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Cs取代对Ni-H3PW12O40/SiO2催化剂结构性质和催化性能的影响

金 浩 1,2,* 孙晓丹 1 董 澍 3 吴义志 3 孙素华 1 刘 杰 1

朱慧红 1 杨 光 1 伊晓东 2,* 方维平 2

(1中国石油化工股份有限公司抚顺石油化工研究院, 辽宁抚顺 113001; 2厦门大学化学化工学院, 固体表面物理化学国家重

点实验室, 醇醚酯化工清洁生产国家工程实验室, 福建 厦门 361005; 3中国石油抚顺石化公司石油二厂, 辽宁 抚顺 113004)

摘要: 采用两步浸渍法和载体上的原位反应制备了一系列Cs部分取代的Ni-CsxH3-xPW12O40/SiO2催化剂, 并

用N2吸附比表面积测定(BET)、电感耦合等离子体发射光谱(ICP)、X射线衍射(XRD)、拉曼光谱(Raman)、原位

X射线衍射(in situ XRD)、NH3程序升温脱附(NH3-TPD)、H2程序升温还原(H2-TPR)、H2程序升温脱附(H2-TPD)、

吡啶吸附傅里叶变换红外(FTIR)光谱等分析测试技术对催化剂进行了表征. 以正癸烷为模型化合物, 对催化剂

的加氢裂化性能进行了评价. 结果表明, 8%Ni-50%Cs1.5H1.5PW/SiO2催化剂具有最高的C5+收率, 明显优于 8%

Ni-50%H3PW/SiO2催化剂和工业催化剂. 随着Cs在CsxH3-xPW中比例的增加, 正癸烷的转化率逐渐降低, 而

C5+选择性则逐渐提高. 当催化剂具有合适的孔径时, 选择性的提高是由于催化剂酸性的减弱, 而转化率的降低

则是由于催化剂加氢能力的减弱.
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Influence of Cs Substitution on the Structural Properties and Catalytic
Performance of Ni-H3PW12O40/SiO2 Catalysts
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Abstract: Cs-substituted Ni-CsxH3-xPW12O40/SiO2 catalysts were prepared by two-step impregnation and in

situ reaction on the support. The catalysts were characterized by N2 adsorption measurements, inductively

coupled plasma atomic emission spectrometry, Raman spectroscopy, in situ X-ray diffraction, NH3-temperature

programmed desorption (TPD), H2-temperature programmed reduction, H2-TPD, and Fourier transform infrared

spectroscopy. The hydrocracking of n-decane was used to study the catalytic performance of the Ni-CsxH3-xPW12O40/

SiO2 catalysts. The highest C5+ yield obtained for 8%Ni-50%Cs1.5H1.5PW/SiO2 was superior to those of 8%Ni-50%

H3PW/SiO2 and an industrial catalyst. The conversion of n-decane slightly decreased and the C5+ selectivity

increased with increasing Cs content in the CsxH3-xPW catalysts. Ni-CsxH3-xPW12O40/SiO2 catalysts possessed
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relatively large pore sizes, so the improved selectivity might have been due to a weaker acidity of the catalysts.

The reduced conversion might have been due to a weaker hydrogenation ability.

Key Words: Hydrocracking; n-Decane; Bifunctional catalyst; Ni; Cs; H3PW12O40

1 Introduction
Hydrocracking is a catalytic petroleum refining process that

is commonly applied to convert the heavier petroleum frac-

tions such as vacuum distillates into gasoline or middle distil-

lates.1,2 As the growing demand for high quality middle distil-

lates and more stringent specifications, hydrocracking becomes

a strategic process in a modern refinery.3

Hydrocracking catalysts are bifunctional, i.e., the acid sites

which provide the cracking function and metal sites with a hy-

drogenation-dehydrogenation function.4-7 The typical acidic sup-

ports are amorphous oxides, mixtures of oxides, zeolites, and

silicoaluminaphosphates. The metals most commonly used are

Pt, Pd or bimetallic systems (i.e., NiW, NiMo, and CoMo). The

balance between the acidity of the support-concentration of

acidic sites and their strength-hydro/dehydrogenation activity

of the metal is of primary importance in determining the selec-

tivity of hydroisomerization and distribution of cracking prod-

ucts.

