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ABSTRACT 

Dendritic mesoporous silica nanospheres (DMSNs) with center-radical pore structure were 

successfully fabricated with ZSM-5 seeds to synthesize hierarchically meso-microporous ZSM-

5/DMSN (ZD) materials, which were used as the support for preparing HDS catalysts. The 

catalytic activities were evaluated by adopting DBT as the model oil. ZD composites and the 

corresponding catalysts were well characterized by XRD, XPS, HRTEM and other techniques. 

The characterization results manifested that the specific center-radical pore structure was 

retained after the incorporation of microporous zeolite ZSM-5, thus ZD exhibited a wide pore 

diameter about 17 nm, which was definitely preferable for mass transfer in S removal process. 

Meantime, the open pore channels enhanced the accessibility of active sites on the internal 

surface of catalysts. The introducing of ZSM-5 seeds into the framework of DMSNs also 

improved the acidity and modulated the metal-support interaction as well. As a result, NiMo/ZD 

series catalysts demonstrated high HDS activities, of which NiMo/ZD-3 achieved the highest 

HDS efficiency of 98.3%. The superior catalytic performance not only originated from the large 

center-radical pore structure and good acidity of support, but also related to the suitable metal-

support interaction and perfect dispersion of metallic active sites. 

KEYWORDS 

Dendritic composites; Cebter-radical pore structure; ZSM-5 seeds; Dibenzothiophene; 

Hydrodesulfurization 

1. Introduction 

Environment protection is an eternal topic from the development of human civilization 1, and 

most of countries come to be conscious that it is right time to take actions for ecological balance. 
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Pollution control is essential to limit the exhaust emission from vehicle engines 2-4, in which tons 

of petroleum fuels are fed into the combustion chambers. Diesel is one of the most widely used 

energy and sulfur is one of the dominantly elemental components which can bring about 

numerous pollution problems such as acid rain, building corrosion and even fatal disease. 

Therefore, it is of necessity to remove the sulfides and produce ultra-clean diesel in order to 

avoid the obvious negative influence on environment and on human health. The industrial 

processing techniques to produce clean diesels depend mainly on hydrodesulphurization (HDS) 5, 

of which the keypoint focuses on the hydrotreating catalysts. 

Generally, the typical catalysts are made of three main parts 6, 7: active metal, support and 

additive, of which the support plays a vital role to provide enough surface area for good 

dispersion of active sites; to enhance the hydrothermal stability of the catalyst under strict 

operating conditions; and to guarantee sufficient mechanical strength and other properties 8-10. As 

the traditional support, Al2O3 is widely applied in different industrial processes 11, 12. The 

apparent advantages of Al2O3 
13-15 are low synthesis cost, acceptable thermal stability, good 

mechanical stability and desirable regenerative capacity, which are preferable for realizing good 

HDS activity and full industrialization. However, some characteristic disadvantages of Al2O3 

carrier, including inadequate surface area, small pore size, and strong metal-support interaction 

restrict its application greatly in the ultra-deep HDS processing, especially for the removal of S 

species with high molecular weights and aromatic ring structure, i.e., benzothiophene and other 

macromolecular derivative sulfides 16. 

So, scientists from all over the world are fully dedicated to develop novel supports with 

superior properties. In this case, dendritic mesoporous silica nanospheres (DMSNs) 17, 18 

gradually arouse our interest in the potential application of alternative support for HDS process 19. 
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DMSNs display superiority in 3D channels as compared with other mesoporous materials like 

SBA-15, SBA-16 and MCM-41 20-24, since the distinct center-radical pore structures of DMSNs 

can dramatically shorten the diffusion distance and improve the accessibility of active sites 

located on the internal surface of the catalysts with less diffusion resistance25; meanwhile, large 

surface area and pore volume make active metals well disperse on the surface of the catalysts, 

consequently facilitating to the high HDS performance, therefore it will be meaningful for sulfur-

elimination of macromolecular sulfides by adopting DMSNs to be the support for HDS catalyst. 

