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a b s t r a c t

A novel composite material (TD) composed of TS-1 microcrystalline and dendritic mesoporous silica
nanospheres (DMSNs) was successfully prepared. The TD composite material had open pore structure
and large specific surface area, which was conducive to the mass transfer of reactants and products. The
Ti element in TS-1 could be used as an electron assistant, and the spillover d-electrons were conducive to
the improvement of the sulfidation and dispersion of MoS2, thereby forming more type II MoS2 active
phases. The incorporation of Ti could bring more Brønsted (B) and Lewis (L) acid, which was conducive to
the hydrogenation pathway (HYD) selectivity (41.2%) of dibenzothiophene (DBT) hydrodesulfurization
(HDS) and isomerization (ISO) route selectivity (21.9%) of 4,6-dimethyldibenzothiophene (4,6-DMDBT)
HDS, thus improve the HDS activity of DBT and 4,6-DMDBT. NiMo/TD-70 (Aging temperature ¼ 70 �C)
had the best HDS activities of DBT (99.0%) and 4,6-DMDBT (93.7%) due to its large open pore structure,
good acidity, suitable metal-support interaction (MSI) and perfect dispersion of the metallic active sites.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Nowadays, with the increasing environmental awareness and
the stringent laws and regulations of fuels, how to produce ultra-
low sulfur fuel has become a hot spot (Duan et al., 2015a, b; Lei
et al., 2015; Shan et al., 2015; Zhou et al., 2017). In particular, it is
very important to removemacromolecular sulfides such as DBTand
4,6-DMDBT in oil to improve fuel quality and reduce environmental
pollution (Ho and Mcconnachie, 2011; Liang et al., 2018; Song et al.,
2014; Wang et al., 2017a, b). HDS is one of the most widely used
technologies for the production of clean oil products, and the
hydrofining catalyst is the core of the HDS technology (Lei et al.,
2012; Zhou et al., 2018). Therefore, the research and development
of new supports and catalysts has become the focus of the
Zheng), wxl@cup.edu.cn

ually to this work.
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petroleum industry (Du et al., 2017; Hu et al., 2020; Wang et al.,
2020a, b).

The traditional HDS catalysts using alumina as the support has
gradually been difficult to meet the demand of ultra-deep desul-
furization owing to its low specific surface area, disordered pore
properties and highMSI (Shan et al., 2016; Haandel et al., 2015; Han
et al., 2016). Recently, a new type of DMSNs has attracted wide-
spread attention (Hu et al., 2020; Wang et al., 2020a, b), which has
an open three-dimensional dendritic pore structure, growing from
the center to the outer surface in a pleat shape. The large specific
surface area of DMSNs can disperse uniformly the active metal
without blocking the pores. The open pore structure can reduce
diffusion resistance and make reactants and active metal easier
contact (Huang et al., 2014; Shen et al., 2014; Wu et al., 2011; Yu
et al., 2014). However, DMSNs material also has certain disadvan-
tages, the pure silica composition of DMSNs determined its low
acidity and MSI, which limited its application in HDS reactions
(Wang et al., 2020a, b). Many researchers use a micro-mesoporous
composite method to prepare composite materials like ZSM-5, b,
TS-1 and other zeolites are composited with pure silica-based
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Wide-angle XRD patterns of TS-1 and TD-x supports.

Fig. 2. 29Si NMR patterns of TD-x supports.
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materials (Li et al., 2017; Moliner et al., 2015; Nikolla et al., 2011;
Sun et al., 2009), which not only bring more acidity and hydro-
thermal stability to the composite materials, but also adjust MSI
while maintaining the large pore size of the mesoporous structure,
so that the composites have both advantages of microporous and
mesoporousmaterials (Wang et al., 2018a, b; Zhang et al., 2010). TS-
1 zeolite has good acid properties, and Ti element of TS-1 zeolite as
an electronic promoter can improve the sulfidation of active metal,
thus improving the HDS activity of catalyst (Li et al., 2017; Xiao
et al., 2018).

In the present work, TD-x composites with different morphol-
ogies and acidity and the corresponding NiMo/TD-x series catalysts
were prepared for DBT and 4,6-DMDBT HDS. Some characterization
methods were used to this research. It was found that NiMo/TD-70
catalyst had the optimal hydrodesulfurization activities of DBT
(99.0%) and 4,6-DMDBT (93.7%) due to its large open pore structure,
good acidity, suitable MSI and perfect dispersion of the metallic
active sites.