Heteropolyacids (HPAs) with Keggin structure and their

salts have been widely investigated as catalysts in many oxida-

tion and acid-catalyzed reactions due to their strong acidity,

high oxidation potential, and redox character.8-12 The tungsto-

phosphoric acid (H3PW12O40) (HPW) is among the most extensive-

ly studied,13-15 since it possesses the highest Brønsted acidity.

Nevertheless, the main drawback of such materials for catalyt-

ic application is their low specific surface area (<10 m2∙g- 1).

Therefore, for many catalytic applications, they are usually im-

pregnated on different porous materials with high surface area.

Among these carriers, silica has been widely favored as the

supporting material for HPA, since it interacts weakly with the

Keggin anions and thus preserves their structure.16,17 Yet in reac-

tions that involve polar media, true heterogenization of

H3PW12O40 could not be achieved on silica, and the acid

leached out into the reaction mixture.18,19

Heteropolyacid salts are prepared by exchanging part of the

protons of HPA with cations with higher ionic radii, like Cs +

and NH4
+.20,21 They have higher surface area (up to 150 m2∙g-1

compared to 10 m2∙g-1 of HPA) and improved thermal stability

than their parent acids. In addition, they are known to be insol-

uble even in liquids as polar as water. Consequently, HPA salts

should be better suited for practical applications that might in-

volve polar reagents in harsh operating conditions. However,

these salts tend to form colloidal suspensions in polar media,

resulting in difficulties in the catalyst separation.22 Moreover,

their small particle size (unit in µm) limits their application for

use as catalysts in commercial fixed bed or slurry type reac-

tors.23

An obvious solution as often applied in industrial practice is

to support these HPA salts on a larger particle size (unit in mm)

carrier. Unfortunately, the insolubility of HPA salts with big

cation makes conventional aqueous impregnation on different

supports impossible. Consequently, the catalysts were prepared

by sequential impregnation and in situ reaction on different

types of supports, as reported in previous literature.24-28

In our previous work,16 we reported that non- sulfided sup-

ported Ni-H3PW12O40/SiO2 catalysts exhibited high hydrocrack-

ing activity of n-decane. But H3PW12O40 has an excessive acidi-

ty and an overhigh cracking activity, which increases the proba-

bility to undergo secondary reactions. We also studied hydro-

gen spillover on Ni-CsxH3-xPW12O40 (x=0, 1, 2) double-function

hydrocracking catalysts by temperature programmed de-

sorption and thermodynamics calculation.29 The results

show that the hydrogen adsorption amount on the two-com-

ponent Ni-CsxH3-xPW12O40 (x=0, 1, 2) catalysts is much greater

than that on single-component catalysts, such as nickel, tung-

stophosphoric acid, and its cesium salts. Moreover, the Cs salts

of H3PW12O40 overcome these disadvantages, which have a

more widely tunable acidity, a higher thermal stability, and

much lower water solubility.21

Recently, we30 also reported that non-sulfided supported Ni-

CsxH3-xPW12O40/SiO2 catalysts prepared by direct synthesis us-

ing tetraethyl orthosilicate as SiO2 source. Taking into account

the thermal stability of CsxH3-xPW12O40 and the strong interac-

tion between CsxH3-xPW12O40 and support by direct synthesis,

the calcination temperature of the catalyst could not be too

high. The properties of support were restricted by calcination

temperature and the pore size of the support was about 4 nm.

In the present paper, the Ni-CsxH3-xPW12O40/SiO2 catalysts

were prepared by two-step impregnation and in situ reaction on

the SiO2 support. It avoided the restriction of support proper-

ties due to calcination temperature and the strong interaction

between CsxH3-xPW12O40 and support by direct synthesis. The

catalysts were characterized by N2 adsorption (BET), inductive-

ly coupled plasma atomic emission spectrometry (ICP), X-ray

diffraction (XRD), Raman, in situ XRD, NH3-temperature pro-

grammed desorption (NH3-TPD), H2- temperature programmed

reduction (H2-TPR), H2-TPD, and Fourier transform infra-

red (FTIR) spectra of pyridine adsorption. The influence of Cs

substitution on catalytic performance of the catalysts for hydro-

cracking of n-decane was investigated.

