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Abstract: A series of Ru-Zn catalysts with different Zn loadings were prepared by co-precipitation. X-ray diffraction and X-ray photoelec-

tron spectroscopy results showed that a large part of the Zn in the Ru-Zn catalysts were present in the form of ZnO and the ZnO on the cata-

lyst surface could react with ZnSO, in the slurry to form a basic zinc sulfate salt during hydrogenation. The content of the basic salt increased

with an increase in the Zn loading of the catalysts. This resulted in a decrease in catalyst activity and an increase in selectivity for cyclohex-

ene. When the Zn loading was 8.6%, the basic salt dispersion was close to monolayer dispersion on the catalyst surface. When the catalysts

were pretreated in the presence of 0.6 mol/L ZnSOj4 solution at 140 °C and at 5 MPa H,, a cyclohexene selectivity of 69.8% and a benzene

conversion of 84.4% was achieved after 20 min.
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Fig. 1.

XRD patterns of the Ru-Zn catalysts with different Zn loadings before (a) and after hydrogenation (b). (1) ZrO,; (2) Ru-Zn(0); (3)

Ru-Zn(2.6%); (4) Ru-Zn(5.2%); (5) Ru-Zn(7.7%); (6) Ru-Zn(8.6%); (7) Ru-Zn(9.6%); (8) Ru-Zn(12.4%); (9) Ru-Zn(14.9%); (10) Ru-Zn(29.1%).
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Fig. 2. XPS spectra of the Ru-Zn(8.6%) sample before and after
hydrogenation.
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Fig. 3. Benzene conversion (a) and cyclohexene selectivity (b) on the

Ru-Zn catalysts with different Zn loadings.



www.chxb.cn

PNREZS A5 HZ SRR Ru-Zn (A0 7R B HL A A 5 2 6 0 2 1R 3F Ui PO 1 227

WORIE ECEORE O 3
ZnS0,-3Zn(OH),-7H,0 H Zn? 5 {F k41 43 Ru 22 1] {1
FL - AF EL AR T AT A e A Ru 9 LT 45 4. b 4b, 4 3
4% ZnO ¢ Ru B3 A H 3B 54 Zn, Zn J5 116 1 )
Ru F6 4 10 77138 BT 28 3% % i 2008 gl H i
T Zn S RSHAR /S, B 55 5 Ru B 181 5 4R, A
PEAE XRD i b R K I E Zn (R HREAE 06 . IX 88 5
B Zn G745 i 38 0 A 4 003G 1 AR ARG RN B 04 3 8
B E AL A — 32, 1 Zn S 3R 8.6%
BN E 9.6% B A 570 7% M SR B, 10 28 A I R
PENE G T, X5 Zn i BN 8.6% I
ZnS0,-3Zn(OH), 7TH,O ) 51 )2 73 B A 5%

b ik — 20 2 8 Ay B Ru-Zn A 4k 5 1) 1
BE, A S Zn gk Bl 7.7%, 8.6% F19.6% )4 AL 71
HEAT T WAL EE, 45 F LI 4. v DL, TAL B S,
Ru-Zn(8.6%) fH 44 73 1 3, R 0 0k B 1k 3
LB 2B A 8 T i A O JE B Ik 2 12 PR AR A 1%
AT I, FR AL R 84.4% I, FR Uik £k b
69.8%. Ru-Zn(7.7%) A4 5535 1 £ 4K L Ru-Zn(8.6%)

100

x®©
S
T T

Benzene conversion (%)
[
[«

40
20 L
i AR T YT SRR SRR RN N ST ST SR S [ S S S
5 10 15 20 25
Time (min)

90

S r

Ssof )

z

870

2 T

N

50F —=— Ru-Zn(7.7%)

& 50 r —o— Ru-Zn(8.6%)

7; E —a— Ru-Zn(9.6%)

Caof
oSN TS S T S N T U N N A N N Y N T S N W T S W W S W W N S WY S S AN ST SOV AT

Benzene conversion (%)
B4 AR zn HLiEEH Ru-Zn BULAFIRLIEEFELE
MRS IHIEE M

Fig. 4. Benzene conversion (a) and cyclohexene selectivity (b) on the
catalysts pretreated with different Zn loadings.