2. Experimental

2.1. Preparation of supports and catalysts

TS-1 microcrystalline (Si/Ti ¼ 33) was prepared by the method
described in the literature (Wang et al., 2020a, b). Firstly, 40 g sil-
icon source (tetraethyl orthosilicate, 98%) and 1.98 g titanium
source (tetrabutyl titanate, �99.0%) were dropped into the deion-
ized water containing Tetrapropylammonium hydroxide (46.72 g,
25 wt%) respectively, stirring continuously for 1 h. Then, 48 g iso-
propanol (�99.7%) was added to the above system after stirring for
3 h under 70 �C water bath. After hydrothermal crystallization at
170 �C for 96 h, the TS-1 precursor seed powder was synthesized by
filtration and drying.

The TD micro-mesoporous composites were prepared by the
follows: 0.82 g triethanolamine (�99.0%), 5.02 g cetyl-
trimethylammonium bromide (99%) and 4.56 g sodium salicylate
(99%) were added into water at different water bath temperatures
(40, 60, 70, 80 and 90 �C) and kept stirring until the solution was
homogeneous. Then, Tetraethyl orthosilicate was added slowly and
kept stirring, then 2 g TS-1 crystal seed were added. After 2 h, the
mixed solution was crystallized at 100 �C for 4 h. Finally, TD-x
(x ¼ 40, 60, 70, 80 and 90) micro-mesoporous composites were
synthesized.

The series NiMo/TD-x catalysts and commercial NiMo/Al2O3
catalyst introduced in Supporting Information were prepared with
15.5 wt% MoO3 and 3.5 wt% NiO, respectively.

2.2. Characterization and catalytic performance evaluation

The characterization methods and calculation methods (Duan
et al., 2015a, b; Li et al., 2018; Wang et al., 2016, 2018) were
introduced in Supporting Information.

3. Results

3.1. Structure properties of supports

The wide-angle X-ray diffraction (XRD) patterns of TS-1 and
series TD-x supports are shown in Fig. 1. The characteristic peaks
belonging to MFI structure are displayed at 2q ¼ 7.8�, 8.8�, 23.2�,
23.8� and 24.3�, which are indicative five characteristic reflections
of TS-1 zeolite (Lee et al., 2011). Compared with TS-1, the peak
intensities of series TD supports are significantly reduced, indi-
cating that TS-1 in the composites are mainly the primary or sec-
ondary unit structures.
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The 29Si magic angle spinning nuclear magnetic resonance (29Si
MAS NMR) patterns of DMSNs and TD-x supports are shown in
Fig. 2. There are three peaks at d ¼ �112, �102 and �90 nm labeled
Q4, Q3 and Q2 assigned to Si(eOe)4, SiOH(eOe)3 and
SiOH2(eOe)2, respectively (Hamdy et al., 2010; Wang et al., 2020a).
The peaks belong to SiOH(eOe)3 and SiOH2(eOe)2 in series TD-x
supports are obviously weaker than that in DMSNs, which indicates
that the Si and Ti atoms of TS-1 replace the hydroxyl group of
DMSNs and bind with SieOeSi and SieOeTi.

The fourier transform infrared spectroscopy (FTIR) patterns of
TS-1 and series TD-x supports are shown in Fig. 3. The characteristic
peaks at 808 and 1068 cm�1 are attributed to the symmetric and
asymmetric stretching vibrations of SieOeSi band, respectively.
The characteristic peaks at 966 and 1640 cm�1 are attributed to
silanol (Hamdy et al., 2010; Zhao and Yu, 2006). The peaks at 966
and 808 cm�1 of TD series supports have obvious red shifts
compared with TS-1. The shift peak at 966 cm�1 is mainly due to
the existence of more SieOeTi band, the other shift peak at
808 cm�1 is the result of the interaction of SieOeSi and TieOeTi



Fig. 3. FTIR patterns of TS-1and TD-x supports.

Table 1
Textural properties of TD-x supports.

Samples SBET, m2 g�1 Vmes, cm3 g�1 DBJH, nm

TD-40 373 0.86 10.4
TD-60 463 1.61 16.6
TD-70 385 1.24 15.3
TD-80 340 1.23 16.0
TD-90 234 0.71 15.3
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bonds (Zhao and Yu, 2006). These features indicate that TS-1 and
DMSNs are bound by chemical bonds, which is correspond to Si
NMR results.