2 Experimental
2.1 Preparation of catalysts

The catalysts were prepared by two-step impregnation and in
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situ reaction on the SiO2 support. Typical procedures for the

preparation of Ni-CsxH3-xPW12O40/SiO2 catalysts are as follows:

SiO2 support (Qingdao Haiyang Chemical Co., specific surface

area (378 m2∙g-1), 40-60 mesh) was impregnated with a solu-

tion containing the desired quantities of Ni(NO3)2 (Shanghai

Hengxin Chemical Reagent Co., analyzed grade) and Cs2CO3

(Sinopharm Chemical Reagent Co., 3N). Impregnated samples

were dried overnight at 110 °C and then calcined in air at 400 °C

for 3 h. Then the samples were impregnated with a solution

containing the desired quantities of H3PW12O40 (Sinopharm

Chemical Reagent Co., analyzed grade). After impregnation,

samples were dried overnight at 110 °C without calcination.

Samples prepared with 8% amount of nickel and 50%

amount of CsxH3-xPW12O40 were labeled as 8%Ni-50%CsxH3-xPW/

SiO2, wherein“x”stands for the molar of replaced by Cs in the

CsxH3- xPW12O40 (x=0-3), while CsxH3- xPW stands for the

CsxH3-xPW12O40.

2.2 Characterization

The chemical composition of the samples was determined

using an IRIS Intrepid II XSP ICP atomic emission spectrome-

ter (Thermo, USA).

The surface area (BET) and pore volume of the catalysts

were determined by means of nitrogen adsorption at -196 °C

on an adsorption automatic instrument (Micromeritics Tristar

3020, USA). The samples were pretreated at 300 °C for 3 h in

a vacuum.

Powder X- ray diffraction (XRD) characterization was car-

ried out on a Panalytical (NetherLands) X2 Pert PRO automatic

powder diffractometer operated at 40 kV and 30 mA, using Cu

Kα (λ =0.15406 nm) monochromatized radiation in all cases.

Each step of 0.0167° was measured for 10 s from 10° to 90°

(2θ). JCPDS file database was used for peak identification.

Raman spectra were recorded with a Renishaw (UK) inVia

Raman System equipped with a charge-coupled device (CCD)

detector at room temperature. The 532 nm of diode laser was

used as the exciting source with a power of 22 mW.

In situ XRD was performed under the 5%H2/Ar mixture at-

mosphere. The first spectrum was recorded at room tempera-

ture (25 °C). The temperature was then raised up to 300, 350,

400, 450, 500, 550, 600, 650, 700, 750, and 800 ° C, main-

tained at each value for 0.5 h before recording a new spectrum.

Acid properties were determined by ammonia temperature-

programmed desorption in a Micromeritics AutoChem II 2920

analyzer (USA). 0.2 g of catalyst sample was filled in a U-

shaped quartz reactor tube and a thermocouple was placed onto

the top of the sample. All samples were pretreated in Ar (20 mL

∙min-1) at 400 °C for 2 h then in H2 (20 mL∙min-1) for 1 h. After

cooling down to 100 °C, 10%NH3/Ar was passed over the sam-

ples for 30 min. Then, the samples were swept with Ar for 60

min and finally the desorption step was performed from 100 to

700 °C at a heating rate of 10 °C∙min-1 and 30 mL∙min-1 of Ar

total flow. The desorbed products were monitored by thermal

conductivity detector (TCD) and mass spectrometry (MS)

equipment simultaneously.

The H2-temperature programmed reduction experiments

were performed with a gas chromatography (GC)-TPR appara-

tus. The samples (50 mg) were treated in a flow of Ar (20 mL∙
min-1) at 300 °C for 30 min and then cooled to 50 °C. The sam-

ples were subsequently switched to a flow of 5%H2/Ar mixture

(20 mL∙min-1) and heated from 50 to 900 °C at a rate of 10 °C∙
min-1. The effluent gas mixture was passed through a cold trap

at 0 ° C to remove water. Hydrogen consumption was moni-

tored by an on-line gas chromatograph equipped with a TCD.