It is well known that suitable acidity plays a vital role in HDS process 26, 27. Brønsted acidity is 

favorable for isomerization and de-alkylation 28 of alkyl substituted DBT like 4,6-DMDBT, 

which can enhance the sulfur removal performance. Besides, Brønsted and Lewis acids could 

modulate the microstructure and the chemical state of the supported Ni and Mo oxides, thus 

influencing the size of active MoS2 phases, and then form more active centers with high catalytic 

activity 26. Unfortunately, pure silicate DMSNs materials are short of the preferable acidity and 

metal-support interaction 29, although they have perfect texture properties. Therefore, 

modification of the carrier would facilitate to balance the structure and catalytic performance. In 

micro-mesoporous materials 30-32, it is noted that the incorporation of microporous sieves into the 

framework of mesoporous materials could produce appropriate acidity and modulate metal-

support interaction, since microporous sieves are recorded with suitable and flexible acidity as 

well as hydrothermal stability. Thus, the introducing of microporous sieves into the framework 

of DMSNs could improve the practicality as support for HDS catalysts. 

In this research, dendritic mesoporous silica nanoparticles (DMSN) were modified by ZSM-5 

seeds using self-assembly method. Then the obtained DMSN/ZSM-5 (ZD) composites were 

applied as the supports of NiMo catalysts for DBT HDS reaction, in which the bimetallic species 
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were loaded with a two-step incipient wetness impregnation approach. Moreover, the effects of 

Si/Al ratios on the structure-activity relationship were systematically studied. And the 

corresponding characterizations including XRD, 27Al MAS NMR, SEM, TEM, HRTEM, Py-IR, 

and XPS were carried out to investigate the physicochemical properties. Furthermore, the HDS 

performance of the synthesized catalysts was evaluated using DBT as model fuel in the micro 

reactor. 

2. Experimental Section 

2.1 Synthesis of materials 

2.1.1 Synthesis of ZSM-5 seeds. 

ZSM-5 seeds with a Si/Al ratio of 30 were composed by mixing two solutions, and the 

procedures were presented as follows. One solution was made of 0.58 g NaOH, 40 g H2O and 

2.0 g NaAlO2, which was then stirred under room temperature for 1 h. Another solution was 

synthesized firstly by stirring a mixture of 1.2 g NaOH, 32 g H2O and 0.6 g 

tetrapropylammonium bromide (TPABr) until they were completely dissolved. Then 40 g silica 

sol was added followed by 1-h agitation. After that, the former solution was dropped into the 

later one gently and kept agitating for 3 h. The final mixture then proceeded to crystallize in a 

Teflon-lined autoclave under 170 ℃ for 30 h. 

2.1.2 Synthesis of ZD materials. 

Firstly, 0.82 g triethanolamine (TEA) was dissolved in 300 mL deionized water and the 

obtained solution was stirred for 30 min under 80 ℃, after which 4.56 g CTAB and 2.02 g 

sodium salicylate (NaSal) were added into the former mixture under agitation. After one-hour 

stirring, 48.0 g tetraethyl orthosilicate (TEOS) was slowly dropped into the above solution and 

kept agitating for 30 min, which was followed by addition of different amounts of ZSM-5 seeds 
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(0.83、1.14、1.18、2.26 and 5.11 g) prepared previously. After 1.5-hour agitating, the mixture 

was crystallized in a 500-mL Teflon-lined autoclave for 4 h at 100 ℃ followed by centrifugal 

washing. The final supports with different Si/Al ratios were obtained after drying and calcination, 

which were named as ZD-1, ZD-2, ZD-3, ZD-4 and ZD-5, respectively, representing the ZD 

materials with Si/Al ratios of 400, 300, 200, 150 and 90. 

2.2. Preparation of the corresponding catalysts. 

Before the impregnation of active metals, the series materials were firstly treated by ion 

exchanges for twice with ammonium chloride under the conditions of ZD: NH4Cl: H2O=1:3:30, 

and then filtering, washing, drying and calcination. After that, the two-step incipient-wetness 

impregnation was carried out, which was comprehensively introduced in our previous work 33. 

