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SHective Hydrogenation of Benzene to Cyclohexene
in a Monalithic Reactor
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(1 Dalian Institute of Chemical Physics, The Chinese Academy of Sciences, Dalian 116023, Liaoning, China;
2 Graduate School of The Chinese Academy of Sciences, Beijing 100049, China)

Abstract : An attractive fidd of industrial use of a monolithic reactor liesin multiphase cataytic reactions, epe-
cidly hydrogenation and oxidation of hydrocarbons, due to its superior interphase mass trander performance. In
this paper , liquid-phase seective hydrogenation of benzene to cyclohexene over a Ru/ ZrO, honeycomb monolithic
catalyst was studied in detail. The effectsof catalyst and reaction variables, such asthe support type, ruthenium
content , catalyst pretreatment , addition of water or st in reactants, reaction tenperature, hydrogen pressure
and volume ratio of water to benzene, on the performance of the reaction were investigated. Good yields of cy-
clohexene could be obtained ud ng ruthenium particles supported on hydrophilic oxides, like dlica, dumina, titar
nia and zirconia. It should be noted that the reaction can occur without catalyst prereduction in hydrogen flow in
the monolithic reactor. No cyclohexene was detected in the absence of reaction additives such as water or ZnSOy
lution , but the sdlectivity for cyclohexene dramaticaly increased to higher than 20 % when these reaction mod-
ifiers were added. There existed an optimum volume ratio of water to benzene for high yield of cyclohexene.
Better results were achieved in the presence of 0. 1 mol/L ZnSO, under the reaction temperaturesof 413 443 K
and pressuresof 3 4 MPa.
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S , (60 80 405
, , ,15% PEG 20000 ),
) 3m, 3 mm,N; , 28 ml/ min,
) 348 K, 423 K, 473 K.
( )
(3l _
. X(CsHs) = n(CsHg)/ Nno(CsHe)
! ! S(C,)I-CeH ) = n(CY'CGHlo)
' e 7 np(GeHe) - n(CeHe)
o Y (Cy-CsHio) = N(Cy-CeHao)/ No(CsHe)
i * Y (Cy-GsH12) = Nn(CyCoHio)/ Mo (CoHo)
' No ,n
(61 2
2.1
\ 1 Yy -Al,Os, TiO> Zro,
1 . l 1
Y -Al>03 ,
1.1 .
, 10. 59 %:; TiO; ZrO,
Y -Al>,O3 ( , 157.6
2 1
m*/ ZrO , ,
9 > ( . 10,
78. Ti
8.8 m“/ Q) i0 ( 2 . v -ALOs '
, , 90.1 m</ g) , RU ,
, X ZrOz T|02
) , 373K 3 4h, 773 K
3h Rucl ' R
) 3 , 2 %Ru/
) , 373 K
Y -Al20s, ,
15 h, Ruy -Al,O4/ Ru/ ZrO,/ (7]
Ru/ TiOy/ . ' ' ’
: d=11 mm, L ’
=22.5 mm, Dhp=1 mm, !
tw =0.026 mm,
62/ cm?. 1
1.2 Table 1 Hfect of support on the sdective hydrogenation
' of benzene over monolithic catdyss
! Catdyst X(CsHs)  S(Cy-CsHio) Y (Cy-CsHio) Y (Cy-CsHio)
, % % % %
2 %Ruly -Al,0;  61.39 10. 59 6. 50 54. 89
’ 2 %Ru/ TiO, 53. 68 15. 13 8.12 45.56
! ! ' 2 %Ru/ ZrO, 30. 30 18. 32 5.55 24.75
( ) Reaction conditions: LHSV = 5.1 h™*
GC8810