5w, (HIR Ok P B LS & MR /3 2.
Ru-Zn(9.6%) {44 71 B AR ) 46 10 £ 1L Ru-Zn(8.6%)
(1 v, A0S MR A8 3 I, LB 2R 8 Ak 3 (9 3 n 2R U0
PR B ARG ORE R W B L S . R o
Ru-Zn {461 B8 de A, X 5 SCHR[12]400E 2 — 80w,
Ui AL E VR A (1) BAR L S, H A0 2R 23 il o
W B A 5 R 2 P ey b, R SRR 5 g S AL,
V) 77 ) 3 g Mot B, 3K 32 S04 A 70 3% M T A R e 3 1
T U0l (2) 15 4 Ak 7004 Ak 0 45 P B e Ak, SiE K AL
(¥ A w7 (3) A Ak AL AR 7K AL T 1 B
3, AR TR O R IR Ok bR R e T
AN, 75 ZnSO, H T A B3 nT EAE A= i 16k =X R
ARG Ak, T 2 [ 10 W B e A 7R ) 2R T

B2 T R B A Ru-Zn (i AL ) R 1 1 o 2
I3 T, Ru-Zn A 4 770 41 A0 2805 5 0 &I ER O Y.
PERE f A . 3X A 9 T R v 3 R P RO R I AU A 4k
FHVRA L e 3 P N A (e Jas n 2 A B 9 55 ) i A 7
MR B AL T — 40 It S0 i

2 % x &

oxfihgk, FNEA, EHRK, 06, BANRL XK,
. 2R (Liu Zh Y, Sun H J, Wang D B, Guo W,
Zhou X L, Liu Sh Ch, Li Zh J. Chin J Catal), 2010, 31: 150
2 Nagahara H, Ono M, Konishi M, Fukuoka Y. App! Surf Sci,
1997, 121: 448
3 RO, MR, BER. /LTH#E (Wul M, Yan Y F,
Chen J L. Chem Ind Eng Prog), 2003, 22: 295
4 LiuJL,ZhuLJ, PeiY, Zhuang J H, Li H, Li H X, Qiao M
H, Fan K N. Appl Catal A, 2009, 353: 282
5 Ronchin L, Toniolo L. Catal Today, 2001, 66: 363
6 da-SilvaJ W, Cobo AJ G. Appl Catal A, 2003, 252: 9
7 BulJ, LiuJ L, Chen XY, Zhuang J H, Yan S R, Qiao M H,
He HY, Fan K N. Catal Commun, 2008, 9: 2612
8 Fan G Y, Jiang W D, Wang J B, Li R X, Chen H, Li X J.
Catal Commun, 2008, 10: 98
9 Liu Sh Ch, Liu Zh Y, Wang Zh, Zhao Sh H, Wu Y M. 4pp!
Catal A, 2006, 313: 49
10 Hu S Ch, Chen Y W. Ind Eng Chem Res, 2001, 40: 6099
11 TR, HZME, Shuds, MRIRR, ZHEE. e EH
(He HM, Yuan P Q, Ma Y M, Chen Zh M, Yuan W K. Chin
J Catal), 2009, 30: 312
12 ERE, KA®, WaY%, KL, 1 H(Wang S R,
ZhuY X, Xie Y Ch, Chen J G. Chin J Catal), 2008, 28: 676
13 XHEK, P, Wk 2 T (Liv Sh Ch, Luo G,
Xie Y L. J Mol Catal (China)), 2002, 16: 349
14 JRarsk, MR, MR, GRiges, e, R 4
1b243) (Jing L Q, Cai WM, Sun X J, Hou H G, Xu Z L,



228 etk

E S

Chin. J. Catal., 2011, 32: 224-230

Du Y G. Chin J Catal), 2002, 23: 341

15 Struijk J, d’Angremond M, Regt W J M L, Scholten J J F.
Appl Catal A, 1992, 83: 263

16 XK, B85, FigsR, Wals, mzs, mRE. #A
*24% (Liu Sh Ch, Luo G, Wang H R, Xie Y L, Yang B J,
Han M L. Chin J Catal), 2002, 23: 317

17 B, XIAhR, UsGaE, sk g8, SRR, K. ik
2.3 (Wang H, Liu Zh Y, Shi R J, Zhang Y N, Zhang H Q,
Liu Sh Ch. Chin J Catal), 2005, 26: 407

®EX
English Text

The production of nylon-6 and nylon-66 from benzene and
cyclohexene has attracted much attention because it is a
environmentally benign process with a good atom economy
[1]. In 1989, the Asahi Chemical Industry Co. industrialized
the process for producing cyclohexene from the selective
hydrogenation of benzene based on unsupported Ru-Zn
catalysts and nanosized ZrO, as a dispersant, and a cyclo-
hexene selectivity of 80% as well as a benzene conversion of
40% were obtained [2,3]. The technology has been sold in
China by Asahi Chemical Industry Co. but the details of this
process have never been released. Therefore, scientific
studies on catalyst preparation and modification are needed.

