
a v a i l a b l e a t www. s c i e n c ed i r e c t . c om

j o u r n a l h omep a g e : www. e l s e v i e r. c om / l o c a t e / c h n j c

Article

Selective hydrogenation of benzene to cyclohexene over
nanocomposite Ru Mn/ZrO2 catalysts

College of Chemistry and Molecular Engnineering, Zhengzhou University, Zhengzhou 450001, Henan, China 

Article history:

Keywords:

 

1. Introduction

 

 

 



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684–694

) species. These stu

2. Experimental

2.1. Catalyst preparation

x x

2.2. Catalyst characterization

K

2.3. Activity tests

x x

3. Results and discussion

3.1. Catalyst characterization results

x
x

x



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684–694

x

x

x

x

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 90

 

Ru-Mn(10.8%)

Ru-Mn(8.0%)

Ru-Mn(5.4%)

Ru-Mn(4.6%)

Ru-Mn(3.4%)

In
te

ns
ity

Mn3O4

 Ru(a)

Ru-Mn(10.8%)/ZrO2

Ru-Mn(8.0%)/ZrO2

Ru-Mn(5.4%)/ZrO2

Ru-Mn(4.6%)/ZrO2

Ru-Mn(3.4%)/ZrO2

 Ru
(b)

2  /( o )2  /( o )2  /( o )

 (Zn(OH)2)3(ZnSO4)(H2O)3

 Ru

(c)

Ru-Mn(5.4%) AH

Fig. 1. x x x x
x x x x

Table 1
x

(a) Ru-Zn(5.4%) (b) Ru-Mn(5.4%)/ZrO2

 

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
0

2

4

6

8

10

12

D
is

tri
bu

tio
n 

(%
)

Ru crystallite size (nm)

Ru-Mn(5.4%)(c)

3.5 4.0 4.5 5.0 5.5 6.0
Ru crystallite size (nm)

Ru-Mn(5.4%)/ZrO2(d)

 
Fig. 2.



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684–694

x

x

x

x

x

x

x
x

x

x
x

x

x
) species. The 

Zn species were chem ) 
sp

x

Table 2
x



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684–694

x

x

x

x

m p

p

p
975 980 985 990 995 1000

In
te

ns
ity

 

Kinetic energy (eV)

984.2

Fig. 3.

0 20 40 60 80 100

30

40

50

60

70

80

90

5 10 15 20 25
0

20

40

60

80

100

 Ru-Mn(3.4%)/ZrO2

 Ru-Mn(4.6%)/ZrO2

 Ru-Mn(5.4%)/ZrO2

 Ru-Mn(8.0%)/ZrO2

 Ru-Mn(10.8%)/ZrO2

B
en

ze
ne

 c
on

ve
rs

io
n 

(%
)

Time (min)

(a)

 Ru-Mn(3.4%)/ZrO2

 Ru-Mn(4.6%)/ZrO2

 Ru-Mn(5.4%)/ZrO2

 Ru-Mn(8.0%)/ZrO2

 Ru-Mn(10.8%)/ZrO2C
yc

lo
he

xe
ne

 se
le

ct
iv

ity
 (%

)

Benzene conversion (%)

(b)

5 10 15 20 25
0

10

20

30

40

50

60

 Ru-Mn(3.4%)/ZrO2

 Ru-Mn(4.6%)/ZrO2

 Ru-Mn(5.4%)/ZrO2

 Ru-Mn(8.0%)/ZrO2

 Ru-Mn(10.8%)/ZrO2

C
yc

lo
he

xe
ne

 y
ie

ld
 (%

)

Time (min)

(c)

Fig. 4. x
x



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684–694

x

3.2. Performances of Ru Zn(x) catalysts in selective
hydrogenation of benzene to cyclohexene

x

x

x

20 30 40 50 60 70 80
70

75

80

85

90

5 10 15 20 25
15

30

45

60

75

 MnSO4

 Mn(NO3)2

 MnCl2B
en

ze
ne

 c
on

ve
rs

io
n 

(%
)

