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CATALYSIS

ABBREVIATIONS AND NOTATION
 

XRF, X-ray fl uorescence; XPS, X-ray photoelectron 
spectroscopy; XRD, X-ray diff raction; NMR, Nuclear 
magnetic resonance spectroscopy; FHRS-2, the industrial 
silicon trapping catalyst; FS-Spent, the spent FHRS-2; FS-
Fresh, the Fresh FHRS-2; FS-Spent-500, the sample obtained 
by calcinating FS-Spent at 500℃for 3 h in air atmosphere; 
w, silicon capacity; MSiO2, the content of SiO2 in the catalysts 
FS-Spent-500; M0, the initial mass of the silicon trapping 
catalysts.

INTRODUCTION

Antifoaming containing organosilicon is often used 
in the coke drums, which will lead to the generation 
of light silicon compounds in the light components. 
This part of silicon will aff ect the deactivation of the 
hydrotreating catalysts. Recently, researchers have 

studied the process of Si-poisoned catalysts and the 
application of silicon trapping catalysts. Pérez-Romo 
and his groups studied the species of silicon on the 
deactivated catalyst and proposed that the silicon on 
the deactivated hydrogenation catalyst mainly existed 
in the form of SiO2 with Si(OH), Si(OH)2, ≡SiCH3, 
SiOHCH3 and Si(CH3)2 groups [1]. Vatutina et al. 
explored the regeneration possibility of Si-poisoned 
hydrotreating catalysts CoMo/Al2O3. The spent catalysts 
with diff erent silicon contents were regenerated and 
then activated by citric acid. The results showed that 
the hydrodesulfurization activity of the regenerated 
CoMo/Al2O3 catalysts decreased with the increase of 
silicon content. The hydrodesulfurization activity of 
the regenerant catalysts could be recovered, when the 
silicon content on CoMo/Al2O3 was less than 3%. In 
addition, they also proposed that the increase of silicon 
content on the deactivated catalysts led to the increase 
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of CoOx species on the regenerant catalysts. The Co 
species could not be converted into active Co species 
during the sulphur treatment, and could not eff ectively 
modify MoS2 layers, which resulted in the decrease of 
the hydrodesulfurization activity of the corresponding 
regenerant catalysts [2]. 

There were some silicon trapping catalysts has been 
developed as the protectant for the capture of silicon. 
Qu studied the application of silicon-trapping catalysts 
in the coking gasoline hydro-processing unit. It was 
found that FHRS-1 developed by Fushun Petrochemical 
Research Institute showed the characteristics of large 
pore volume, large specifi c surface area and high silicon 
capacity [3]. Chen analyzed the deactivation of the 
HPS-02A and HPS-02B silicon trapping catalysts in 
the coking diesel hydrogenation unit, and studied the 
deactivation degree of the silicon trapping catalysts at 
diff erent positions of the unit. The results showed that 
the silicon content of the silicon trapping catalysts 
gradually decreased along the direction of material fl ow 
from top to bottom. In addition, the silicon trapping 
catalysts showed the performance of hydrogenation 
and deferrization of raw materials. The properties of 
reclaimed silicon-trapping catalysts indicated that 
deposition deactivation of impurities such as silicon and 
iron is irreversible [4].

There are few reports about the industrial silicon 
trapping catalysts and the infl uence of the silicon on 
the NiMo type silicon-trapping catalysts. In order to 
pro vide support for the research of the silicon trapping 
mechanism of industrial silicon trapping catalysts and 
the deactivation mechanism of NiMo type silicon-
trapping catalysts deriving from silicon deposition, the 
study made an in-depth analysis of the microstructure 
properties, surface active phase properties, acid 
properties and silicon species on the surface of the 
industrial silicon-trapping catalysts.

