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Pore Size Effect of Ru-Zn/ZrO, Catalyst on Partial Hydrogenation of
Benzene to Cyclohexene
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(“ State Key Laboratory of Catalytic Materials and Reaction Engineering, Research Institute of Petroleum Processing,
SINOPEC, Beijing 100083)

Abstract Partial hydrogenation of benzene to cyclohexene is an important industrial process and features exceptional supe-
riority to processes such as dehydration of cyclohexanol, dehydrogenation of cyclohexane, and the Birch reduction in terms
of inexpensive feedstock, succinct reaction route and consequently, improved operational simplicity. In this work, the pore
size effect on the partial hydrogenation of benzene to cyclohexene over the Ru-Zn/ZrO, catalysts was studied for the first
time. Three ZrO, supports with the same tetragonal crystallographic form (¢-ZrO,) but different pore sizes were synthesized
by the precipitation and the solvothermal methods. Using these ZrO, samples, the Ru-Zn/ZrO, catalysts were prepared by the
deposition-precipitation method followed by reduction in ZnSO4*7H,0 aqueous solution. The supports and catalysts were
characterized by powder X-ray diffraction (XRD), N, physisorption, inductively coupled plasma-atomic emission spectros-
copy (ICP-AES), CO chemisorption, X-ray photoelectron spectroscopy (XPS), X-ray absorption near-edge structure
(XANES), temperature-programmed reduction of H, (H,-TPR), and transmission electron microscopy (TEM). It is identified
that the Ru nanoparticles (NPs) on these catalysts had similar size and chemical state. In the partial hydrogenation of benzene
to cyclohexene, a pronounced pore size effect of the catalyst was identified. With the increase in the pore size, while the
turnover frequency (TOF) of benzene was essentially unchanged, the initial selectivity (S,) to cyclohexene increased steadily.
The Ru-Zn/ZrO,(11.7) catalyst with the ZrO, support having the pore size of 11.7 nm exhibited the highest Sy (88%) and
yield (54%) of cyclohexene. On the basis of the characterization results, the similarity in the TOFs of benzene on the
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Ru-Zn/ZrO, catalysts with different pore sizes is associated with the identical sizes of the Ru NPs. On the other hand, we
tentatively propose that the ZrO, support with large pore size is beneficial for the out-diffusion of the cyclohexene
nano-droplets formed in the pore channels, thus avoiding consecutive hydrogenation to cyclohexane and improving the Sy.
Keywords Ru-Zn/ZrO,; pore size effect; benzene; cyclohexene; hydrogenation
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Figure 1 XRD patterns of the (a) ZrO,(3.2), (b) ZrO,(10.2) and (c)
ZrOy(11.7)
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A, N 12.7 nm.

K1 Zr0, SIS
Table 1 Textural properties of ZrO,

Sample Sper/(m*eg ) dyor/NM Voore/(cm’=g )
210,(3.2) 60 32 0.06
7r0(10.2) 88 102 028
710,(11.7) 128 11.7 0.48

Kl 2 5 Ru-Zn/ZrO, fiE4L TR XRD 1. 1%L Ru J5,
HAR AR FFANAS. 1 Scherrer 24 20 A 50 (011) A7 5
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Ru-Zn/ZrO,(11L. )AL ZrO, K &bk R ~F 4 3 21N
7.4, 10.4 } 7.1 nm, K HE Ru XFEAE ZrO, FaRLR
SEREMAELN. A, MEALFITEL) 440 b7 AE — AN LTS )
W, AR T AT EHER (hep) Ru HIEHR(101)17 &
(JCPDS 06-0663). =AMEALFI XRD i 34 A W 22 5]
Zn FIFTEHE, R Zn 7RI B B
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e
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20/()
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B2 (a) Ru-Zn/ZrOy(3.2)- (b) Ru-Zn/Zr0,(10.2) % (c) Ru-Zn/ZrO(11.7)
HEALFI XRD 1%