Time (min)

(a)

C
yc

lo
he

xe
ne

 se
le

ct
iv

ity
 (%

)

Benzene conversion (%)

 MnSO4

 Mn(NO3)2

 MnCl2

(b)

5 10 15 20 25

20

30

40

50

60

 MnSO4

 Mn(NO3)2

 MnCl2

C
yc

lo
he

xe
ne

 y
ie

ld
 (%

)

Time (min)

(c)

Fig. 5. x

1 2 3 4 5 6 7 8
0

20

40

60

80

100

120

 

Recycle time

 Benzene conversion
 Cyclohexene selectivity
 Cyclohexene yield 

C
on

ve
rs

io
n,

 se
le

ct
iv

ity
, o

r y
ie

ld
 (%

)

Fig. 6.

x



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684–694

x

4. Conclusions

x

References

 J Nat Gas Chem

 
J Mol Catal A

 Acta Chim Sin

 Chin J Catal

 Chin J
Catal

 Appl Catal A

 Chem Eng J

 Catal Commun

 
Appl Catal A

 Appl Catal A

 Chin J Catal

 Chin J Chem

 
Chin J Catal

Graphical Abstract

Chin. J. Catal.

Selective hydrogenation of benzene to cyclohexene over nanocomposite Ru Mn/ZrO2 catalysts

Zhengzhou University

 

 



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684–694

 

 
J Phys Chem B

 Sci China (Ser B)

 
 Chin J
Catal

 Chin J
Catal

 Appl Catal
A

 J Mol

Catal A
 Chin J Catal

 Chin J
Chem

 Appl Catal A

 Appl Surf Sci
 Appl Surf Sci

 
Appl Catal A

 
J Catal

 J
Catal

 
Appl Catal A

 Chem Ind Eng Progr

Ru-Mn/ZrO2  
, , , , , , , * 

, 450001 
 

: Mn Ru-Mn , ZrO2

, X N2 X
. , Ru-Mn Mn Mn3O4 Ru . , Mn3O4 ZnSO4

(Zn(OH)2)3(ZnSO4)(H2O)3 . Ru , Ru
. Mn 5.4% , 61.3%, .  

: ; ; ; ; ; ;  

: 2012-10-10. : 2012-11-20. : 2013-04-20. 
* . : (0371)67783384; : liuzhongyi@zzu.edu.cn 

: (21273205); (10C26214104505);
(2012M511125); .  

Elsevier ScienceDirect (http://www.sciencedirect.com/science/journal/18722067)

 
1.   

-6 -66
, [1~4].

, [5]. ,
.  

Ru
. Xie [6] -

Ru-B/SiO2 ,
H2 Ru/SiO2

. B ,
Ru-B/SiO2

. Liu  [7]

Ru-La-B/ZrO2 , La La2O3

,
53.2% 61.9%. Fan  [8]

Ru-Co-B/ -Al2O3 , Co
,

28.8%. Liu [9] “ ” Ru-Ce/SBA-15
, Ce Ce( ) , Ce/Ru

0.25 53.8%.
.  

Ru-M-B/ZrO2 (M = Zn, La, Co Fe )
, Ru-Zn 1/3 Ru,

59.6% 78.8%, Ru-Zn
( 40% 80%) [10~12]. ,



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684–694

Ru-M-Si (M = Zn, Mn, Fe, Ce La ) ,
60% 80% .

, ,
[13,14]. Mn Ru-Mn
, Mn Ru

, Mn ,
.   

2.   

2.1.   
9.75 g RuCl3·3H2O MnSO4·H2O

, 10% NaOH ,
. , 5%

NaOH , . H2 5.0 MPa
800 r/min 150 oC, 3 h. ,

, , Ru-Mn .
2 , ,

Ru . MnSO4·H2O ,
Mn Ru-Mn , Ru-Mn(x), x

Mn . Mn(NO3)2

MnCl2 , Ru-Mn(5.4%) .   
2.2.  