EXPERIMENTAL

Preparation of materials. The spent and the fresh 
industrial silicon trapping catalysts used in the experi-
ment was the FHRS-2 from the industrial unit of a re-
fi nery. The spent FHRS-2 marked as FS-Spent was used 
to trap silicon for one cycle in naphtha hydrogenation 
unit. Fresh catalyst FHRS-2 was labelled as FS-Fresh. 
The sample named as FS-Spent-500 was obtained by 
calcinating FS-Spent at 500℃for 3 h in air atmosphere. 

Char acterization of catalysts. The pore properties 
of the samples were analysed by Nitrogen physical 
adsorption. The analytical instrument was ASAP 
2420 nitrogen physical adsorption instrument from 
MICROMERITICS Corporation. The samples were 
vacuumized and pre-treated at 200℃ for 4 h. 

The surface metal species were characterized by XPS. 
Prior to XPS testing, the samples were pre-sulfureted 
in 10%H2S/H2 mixture. The pre-treated catalyst was 
characterized by XPS analysis on MULTILAB2000 XPS 
of VG Scientifi c Instruments. In the test, Mg Kα target 
was used as the excitation source, Al 2p spectral peak 
was used as the internal standard, and the test pressure 
was less than 5 × 10–8 Pa. The sample is supported with 
conductive scotch tape.

The Si and Al species information of the samples 
were obtained by NMR analysis. The analytical 
instrument was Bruker BioSpin GmbH from Germany, 
which has a probe of 4 mm MAS BB/1H H7999/0017. 
The instrument frequency is 130.32MHZ, and 
deuterobenzene is the solvent.

 The phase composition of the samples was 
analyzed by XRD. The instrument is D/Max-2500X-
ray diff ractometer of RIGAKU Company of Japan. The 
light source is CuKα ray, the voltage is 20~60 kV, and 
the current is 10~300 mA. The scan range is from 10° 
to 70°, step size is 0.01°, and scan rate is 1°/min. The 
sample was pulverized and pressed before testing.

The acid properties of the samples were characterized 
by NH3-TPD. The samples were saturated with NH3 at 
100℃ for 1h, and then after being purged with pure He 
for 2 h at the same temperature, the samples were heated 
at 10 ℃ min–1 to 773 K under He fl ow. The instrument 
is AutoChem 2920 automatic chemisorption instrument 
of Mack Instrument Company. Bluer XRF instrument  
is used to test the silicon content of the samples. Before 
the test, the samples were pretrea ted at 500℃ for 3 h in 
the air atmosphere.

The mass content of SiO2 in the catalysts is MSiO2, 

 MSiO2 = M1S                                    (1)

Thereinto, S is the mass content of SiO2 in the used 
samples after treated at 500°C measured by the XRF 
anlysis, M1

 

is the mass of the used samples after treated 
at 500°C.

w presents silicon capacity, %:
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Thereinto, M0 stands for the initial mass of the silicon 
trapping catalysts.

RESULTS  AND  DISCUSSION

The physicochemical prop erties of the silicon 
trapping catalysts. The phase information of the samples 
could be obtained by XRD. Figure 1 showed the XRD 
analysis results of FS-Fresh and FS-Spent-500. It could 
be seen from Fig. 1 that FS-Fresh exhibited an apparent 
diff raction peak of γ-Al2O3, and there was no NiO or 
MoO3 diff raction peaks was found. It could be likely 
that the particle size of the active metal components on 
FS-Fresh was very small and the particles were evenly 
dispersed, which probably led to the results that only the 
diff raction peaks of supports were detected. Compared 
with the obvious diff raction peaks of the supports of 
FS-Fresh, the position of the diff raction peaks of FS-
Spent-500 does not change signifi cantly, but the peaks 
intensity of the support decreased signifi cantly. It was 
apparent that the support was mainly consisted of 
γ-Al2O3 after calcination, while the deposition of silicon 
on the surface of the silicon trapping catalyst caused 
the change of surface phase composition of the FS-
Spent-500, which resulted in the decreaγsing of the peak 
strength of the support FS-Spent-500 greatly. The result 
demonstrated that the silicon deposited on the surface 
of the silicon trapping catalyst reacted with the γ-Al2O3 
support, which would aff ect the properties of the silicon 
trapping catalyst.