Figure 2 XRD patterns of the (a) Ru-Zn/ZrO,(3.2), (b)
Ru-Zn/Zr0O,(10.2) and (c) Ru-Zn/ZrO,(11.7) catalysts
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Table 2 Physicochemical properties of the Ru-Zn/ZrO, catalysts
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B 3 (a) Ru-Zn/ZrOx(3.2). (b) Ru-Zn/Zr0,(10.2) & (c) Ru-Zn/ZrO(11.7)

AL Ru 3p (%) Zn 2p (£4) XPS i

Figure 3 Ru 3p (left) and Zn 2p (right) XPS spectra of the (a)

Ru-Zn/Zr0,(3.2), (b) Ru-Zn/Zr0,(10.2) and (c¢) Ru-Zn/ZrO,(11.7) cata-

lysts

Catalyst Ru loading”/wt% Zn loading”/wt% Dispersion”/ % dr,/mm Sper/(m’s g’l) dpore/NM Voore/ (cm3 g l)
Ru-Zn/Zr0,(3.2) 10.15 3.88 15.1 8.9 48 5.6 0.07
Ru-Zn/Zr0,(10.2) 10.43 3.84 25.6 53 64 9.2 0.25
Ru-Zn/ZrO,(11.7) 10.55 4.12 26.2 5.1 97 9.8 0.30

“Determined by ICP-AES; ® Dispersion of Ru determined by CO chemisorption; ¢ Particle size of Ru determined by CO chemisorption.
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Figure 4 Normalized Ru K-edge XANES spectra of the (a) Temperature/K

Ru-Zn/Zr0,(3.2), (b) Ru-Zn/ZrO,(10.2), (c) Ru-Zn/ZrO,(11.7) catalysts
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Figure 5 Zn LMM XAES spectra of the (a) Ru-Zn/ZrO,(3.2), (b)
Ru-Zn/Zr0,(10.2) and (c) Ru-Zn/ZrO,(11.7) catalysts
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B 6 (a)Ru-Zn/ZrOy(3.2)~ (b) Ru-Zn/Zr0,(10.2). (c) Ru-Zn/ZrO,(11.7)
J(d) Rw/ZrO(3.2) AL #) Ho-TPR 1

Figure 6 H,-TPR profiles of the (a) Ru-Zn/ZrO,(3.2), (b)
Ru-Zn/Zr0,(10.2), (¢) Ru-Zn/ZrO,(11.7) and (d) Ru/ZrO,(3.2) catalysts

&l 7 25 Ru-Zn/ZrO, AT ) TEM B8 B2 g i
A M & 1R R A B . Ru-Zn/ZrOy(3.2) -
Ru-Zn/Zr0,(10.2) & Ru-Zn/ZrO,(11.7)f#4L 7 E Ru ki1
(B Sk R E SRR AL, 2958 4.2 nm, R
BHILAEN SR FHIRSTEATLTE W, H
Ru-Zn/ZrO,(3.2) (4L 7 b & J@ Wi T 1778 RAEIM S (U
7a [ A7), XAH15 Ru BI3EHE LLR AR, TR
CO 7 THUE/D. X HER Ru-Zn/ZrO,(3.2)f# 4L 7] E Ru
B3 BUEE AR T Ru-Zn/ZrO,(10.2) 1 Ru-Zn/ZrO,(11.7) 4k
TR Ji A

TATH#E — B R H & 4 ¥ TEM(HRTEM) X}
Ru-Zn/Zr0,(3.2)« Ru-Zn/ZrO,(10.2) % Ru-Zn/ZrO(11.7)
AT IO EE AT T RAE. Bl 8 s, =ML
A b Ru KLl P v (] Bl ) ) RS AR, 5340,
HRTEM 8 5 b5y m) W% 21 B 2 1 di bt 2R 8, He TR FE 2
9294 A, AET +-ZrO, I(011)f#TH. Ru-Zn/ZrOy(3.2)
Fl Ru-Zn/ZrO,(10.2) 4L 71 HRTEM HE A BB HEL T
(B ¥ 2.50 A (1) Ea A& 2580, HJE T ZnO (101) T, i3E
—BUESE T Zn LMM XAES #1458, T8 k545
YRR (1) S A% 2 B2 A AT BEAH ELF3, BRI 3R AT
8 HH I IE T T X AT T AL AR $.(FFT). FFT & fv ik
—BiEsE Eid +ZrO, A1 ZnO & TH E A JE . A I
Ru-Zn/ZrO,(3.2) M1 Ru-Zn/ZrO,(11. )AL FFT & H
IR T SR EEZ Y 1.58 A BT AL BT hep
Ru ff1(102)TH.