H2-TPD measurements were done in a Micromeritics Auto-

Chem II 2920 analyzer. 0.2 g of catalyst sample was filled in a

U- shaped quartz reactor tube and a thermocouple was placed

onto the top of the sample. All samples were pretreated in Ar

(20 mL∙min-1) at 400 °C for 2 h then in H2 (20 mL∙min-1) for

1 h. After cooling down to 50 °C, the samples were swept with

Ar for 60 min and finally the desorption step was performed

from 50 to 700 °C at a heating rate of 10 °C∙min-1 and 30 mL∙
min-1 of Ar total flow.

FTIR spectra of pyridine adsorption were recorded using a

Thermo Nicolet Nexus spectrometer equipped with a liquid-

nitrogen-cooled mercury cadmium telluride (MCT) detector.

The samples were pressed into self-supporting wafers and treat-

ed in H2 at 400 °C in an IR cell for 1 h followed by evacuation

at 400 °C for 5 min to remove the gas phase H2. After cooling

to 100 °C, the samples were exposed to pyridine vapor for 10

min. Then the spectra were recorded after evacuation at high

temperatures. The IR spectra were recorded in the spectral

range of 1700 to 1400 cm-1 with 32 scans and at a resolution of

4 cm-1.

2.3 Catalytic studies

n-Decane used in the present study was purchased from Tian-

jin Kermel Chemical Reagent Co. (analyzed Grade) without

further purification.

The catalytic performance of the catalysts was measured in a

down flow fixed- bed quartz tube reactor cased in a stainless

steel tube (inner diameter (id)=8 mm; 50 cm in length) at 2.0

MPa, T=300 °C, liquid hourly space velocity (LHSV)=2.92 h-1

and H2/n-decane volume ratio of 1500. Prior to reaction, all the

catalysts were reduced by a flow of H2 at 400 °C for 1 h. 0.5 g

of the catalyst was used in each experiment. n-Decane was in-

troduced into the reactor using a micro pump (2ZB-1L10). The

products were collected and identified when the reaction had

begun for 4 h. The activity data were usually obtained after 10

h reaction. The products were directly analyzed on-line in a gas

chromatograph with an OV- 101 capillary column (30 m) and

flame ionization detector (FID).

For comparison, an industrial hydrocracking catalyst FC-16

(NiW/USY zeolite) was also measured for hydrocracking of n-

decane under the same conditions. The industrial catalyst was

obtained from FuShun Research Institute of petroleum and pet-

rochemicals, SINOPEC.
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3 Results and discussion
3.1 Catalysts characterization

The structural information, pore size distribution, and com-

position of the catalysts are presented in Table 1 and Table 2.

The determined chemical composition from ICP is as expected,

indicating that the results of chemical analysis of the catalysts

are in good agreement with desired stoichiometries for Ni and

CsxH3- xPW. It can be observed that the surface area and pore

volume of SiO2 after supporting Ni and CsxH3-xPW decrease re-

markably, while the pore size increases slightly. This may be

due to Ni and CsxH3- xPW blocking the micropores of the SiO2

support, therefore, the surface area and pore volume decrease,

the pore size increases slightly. However, the surface area and

pore volume of the 8%Ni-50%CsxH3-xPW/SiO2 catalysts increase

with increasing the proportion of Cs in CsxH3-xPW. This may be

due to the much higher surface area of CsxH3-xPW with increas-

ing proportion of Cs in CsxH3-xPW, which makes the surface ar-

ea of the catalysts become higher.

The XRD patterns of 8% Ni-50% CsxH3- xPW/SiO2 and

CsxH3- xPW catalysts are presented in Fig.1. It is clear that the

intensity of the diffraction peaks of the 8%Ni-50%CsxH3- xPW/

SiO2 catalysts decreased compared to the CsxH3- xPW due to the

interaction of CsxH3-xPW with Ni species and SiO2 support. The

8%Ni-50%H3PW/SiO2 catalyst shows the presence of charac-

teristic peaks of NiO (37.0° , 43.1° , and 62.6° ) and Keggin

structure of H3PW.27 It is interesting to notice that the diffrac-

tion peaks of the Keggin structure of CsxH3- xPW (18.2°, 23.7°,

25.9°, 29.9°, 35.4°, 43.2°, 54.3°, and 62.2°) appeared and the

intensities of these peaks increased with increasing the propor-

tion of Cs in CsxH3-xPW on the catalysts. This could be attribut-

ed to the interaction of CsxH3- xPW with Ni species and SiO2

support.