As can be seen from Fig. 4, the series TD-x supports display type-
IV isotherms and H3 hysteresis loop, which proves that TD-x sup-
ports have typical mesoporous structure (Ma et al., 2019; Wu et al.,
2014). The hysteresis loop becomes steep firstly and then flat with
the increasing of aging temperatures, indicating that its pore vol-
ume increases firstly and then diminishes. The TD-x series supports
display a large specific surface area (234e463 m2/g), pore volume
(0.7e1.61 cm3/g) and pore diameter (10.4e16.6 nm) (Table 1).
When the aging temperature is 60 �C, TD-60 support shows the
maximum.
3.2. Morphological features of supports

Figs. 5 and 6 shows the scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of TS-1 and series
TD-x supports. The images show that TD-x supports are composed
of nanofibers growing from the center to the periphery with
wrinkled surfaces. This unique structure provides a larger acces-
sible area and open pore structure, which is more beneficial to the
dispersion of Ni and Mo as well as the diffusion of reactants and
product molecules. The supports prepared at the aging tempera-
ture of 60e80 �C are more uniform.

The distribution state of TS-1 in TD-x supports are performed by
Fig. 4. N2 physisorption isotherms (a) and pore s
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the HADDF-STEM and EDS elemental mapping shown in Fig. 6. The
uniform distribution of Ti elements indicates that TS-1 has suc-
cessfully entered the DMSNs skeleton.

3.3. Oxidation state characterization of catalysts

Fig. 7 shows the Raman spectra of series oxide catalysts to
observe the chemical state of NiMo active phase. There are five
obvious peaks located at 955, 908, 820, 710 and 325 cm�1,
respectively. The characteristic peaks at 325 and 820 cm�1 are due
to the four-coordinated Mo species (Salerno et al., 2004; Xiao et al.,
2021). The peaks at 908 and 710 cm�1 are assigned to a-NiMoO4
(Salerno et al., 2004; Xiao et al., 2021), which is considered as the
precursor of NiMoSeI active phase in HDS reaction (Liu et al., 2020;
Zhou et al., 2014). The peaks at 955 cm�1 owes to the poly-
molybdate species, like Mo7O24

6� or Mo8O26
4� (Mestl and Srinivasan,

1998; Parola et al., 2002). The polymolybdate species are the
products of suitable MSI, which are easy to reduced and sulfurized
to NiMoSe II active phase and more conducive to HDS reaction
(Badoga et al., 2012). NiMo/TD-70 catalyst shows the highest peak
strength.

The acidic properties of the catalysts analyzed by pyridine
adsorption FTIR (Py-FTIR) spectra are shown in Fig. 8. Fig. 8(a) and
(b) are the results of the series catalysts corresponded to total acids
(B and L acidities), medium and strong acids, respectively (Lee et al.,
2011; Wang et al., 2018a, b). It can be seen from the specific values
in Table 2, NiMo/TD-70 catalyst presents the largest amount of B
and L acids and B/L acid ratio.

3.4. Sulfide state characterization of catalysts

High-resolution transmission electron microscopy (HRTEM) is
performed to characteristic the dispersion andmorphology ofMoS2
active phase, the lengths and stacking layers of MoS2 of sulfurized
catalysts are shown in Fig. 9. Note that MoS2 particles are uniformly
dispersed on the catalysts. In order to make a more intuitive
comparison of the distribution of MoS2 active phase, the average
length (Lav) and average stacking layers (Sav) are calculated by
counting more than 300 MoS2 slabs.
ize distribution patterns(b) of TD-x supports



Fig. 5. SEM images of TS-1 and TD-x supports.
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The statistic values are listed in Table 3. The NiMo/TD-70 catalyst
shows a comparatively low average stacking lengths and suitable
stacking layers. Additionally, fMo values present the tendency of
NiMo/TD-70>NiMo/TD-80 ¼ NiMo/TD-60>NiMo/TD-40>NiMo/
TD-90, indicating that NiMo/TD-70 displays the highest dispersion
degree of MoS2 slabs. Based on the above data, it can be found that
the lower stacking lengths and more moderate stacking layers
promote a good dispersion of MoS2 particles, forming more “Ni-
Mo-S-II” active phases (Bouwens et al., 1994; Liu et al., 2020; Prins
et al., 1989).