The final catalysts were synthesized with 15.0 wt% MoO3 and 3.5 wt% NiO. 

2.3. Catalytic performance evaluation 

The HDS performance was tested in fixed-bed reactor using DBT as model oil. Previous to the 

HDS process, the catalyst needed presulfidation to enhance its activity under the conditions of 

340 ℃, 4.0 MPa and 600 mL/mL as H2-to-oil in the existence of 2.5 wt% CS2. And then the 

evaluation of catalysts was performed at the same temperature and pressure, while H2/oil ratio 

was kept at 200 mL/mL and weight hour space velocity (WHSVs) needed to be adjusted in the 

range of 100-10 h-1. 

The HDS rate is calculated by the equation (4) 34 as following: 

HDS(%) =
𝑆𝑓 − 𝑆𝑝

𝑆𝑓
× 100%                                                                                               (4) 

where Sf is the sulfur content in feed, and Sp is the sulfur content in product measured by a 

RPP-2000SN instrument. 
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3. Results 

3.1 Characterization of Supports 

3.1.1 XRD Results 

The wide angle patterns of the series materials with different Si/Al ratios were displayed in 

Figure 1. It can be seen that all material possess the characteristic peaks at 2ϴ=8-10° and 22.5-

25°35 and the peak intensities of ZD materials are rather lower than that of pure ZSM-5, 

indicating that ZSM-5 microporous sieves fabricated into ZD materials are mainly in primary 

and secondary unit structures. As the Si/Al ratios increase from 90 to 400, the intensities of the 

corresponding characteristic peaks increase in the following order: ZD-1< ZD-2< ZD-3< ZD-4< 

ZD-5. 

 

 

Figure 1. XRD patterns at wide angle of ZD series materials and ZSM-5 

 

3.1.2 N2 physisorption Results  

The results of N2 physical adsorption of ZD series materials are shown in Figure 2. ZD 

materials exhibit Type Ⅵ isotherm and Type H3 hysteresis loop at relative pressure of 0.8-1.0, 

10 20 30 40 50

ZD-5

ZD-4

ZD-3

ZD-2

ZD-1

 

 

In
te

n
si

ty
, 

a
.u

.

2q, degree

ZSM-5



8 

 

convincing the successful synthesis of mesoporous structure 36. And the pore sizes are in a wide 

distribution range from 20 to 60 nm. According to Table 1, the mean pore diameter is about 

17.26 nm, much larger than the common micro-mesoporous materials 37, and such big pore can 

diminish the diffusion resistance of large S-containing reactants. In addition, bigger pores benefit 

to the accessibilities of active metals situated in the internal surface. From Table 1, ZD-3 with a 

Si/Al ratio of 200 possesses the highest surface area of 492 m2/g. Compared to the pure DMSNs 

(415 m2/g) and Al-DMSNs (343 m2/g) prepared in our precious work 19, ZD-3 has more surface 

to disperse active metallic species in order to obtain a uniform dispersion. 

 

 

Figure 2. N2 adsorption isothermals (A) and pore size distributions (B) of the series materials 

with different Si/Al ratios: (a) ZD-1; (b) ZD-2; (c) ZD-3; (d) ZD-4; (e) ZD-5 
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ZD-5 456 1.50 16.5 

 

3.1.3 27Al MAS NMR Results 

27Al NMR spectra of the series ZD supports are demonstrated in Figure 3 and Al species in 

these materials could be analyzed accordingly. Based on the spectra, it can be found in Figure 3 

that the peaks at δ=0 ppm and δ=54 ppm are assigned to octahedrally coordinated (non-

framework Al specie) and tetracoordinated aluminum (framework Al specie)38, respectively. 

Practically, ZD series materials only have one peak at δ=54 ppm, meaning that almost all Al 

species have turned into AlO4 structural unit and are covalently bound to Si species through 

oxygen bridges 39. When the Si/Al ratio is 400, a strong peak at δ=54 ppm and a much weaker 

peak at δ=0 ppm can be seen, which indicate that non-framework Al species tend to appear when 

the Si/Al ratio is over high, although framework Al species still dominate in the materials. 