The Raman spectra of the 8%Ni-50%CsxH3- xPW/SiO2 cata-

lysts are presented in Fig.2. Raman scattering spectroscopy is

an effective method to study the structure of the supported

CsxH3-xPW because it is extremely sensitive to the Keggin unit,

and the support has no significant interference on the Raman

signals originating from the Keggin unit. All the 8% Ni- 50%

CsxH3- xPW/SiO2 catalysts display similar Raman spectra. The

sharp and intense peak at 1009 cm-1 can be assigned to stretch-

ing vibrations of P―O bond of P―O4, whereas peaks at lower

wavenumbers can be assigned to W＝O (990 cm- 1) and W―

O―W (905 cm- 1) stretching vibrations.31,32 The strong interac-

tion between H3PW and SiO2 support reduces the symmetry of

Keggin unit. Furthermore, it can be speculated that the intro-

Table 1 Chemical composition and textural information of the catalysts

Catalyst

SiO2

8%Ni-50%H3PW/SiO2

8%Ni-50%Cs0.5H2.5PW/SiO2

8%Ni-50%CsH2PW/SiO2

8%Ni-50%Cs1.5H1.5PW/SiO2

8%Ni-50%Cs2HPW/SiO2

industrial catalyst

Composition*

Theoretical/%

Ni

-

8

8

8

8

8

-

Cs

-

0

1.13

2.21

3.24

4.23

-

W

-

38.3

37.4

36.6

35.8

35.1

-

Ni

-

7.92

7.88

7.90

7.93

7.89

-

ICP/%

Cs

-

0

1.08

2.15

3.16

4.15

-

W

-

37.6

36.5

35.7

35.0

34.4

-

SBET/(m2∙g-1)

378

123

125

132

139

176

227

Pore volume/(cm3∙g-1)

1.1

0.29

0.32

0.35

0.37

0.41

0.31

Pore size/nm

10.0

10.2

10.3

10.5

10.8

11.1

5.5

* mass fraction

Table 2 Pore size distribution of the catalysts

Catalyst

SiO2

8%Ni-50%H3PW/SiO2

8%Ni-50%Cs0.5H2.5PW/SiO2

8%Ni-50%CsH2PW/SiO2

8%Ni-50%Cs1.5H1.5PW/SiO2

8%Ni-50%Cs2HPW/SiO2

Pore size distribution/% *

<5 nm

2.29

0

0

0

0

0

5-10 nm

35.27

37.21

35.26

33.10

31.56

28.91

10-20 nm

61.82

62.56

64.46

66.54

68.07

70.64

20-50 nm

0.62

0.23

0.28

0.36

0.37

0.42

* volume fraction

Fig.1 XRD patterns of 8%Ni-50%CsxH3-xPW/SiO2 catalysts
(1) 8%Ni-50%H3PW/SiO2, (2) 8%Ni-50%Cs0.5H2.5PW/SiO2,

(3) 8%Ni-50%CsH2PW/SiO2, (4) 8%Ni-50%Cs1.5H1.5PW/SiO2,

(5) 8%Ni-50%Cs2HPW/SiO2, (6) Cs2HPW, (7) CsH2PW, (8) H3PW
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duction of Cs also will weaken the interaction between CsxH3-xPW

and the SiO2 support becomes weaker, reducing the influence

on Keggin unit′s symmetry. Therefore, the intensity of these

peaks increases with increasing the proportion of Cs in CsxH3-xPW

on the catalysts. The Raman results are consistent with XRD

characterization.