, N(Hz)/ n(CgHg) = 3,
V (H20)/ V (CgHg) =1, p=3.0 MPa, T=423 K.
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2.2 )
2 Ru
Ru 1% 3% , ,
24.48 % 37.12 %, ,
24.59 % 17. 40 %. Ru 90 %,
O 1
Ru ,Ru . Hy
, , (0.10 mol/L) ,
Ru ;
2 Ru ’ (8] '
Table 2 Efect of ruthenium contentson the sdective hydrogenation Wang
of benzene over monolithic catayss
Catdys X(CeHs)  S(Cy-CeHio) Y (Cy-CeHio) Y (OyCsHio)
% % % %
1 %RuW ZrO, 24. 48 24.59 6. 02 18. 46 ’
2 %Ru/ ZrO, 27.88 19.11 5.33 22.55 ,
3 %Ru ZrO, 37.12 17.40 6. 46 30. 66
Resction conditions: LHSV =5.1 h™*, n(H»)/ n(CsHe) =3,
V (H0)/ V (CsHe) =1, p=3.2 MPa, T=423 K.
2.3 ,
3 1 %Ru/ ZrO,
3 1%RW ZrO,
Table 3 Hfect of pretreatment conditionson the sdective hydrogenation of benzene over 1 %Ru/ ZrO,
Pretreat ment Reaction additive X (CgHe)! % S(CyCeHio)/ % Y(Cy-CsHig)/ % Y(CyGCeHid)! %
No pretreat ment - 90. 52 0 0 90. 52
H.0 27.50 22.98 6. 32 21.18
0.10 mol/L ZnSO4 33.49 19. 98 6. 69 26. 80
Reduction in hydrogen - 91.57 0 0 91.57
H>O 24. 48 24.59 6.02 18. 46
0.10 mol/L ZnS0O4 31.35 21.21 6. 65 24.70
Reduction in hydrogen in the presence - 91. 52 0 0 91. 52
of 0.10 mol/L ZnSO4 H.O 21.91 28. 07 6.15 15.76
0.10 mol/L ZnS0O, 27.56 24. 67 6. 80 20. 76
Reaction conditions: LHSV =5.1 h™ 1, n(Hy)/ n(CsHe) =3, V (reaction additive)/ V (CsHg) =1, p=3.1 MPa, T=423 K.
2.4 , :
3 L 1 1
, , 2 %Ruw0. 21 %Cu/ ZrO,
0. 10 mol/L
o1, : 0. 10 mol/L

[10,11] .
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4 2 %Ru0. 21 %Cu/ ZrO,

Table 4 Hfect of zinc sulfate concentration on the selective hydro-
genation of benzene over 2 %Ru-0. 21 %Cu/ ZrO,

c(Zns0g)  X(CsHe)  S(CyCsHin)  Y(CyCeHig)  Y(CyCsHiz)
mol/ L % % % %
0.05 42.00 21.50 9.03 32.97
0.10 44. 44 28.42 12.63 31.81
0.15 34.31 25.31 8.68 25.63
0.20 30. 46 25. 26 7.69 22.77

Reection conditions: LHSV =5.1 h™ !, n(H)/ n(CsHg) =3,
V (H0)/ V (CsHe) =1, p=3.0 MPa, T=423 K.

5 / 2 %Ru ZrO,
Table5 Hfect of volume ratiosof water to benzene on the sdective
hydrogenation of benzene over 2 %Ru/ ZrO,

V (H20) X(CsHs)  S(CyGCeHin)  Y(CyGCsHio) Y (CyCeHi)
V (CsHe) % % % %
0.5 24.35 22.81 5.55 18. 60
1.0 24.84 20.97 5.21 19. 63
1.5 23. 46 22.16 5.20 18. 26
2.0 21. 06 21.15 4. 45 16. 61

Reection conditions: LHSV =5.1 h™ %, n(Hy)/ n(CsHe) =
3, p=3.0 MPa, T=423 K.

2.5
2.5.1
1
10.27 % 47.76 %, 443
K ; 6.42 %
26. 28 %. - - -

, 413 443 K.

Stiuijk o1

50

X%, S/% ot Y/%

3)

1 n i i 2 1 1 i 1

0
333 353 373 393 413 433 453
T/K

1 2 %Ru ZrO,
Fg1l Hfect of temperature on the sdective hydrogenation
of benzene over 2 %Ru/ ZrO,
(1) X(CeHe) , (2) S(Cy-CsHio) , (3) Y(CyCsHao)
(Reaction conditions: LHSV =5.1 h™ !, n(Hy)/ n(CeHe) =3,
V (H20)/ V (CeHg) =1, p=3.2 MPa)

Kdes AW "
ScHE= 5 e RT ,A H™ =25 45 kJ/ mol
ke f
ScHE  Kdes
’kH 19 H
AH?
2.5.2
2 H L
4.17% 44.78 %, 3.5 MPa ,
; 1MPa 5 MPa,
31.41% 17. 06 %. H,
50
{ ]
40 |
R [
=
5 30¢
D\\°
“ 20k
< 10 5
y
L
0 " 1 1 { L N L
1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0
p/MPa
2 2 %RuU/ ZrO,

Fg2 Hfect of pressure on the sdlective hydrogenation of
benzene over 2 %RW ZrO,
(1) X(CsHe) , (2) S(Cy-CsHin) , (3) Y(CyCsHao)
(Reaction conditions: LHSV =5.1 h™ 1, n(Hy)/ n(CsHe) =3,
V (H0)/ V (CsHg) =1, T=423 K)
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JH2 , . 413 443 K, 3 4
) ,H2 M Pa, 0.1 mol/L
J ( 70% 80 %, 70% 80 %)
, ( [9]
ScHe = (Tdes= Tadd)/ TH, TH,Tdes  Tads '
;mol/ (L*-9). - - ,
3 4 MPa.
2.5.3 ’ , '
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