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W4T, FHELZE 150 CJS A 140 mL 2%, P55
M 1400 v/min ( LIHBRAMH) , £EFR S min BUFE.
KB ARLE GC-1690 7S €4 35 AL 43 T 7= 9 241
B, FID R &5, ARSI 5 — 2 H 5 vk
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Fig. 1 XRD patterns of (a) the Ru-Fe(x) catalysts and (b) Ru-Fe(x) P AH
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J& Ru MREAENE , UERA N &S AL T Ru {5 3224
J& Ru f77E. Fe/Ru J5F LL 4k S238in, 76N &5 fi
657 ) XRD % E BT (Zn (OH), ), (ZnSO, )
( H,0 ) ¥ fF W& ( JCPDS: 00-039-0690 ) i
(Zn(OH),),(ZnSO,) (H,0), FFAEUE (JCPDS: 01-
078-0247) , Fe, O, WYFFAEIETE K. MR X 2L, FRA
HED B AR v Fey O, 5 ROVAB M ZnSO, FWAE
T (Zn(OH),),(ZnS0,) (H,0) (x=1 or 3).
14 Fe/Ru JiiF HAKT 0.06 B, fEfL7I XRD i
FEIHFEM(Zn(OH),),(ZnS0,) (H,0) (x=1 or
3) AT S X OS2 T (Zn (OH), ), (ZnSO,)
(H,0) (x=1 or 3) ¥ 5] 73 HAE T Ru {4k R m
NN 32 S T i Scherrer 243 NS TG
Ru 3R RF. Ru-Fe (x) ALY Ru ff i RoT 4>
AAE 3.8 ~4.3 nm JEEIN, ULH]BH] Fe, 0, FUMIA
X Ru B30 ROT S I AR /. IS Ru-Fe () 1k
A Ru s ROT 0 A e 3.8 ~ 4.2 nm JuHIN, U
WM E X Ru A3 i RO 52 ma AR /).

14 T ARG Ru-Fe (x) fi# 4055 1 2H 5%

MER T KA pH H. "] LUE W, 78 ZnSO, f71E
TINEJE AT A Fe/Ru Ji 5 HoHB H AR B A AL 7
/. HEEHEALTR Fe 5838, in0s #EAL5H Y
Zn/Ru F1 S/Ru J5~ LB #i . JXUESE 1 fEAL 1)
HER 73 Fes O, 5 2 B & i 7 ZnSO, B B AR i 1
(Zn(OH),),(ZnSO,) (H,0) (x=1 or 3), 5 XRD
GiR —H. X WU R Zo IS FE L
(Zn(OH),);(ZnSO,) (H,0) (x=1 or 3) f71E. f
R Fe, 0, & HHZ, 5 RIAEMH] ZnSO, [N
H R (Zn(0OH), ), (ZnS0, ) (H,0) (x=1 or 3) il
Z, A AL Zn/Ru F1 S/Ru J7F LK. T
TEJC ZnSO, F71E T, 7E Ru {6 57 rp A A6 I 3
Ru JCZE. £ ZnSO, 7148 FINART G Ru-Fe(0.60)
AL ) Fe/Ru J5F HAHIE. 7E ZnSO, 7775 NN
SUREIRT pHAHAE 5. 53 ~6.02, PiBAHF ZnsO,
IR LR Y. B Fe O, I, pH ELEHT
ThEr. Fe,O, iy, 5HIV M ZnS0, %,
AR Zo® A, KRR EERRAR, pH (HE.

*1 MEETRE Fe && Ru-Fe(x) LA M KA % E pH

Table 1 Composition of the Ru-Fe(x) catalysts with the different Fe contents and pH values of the aqueous

phase after hydrogenation

Catalyst Fe/Ru(mol/mol) *  Zn/Ru(mol/mol) *  S/Ru(mol/mol) * pH values "
Ru(0) A AH 0 0 0 7.21
Ru(0) P AH 0 0.0313 0.0026 5.53