The thermal stabilities of 8%Ni-50%Cs1.5H1.5PW/SiO2 and

8%Ni-50%H3PW/SiO2 catalysts under the hydrogen atmosphere

were studied by in situ XRD and the patterns are shown in

Fig.3. When the temperature is lower than 500 ° C, the XRD

patterns of the 8%Ni-50%Cs1.5H1.5PW/SiO2 catalyst only pres-

ent the characteristic peaks of the Keggin structure. Compared

with the XRD pattern of the catalyst at 25 °C, the characteristic

diffraction peaks of the catalyst calcined at higher temperature

have no change. In the XRD patterns of the catalyst calcined at

temperature higher than 500 ° C, the new intense diffraction

peaks of H0.5WO3 (23.5°, 34°) and Cs0.3WO3 (44°) are observed.

While for the 8%Ni-50%H3PW/SiO2 catalyst calcined at 500 °C,

the new intense diffraction peak of H0.5WO3 (23.5° ) is ob-

served. The 8%Ni-50%Cs1.5H1.5PW/SiO2 catalyst has improved

thermal stability than 8%Ni-50%H3PW/SiO2 catalyst. These re-

sults indicate that Cs1.5H1.5PW decomposes when the calcina-

tion temperature exceeds 500 °C.

The acidity of the 8%Ni-50%CsxH3- xPW/SiO2 catalysts was

characterized by NH3-TPD and the FTIR of pyridine adsorp-

tion. The NH3-TPD profiles of the 8%Ni-50%CsxH3- xPW/SiO2

catalysts are shown in Fig.4. All the catalysts show two desorp-

tion peaks of ammonia near 170 and 540 °C, respectively. It

is evident from Fig.4 that the amount of NH3 desorbed of

the catalysts decreases with increasing the proportion of Cs in

CsxH3-xPW.

In other words, the acid amount of the catalysts decreases

with decreasing the H + content in CsxH3- xPW on the catalysts.

The 8%Ni-50%CsxH3-xPW/SiO2 catalysts show relatively high-

er acidity compared to the industrial catalyst.

The FTIR spectra of pyridine adsorbed on reduced 8% Ni-

50% CsxH3- xPW/SiO2 catalysts are shown in Fig.5. The use of

IR spectroscopy to detect the adsorbed pyridine enables to dis-

tinguish different acid sites. The band at 1446 cm- 1 is due to

the pyridine adsorbed on the Lewis acid sites. On the other

hand, the band at 1538 cm-1 is due to the pyridine adsorbed on

the Brønsted acid sites. The band at 1488 cm- 1 is due to the

contributions of Lewis and Brønsted acid sites.33,34 The charac-

teristic absorption bands of pyridine adsorbed on Lewis acid

sites and Brønsted acid sites were observed for 8% Ni-50%

Fig.2 Raman spectra of 8%Ni-50%CsxH3-xPW/SiO2 catalysts
(1) 8%Ni-50%H3PW/SiO2, (2) 8%Ni-50%Cs0.5H2.5PW/SiO2,

(3) 8%Ni-50%CsH2PW/SiO2, (4) 8%Ni-50%Cs1.5H1.5PW/SiO2,

(5) 8%Ni-50%Cs2HPW/SiO2

Fig.3 In situ XRD patterns of the catalysts calcined at different

temperatures under the 5% H2/Ar mixture atmosphere
a 8%Ni-50%Cs1.5H1.5PW/SiO2, b 8%Ni-50%H3PW/SiO2

Fig.4 NH3-TPD profiles of reduced catalysts
(1) 8%Ni-50%H3PW/SiO2, (2) 8%Ni-50%Cs0.5H2.5PW/SiO2,

(3) 8%Ni-50%CsH2PW/SiO2, (4) 8%Ni-50%Cs1.5H1.5PW/SiO2,

(5) 8%Ni-50%Cs2HPW/SiO2, (6) industrial catalyst

Fig.5 FTIR spectra of pyridine adsorbed and desorbed on

reduced catalysts
(1) 8%Ni-50%H3PW/SiO2, (2) 8%Ni-50%Cs0.5H2.5PW/SiO2,

(3) 8%Ni-50%CsH2PW/SiO2, (4) 8%Ni-50%Cs1.5H1.5PW/SiO2,

(5) 8%Ni-50%Cs2HPW/SiO2
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CsxH3-xPW/SiO2 catalysts. The IR results show that the intensi-

ties of absorption bands for Brønsted acid sites (1538 cm- 1)

and Lewis acid sites (1446 cm- 1) decrease with increasing the

proportion of Cs in CsxH3- xPW, and relative amount of Lewis

acid sites is higher than that of Brønsted acid sites. The results

are consistent with NH3-TPD characterization.