Acta Chim. Sinica 2017, 75, 321—328



a

d=43£0.9nm

o

ALRERRNNR.
123456738
Particle size/nm

b
ld=42+08nm

o o N
o o O

Frequency/%

o o

T .\ T T T T
123456738
Particle size/nm

C
1 d=4.2+0.7 nm

o

= 2 NN
o S

Q

" Frequency/%

° o

12345678
Particle size/nm

B 7 (a) Ru-Zn/ZrOy(3.2)- (b) Ru-Zn/Zr0,(10.2) 5 (c) Ru-Zn/ZrO,(11.7)
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Figure 7 TEM images and particle size distribution histograms with
Gaussian  analysis  fittings of the (a) Ru-Zn/ZrO,(3.2), (b)
Ru-Zn/Zr0,(10.2) and (c) Ru-Zn/ZrO,(11.7) catalysts
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B 8 (a) Ru-Zn/ZrOy(3.2). (b) Ru-Zn/Zr0,(10.2) & (c) Ru-Zn/ZrO(11.7)
AL E FFT B ¥ HRTEM B2 v
Figure 8 HRTEM images with FFT patterns of the (a)
Ru-Zn/Zr0,(3.2), (b) Ru-Zn/ZrO,(10.2) and (c¢) Ru-Zn/ZrO,(11.7) cata-
lysts
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Figure 9 The time courses of benzene hydrogenation over the (a)
Ru-Zn/Zr0,(3.2), (b) Ru-Zn/ZrO,(10.2) and (c) Ru-Zn/ZrO,(11.7) cata-
lysts. Reaction conditions: 1.0 g catalyst, 50 mL benzene, 100 mL H,O,
15.0 g ZnSO,*7H,0, temperature of 413 K, H, pressure of 5.0 MPa, and
stirring rate of 1200 r/min. (m) Benzene, (®) cyclohexene, and (A) cy-
clohexane
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K3 Ru-Zn/ZrO, AL AR 7 Il 46 5
Table 3 Results of the partial hydrogenation of benzene over the
Ru-Zn/ZrO, catalysts”

Conv.” Scus” Yews” ¢/ S/, TOF/
% % % min_ % " s
1 Ru-Zn/ZrO,(3.2) 83 25 21 65 32 149 1.6
2 Ru-Zn/ZrO,(10.2) 87 51 44 40 74 213 13
3 Ru-Zn/ZrO,(11.7) 83 65 54 25 88 283 1.7
“ Reaction conditions: 1.0 g catalyst, 50 mL benzene, 100 mL H,O, 15.0 g
ZnS04+7H,0, temperature of 413 K, H, pressure of 5.0 MPa, and stirring rate

Entry Catalyst

of 1200 r/min; ® Values recorded at the maximum yield of cyclohexene; ¢ Initial

selectivity to cyclohexene; ¢ Weight-specific activity, unit in mmolege '

min .