The sulfurization degree of catalysts is closely related to the HDS
activity of sulfur-containing compounds. X-ray photoelectron
spectroscopy (XPS) characterization methods are used to investi-
gate the valent state, type and relative content of the catalyst active
phase, and the specific Mo 3d XPS spectra results are exhibited in
Fig. 10. As can be seen, seven characteristic peaks fitting in the XPS
spectrumwere assigned to Mo (Mo4þ, Mo5þ and Mo6þ) species and
S phase (Wang et al., 2017a) and the XPS fitting standards were
described in our previous work (Wang et al., 2020a, b). The signals
of Mo 3d are divided into Mo 3d5/2 and Mo 3d3/2, the characteristic
peaks at 229.0 ± 0.1 and 232.1 ± 0.1 eV are attributed to Mo4þ

species in MoS2 phases, and the characteristic peaks at 232.5 ± 0.1
and 235.6 ± 0.1 eV are considered as Mo6þ species. From the
2524
statistical data in the Table 4, that NiMo/TD-70 catalyst has the
highest sulfur degree of 74%, which are beneficial to the formation
of “Ni-Mo-S-II” phase and the improvement of HDS performance of
various catalysts (Liu et al., 2023; Yan et al., 2023).
3.5. Catalytic activity evaluation and reaction network analysis

Figs. 11 and 12 show the DBT and 4,6-DMDBT HDS performance
of NiMo/TD-x series catalysts. With the decrease of weight hourly
space velocities (WHSV ¼ 100e10 h�1), the DBT and 4,6-DMDBT
conversion increases due to more complete reaction. With the ag-
ing temperature increases, the HDS activity of series catalysts in-
creases gradually at first and then decreases. NiMo/TD-70 shows
the highest DBT HDS activity (99.0%) and 4,6-DMDBT HDS activity
(93.7%) compared with other catalysts and commercial NiMo/Al2O3
catalyst, which could be attributed to its appropriate three-
dimensional channel structure and ordered pore distribution,
which can be conducive to eliminate the influence of steric hin-
drance of reactants. Additionally, its excellent HDS performance
also benefits from the highest sulfurization degree of MoS2,
contributing more active sites to adsorb more S atoms. Compared
with DBT, the conversation of 4,6-DMDBT decreases at different
WHSV (100e10 h�1), suggesting that the methyl substituent have



Fig. 6. TEM of TD-x supports and HAADF-STEM and EDS images of TD-70 support.

Fig. 7. Raman spectra of the oxide catalysts.
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steric hindrance effect, thus hindering the direct desulfurization
reaction of 4,6-DMDBT. Meanwhile, the NiMo/TD-70 catalyst ex-
hibits good catalyst stability (Fig. S4).

The distribution of products and the reaction network over
NiMo/TD-x series catalysts are analyzed by GC-MS and the final
results are listed in Table 5 and Table 6.

(i) The DBT HDS reaction mechanism are presented in Fig. 13.
HDS reaction mainly includes HYD and DDS routes. In DDS
route, the CeS bonds break directly to obtain the principle
product biphenyl (BP). As for the HYD process,
2525
tetrahydrodibenzothiophene (THDBT) is first generated via
hydrogenation of the benzene ring, and further desulfurized
to generate cyclohexenylbenzene (CHEB). A small amount of
ISO products is found over NiMo/TD-x series catalysts. Ac-
cording to Table 5, it can be found that BP accounts for the
largest proportion in the products over series catalysts and
the ratios of HYD/DDS changes in the sequence of NiMo/TD-
70>NiMo/TD-80>NiMo/TD-60>NiMo/TD-40>NiMo/TD-90,
illustrating that the DDS path of NiMo/TD-70 catalyst present
highest HYD/DDS ratio among NiMo/TD-x series catalysts.
Besides, the rate constants (kHDS) and the turnover frequency
(TOF) values of NiMo/TD-x series catalysts also follow the
same sequence as the HYD/DDS ratios and NiMo/TD-70
possesses the highest kHDS (12.8 � 10�4 mol g�1 s�1) and
TOF (3.1 h�1).