The H2-TPR profiles of the 8%Ni-50%CsxH3-xPW/SiO2 cata-

lysts are shown in Fig.6. The 8% Ni- 50% H3PW/SiO2 catalyst

displays three reduction peaks. The first reduction peak near

400 °C corresponds to the reduction of NiO species, which had

weak interaction with the H3PW. The in situ XRD results

showed that the CsxH3-xPW begins to decompose when the cal-

cinations temperature exceeds 500 ° C. The second reduction

peak near 580 °C is mainly attributed to the reduction of NiO

species, which had strong interaction with the W species of the

catalysts. The third reduction peak near 700 °C corresponds to

the reduction of W species. However, the 8%Ni-50%CsxH3-xPW/

SiO2 (x=0.5, 1, 1.5, 2) catalysts show two reduction peaks. The

first reduction peak near 400 °C corresponds to the reduction

of NiO species and the peak area becomes larger. The second

reduction peak near 690 °C corresponds to the reduction of W

species. This may be due to the interaction between NiO and

CsxH3- xPW gradually weakened with increasing the proportion

of Cs in CsxH3-xPW. The reduction peak (580 °C) shifts to low-

er temperature (400 °C) and the peak area (around 400 °C) be-

comes larger. The phenomenon is consistent with the result of

Raman characterization.

The H2-TPD profiles of the 8%Ni-50%CsxH3-xPW/SiO2 cat-

alysts are shown in Fig.7. All the catalysts present two H2-

desorbed peaks near 160 and 450 °C, respectively. The amount

of H2 desorbed decreases with increasing the proportion of Cs

in CsxH3-xPW. In other words, the amount of H2 desorbed in-

creases with increasing content of H+ in the CsxH3- xPW on the

catalysts.

This phenomenon may be explained by the hydrogen spill-

over, which has been found in our past work.16,17,27,35 The dissoci-

ated hydrogen molecule on the metal Ni can spill to the acid

sites (CsxH3-xPW) and combine with the H+. Both the dissociat-

ed molecule hydrogen and the H + of the CsxH3- xPW are highly

reactive hydrogen species, which will produce the relatively

stable species Hn
+. It seems that there is a balance on the surface

of the CsxH3-xPW, that is

H+
n  

K
H+ + (n -1)H ⋅

As the concentration of Hn
+ species on the surface of

CsxH3- xPW increases, the reactive hydrogen species H· can re-

versely spill over back to the Ni0 sites. This process can form a

reactive hydrogen species layer covering the catalyst′s surface.

The CsxH3-xPW can not only act as the acid sites but also act as

the hydro-dehydrogenation sites. This is a non-classical bifunc-

tional mechanism which was reported in some papers.16,27,35,36

3.2 Catalytic activity

The activity of the 8%Ni-50%CsxH3- xPW/SiO2 catalysts for

hydrocracking of n-decane is shown in Table 3, wherein the

conversion of n-decane and the C5
+ selectivity were taken to ex-

press the activity of the catalyst. The catalytic performance of

the prepared catalysts was compared with that of a typical

NiW/zeolite industrial catalyst. It is evident from Table 3 that

the 8%Ni-50%CsxH3-xPW/SiO2 catalysts and the industrial cata-

lyst all exhibit high activity for the hydrocracking of n-decane.

Among the catalysts tested, 8%Ni-50%H3PW/SiO2 catalyst shows

highest conversion of n-decane and lower C5+ selectivity. More-

over, after the introduction of Cs species, the conversion of n-

decane decreases while the C5+ selectivity is improved for 8%Ni-

50%CsxH3- xPW/SiO2 catalysts. Furthermore, the 8%Ni-50%

CsxH3- xPW/SiO2 catalysts show higher activity compared to

the industrial catalyst.

