursors

Fig. 5. XRD patterns of the sulfided NiSiMo catalysts

Fig. 6. N, adsorption-desorption isotherms (a) and pore size distributions (b) of the sulfided

NiSiMo catalysts

Fig. 7. HRTEM images of the sulfided NiSiMo catalysts

Fig. 8. The conversion rate of naphthalene hydrogenation (a) and the selectivity of decalin (b) on

the unsupported NiSiMo catalysts

Fig. 9. Hydrogenation of naphthalene on the Si10M 010 catalyst
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Fig. 1. XRD patterns of the NiSiMo precursors
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Fig. 2. N, adsorption-desorption isotherms (a) and pore size distributions (b) of the NiSiMo

precursors



Fig. 3. SEM images of the NiSiMo precursors
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Fig. 5. XRD patterns of the sulfided NiSiMo catalysts
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Fig. 7. HRTEM images of the sulfided NiSiMo catalysts
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Fig. 8. The conversion rate of naphthal ene hydrogenation (a) and the selectivity of decalin (b) on

the unsupported NiSiMo catalysts
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Fig. 9. Hydrogenation of naphthalene on the Si10M 010 catalyst



The additive Si was introduced into an unsupported NiMo catalyst;
Pore propertie of unsupported catalyst was improved;
The reduction temperature of Mo species was reduced;

The hydrogenation activity was improved;
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