FOAE Hy/ Ar iR A S IR TR TE 7. B 10 AL O
RS HARERCR, BB AR RSN R
PENFF A Ru-Zn/ZrO,(3.2)<Ru-Zn/Zr0,(10.2)<
Ru-Zn/ZrO,(11.7). HFIX =AMELLFI L Ru FkiZ A1
FHERRAL, DR MR A2 255 AR H 255 AN 2 5 i
P 22 S AR A S Zhao Z51P8V 9% IRAE A0 40 I
R, Ru/ALOS/HEH A AR HRFLZN ALO; B A
T COIRALIR, (A B IR O 25 2 AL T T ot B
WEIRBEINA, DR 3 UM (R B MR . Liu 2RI
Ru-Mn-Zn A CEIEREME ST 0 Ru-Mn B¢
Ru-Zn fEAGF, VAT A& BORMFLE, O 5
T8 B ATIHEN, Ru-Zn/ZrO,(3.2)« Ru-Zn/ZrOx(10.2) %
Ru-Zn/ZrO,(11.7) AT B IR O 0 e 5 14 22 57 1T e f 4k
WAL AT SR, 2K e AR -7k
FIVUARSEAE I S AR &R, OB AR R A M R T
SR EAARGS, H LA WL I 202 BE K AR 28
IR IR T AL AR BB IS, 12 1 5 A
YR AT 2B T A 7R FLIE R KRR B R AL
MIFLARERK, X SEIR CUR AR R 7S 5y S I B AL,
A, MAEFL R KA DA, £ 2 KU
doore B UTFIF: Ru-Zn/ZrO4(3.2) <Ru-Zn/ZrO,(10.2) <

80
X 60+
>
=
§ 40
[}
()
20 |- Ru-Zn/ZrO2(11.7)
—o— Ru-Zn/Zr02(10.2)
—a— Ru-Zn/Zr02(3.2)
0 T T T T
0 20 40 60 80
Conversion/%
B’ 10 (a) Ru-Zn/Zr0,(3.2) +~ (b) Ru-Zn/Zr0,(10.2) K (c)

Ru-Zn/ZrOy(11. )AL L3 Ok #E 1k 5 R AL ZE 2 AR R
Figure 10 Plots of the selectivity to cyclohexene versus the conversion
of benzene over the (a) Ru-Zn/ZrO,(3.2), (b) Ru-Zn/Zr0,(10.2) and (c)
Ru-Zn/ZrO,(11.7) catalysts
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1 F F ®R

Ru-Zn/ZrO,(11.7), # Ru-Zn/ZrO,(11.7){#4b55 L3R 2
I PR R d s, REWYI R, KRR
ARG ZKAH T 3R Ot 22 T 25 5 ik N AR 1
FLIE. X2 KPR OB PRI S TR G 2 R BN
SRR, AT ASZE 25 P R A\ A A 771 L A2 T

..

#1547 B AFILIAEN Ru-Zn/ZrO, 1B, FE22
T AT TE 2R 358 43 I & s B LA RvE. &5 R,
ELARIX Y Ru-Zn/ZrO, EALTFI_E A TOF {E3EAH
], {ELIA O kB 1 B A AR LA O B K T . LR
KM Ru-Zn/ZrO,(11. ) EALF 1 S S8 CUlfs 3 5
=, N 88%A 54%. FATHENEALFIE K LA E R T
IR O 9N K TR B B B T (A R FLIE, 8 S R P A,
DRI T30 C ik B 3 .

4 SLIGERSY
4.1 RFI51LE: (W supporting information)
42 EHEFIHE

FRYESCHR, R 77 PP R e a5 B
FF S AUEARFFLRRDI T ZeO,. ¥R B AAOD
BEN: 4 ZrOCl»8H,0 AR R A M T 210 mL HIEEH, ik
FE43 5124 0.60 moleL ™' F11.20 molsL™". ## % 250 mL
K#EFJE, T 473 K FHEAH 20 h. HEEFKEHT
BEAR RS E RN, 373 K F T 24 h. B S, 7 673
K FRHE 4 h, THEEZR 2 Kemin ' HY N, 4B % Bl 15
iR zr0, KIFL42 N 3.2 nm, #1% ZrO, it A ZrO,(3.2).

DURIEM BRSO, 5B AR, K 25
wt% /K IZR I 0.50 moleL ™" f] ZrOCl+8H,0 7K %
Wik, & pH oA 10. #itFE 3 hJE, T 373 K K K R R
48 h. ARJG FH LB FoKBEBUTE R, 373 K T/ 24
h. FrfS MRS EE 5, 43075 1073 K )2 873 K N &Eke S
h, FHEHEZR 10 Kemin '. B N, #FER 75 _ER Zro,
FIFLAE 2354 10.2 nm K2 11.7 nm , 23 HIiE N Zr0,(10.2)
K 7rO5(11.7).