Promoters greatly impact the performance of catalysts. It
has been reported that promoters such as K, Fe, Co, Ce, Ba,
La, and Zn can remarkably enhance the selectivity for
cyclohexene [2,4-11] and Zn has been regarded as the best
promoter. It has been proposed that the ZnO in the precursor
of the catalyst or the Zn>" chemisorbed on metallic Ru can be
reduced to their elemental state by hydrogen atoms, which
spill over from metallic Ru. The interaction between metallic
zinc and metallic Ru can lead to a decrease in the activity of
the catalyst and an increase in cyclohexene production. It has
also been suggested that an optimal Zn loading exists for the
Ru-based catalyst and it is closely related to the concentra-
tion of Zn”" in the slurry [11]. However, methods to deter-
mine the optimal Zn loading as well as the relationship be-
tween the Zn in the catalysts and Zn®" in the slurry have not
been reported.

Monolayer dispersed catalysts have excellent catalytic
performance [ 12]. We prepared a series of Ru-based catalysts
with different Zn loadings. The features of the monolayer
dispersed Ru-Zn catalysts were determined, their catalytic
performance was investigated and the link between the Zn in
the catalysts and Zn®" in the slurry were clarified.

The Ru-Zn catalysts were prepared according to a litera-
ture procedure [13]. A desired amount of RuCl;-H,O and
ZnSO,4 7H,0 were dissolved in 200 ml H,O with agitation.
To the stirred solution, 200 ml 20% NaOH solution was

added instantly and the resulting mixture was agitated for an
additional 4 h at 80 °C. The mixture was left to stand and the
obtained black precipitate was wash three times with an
aqueous solution of 5% NaOH after the supernatant had been
removed by decantation. This black precipitate was dis-
persed in 400 ml 5% NaOH solution and charged intoa 1 L
Teflon-lined autoclave. Hydrogen was introduced into the
autoclave to raise the total internal pressure to 5 MPa and the
reduction was conducted at 150 °C and 800 r/min stirring for
3 h. The reaction mixture was cooled and the obtained black
powder was washed three times with 5% NaOH and then
with water until neutral to give the desired Ru-Zn catalysts.
The amount of ZnSO, 7H,0 was adjusted to give the desired
Zn loading. The catalysts with different Zn loadings were
denoted as Ru-Zn(x) where x indicates the Zn loading, as
determined by atomic absorption spectrometry (AAS).

The selective hydrogenation of benzene was performed in
a 1 L hastelloy-lined autoclave. The catalyst (1.96 g) was
pretreated for 22 h in the presence of 280 ml H,O containing
49.2 ¢ ZnSO47H,0 and 9.8 g ZrO, at 150 °C, and with a H,
pressure of 5 MPa as well as a stirring rate of 800 r/min. 140
ml of benzene was then added to the reactor at 150 °C and the
stirring rate was increased to 1400 r/min to exclude any
external diffusion effect and the reaction time began. A small
amount of reaction mixture was sampled every 5 min and
sent for gas chromatographic analysis (FID detector), and the
benzene conversion and cyclohexene selectivity were cal-
culated. The direct hydrogenation followed the above op-
eration except for a 22 h pretreatment.

Powder X-ray diffraction (XRD) patterns were acquired
on a PAN Nalytcal X'Pert PRO instrument. The X-ray tube
was operated at 40 kV and 40 mA. The spectra were col-
lected in the 26 range from 20°-80° with a step of 0.03°.
AAS was performed on a Perkin Elmer AAnalyst 300 in-
strument operating at 4 = 213.9 nm and with a slit width of
0.20 nm to determine the Zn loading. X-ray photoelectron
spectroscopy (XPS) was used to determine the chemical state
of the surface Zn on a PHI Quantera SXM instrument with a
base pressure of 6.7 x 10" Pa. Al K, (E, = 1 486.6 eV) was
used as the excitation radiation. Calibration of the spectra
was done on a spurious C ls peak and it was fixed at 284.5
eV.