In order to explore the eff ect of silicon deposition 
on the structural properties of the silicon trapping 
catalysts, the pore structure of silicon trapping catalysts 
w as analyzed by nitrogen physical adsorption. Figure 2 
presented the pore properties of the FS-Fresh and FS-
Spent-500,  where Fig. 2b exhibited the corresponding 
pore size distribution and Fig. 2a showed the adsorption 
isotherms. It  could be seen from the adsorption 
isotherm curves of FS-Fresh and FS-Spent-500 that 

both fresh and the calcinated spent catalysts belonged 
to mesoporous materials, even though there were some 
diff erences in pore structure [5]. As shown in Fig. 2a, 
it coul d be seen that the pore size distribution of the 
silicon trapping catalysts under diff erent states was 
quite diff erent. The pore size distribution of FS-Fresh 
is relatively concentrated, where the average pore 
size is 6.4 nm. However, the average pore size of FS-
Spent-500 is 9.6 nm. It is observed that the deposited 
silicon changed the pore structure of the catalysts. In 
addition, he pore size distribution of FS-Spent-500 was 
relatively dispersed. The number of pores smaller than 
10nm was greatly reduced, while many mesoporous 
pores with pore size around 25 nm were increased. 
And as shown in Fig. 2b, the adsorption isotherms of 
FS-Spent-500 is a little diff erent with that of FS-Fresh, 
which was related  to the change of the pore shape 
and also presented the pore structure was changed. 
As exhibited in Table 1, the specifi c surface area and 
pore volume of the silicon trapping catalysts decreased 
signifi cantly after silicon deposition. Compared with 
the FS-Fresh the specifi c surface area and pore volume 
of FS-Spent-500 decreased by 49.17 and 22.92%, 
respectively. In summary, the pore property analysis 
proved that silicon deposition made the specifi c surface 
area and pore volume decreased. The silicon deposited 
on the surface of the silicon trapping catalysts caused 

Table 1. T he texture properties of the silicon trapping catalysts

Samples SBET, m2
 g–1 VP, cm3 g–1 D, nm SiO2, wt % Si capacity, %

FS-Fresh 303 0.48 6.4 – 28.17
FS-Spent-500 154 0.37 9.6 21.98

Fig. 1. The XRD patterns of the silicon trapping catalysts.
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the blocking of the pores with diff erent sizes, resulting 
in the change of the pore structure of silicon trapping 
catalysts. The activity of catalyst is closely related to 
the properties of pores, and the change of pore structure 
would aff ect the adsorption and diff usion of reactant 
molecules, which ultimately leads to the loss of catalyst 
performance [6]. In addition, the silicon captured by 
silicon trapping catalyst was characterized by XRF. As 
shown in Table 1, there was 21.98 wt.% SiO2 detected 
by XRF over FS-Spent-500, by which the Si capacity of 
FHRS-2 could be obtained. Combined with Eq. (1), the 
Si capacity of FHRS-2 is 28.17% shown in Table 1.

The surface properties of th e silicon trapping 
catalysts. Figure 3 exhibited the NH3-TPD spectra 
of FS-Fresh and FS-Spent-500, where the surface 
acid properties of silicon trapping catalysts could be 
obtained. As demonstrated in Fig. 3, the NH3 adsorption 
peak strength of FS-Spent-500 was much weaker than 

that of FS-Fresh, proving that the deposition of silicon 
on the surface of the silicon trapping catalysts made the 
change of the acid centers [6]. The total acid content 
of FS-Fresh and FS-Spent-500 were 0.401mmol/g and 
0.343mmol/g, respectively according to the results 
analyzed from Fig. 3. Compared with FS-Fresh, the total 
acid content of FS-Spent-500 was reduced by 14.46%. 
This result presented that the deposited silicon could 
cover the acid center on the catalyst, resulting in the 
reduction of the acid center. According to the literature, 
the acid center is related to the activity of hydrogenation 
catalyst, and the reduction of acid center will also cause 
the loss of the catalytic activity.