(ii) To explore the process of 4,6-DMDBT HDS reaction, Fig. 14
shows the possible reaction network. There are three
paths: DDS, HYD and ISO paths. Especially, the ISO path is a
typical process, two methyl substituents are first alkyl iso-
merized into 3,7-DMDBT or 2,8-DMDBT with small steric
hindrance, and then conduct deep HDS reaction along the
HYD and DDS paths. The change rule of total ISO paths as
well as the related kHDS and TOF values is consistent with
DBT
4. Discussion

A series of micro-mesoporous composites and the correspond-
ing NiMo/TD-x catalysts are designed HDS reactions. NiMo/TD-70
with typical dendritic morphology, strong acidity and suitable
MSI displays the optimum DBT and 4,6-DMDBT HDS activity. Based
on the above research, detailed analysis of structure-activity



Fig. 8. Py-FTIR spectra of the series NiMo/TD-x catalysts after degassing at 200 �C (a) and 350 �C (b).

Table 2
The amounts of acid determined by Py-FTIR of NiMo/TD-x catalysts.

Catalysts Amount of acid sites, mmol g�1

200 �C 350 �C

L B L þ B B/L L B L þ B B/L

NiMo/TD-40 62.6 0.9 63.5 0.01 11.4 0 11.4 0
NiMo/TD-60 85.1 1.6 86.7 0.02 33.0 0 33.0 0
NiMo/TD-70 107.0 4.3 111.3 0.04 24.7 0 24.7 0
NiMo/TD-80 100.0 2.8 102.8 0.03 36.2 0 36.2 0
NiMo/TD-90 52.5 1.3 53.8 0.02 15.3 0 15.3 0

Fig. 9. HRTEM of the sulfide catalysts (a) NiMo/TD-40, (b) NiMo/TD-60, (c) NiMo/TD-70, (d) NiMo/TD-80, (e) NiMo/TD-90.

Table 3
Lav and Sav of MoS2 crystallites.

Catalyst Lav, nm Sav fMo

NiMo/TD-40 4.12 3.09 0.25
NiMo/TD-60 4.08 3.08 0.26
NiMo/TD-70 3.66 3.05 0.28
NiMo/TD-80 3.82 3.19 0.26
NiMo/TD-90 4.29 2.97 0.24
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relationship is listed as follows:

(1) TD-70 support possesses the special three-dimensional
dendritic morphology, wrinkled surface and outstanding
2526
pore structures, promoting the dispersion of the NiMo active
metal and devoting to the diffusion of macromolecular S-
containing compounds. TD-70 support has a large specific
surface, pore volume and pore diameter (Fig. 4 and Table 1),



Fig. 10. XPS of the Mo 3d region of the sulfide catalysts, (a) NiMo/TD-40, (b) NiMo/TD-60, (c) NiMo/TD-70, (d) NiMo/TD-80, (e) NiMo/TD-90.

Table 4
The Mo 3d XPS analysis results of Mo species over various sulfide catalysts.

Catalysts Mo4þ Mo5þ Mo6þ SMo

ar, %a (229.0 eV) ar, % (232.1 eV) ar, % (230.1 eV) ar, % (233.2 eV) ar, % (232.5 eV) ar, % (235.6 eV)

NiMo/TD-40 35 23 10 6 16 10 58
NiMo/TD-60 40 26 1 1 19 13 66
NiMo/TD-70 45 29 3 2 12 9 74
NiMo/TD-80 42 28 3 2 15 10 70
NiMo/TD-90 32 22 5 3 23 15 54

a ar. % means the area percent of XPS peak.

Fig. 11. HDS results of DBT over catalysts at different WHSVs, a, NiMo/TD-40, b, NiMo/
TD-60, c, NiMo/TD-70, d, NiMo/TD-80, e, NiMo/TD-90, f, NiMo/Al2O3.

Fig. 12. HDS results of 4,6-DMDBT over catalysts at different WHSVs, a, NiMo/TD-40, b,
NiMo/TD-60, c, NiMo/TD-70, d, NiMo/TD-80, e, NiMo/TD-90, f, NiMo/Al2O3.
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which is favor to improving the accessibility of active phases
and eliminating the steric resistance of 4,6-DMDBT.
2527
(2) The enhancement of B (L) acid is helpful to improve the ac-
tivity of HDS reaction. Significantly, the acidity of NiMo/TD-x
catalysts change greatly due to the modulation of aging



Fig. 13. Reaction network of DBT HDS over the NiMo/TD series catalysts.

Table 5
Catalytic performance for HDS of DBT over different catalysts.