PLER ZrO, g, R UTTRRITE B ER B i
W JF B 5 £ Ru-Zn/ZrO, AT, BB IR : 78
FIR PR, ¥ 19 mL KA 1.0 g ik 7O,
TR VGZR I 3.0 mL ) RuCl; 7K¥%7(0.40 moleL ")
F11.5 mL ] ZnSO4+7H,0 /K& (62 mmolsL "), SRJ5i%
WA 3.2 mL ) NaOH 7K¥ (30 wt%)ENUTIER], T
353 K FE[¥i 3 h. Ru Al Zn S 5 2 & 5 508 10.65
wt% 1 0.54 wt%. FFIEAEG, KikEd i, R3]
TEAGTRIRTIRAE. Az AT IR A . 90 mL Y H,O. 15.0
g 1) ZnSO,+7TH,0 BT 500 mL /5B EH. %545,
F H, B 4 RUHEBR N =R, T 3.0 MPa H, Fn#.
FHEZ 423 K J&, 875 Hy /1% 5.0 MPa, JFa#iiftE
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N 1200 t/min, HIFLATIRT, )R 3 h B R NS,
FIbfi . e EERHE=E A, BRI KE
FE P A G HERECRH BaCly22H,0 /KB BG ), 14
AL L BEF LLESRAE. MRYE AT ZeO, BIANIH], il £ i
b 7 i2 A Ru-Zn/ZrO,(3.2) « Ru-Zn/ZrO,(10.2) K
Ru-Zn/ZrO,(11.7).

4.3 ESTISRIE

XRD £ 1% [F Bruker A5 AXS D8 Advance ! X
SRR R AT EIE. Cu Ka 28R VR (.=0.15418
nm), & HE 40 kV, & HIT 40 mA, FHTERE 10°~70°,
FIHEE 4 (©)emin~'. ZrO, & Ru KRR~ HEHE
Scherrer 23 2R FH S5 R AT S 0 1) 66 FEE JEAT 1A, FER A
Warren F U 1R 43 28 %5 4k A 52 M B Scherrer /A 30N
d=0.89)/fBcos@[B=(B*—b*)"*], b d Nk R~F, 64
FI9HA8, B A b 53R ORL T S e R AN 7 AR I = 5
(FWHM), SRFIBRACES 58RI 5 ORb AT 5 Ve 11 2 5 B2
SR A A 7] 25 A 1 00 2 v 4% ot FBE 10 A D (R0 0 A e e
B A AR 3 R P 48 2,

FEA I N, OB &2 T 77 K FAEERE
Micromeritics Tristar 3000 Z4 4730 B B e . 5
I, FEAAE N2(99.9%) AT 473 K FTALEE 4 h. ¥
ity R FLARS 40 A T 2 41 W T PR 55 iR 2 1 JIE B SR
Barrett-Joyner-Halenda (BJH)%5 20 [ A B 11 5. {4k
FI AR AH 2H RSCR FH B R B 4 B A T Ok B O
(ICP-AES, 3[E Thermo Elemental 2 &] IRIS Intrepid)ll
JE.

AL L Ru #4381 (dispersion) FIRLAR (dgy) K A
CO b2 fHE 52 [E Micromeritics 2750 4k 22 W% B3 I
ME. K427 100 mg HE iR AR E T, 78 Ar (99.999%)
AT 473 K FTIALEE 1 h, RJG MRS 298 K. 7E1%
T CO (99.999%) kit Y, 2 H G 2%(TCD)
oW (e T AR S Dy, R BMRIIR B, ARHE CO W
BTSSR SCRRIZBER VLT3 Sy A1 Ru 208U,
EEW M CO 548 Ru L2411 &= th(CO/Ru) N 0.5, H
Ru AT T3 1.63 X 10" atomsem *1**!,

XPS il XAES #£7F 3£ [E Perkin-Elmer PHI5S000C %!
X HHERE L FREREA Ll E. Mg Ko Zk(hv=1253.6 eV)
NBORUE, HEA 14.0 kY, DI 250 W, il #EEHN 93.90
eV, X B 5L e AR 540, W LR R IRE R 2
Wik E, ER TEESAAER, REEBEESIT=E,
HEAEMRT 2X107° Torr. H1F Ru 3d 1§ 554451 C
s WEER BB, DRRF #k ZrO, I Zr 3ds, W45 &
AE(182.2 eV)HHTfr AL IE, L5 A REMIEIRZ 102 eV.