Therefore, according to the 27Al NMR spectra, it can be concluded that most of alumina have 

been successfully incorporated into the framework of ZSM-5/DMSNs micro-mesoporous 

materials through the self-assembly approach. The as-formed bridging hydroxyl groups, 

connected to tetrahedral aluminums and Si atoms by oxygen bridges 39, are favorable for 

generating Brønsted and Lewis acidic sites and consequently promote the total acidity of 

materials. 
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Figure 3. 27Al NMR spectra of the series materials: (a) ZD-1; (b) ZD-2;  

(c) ZD-3; (d) ZD-4; (e) ZD-5 

3.1.4 SEM of Supports 
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Figure 4. SEM graphs of the series materials with different Si/Al ratios  

 

Figure 4 shows the SEM images of ZD series materials with various Si/Al ratios and the pure 

ZSM-5 sieves. SEM images exhibit that the ZD materials consist of center-radical spheres 

roughly 20 nm in average diameters and the ZD nanoparticles have essentially the same wrinkled 

surface morphologies, which can provide more active surface and high possibility for an 

excellent dispersion of active metals. Compared to the structure of pure DMSNs material 

prepared in our previous work19, it could be noted that the introducing of ZSM-5 crystallites via 

self-assembly method did not triggers any significant change in structures. Moreover, through 
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SEM-EDS elemental mapping images of ZD-3 sample (Figure S1 in Supporting Information), it 

is proven that Al atoms have been incorporated into the whole framework of DMSNs since all of 

Al, Si and O atoms disperse uniformly on the surfaces of the DMSNs carriers. 

3.1.5 TEM and HAADF-STEM-EDS results of the supports 

 

 

Figure 5. TEM graphs of the series materials with different Si/Al ratios  

 

Figure 5 depicts typical low-magnification transmission electron microscopy (TEM) images of 

the obtained ZD supports, in which highly consistent dendritic sphere structures are developed 

from a cluster core, then forming mono-disperse nanoparticles. The micro-mesoporous ZD 

materials doping of ZSM-5 microcrystals possess the same center-radical pore channels with the 

pure DMSNs, implying the retainment of the structures from siliceous DMSNs that can be also 

confirmed by. STEM images of ZD-3 (Figure S2 in Supporting Information). Additionally, the 

EDS mappings (Figure S2 in Supporting Information) indicate that ZSM-5 seeds have been 

incorporated into the framework of DMSNs materials uniformly. 
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3.2. Characterization of Catalysts. 

3.2.1 Py-FTIR spectra of the oxided catalysts 

In order to obtain the Brønsted and Lewis acidities of series NiMo/ZD catalysts, pyridine-FTIR 

measurement was carried out to all the catalysts and the corresponding results are shown in 

Figure 6. The total acidities were obtained after degassing at 200 ℃, while the medium and 

strong acidities were detected by degassing at 300 ℃. The desorption peaks appearing at 1454, 

1576 and 1623 cm-1 are derived from the existence of Lewis acid, while the peak located at 1492 

cm-1 is attributed to the coexisting of Brønsted and Lewis acidities40. The amounts of Brønsted 

and Lewis acid were calculated from the pyridine adsorption IR spectra and the statistics results 

are summarized in Table 2. According to the acid results obtained at 200 ℃ and 350 ℃, 

NiMo/ZD-3 has the highest Lewis acidities and the largest total number of (B+L) acid sites. In 

addition, the numbers of Brønsted acid sites decrease in the sequence of NiMo/ZD-2 > 

NiMo/ZD-1 > NiMo/ZD-3 > NiMo/ZD-4 > NiMo/ZD-5. The enhanced acidity might have 

positive influence on the HDS performance, and the Brønsted acidity would contribute to direct 

cleavage of C-S bond, which could promote the corresponding selectivity. 