In order to clarify the surface properties of the 
industrial silicon trapping catalysts, analyze the 
structure and composition of silicon on the industrial 
silicon trapping catalysts, NMR analysis was carried 
out to study the species of silicon. Figure 4 showed 
29Si NMR spectra of FS-Spent and FS-Spent-500, 
where the silicon species deposited on their surface 
were analyzed. Kellberg analyzed the catalysts for 
silicon poisoning from coking gasoline hydrogenation 
by combining 29Si MAS and 29Si CP/MAS methods, 
and found that the signal peak within the chemical 
shift between –14 and –22.4 ppm belonged to the D 
species (=Si((CH3)2) with two methyl groups. The 
two peaks at –54 and –64 ppm were attributed to the 
T species (≡SiCH3) with one methyl group, while the 
three overlapping peaks between –85 and –120 ppm 
were attributed to the Q species with the siloxy group 
(Q: Si(OX), where X is H, Al or Si) [7]. Based on 
existing studies, it can be concluded that Q species can 

Fig. 2.  The pore properties of the silicon trapping catalysts.

Fig. 3. The NH3-TPD of the silicon trapping catalysts.
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of monolayer silicon deposition, where there is no pure 
Si–O–Si bond as Si(OSi)4 groups and every silicon was 
believed to bond with Al. The appearance of silicon 
vibration at this chemical shift indicated that the silicon 
deposition on the silicon trapping catalyst conformed 
to the amorphous si licon bilayer deposition model. The 
formation process of amorphous silicon on the support-
alumina was spontaneous, and the amorphous silicon 
formed by bilayer deposition model was relatively 
stable [8, 9, 10].

Combined the reports and 29Si NMR analysis of the 
industrial silicon trapping catalysts, it was likely that the 
silicon trapping catalyst located above the bed reacted 
with the cyclosiloxane in the feed, where the silicon in the 
cyclosiloxane was fi nally captured by the support of the 
silicon trapping catalysts in the way of siloxy group, and 
then the amorphous silicon with Q-type silicoxy group 

Table 2. The NMR results of the silicon trapping catalysts

Chemical 
shift, ppm Si species

Percentage of Si 
species / %

FS-Spent FS-
Spent-500

–112~–109 Si(OSi)4 18.6 16.6

–104~–101 Si(OSi)3(OX) 47.8 66.0
–95~–90 Si(OSi)2(OX)2 23.8 12.1

–87~–83 Si(OSi)(OX)3   9.8   5.4

Fig. 4. 29Si NMR of the silicon trapping catalysts.

be divided into four categories: Si(OSi)4 (~112 ppm), 
Si(OSi)3(OX) (~103 ppm), Si(OSi)2(OX)2 (~93 ppm), 
Si(OSi)(OX)3 (~85 ppm) [5].