Ru 1) K 3 X S 26O 18R 26 e s e AL 5 )
BARSHO(BSRF) IWIB 2kl Ese, RIAREE A
22117 eV, HLTHAEE N 2.5 GeV, HIF N200 mA. #24
FEAR AL TR TR b, JTEN AL &, BETFRWG
. RAIFEFFIT %46 H (1) Athena HA4-48L A& IR IS T
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it

RSt 2, o AMERIRWGA LS, TE AR 240
KR, BIFRAT X BRSO D 45 /) (XANES)PY,

AT b 4 BT DR A4 5 34 2 18] 1) A B4R F R
H,-TPR 7E 2 [E Micromeritics 2750 Ak 220 fHAY 52 .
HVZ) 100 mg 5 B TREE H, 7 Ar (99.999%) A H
T 473 K FAULLHE 1 h, AHE=E, K Ar PN 5
vol% Hy/Ar IBAS, SARMRIEA 25 mLemin ', FHLL
Fasefa, MNEIRTHEZE 973 K, THE# %K 10 Kemin ™', 75
F| H,-TPR Hi£Z.

HEALFIIITESR . Ru GBI IRLAR B A0 45 74K
FHH A JEOL A ] JEM2011 BiE 5 B 1 W ise g%, T
TERLHEN 200 kV. AR BUE TR S, A 10
min i i £ 2 101 7 A7 RS A4 X . E TEM I8 F R &
29 300 MRLFIIRLAR, SRR A, 21T Gauss 1L
B, TR AR 2.

4.4 fEHMHEEITMN

FEINE I NAEZFUN 500 mL FIHUHE R & 5
AT, TS I AR N A 5 S AL
FIR RN FE2d N 1.0 g 465, 100 mL 1)
H,O & 15.0 g [f) ZnSO,+7H,0. % M5, F Hy B#e 4 Ik
DI Z: 2 NS, T 3.0 MPa H, Rk, JHEZE 413 K
Ja, MR 50 mL RKITANEEEF, EEN 10
mLemin~". 7 H, JE JE 5.0 MPa, JFiaitk 2 #5E Ny
1200 r/min, PATH RS BORN Y, FHIFGhTH. SRR
B I BURE, ARREUREZ) 0.3 mL. [A]—AMEALTR AL
PERE R D EEHERWIK, KNG RIRZELTE 2%AN.
KH GC122 BISAHEIEAC M= . itk /b %%
f£5 PEG-20M 375, TCD A5 2%, H, #<, itk
i 2% 7 B RE 2SR FE 140N 403 K, MEELVAL N 100 mA.

REALZ (Conv.), OB IEFENE(Scne) X A3 2 (Yeus)
1 PA R A A

Conv.=([C¢HsJo—[CeHs]:)/[CeHs o

Scne=[CsH10]/([CsHelo—[CsHs],)

Yene=[CsHi0]/[CeHelo
Forr, AR €07 1“7 43 IERIR AR AT UG A FE B[]
Nt B 2R B U IR

HEAL IS 1 IR A6 IOBLIR 8 (ro) SR e 4451 %8 TOF
KT, ro I HMEZR 3R BE I 0] 1 28 22 s B I 8] Ry
TS E, o N UE AL A 8] A R AR B
6 R ) &, ¥ A2 A~ mmol/(mineg,). TOF = ry X
My, /(dispersion X W), Frf My, A1 W 435314 Ru Fo) B8 JK i
MR, IR O BT ARG B (So) B it AR O
eI ) Y 2 2 e 7 (1] Ry 22 i 45 38,
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