 

Figure 6. Py-FTIR graphs of the series catalysts with different Si/Al ratios after degassing at 

200 ℃ and 350 ℃: (a) NiMo/ZD-1; (b) NiMo/ZD-2; (c) NiMo/ZD-3; (d) NiMo/ZD-4; (e) 
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Table 2. Amounts of Brønsted and Lewis acid sites of the oxided catalysts  

with various Si/Al ratios 

Catalysts 

Amount of acid sites (μmol g-1)  

200 oC   350 oC  

L B L+B  L B L+B 

NiMo/ZD-1 68.4 3.9 72.3  16.7 0.0 16.7 

NiMo/ZD-2 67.9 4.7 72.6  33.5 0.0 33.5 

NiMo/ZD-3 83.1 2.2 85.3  43.1 0.0 45.0 

NiMo/ZD-4 62.4 2.0 64.4  18.2 0.0 18.2 

NiMo/ZD-5 78.7 1.3 80.0  36.6 0.0 36.6 

 

3.2.2 XPS spectra of the sulfided catalysts 

Sulfidations degrees of the oxidized active metals have closely intimate relation to the DBT 

HDS activity, and the corresponding results are obtained via XPS spectra, which are listed in 

Table 3 and Figure 7, respectively. As shown in Figure 7, seven peaks assigned to different Mo 

species and S phase can be clearly recognized 41, which are summarized in Table 3 in detail. 

Practically the Mo 3d signal is divided into two peaks of Mo 3d3/2 and Mo d5/2, for which the 

peak area ratio is 1.5 given the discrepancy in binding energy of 3.15 eV. The peaks at binding 

energies of 229.1 eV and 232.2 eV pertain to Mo4+ species in MoS2 phases (thoroughly sulfided 

Mo phases). And the peaks at 230.1 eV and 233.2 eV are corresponding to the intermediate 

molybdenum oxysulfides (MoOxSy), while the smaller peaks located at higher bonding energies 

of 232.5 eV and 235.6 eV are assigned to MoO3. The peak at bonding energy of 226.2 eV is 

assigned to S2-. Then the sulfidation degree is calculated by the ratio of the sulfided Mo species 

(MoS2) to the total amount of MoS2, MoOxSy, and MoO3 species. In sum, all the data are listed in 

Table 3. Accordingly, it can be seen that all catalysts possess relatively high sulfidation degrees 
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over 50% (NiMo/γ-Al2O3 of 35% 41), among which NiMo/ZD-3 has the highest sulfidation 

degree of 70%, implying high HDS activity. Basically, high sulfidity is mainly derived from the 

weak metal-support interaction 29 in contrast to NiMo/γ-Al2O3. 

 

 

Figure 7. XPS graphs of the series catalysts with different Si/Al ratios: (a) NiMo/ZD-1; (b) 

NiMo/ZD-2; (c) NiMo/ZD-3; (d) NiMo/ZD-4; (e) NiMo/ZD-5 
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3.2.4. HRTEM of the sulfided catalysts 

High-resolution transmission electron-microscopy (HRTEM) was used to characterize the 

dispersity of MoS2 slabs on the catalysts after pre-sulfurization reaction, which could provide the 

information of active phases over the catalyst under the in-situ experiment conditions. The 

HRTEM images are shown in Figure 8 and the obtained statistical results are listed in Table 4. 

From Figure 8, many multilayered MoS2 stacks are in black threadlike fringes. All catalysts vary 

in terms of the stacking levels as exhibited in Figure 8, indicating their active-metal dispersions 

are different. The calculated results are listed in Table 4, demonstrating the average lengths and 

the stacking numbers of MoS2 slabs. Generally, it is believed that short slabs signify a good 

dispersion of active metals, while moderate stacking numbers can provide more desired active 

sites 42 because less stacking numbers mean that MoS2 exists in Type-Ⅰ active phases derived 

from the very strong MSI, while large stack numbers confirm that MoS2 is in agglomerated states. 

According to the statistical results in Table 4, NiMo/ZD-3 has a shorter average slab length of 

4.37 nm and a suitable average stacking number of 4.32. The obtained fMo of NiMo/ZD-3 is 0.26, 

demoting good catalytic activity. 