With increasing the proportion of Cs in CsxH3- xPW, the con-

version of n-decane decreases from 99.2% to 89.5% for 8%Ni-

50%CsxH3- xPW/SiO2 catalysts. The reduced 8%Ni-50%H3PW/

SiO2 catalyst shows the highest activity, superior to the 8%Ni-

50%CsxH3- xPW/SiO2 (x≠0) catalyst and the industrial catalyst.

Combined with the results of H2-TPD and H2-TPR characteriza-

tion, it can be inferred that the hydrogenation ability of the cat-

alysts is gradually weakened with increasing the proportion of

Cs in CsxH3-xPW.

With increasing the proportion of Cs in CsxH3- xPW, the C5 +

Fig.6 H2-TPR profiles of the catalysts
(1) 8%Ni-50%H3PW/SiO2, (2) 8%Ni-50%Cs0.5H2.5PW/SiO2, (3) 8%Ni-50%

CsH2PW/SiO2, (4) 8%Ni-50%Cs1.5H1.5PW/SiO2, (5) 8%Ni-50%Cs2HPW/SiO2

Fig.7 H2-TPD profiles of the catalysts
(1) 8%Ni-50%H3PW/SiO2, (2) 8%Ni-50%Cs0.5H2.5PW/SiO2,

(3) 8%Ni-50%CsH2PW/SiO2, (4) 8%Ni-50%Cs1.5H1.5PW/SiO2,

(5) 8%Ni-50%Cs2HPW/SiO2, (6) industrial catalyst
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selectivity of the catalysts increases from 74.1% to 85.2%. The

reduced 8%Ni-50%Cs2HPW/SiO2 shows the highest C5 + selec-

tivity, superior to the 8%Ni-50%H3PW/SiO2 catalyst and the in-

dustrial catalyst. Based on the results of NH3- TPD and FTIR

spectra of pyridine adsorption, it can be concluded that the

acidity of the 8% Ni-50% CsxH3-xPW/SiO2 catalysts is in line

with their C5 + selectivity, which is ascribed to the gradually

lower cracking activity of the catalysts with increasing the pro-

portion of Cs in CsxH3- xPW owing to their weaker acidity. Ac-

cording to bifunctional reaction scheme,37 the hydroisomeriza-

tion and hydrocracking go through the formation of carbonium

ions, the lower the acid strength of the acid sites, the lower will

be the average lifetime of the carbonium ions on the acid sites.

This will decrease the probability to undergo secondary reac-

tions. In addition, the pore size of the 8%Ni-50%CsxH3- xPW/

SiO2 catalysts increases slightly with increasing the propor-

tion of Cs in CsxH3-xPW. Indeed, it is well-known that the mi-

cropore of zeolite is beneficial for secondary reactions. There-

fore, it can be expected that large pore size of the 8%Ni-50%

CsxH3- xPW/SiO2 catalysts would favor the diffusion of liquid

products while decreasing the probability of secondary reac-

tions. Moreover, the 8%Ni-50%Cs1.5H1.5PW/SiO2 catalyst shows

the highest C5 + yield of 80.3% in the 8% Ni- 50% CsxH3- xPW/

SiO2 catalysts, which is much higher than the yield of 73.5%

on the 8%Ni-50%H3PW/SiO2 catalyst and the yield of 62.1%

on the industrial catalyst.

4 Conclusions
The results obtained in the present work indicate that the 8%

Ni-50%CsxH3-xPW/SiO2 catalystsʹ acidity via NH3-TPD and FTIR

spectra of pyridine adsorption, and hydrogenation- dehydroge-

nation function via H2-TPR and H2-TPD decrease with Cs grad-

ual substituting in CsxH3- xPW. The conversion of n-decane de-

creases slightly and the C5+ selectivity of the catalysts increases

with increasing the proportion of Cs in CsxH3-xPW. The best re-

sult was obtained on the 8% Ni- 50% Cs1.5H1.5PW/SiO2 catalyst

with the C5+ selectivity of 83.8% at the n-decane conversion of

95.8%, which is much higher than that of the industrial catalyst.
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