Ru-Fe(0.23) P AH 0. 1662 0.0921 0.0056 5.89
Ru-Fe(0.47) P AH 0.3322 0.2314 0.0140 5.90
Ru-Fe(0.60) P AH 0.3677 0.3071 0.0356 5.97
Ru-Fe(0.72) P AH 0.4467 0.3832 0.0419 6.02
Ru-Fe(0.47) A AH 0. 4690 0 0 7.12

a. measured by the XRF instrument;

b. pH values of the aqueous phase after hydrogenation at the room temperature.
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SR AL PR B AR /. SR, BEEIFR] FeyO,
s, s AR R TR fLA AL AR AR
PN, X T Fe, O, BIEN, A (Zn(OH), ),
(ZnS0,) (H,0), (w=1 or 3) &I, MY (Zn
(OH),);(ZnS0,) (H,0) (x=1 or 3) AMHW LA 35—

AL IR, T L AT LA 28— AR FLIE.

B2 25 7Rl e Ru-Fe (0. 47 ) fE 47 19
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&2 MERIEARE Fe &8 Ru-Fe(x) T A R fH&R R~
Table 2 Textural properties and crystallite sizes of the Ru-Fe(x) catalysts and Ru-Fe(x) AH

Sample BET surfacfi Pore voluine Pore diameter Ru crystallite size
area/(cm” « g™') /(em® + g™ /nm /nm
Ru(0) 59 0.18 10. 63 4.3
Ru-Fe(0.23) 68 0.16 9.44 4.2
Ru-Fe (0.47) 64 0.13 10. 37 3.9
Ru-Fe (0.60) 69 0.16 9.50 3.8
Ru-Fe (0.72) 70 0.17 13.94 4.1
Ru(0)P AH 56 0.16 15.50 4.2
Ru-Fe (0.23) P AH 58 0.14 11.67 4.2
Ru-Fe (0.47) P AH 53 0.12 10. 44 3.8
Ru-Fe (0.60)P AH 47 0.11 9.55 3.7
Ru-Fe (0.72)P AH 43 0.09 7.51 3.9

—) —

2 EHTG Ru-Fe(0. 47) {65719 TEM B
Fig.2 TEM images of (a) the Ru-Fe(0.47) catalyst and (b) Ru-Fe(0.44) AH
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B B O Tl 2 W AR B AR, R O L 4 T
BT (2) MR Y (Zn (OH), )4 (ZnSO,)
(H,0) (x=1 or 3) SrAFR ML K, o ITEMEL
FIFRTEE A — 2 K2, s A A 3R O % M Ru
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Fig.3 (a) Benzene conversion, (b) cyclohexene selectivity and (c¢) cyclohexene yields over the Ru-Fe(x)

catalysts with the different Fe contents

Reaction conditions : A share of catalyst with the Ru content of about 1.8 g, 45.7 g ZnSO, - 7H,0,
280 mL H,0, 5 MPa H,, 150 °C, stirring rate of 1400 r/min.
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Fig. 4 XRD patterns of the Ru-Fe(0.47) catalysts in the

presence of the different reaction modifiers after hydrogenation
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Ru-Fe(0.47) it b % B9 Fe/Ru Ji T I [t Ru-Fe
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] ZnSO, WL, BRI Fe,0, 5 ZnSO, X
AR 22 9 (Zn(OH) , ) 5(ZnS0,) (H,0) (x=1 or

3). i FeSO, F1 ZnSO, ¥ BE 34, pH {HHRZ

I, UK SR AR EE S .

R3 ENRREEHFIFMEE Ru-Fe(0.47) LT 09 H A FKRRK pH &

Table 3 Compositions of the Ru-Fe(0.47) catalysts in the presence of the different reaction modifiers

and pH values of the aqueous phase

7

Addtives Fe/Ru(mol/mol ) * Zn/Ru(mol/mol)* S/Ru(mol/mol ) * pH values®
0.29 M FeSO, 0.4876 - 0.0194 4.06
0.61 M FeSO, 0.4863 - 0.0185 3.65
0.29 M ZnSO, 0.3005 0.2317 0.0258 6.23
0.61 M ZnSO, 0.2677 0.3072 0.0343 5.13

a. measured by the XRF instrument;

b. pH values of the aqueous phase after hydrogenation at the room temperature.
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Fig. 5 Performance of the Ru-Fe(0.47) catalyst in the presence of the different reaction modifiers