 

Table 4. HRTEM statistical results of the series catalysts with different Si/Al ratios 

Catalyst Lav (nm) Nav fMo 

NiMo/ZD-1 4.33 4.03 0.26 

NiMo/ZD-2 4.53 4.15 0.25 

NiMo/ZD-3 4.37 4.32 0.26 
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NiMo/ZD-4 4.01 4.33 0.27 

NiMo/ZD-5 3.80 4.47 0.29 

 

 

Figure 8. HRTEM graphs of the series catalysts with different Si/Al ratios 

3.3. Results of the HDS of DBT 

3.3.1 Catalytic Activity for DBT 

The HDS reaction results of these series NiMo/ZD catalysts at different weight hour space 
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In addition, NiMo/ZD series catalysts demonstrate some outstanding characteristics in 

comparison with the commercial NiMo/Al2O3 catalyst and other NiMo supported catalysts like 

NiMo/ZSM-KIT-6, NiMo/ZSM-5-SBA-15 and NiMo/ZSM-5-SBA-16. Compared to 

NiMo/Al2O3, NiMo/ZD series catalysts can provide sufficient surface areas to well disperse the 

active metals; meanwhile, owning to the addition of ZSM-5 nanocrystals that can modulate the 

interaction between active metals and the support, NiMo/ZD series catalyst could obtain 

appropriate MSIs, thus benefiting the formation of active MoS2 phases. According to our 

previous work41, the DBT HDS performance over NiMo/Al2O3 demonstrated a lower HDS 

conversion of 92.1%. Furthermore, DMSNs show essential difference compared with KIT-6、

SBA-15 and SBA-16 concerning pore properties, since DMSNs possess characteristic center-

radical pore channels and larger pore diameters of more than 15 nm. Owing to the superior pore 

structures of DMSNs, the diffusion resistance during the transfer processes of reactants and 

products can be dramatically diminished; moreover, the open pore channels of DMSNs could 

improve the accessibility of reactants to the active sites, especially the active MoS2 phases 

located on the internal surface of the catalysts. Consequently, NiMo/ZD-3 catalyst exhibit high 

HDS efficiency of ~98.3%. 
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Figure 9. Catalytic performances for HDS of DBT over various catalysts: (a) NiMo/ZD-1; (b) 

NiMo/ZD-2; (c) NiMo/ZD-3; (d) NiMo/ZD-4; (e) NiMo/ZD-5; (f) NiMo/Al2O3 

The calculated results of TOF and kHDS are listed in Table 5. All of the TOF and kHDS values of 

the series catalysts change in the sequence of NiMo/ZD-3 > NiMo/ZD-2 > NiMo/ZD-4 > 

NiMo/ZD-1 > NiMo/ZD-5, in which NiMo/ZD-3 possesses the highest values of TOF and kHDS 

as well, in agreement with the HDS conversion results. 

3.3.2 The selectivity of DBT in HDS process 

The product distributions of DBT HDS were obtained via GC-MS characterization, which are 

listed in Table 5. It has been widely known that DBT HDS reactions proceeds through two main 

routes: DDS route and HYD route43, 44. The HDS reaction routes over NiMo/ZD series catalysts 

could be further confirmed via GC-MS measurement. As depicted in Figure 10, the C-S bonds 

break directly in DDS route, and biphenyl (BP) is generated as the resulted product45; while in 

HYD process 46, DBT firstly turns into tetrahydrodibenzothiophene (THDBT) through the 

addition of hydrogen, and then is further desulfurized to produce cyclohexenylbenzene (CHEB), 
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which proceeds deep hydrogenation, consequently resulting in the generations of 

cyclohexylbenzene (CHB) and bicyclohexane (BCH), respectively. 

 

S S

DBT

BP

THDBT

CHEB CHB BCH

HYD
D

D
S

 

Figure 10. DBT HDS reaction routes. 