As shown in Figure 4, there was only one signal 
peak in the 29Si NMR spectra for both FS- Spent and FS-
Spent-500, both of which was located between –70 and 
–120 ppm. The results showed that after the usage of 
the industrial silicon trapping catalysts for one cycle, the 
types of silicon species on FS-Fresh and FS-Spent-500 
were same, that is, the silicon on the surface of FS-Fresh 
and FS-Spent-500 were mainly full of the siloxy group 
Si(OX) (X was H, Al or Si). Nevertheless, although the 
chemical shift interval of silicon species on the surface 
of FS-Spent and FS-Spent-500 was the same, the shape 
of their signal peaks was slightly diff erent. Considering 
the kinds of Q species, there were diff erences in the 
distribution of silicon with diff erent Q species on the 
surface of FS-Fresh and FS-Spent-500 Therefore, 
the 29Si NMR spectra of FS-Spent and FS-Spent-500 
were processed by peak splitting. As can be seen fro m 
the peak splitting results, the silicon on FS-Spent and 
FS-Spent-500 surfaces was Q species with abundant 
Si(OSi)4, Si(OSi)3(OX), Si(OSi)2(OX)2, Si(OSi)2, 
Si(OSi)(OX)3 groups [5, 8]. Table 2 indicated the peak 
splitting results of FS-Spent and FS-Spent-500 29Si 
NMR spectra, and presented the surface composition 
of diff erent silicon trapping catalysts. As exhibited in 
Table 2, the silicon distribution of the Q species on FS-
Spent surface was 18.6%Si(OSi)4, 47.8%Si(OSi)3(OX), 
23.8%Si(OSi)2(OX)2 and 9.8%Si(OSi)(OX)3. As to FS-
Spent-500, the silicon distribution of Q species changed, 
and became 16.6%Si(OSi)4, 66.0%Si(OSi)3(OX), 
12.1%Si(OSi)2(OX)2 and 5.4%Si(OSi)(OX)3. After 
high temperature regeneration treatment, the surface 
silicon species of FS-Spent changed, the Si(OSi)2(OX)2, 
Si(OSi)4 and Si(OSi)(OX)3 species were reduced and 
converted to Si(OSi)3(OX) species. This result proved 
that at high temperature, some bonds in siloxy groups 
broke and recombined, where the surface siloxy group 
interacted with the support were transformed into OX 
groups accompanied by the generation of more O–
Si–O–Si groups, and fi nally resulting in the generation 
of more Si(OSi)3(OX) groups. The presence of Si(OSi)4 
groups with the chemical shift of –112~–109 ppm 
indicated that the deposition of silicon on the industrial 
silicon trapping catalysts did not accord with the model 

–70       –80      –90     –100     –110     –120     –130
Chemical shift, ppm

FS-Spent-500

FS-Fresh
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was generated on the surface of the silicon trapping 
catalysts. In addition, this result also demonstrated that 
the silicon deposited on alumina existed in the form of 
amorphous silicon [9, 11, 12]. The results were also 
consistent with XRD results. A large amount of silicon 
was deposited on the surface of the silicon trapping 
catalysts and the coverage of amorphous siloxy 
structures led to a signifi cant weakening of the X-ray 
diff raction peak intensity of the support alumina of FS-
Spent-500. At the same time, the abnormal pore size 
distribution of FS-Spent-500 could be also explained. 
A large amount of silicon covered or blocked the 
pores, resulting in a signifi cant reduction in the specifi c 
surface area and pore volume of FS-Spent-500. 
Meanwhile, the  amorphous silicon on FS-Spent-500 
might be the reason for the appearance of some bigger 
mesopores about 25 nm. To sum up, after the silicon in 
the feed was captured by the silicon trapping catalyst, 
the silicon was deposited on the silicon trapping 
catalyst in the form of amorphous siloxy groups, which 
blocked the pores and changed the pore properties of 
the silicon trapping catalyst. Meanwhile, the existence 
of many Q-type silicoxy groups on the surface caused 
the chaos of the functional groups on the surface of the 
silicon trapping catalyst and fi nally changed its surface 
properties including acid properties [6].

Figure 5 exhibited the Mo3d X PS of FS-Fresh, FS-
Fresh-500 and FS-Spent-500. The XPS characterization 
of the active metals in the silicon trapping catalysts 
can be used to clarify the active metal species on the 
surface of the catalysts, which was helpful to further 
analyze the infl uence of the process of silicon trapping 
on the surface-active phase of the silicon trapping 
catalysts. As shown in Fig. 5, the peaks of the Mo3d 