Mn Mn2+ Zn2+

Heme Electron ICAT 6000 SERIES
(ICP-AES) .

PAN Nalytical X’Pert PRO X
(XRD) . Cu K , 40 kV,

40 mA, 2 = 5o~90o, 0.03o.
JEOLJEM2100 (TEM)

. Quantachrome Nova 1000e
.

Bruker S4 Pioneer X (XRF) .
Zn LMM ULVAC PHI-700

(AES) , 10 kV,
0.1%, 30o, 5.2 × 10–7 Pa.

SiO2/Si .   
2.3.   

GS-1 .
Ru-Mn , 9.8 g ZrO2, 49.2 g ZnSO4·7H2O

280 ml H2. H2 5.0 MPa 800 r/min
, 150 oC 140 ml ,

1400 r/min ( ), 5 min .

GC-1690 , FID ,
,

. , ,
ZrO2 ,

, .
.

Ru-Mn(x)/ZrO2, x Mn
. ZrO2 Ru-Mn(5.4%)

Ru-Mn(5.4%)AH,AH .   

3.   

3.1.   
1 Ru-Mn(x) Ru-Mn(x)/ZrO2

XRD . , Ru-Mn(x) 2 = 38.5o,
42.3o, 44.0o, 58.3o, 69.2o, 78.4o 85.2o

Ru (JCPDS 01-070-0274).
Ru-Mn(8.0%) Ru-Mn(10.8%) 2 = 18.0o,
32.7o, 36.1o, 38.1o, 58.9o 69.3o Mn3O4

(JCPDS 00-001-1127). Morales [15] X
(XPS) 300 oC Mn Mn3O4

. Ru-Mn(x) 150 oC,
Ru-Mn(x) Mn Mn3O4 . Ru-Mn(x)

Mn 3.4%~5.4% , Mn ,
Mn3O4 , Mn3O4 .  

1 (2 = 44.0o)
Scherrer Ru . ,
Ru 3.7~4.5 nm ,
Mn3O4 Ru . ,

Ru-Mn(x)/ZrO2 Ru
(2 = 44.0o), Ru .

ZrO2 (JCPDS 00-024-1165).
, ZrO2 Ru-Mn(5.4%)

Ru , 2 = 10.6o, 14.7o, 25.4o,
28.4o 32.8o [Zn(OH)2]3(ZnSO4)(H2O)3

(JCPDS01-078-0247) . ZnSO4

Ru-Mn(5.4%)
[Zn(OH)2]3(ZnSO4)(H2O)3 . , ZrO2

Ru-Mn(x) ,
Ru ZrO2 .

 

[16] .  
2 Ru-Mn(5.4%) ZrO2

Ru-Mn(5.4%) TEM Ru .



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684–694

, Ru-Mn(5.4%) Ru
, 4.8 nm ,

XRD . 2(b) , ZrO2 20nm
ZrO2 . ZrO2

. ZrO2
[17], Ru

4.5 nm , .
ZrO2 Ru .   

1 Ru-Mn(x) .
, Mn ,

. [18] , MnOx/TiO2

TiO2 , MnOx

TiO2 . .
ZrO2 1:5,

Ru-Mn(x)/ZrO2 ZrO2
[19].

, Ru-Mn(x)/ZrO2 N2

.  
2 ZrO2 Ru-Mn(x)

pH .
, Mn Ru-Mn(x) Ru ,

Mn/Ru, Zn/Ru Zr/Ru Mn
. MnSO4·H2O

Mn Ru-Mn(x) . 2 ,
Ru-Mn(x)/ZrO2 Mn/Ru 0.02,

Mn. Mn ,
Ru-Mn(x)/ZrO2 Zn/Ru ,
Mn2+ ( , Mn2+) , Zn2+

. Ru-Mn(x) Mn3O4

ZnSO4 , Zn
Mn( ) . , Zn Ru ,
Mn( ) . ZrO2

Ru-Mn(5.4%) Mn, Zn/Ru
ZrO2 . , S/Ru

0.06. XRD Zn [Zn(OH)2]3(ZnSO4)- 
(H2O)3 . ZrO2

Ru-Mn(x)/ZrO2 S XRF
. Zn [Zn(OH)2]3(ZnSO4)(H2O)3 .