According to Table 5, the majority product is BP, which means that DBT is desulfurized 

mainly through DDS route, accounting for at least 62% over NiMo/ZD-5 catalyst. Moreover, as 

the Si/Al ratios increase from NiMo/ZD-5 to NiMo/ZD-1, a decrement in the added amounts of 

ZSM-5 seeds, the ratios of DDS/HYD gradually enhance. Moreover, according to the acidity 

results detected by Pyridine-FTIR measurement, the selectivity results of the series catalysts 

keep exactly the same sequence as the changes in total Brønsted acidity: NiMo/ZD-2 > 

NiMo/ZD-1 > NiMo/ZD-3 > NiMo/ZD-4 > NiMo/ZD-5. So, it can be inferred that the C-S bond 

cleavage is mainly controlled by the total Brønsted acidity. The C-S bonds break directly in DDS 

route, which demonstrates the consumption of hydrogen is relatively less as compared with HYD 

route. Therefore, the DBT HDS over NiMo/ZD series catalysts tends to save considerable 

hydrogen, which is more profitable and environmental friendly to the industrial processes. 

 

Table 5. Product selectivity in DBT HDS process 

Catalysts 
Conversion  

kHDS TOFa Product selectivity (%)b 
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(%) (10-4 mol 

g-1 h-1) 

(h-1) HYD DDS 
DDS/HYD 

ratio 
THDBT CHB DCH BP 

NiMo/ZD-1 18.5 2.57 0.86 0.0 8.3 0.0 91.7 11.5 

NiMo/ZD-2 22.5 3.27 1.05 1.2 3.3 0.0 95.5 24.0 

NiMo/ZD-3 32.0 4.70 1.44 1.9 23.2 1.0 74.9 3.0 

NiMo/ZD-4 28.0 3.11 0.99 0.7 23.5 0.8 74.0 2.9 

NiMo/ZD-5 22.0 2.42 0.71 2.4 34.5 1.3 61.8 1.6 

a Number of reacted DBT molecules per hour and per Mo atom at the edge sites.  

b Determined at about 20%~30% of total DBT conversion by changing WHSV. 

HYD: THDBT + CHB + DCH; DDS: BP. 

4. Discussion 

It is widely accepted that excellent catalytic performance originates from appropriate 

physiochemical properties 47, 48; such like good active-metal dispersion, excellent textural 

properties and desirable acidity. The DBT HDS activity results in Figure 9 proved that NiMo/ZD 

series catalysts had great desulfurization performance, among which NiMo/ZD-3 catalyst 

exhibited the highest HDS activity at various WHSVs. The detailed analysis about the reasons 

for the perfect HDS performance of NiMo/ZD-3 is interpreted as follows. 

Firstly, the dendritic mesoporous silica nanospheres with center-radical pore structure can 

provide open pore channels for reactant molecules. As a result, the diffusion resistance declines 

with the open channels, which are favorable for the desulfurization of macromolecular sulfide 

like DBT. As illustrated in TEM (Figure 5), the pore sizes of ZDs slowly turn larger from the 

interior to the exterior. Moreover, the active metals can disperse on both internal and external 

surfaces of supports owing to the special trumpet shaped pore structure, which can offer more 

accessibility for reactants to the active sites. In addition, the ZD-3 support provides the largest 

surface area for active metallic phases, making a high metal dispersion over NiMo/ZD-3 catalyst. 
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Compared to the common mesoporous materials like SBA-15, the unique center-radical trumpet 

shaped channels of DMSNs exhibit some significant advantages, not only alleviating the 

diffusion obstruction, then promoting the contact between reactants and active sites, but also 

benefiting to the high dispersions of active sites. 