Catalyst kHDS, 10�4 mol g�1 h�1 TOF, h�1 Product selectivity, %

HYD DDS HYD/DDS ratio

THDBT CHB DCH CPMB PHDi CPMCH BP

NiMo/TD-40 6.6 1.8 3.3 21.8 1.3 0.4 e 0.3 72.9 0.37
NiMo/TD-60 9.3 2.4 1.8 27.0 1.6 0.4 e 0.4 68.8 0.45
NiMo/TD-70 12.8 3.1 2.6 33.8 2.2 1.1 0.2 1.3 58.8 0.70
NiMo/TD-80 11.5 2.8 1.2 32.1 1.8 0.7 e 0.8 63.4 0.58
NiMo/TD-90 4.4 1.2 1.8 11.0 0.4 0.1 e e 86.7 0.15

Table 6
Catalytic performance for HDS of 4,6-DMDBT over different catalysts.

Catalyst kHDS,10�4 mol g�1 h�1 TOF, h�1 Product selectivity, %

HYD DDS ISO Total ISO

4,6-THDM DBT 3,30-DM CHB 3,30-DM BCH 3,30-DM BP 4,40-DM BP 4,40-DM BCH Iso-MIPT

NiMo/TD-40 5.4 1.4 13.1 52.5 1.3 14.6 6.9 4.3 7.3 18.5
NiMo/TD-60 7.8 2.0 14.5 49.7 1.3 15.6 8.7 2.9 7.3 18.9
NiMo/TD-70 9.9 2.4 10.9 45.3 3.7 17.1 8.4 4.4 9.1 21.9
NiMo/TD-80 8.9 2.3 10.6 47.3 3.4 17.0 8.0 4.5 9.2 21.7
NiMo/TD-90 2.6 0.7 11.9 50.4 6.0 13.0 5.3 9.1 4.3 18.7
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temperatures. The increase of DBT HDS activity over series
catalysts is consistent with the increase of B&L acid. NiMo/
TD-70 shows the highest DBT conversion due to the mod-
erate acid strength and an appropriate acid-type (Fig. 8 and
Table 2), suggesting that the acidic sites promote the reac-
tion. It is also noted that the 4,6-DMDBT HDS activity
changes as well as DBT. Moreover, Rich acid content (espe-
cially B acid) can improve the hydrogenolysis and isomeri-
zation abilities. NiMo/TD-70 shows the highest 4,6-DMDBT
conversion with highest ISO reaction.
2528
(3) The MSI of the catalysts will affect the dispersion and
reduction of active components, thus affecting HDS reaction
activity. From Raman and XPS results (Figs. 7 and 10), it can
be found that the agglomerated MoO3 species are non-
existent in all of the catalysts. The change of aging temper-
atures can adjust the MSI, thus affecting the existing state
and dispersion of the NiMo active phase. NiMo/TD-70 cata-
lyst has the highest sulfurization degree (74%) (Fig. 10 and
Table 4), the shortest length (3.66 nm), moderate staking
layers (3.05) and the highest dispersion degree (0.28) of



Fig. 14. Reaction network of 4,6-DMDBT HDS over the NiMo/TD series catalysts.
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MoS2 (Fig. 9 and Table 3), thus improving the kHDS and TOF of
DBT and 4,6-DMDBT HDS (Tables 5 and 6).

To sum up, this study shows that the synergistic effect of
morphology, structure, acidity and active metal dispersion on HDS
activity of NiMo/TD-x series catalysts. The open center-radial pore
structure can provide more reaction space for macromolecular re-
actants. Active metals are more evenly distributed on the supports,
mainly due to the larger specific surface areas and pore volumes
and suitable MSI. The typical dendritic morphology, largest surface,
more B&L acid sites and outstanding dispersion of active metals
over NiMo/TD-70 are conducive to the hydrogenation and isom-
erization of DBT and 4,6-DMDBT molecules.

5. Conclusion

NiMo/TD-x series catalysts with different morphologies and
acidity are synthesized by a facile method. TS-1 microporous ma-
terial will not damage the fold topology of DMSNs, and can be well
composited to the framework of DMSNs via SieOeTi bonds. NiMo/
TD-70 catalyst has typical wrinkled surface dendritic morphology
and outstanding pore structures, promoting the dispersion of the
NiMo active metal. Moreover, the introduction of TS-1 brings more
B&L acid sites, promoting the HYD selectivity for DBT and the ISO
route for 4,6-DMDBT. Obviously, NiMo/TD-70 catalyst shows the
highest kHDS and TOF values, which mean the excellent DBT (99.0%)
and 4,6-DMDBT (93.7%) activity.
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