Mn3O4 , [Zn(OH)2]3(ZnSO4)(H2O)3

, Zn/Ru . ,
Mn3O4 Ru ,

ZnSO4 Ru Mn3O4 ;
, [Zn(OH)2]3(ZnSO4)(H2O)3

Ru . , Mn ,
pH ( ) . Zn2+ ,

, pH . ZrO2

,Zr/Ru 5.00 . 
MnSO4, Mn(NO3)2 MnCl2

Ru-Mn(x) , Mn
x 5.4%, 5.2% 5.6%. 2 ,

Mn , Ru-Mn(x)/ZrO2

Mn/Ru, Zn/Ru Zr/Ru .
.  

Ru Zn Ru
[20~23]. , Zn

Ru . Wang
[20] RuCl3 ZrOCl2, ZnSO4

H2 Ru-Zn/m-ZrO2 .
Zn Zn 2p3/2 Zn

, ZnSO4 Zn2+ Ru
H Zn. Yuan [21] [22]

XPS , Zn2+ Zn. Stru-
ijk  [24] XPS , Zn2+

Zn. Zn( )
Zn Zn 2p3/2 . Zn 2p3/2

Zn [25].
Zn LMM ,
Zn( ) Zn 4.6 eV[26]. 3
ZrO2 Ru-Zn(5.4%) Zn LMM

. ,
, Ar+ 1min .
, Ru-Zn(5.4%)/ZrO2 Zn LMM

984.2 eV, Zn( ) [27,28], XRD
. Ru Zn

150 oC H2 5 MPa Zn2+ . Zn LMM AES
Zn ( Zn Zn LMM

991~995 eV), Ru
Zn2+ Zn. 2

pH ZnSO4 .
, 150 oC

. Zn , AES
Zn .  

, Ru-Mn(x) Mn Mn3O4 Ru
. , Mn3O4 ZnSO4

[Zn(OH)2]3(ZnSO4)(H2O)3 .



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684–694

Ru , Ru
. 

3.2.  Ru-Mn(x)/ZrO2  
4 ZrO2 Mn Ru-Mn(x)

. , Mn
, ,

. ,
. , Mn 3.4% 5.4% ,

61.3%.
[9,29]. Mn , . ,

ZrO2 Ru-Mn(5.4%) 15 min
59.4% 82.7%.

(64.4%) , (80.7%) ,
ZrO2 Ru , TEM
.  

, Ru-Mn(x) Mn3O4

, [Zn(OH)2]3(ZnSO4)(H2O)3

. Ru [Zn(OH)2]3(ZnSO4)(H2O)3

Ru . (1)
, Ru

, Ru ,
[13,30]. (2)

,
, ,

, [24,30]. (3)
Zn2+ Ru Ru

[13,20,30]. (4) Zn2+

, Ru
, [9,20,29]. ,

[Zn(OH)2]3(ZnSO4)(H2O)3 Ru-Mn(x)/ZrO2

, . ,
Ru .   

5 ZrO2

Ru-Mn(5.4%) .
, Mn Ru-Mn(5.4%)/ZrO2

.
Ru-Mn(5.4%)/ZrO2 ,

,
Mn SO4

2–, NO3
– Cl– Ru

.  
6 ZrO2 Ru-Mn(5.4%)

. , 4 ,
60.6% , 77.5% ,

48.5%. 5 7 ,
, 50% ,

80% 40% . , Ru-Mn(5.4%)/ 
ZrO2 , .

8 , 33.1%,
85.4%.

. ,
S N [31]. 

4.   

Ru-Mn(x) Mn Mn3O4 Ru
. Mn3O4 ZnSO4

[Zn(OH)2]3(ZnSO4)(H2O)3 , Ru
, Ru

.
, ,

.   
 

 