spectra of FS-Fresh, FS-Fresh-500 and FS-Spent-500 
were similar, indicating that the surface Mo species 
were similar. Nevertheless, the content of Mo species 
in diff erent valence states on the silicon trapping 
catalysts was slightly diff erent according to the results 
of peak fi tting. The peak fi tting rules were as follows: 
the diff erence of binding energy between Mo3d3/2 and 
Mo3d5/2 orbits is between 3.1 and 3.2 eV, and the peak 
area ratio between Mo3d3/2 and Mo3d5/2 is 2 : 3 [13, 14]. 
It was evident that Mo4+ is the Mo species in MoS2 
phase, that is, Mo4+ presented the Mo species in sulfi de 
state, Mo5+ belonged to the Mo species in MoOxSy 
phase, while Mo6+ corresponded to the Mo species in 
MoO3 [14, 15, 16]. Table 3 indicated the peak fi tting 
results of XPS, and it was obvious that the distribution 
of Mo species in diff erent valence states in FS-Fresh 
was 60.64%Mo4+, 16.86%Mo5+ and 23.90%Mo6+. 
What is noteworthy is that the distribution of Mo 
species in diff erent valence states of FS-Spent-500 
was 53.35%Mo4+, 8.05%Mo5+ and 38.70%Mo6+. In 
addition, the distribution of Mo species in diff erent 
valence states in FS-Fresh-500 was 59.61%Mo4+, 
13.36%Mo5+, and 27.03%Mo6+. It was evident that FS-
Fresh-500 owned lower Mo4+ species than FS-Fresh, 
which indicated that calcination process had an impact 
on the sulfi dity of the catalyst s. T he Mo4+ species of 
FS-Spent-500 decreased by 12.02% compared with 
FS-Fresh and 10.50% compared with FS-Fresh-500, 
which indicated that the deposition of silicon also 
resulted in the decrease of sulfi dity of the used silicon-
trapping catalyst. The possible reason was that the 
interaction between the deposited silicon on the surface 
and the support brought about the limited sulphuration 
of active metals and the decrease of the number of 

Fig. 5.  Mo3d XPS of the silicon trapping catalysts.
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active phases. This was one of the important reasons 
for the loss of catalyst activity. Figure 6 exhibited the 
Ni2P  XPS spectra of FS-Spent-500 and FS-Fresh. The 
peak fi tting rules were as follows: the diff erence of 
binding energy between Ni2p3/2 and Mo2p1/2 orbits is 
17.3 eV, and the peak area ratio between Ni 2p3/2 and 
Mo2p1/2 is 2 : 1. It is apparent that Ni in the silicon 
trapping catalysts mainly existed in three forms: NiNiSx,
NiNi–Mo–S and Ni2+ species. Thereinto, the Ni2+ species 
was the Ni species in the oxidation state in NiO or 
NiAlO4 phase [14, 16]. The contents of diff erent 
species of Ni in FS-Spent-500, FS-Fresh and FS-
Fresh were listed in Table 3. Obviously, the content 
of NiNi–Mo–S species in FS-Spent-500 was 31.79%. 
Nevertheless, the content of NiNi–Mo–S species in FS-
Fresh was 42.82%, FS-Fresh-500 owned 38.30%NiNi–

Mo–S species. FS-Fresh-500 showed lower NiNi–Mo–S 
species than FS-Fresh, indicating that the calcination 
would also infl uence the modifi cation of Mo by Ni and 
decrease the content of Ni–Mo–S species. However, 
the content of active NiNi–Mo–S species in FS-Spent-500 
decreased by 25.76% compared with FS-Fresh and 
17.00% compared with FS-Fresh-500, which means 
that the Si deposition might also aff ect the formation 
of NiNi–Mo–S species and decrease the sulfi dity of Ni in 
the catalysts. This result proved that the d eposition of 

silicon on the surface of the silicon trapping catalysts 
could impede the activation process of active metal Ni, 
which could not modify MoS2 species eff ectively and 
resulted in a decrease in the number of active NiNi–Mo–S 
species. Finally, the number of highly active NiMoS 
active phase was reduced, leading to the decrease of 
catalyst hydrodesulfurization performance [15].

To sum up, it can be speculated that the interaction 
between deposited silicon on the surface of the silicon 
trapping catalysts and the support changed the structural 
and surface properties of the silicon trapping catalysts, 
resulting in the reduction of the sulfi dity of the active 
metals during the activation of the used catalyst, and the 
weakening of the eff ective modifi cation of MoS2 species 
by Ni. Thus, the hydrodesulfurization performance of 
the catalyst was reduced.