Reaction conditions : A share of catalyst with the Ru content of about 1.8 g,

280 mL H,0, 5 MPa H,, 150 C

, stirring rate of 1 400 r/min.
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REMH 22 R K. i F Fe" Ml Zn™ MEFR M) 22 8, 1
0.29 mol/L F1 0. 61 mol/L FeSO, & & # Ru-Fe
(0. 47) AL Y F C AR e SRR TAERIWEE ZnSO0,
PR X UEH] Ru-Fe (0. 47) fEALTRIPERE 5 S b
MR BH B 7 A AP 2R 3 DI AH G, B ZnSO, ¥k 1
I, Ru-Fe (0. 47) fEALFNIE T, PO Mk
REAIG. SR, XRF Z55RUESCRE ZnSO, ¥ B2 3 hin A i
f)(Zn(OH),);(ZnS0O, ) (H,0) (x=1 or 3) .
X UCHHEAL I PEREAE 5462 R B Y (Zn (OH) , ) 4
(ZnS0,) (H,0) (x=1 or 3) HA7 5, T Hik 53K
W Zn” YRR pH (A 2. Liu 21t % 1 Ru-Fe-B/
7x0, fEALFIPERE S Zn™ VR EE RN pH 25 HIAE .
2.3 BUFESERERE
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) E 10 min RERRFALER | 36O BRI,
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Fig. 6 Reusability of the Ru-Fe(0.47) catalyst for selective
hydrogenation of benzene to cyclohexene.
Reaction condition: A share of catalyst with the Ru content
of about 1.8 g, 45.7 ¢ ZnSO, - 7TH,0, 280 mL H,0,
5 MPa H,, 150 °C, stirring rate of 1 400 r/min.
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Selective Hydrogenation of Benzene to Cyclohexene
over the Ru Catalyst Modified by the Promoter
Fe and the Reaction Modifiers

SUN Hai-jie' *, LI Shuai-hui ', TIAN Xiang-yu °, ZHANG Yuan-xin ', JIANG Hou-bing ',
LIU Shou-chang', LIU Zhong-yi '

(1. College of chemisiry and molecular engineering, Zhengzhou University, Zhengzhou 450001, China;
2. Institute of Environmental and Catalytic Engineering, Department of Chemistry, Zhengzhou Normal
University , Zhengzhou 450044 , China;

3. Basic medical college of Zhengzhou University, Zhengzhou 450001, China)

Abstract: The Ru-Fe(x) catalysts were prepared by a co-precipitation method. The catalysts were characterized by
X-ray diffraction ( XRD ), X-fluorescence ( XRF ), N, physisorption and transimission electron microscopy
(TEM). The results showed that the promoter Fe existed as Fe;0, in the catalysts. The Fe,0, alone could not im-
prove the selectivity to cyclohexene of Ru catalyst. However, the Fe;O, on the surface could react with the reaction
modifier ZnSO, to form the (Zn(OH),);(ZnSO,) (H,0) ,(x=1 or 3) salt. The chemisorbed (Zn(OH),),
(ZnS0,) (H,0) (x=1 or 3) salt played a key role in improving the selectivity to cyclohexene. Besides, the per-
formance of the Ru-Fe(0.47) catalyst was closely related to the concentration of Zn>* and the pH values of the slur-
ry. The Ru-Fe(0.47) catalyst not only gave a cyclohexene yield of 56.7% in the presence of 0. 61 mol/L ZnSO,,
but has a good stability and an excellent reusability. The reaction modifier FeSO, also could enhance the selectivity
to cyclohexene of the Ru-Fe(0.47) catalyst since the chemisorbed Fe** could not be reduce to the metallic Fe on
Ru surface. The Ru-Fe(0.47) catalyst exhibited the similar performance in 0.29 mol/L and 0. 61 mol/L of FeSO,
solutions due to the similar amounts of the chemisorbed Fe’*. The Ru-Fe(0.47) catalyst showed the lower selectiv-
ity to cyclohexene in 0.29 mol/L and 0. 61 mol/L of MnSO, solutions than that in the same concentrations of ZnSO,
for the different natures of Fe** and Zn®*.

Key words: benzene; selective hydrogenation; cyclohexene; Ru-Fe catalyst