Secondly, suitable acidity plays an irreplaceable role in S-removal process 49, especially in the 

selectivity. The enhanced total acidity and the Lewis acidity can be highly conducive for higher 

catalytic HDS activities. It can be seen from Figure 9 that NiMo/ZD-3 with the largest total 

acidities and Lewis acidities demonstrated the highest HDS activity. Moreover the increased 

Brønsted acidity results into higher proportions of DDS route. Compared with the HDS reaction 

on the conventional NiMo/γ-Al2O3 catalysts 50, on which the S atoms in DBT are removed 

mainly via HYD pathway, the higher selectivity of DDS route is obtained on the NiMo catalysts 

supported on ZD series materials, indicating that all the synthesized NiMo/ZD catalysts with 

different Si/Al ratios have higher hydrogenolysis desulfurization activities. And DDS route is 

believed as a more profitable and environmental-friendly process compared to HYD route, 

because the direct cleavage of C-S bonds consumes less hydrogen. Therefore, NiMo catalysts 

supported on ZD materials would be excellent candidates for HDS reaction. 

Thirdly, the eminent sulfidation degree of the active metals is closely associated to the 

catalytic activity. From XPS results in Table 3, it can be obviously found that all these catalysts 

supported on ZD series materials show relatively high sulfidation degrees, of which NiMo/ZD-3 

possesses the highest, demonstrating that ZD series materials have appropriate metal-support 

interaction for active metals dispersion. According to the equation for the sulfidation degree (SMo, 

noted in Table 3), it can be seen that higher sulfidation degree means a higher proportion of Mo4+ 

which derives from MoS2 active sites. Accordingly, catalysts with higher sulfidation degrees 
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might have more active phases. Therefore, NiMo/ZD-3 catalyst consequently proved the best 

DBT HDS activity as shown in Figure 9. 

Finally, MoS2 slabs over NiMo/ZD catalysts exhibit suitable stacking degrees and slab length. 

Compared with NiMo/γ-Al2O3 catalysts, in which MoS2 slabs only have 1-2 layers 19, NiMo/ZD 

catalysts usually possess more stacked MoS2 particles with shorter length (around 4 nm) and 

higher stacking degree(around 4 layers). However, MoS2 slabs with less stacking numbers would 

hamper the planar adsorption of the macromolecular sulfur compounds through its aromatic rings 

51 while MoS2 slabs with higher stacking degree will lead to a crucial reduction in the exposure 

and accessibility of active sites which are in critical demands for sulfur removal through the 

perpendicular adsorption of DBT via the S atoms. Based on the previous research results 52, it 

has been established that two kinds of “Ni-Mo-S” active phase structures exist on the HDS 

catalyst, specifically Type Ⅰ and Type Ⅱ “Ni-Mo-S” phases, corresponding to less and more 

stacked MoS2, respectively, of which Type Ⅰ “Ni-Mo-S” phases have lower intrinsic activity, 

while Type Ⅱ “Ni-Mo-S” structures with suitable stacking degree could provide more 

opportunities for reactants to contact with the edge MoS2 sites 53.  

In conclusion, the synergies of morphologies, acidities and sulfidation degree of active sites 

contribute to the final catalytic performance comprehensively. The center-radical pore structures 

provide large channels for macromolecular reactants, so that they could transfer into the catalysts 

and then fully contact with the active sites. The large amount of both internal and external 

surface areas over the catalysts combining with the intermediate metal-support interaction of the 

catalysts could synergistically improve the dispersion of active phases. In addition, the enhanced 

total acidity and Lewis acidity are preferable for high catalytic performance, while the increased 
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Brønsted acidity plays a leading role in excellent HDS selectivity of DBT. In the series 

NiMo/ZD catalysts, DBT is mainly converted into BP through DDS route. 

5. Conclusion  

Series novel ZD materials with uniform center-radical dendritic structures were synthesized by 

an anion-assisted method. The superior pore channels of the ZD composites greatly alleviated the 

diffusion resistances during the mass transfer process of reactants and products. Moreover, the 

introducing of ZSM-5 nanocrystals contributed to desirable acidity and appropriate MSIs, which 

are both favorable for higher DBT HDS efficiency and selectivity. The enhanced catalytic 

performance of DBT HDS was mainly derived from the synergetic contributions of wide pore 

channels, large surface areas and enhanced acidities of ZD materials, together with desirable 

sulfidation of active metals, which finally resulted into the higher DBT HDS activity than the 

conventional NiMo/Al2O3 catalyst. 
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