 CONCLUSIONS

It can be concluded that the silicon capacity of 
FHRS-2 was as high as 28.17% in the industrial device 
during the operation cycle. It could be found that  the 
silicon deposition on the silicon trapping catalysts 
from industrial devices conformed to the amorphous 
silicon bilayer deposition model, where the silicon 
mainly existed in the form of amorphous silicon with 

 Table 3. The active species (XPS) of the silicon trapping catalysts

Samples Mo4+ Mo5+ Mo6+ NiSx Ni–Mo–S Ni2+

FS-Fresh 60.64 16.86 23.90 11.26 42.82 45.92 

FS-Fresh-500 59.61 13.36 27.03 14.33 38.30 49.37 
FS-Spent-500 53.35 8.05 38.70 12.88 31.79 55.33 

Fig. 6.  Ni2P XPS of the silicon trapping catalysts.
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 abundant Q species including Si(OSi)4,  Si(OSi)3(OX), 
Si(OSi)2(OX)2, Si(OSi)(OX)3 (X=H, Si, Al) groups. 

Silicon deposition has a great infl uence on the 
structural properties of the silicon trapping catalysts. 
 The deposited silicon existed in amorphous structure on 
the surface of the silicon trapping catalysts,  resulting in 
the change or blockage of many pores and a signifi cant 
reduction of specifi c surface area and pore volume. The 
specifi c surface area and pore volume of FS-Spent-500 
were reduced by 49.17 and 22.92% compared with FS-
Fresh, respectively. In addition, the surface amorphous 
silicon made the pore distribution of the catalysts after 
silicon deposition disorganized and dispersed, which 
was not conducive to the adsorption, diff usion, and 
reaction of the molecules during the hydrogenation, and 
was one of the important reasons for the loss of catalyst 
activity.

After silicon deposition, the surface acid content  of 
FS-Spent-500 decreased by 14.46% compared with FS-
Fresh, while the surface active Mo4+ species and NiNi–Mo–S
species of FS-Spent-500 decreased by 12.02% and 
25.76%, respectively. The silicon deposited on the sur-
face covered the surface of the silicon trapping catalyst, 
which resulted in the loss of acid sites and changed the 
interaction between the support and the active metal 
by reacting with the support. Therefore, the deposited 
silicon inhibited the sulphuration of the active metals 
to some extent, reducing the  sulfi dity of the active met-
als, and greatly weakening the modifi cation eff ect of the 
active metal Ni on the active phase of MoS2. Thus, the 
production of highly active NiMoS phase was reduced, 
which was another important reason for catalyst deacti-
vation after regeneration.

ADDITIONAL INFORMATION

Xiaozhen Chen, ORCID: https://orcid.org/0000-0002-
0413-1695

FUNDING

We gratefully acknowledge fi nancial support provided 
by the Liaoning Revitalization Talent Program under Grant 
XLYC2002102 and Dalian High-level Innovation and 
Entrepreneurship Program under Grant 2020RD10.

CONFLICT OF INTEREST

The authors declare no confl ict of interest.

REFERENCES

1. Pérez-Romo, P., Aguilar-Barrera, C., Laredo, G.C., 
Ángeles-Chávez, C., and Fripiat, J., Applied Catalysis A: 
General., 2021, vol. 611, p. 117964. 

 https://doi.org/ 10.1016/j.apcata.2020.117964
2. Vatutina, Y.V., Kazakov, M.O., Nadeina, K.A., 

Budukva, S.V., Danilova, I.G., Gerasimov, E.Y., 
Suprun, E.A., Prosvirin, I.P., Nikolaeva, O.A., 
Gabrienko, A.A., Klimov, O.V., Noskov, A.S., Catalysis 
Today, 2021, vol. 378, pp. 43–56. 

 https://doi.org/10.1016/j.cattod.2021.03.005
3. Qu, T., Jia, B.J., Chai, H., Guo, R., Petroleum Refi nery 

Engineering, 2009, vol. 39, p. 47–49. 
 https://doi.org/10.3969/j.issn.1002-106X.2009.10.012
4. Chen, Y.F., Xin, J., Han, N.L., Liu, X.C., Wang, L.Y., 

and Song, Y., Speciality Petrochemicals, 2021, vol. 38, 
pp. 34–38. 

 https://doi.org/10.3969/j.issn.1003-9384.2021.05.008
5. Pérez-Romo, P., Navarrete-Bolaños, J., Aguilar-

Barrera, C., Angeles-Chavez, C., and Laredo, G.C., 
Applied Catalysis A: General, 2014, vol. 485, p. 84–90. 
https://doi.org/10.1016/j.apcata.2014.07.038

6. Nadeina, K.A., Kazakov, M.O., Kovalskaya, A.A., 
Danilova, I.G., Cherepanova, S.V., Danilevich, V.V., 
Gerasimov E.Yu., Prosvirin I.P., Kondrashev A.V., 
Klimov, O.V., Noskov A. S., Catalysis Today, 2020, 
vol. 353, pp. 53–62. 

 https://doi.org/10.1016/j.cattod.2019.10.028
7. Kellberg, L., Zeuthen, P., and Jakobsen, H.J., Journal of 

Catalysis, 1993, vol. 143, pp. 45–51. 
 https://doi.org/10.1006/jcat.1993.1252
8. Vaiss, V.S., Fonseca, C.G., Antunes, F.P.N., 

Chinelatto, L.S.Jr., Chiaro, S.S.X., Souza, W.F., and 
Leitão, A.A., J. Catalysis, 2020, vol. 389, pp. 578–591.

9. Caillot, M., Chaumonnot, A., Digne, M., and 
Bokhoven, J.A.V., ChemCatChem, 2013, vol. 5, 
pp. 3644–3656. 

 https://doi.org/10.1002/cctc.201300560
10. Caillot, M., Chaumonnot, A., Digne, M., Poleunis, C., 

Debecker, D.P., and van Bokhoven, J.A., Microporous 
and Mesoporous Materials, 2014, vol. 185, pp. 179–189. 
https://doi.org/10.1016/j.micromeso.2013.10.032

11. Thomas, J.M., Microporous and Mesoporous Materials, 
2007, vol. 104, pp. 5–9. 

 https://doi.org/10.1016/j.micromeso.2007.01.002
12. Pérez-Romo, P., Aguilar-Barrera, C., Navarrete-



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY

9  INFLUENCE  OF  THE  SILICON  DEPOSITION

Bolaños, J., Rodríguez-Otal, L.M., Beltrán, F.H., and 
Fripiat, J., Applied Catalysis A: General, 2012, vol. 449, 
pp. 183–187. 

 https://doi.org/10.1016/j.apcata.2012.10.001

13. Li, Y., Zhang, T., Liu, D., Liu, B., Lu, Y., Chai, Y., and 
Liu C.G., Industrial & Engineering Chemistry Research, 
2019, vol. 58, pp. 17195–17206. 

 https://doi.org/10.1021/acs.iecr.9b02368

14. Hu, D., Li, H.P., Mei, J.L., Xiao, C.K., Wang, E.H., 
Chen, X.Y., Zhang W.X., and Duan A.J., Petroleum 
Science, 2022, vol. 19, pp. 321–328. 

 https://doi.org/10.1016/j.petsci.2021.11.005
15. Kobayashi, K., Nagai, M., Catalysis Today, 2017, 

vol. 292, pp. 74–83. 
 https://doi.org/10.1016/j.cattod.2017.01.040
16. Liu, Z.W., Han, W., Hu, D.W., Sun, S.L., Hu, A.P, 

Wang, Z., Jia, Y.Z., Zhao, X.Q., and Yang, Q.H., 
J. Catalysis, 2020, vol. 387, pp. 62–72. 

 https://doi.org/10.1016/j.jcat.2020.04.008

Publisher’s Note. Pleiades Publishing remains neutral 
with regard to jurisdictional claims in published maps 
and institutional affi  liations.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS (Pfeps)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