Figure 1 shows the XRD patterns of the Ru-Zn catalysts
before and after hydrogenation. Figure 1 shows that the
patterns of all samples contain six characteristic peaks of
metallic Ru at 26 values of 38.4°, 44.0°, 58.3°, 69.4°, 78.4°,
and 84.7° (JCPDS 010-070-0274). The crystallite sizes of the
Ru in the catalysts estimated from the strongest peak broad-
ening at 44.0° using the Scherrer equation are 4.1, 4.3, 3.8,
3.7, 3.9, 4.3, 4.0, 3.8, and 3.8 nm, respectively. Apart from
the above-mentioned peaks the Ru-Zn(29.1%) catalyst has
seven new peaks at 26 values of 31.8°, 34.4°, 36.3°, 47.5°,
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56.6°, 62.9°, and 68.0° that correspond to the ZnO phase
(JCPDS 010-070-2551). This indicates that a part of the Zn
in the catalysts exist in the form of ZnO. By comparison with
Zr0, all the peaks are assigned to the main phase except for
the peaks at 26 values of 8.09°, 16.2°, and 44.0°, as shown in
Fig. 1. The wide and weak peak at the 260 value of 44.0°
corresponds to the metallic Ru phase (JCPDS 010-070-0274)
indicating a small crystallite size for Ru. The peaks at 20
values of 8.09° and 16.2° are attributed to the
ZnS04-3Zn(OH), 7H,0O phase (JCPDS 00-009-0204). This
suggests that the ZnO in the catalyst reacted with ZnSO, in
the slurry to form a basic zinc sulfate salt. Peaks of the basic
zinc sulfate salt appear and gradually increase in intensity
indicating that the amount of this basic salt increases with the
Zn loading. Figure 2 shows XPS spectra of the Ru-Zn(8.6%)
sample before and after hydrogenation. The binding energies
of Zn 2p;, and Zn 2p,,, in the Ru-Zn(8.6%) sample before
hydrogenation was 1021.9 and 1044.9 eV, respectively,
which is consistent with the binding energies of Zn 2p;,, in
the ZnO and Ag/ZnO catalysts at 1021.9 and 1021.8 eV,
respectively, as reported in the literature [14]. This indicates
that a part of the Zn in the Ru-Zn(8.6%) sample exists as
ZnO. However, ZnO was not detected by XRD in the other
samples except for the Ru-Zn(29.1%) sample because of its
low quantities and high dispersion while the smaller crystal-
lite sizes were under the detectable limit of the instrument.

At a Zn loading of 8.6% the basic salt dispersion is close to
a monolayer dispersion. This is one of the important features
of the monolayer dispersed Ru-Zn catalyst. Obviously, the
basic salt is composed of a bond between the ZnO in the
catalysts and the ZnSO, in the slurry. The Zn loading and the
concentration of Zn’" in the slurry can affect the formation
and the composition of the basic salt and subsequently the
performance of the catalysts is influenced. This is in good
agreement with the conclusions reported in the literature
about the optimal Zn loading being closely related to the
concentration of Zn>* in the slurry. The binding energy of Zn
2p3n and Zn 2pyj, in the Ru-Zn(8.6%) sample after hydro-
genation was found to be 1022.5 and 1045.5, respectively,
which is 0.7 and 0.6 eV higher than that before hydrogena-
tion, as shown in Fig. 2. We further confirm that a large part
of the Zn is still present in the form of Zn>* and cannot be
reduced further. This indicates that there is a strong interac-
tion between ZnO on the catalyst surface and Zn>" in the
slurry as well as the dispersant ZrO,, which results in a
change in the Zn electronic state.

The catalytic performance of the Ru-Zn catalysts with
different Zn loadings for the selective hydrogenation of
benzene to cyclohexene is shown in Fig. 3. As can be seen,
the activity of the catalysts decreases and the cyclohexene
selectivity increases with an increase in Zn loading, which is
consistent with the results reported by Hu et al. [13]. A test

without the addition of ZnSO,-7H,O was also carried out.
The results showed that on the Ru-Zn(9.6%) catalyst the
cyclohexene selectivity is only 1.4% and the benzene con-
version is 98.2% after 10 min and this was slightly higher
than the cyclohexene selectivity (1.4%) and the benzene
conversion (99.2%) over the Ru-Zn(0) catalyst. However,
over the former catalyst the cyclohexene selectivity reached
80.9% at a benzene conversion of 45.1% in the presence of
ZnSO47H,0. This indicates that the Ru-Zn catalyst gives
excellent cyclohexene selectivity with the synergic action of
Zn on the catalyst surface and ZnSO47H,O in the slurry.
Therefore, ZnSO,3Zn(OH),"7H,0O plays a key role in the
selective hydrogenation of benzene to cyclohexene: (1)
ZnS043Zn(OH),"7H,0 is an insoluble salt and is more eas-
ily chemisorbed on the catalyst surface than ZnSO,. The
large amount of Zn>" and rich crystal water can especially
enhance the hydrophilicity of the catalyst and this leads to an
increase  in  cyclohexene  selectivity [15];  (2)
ZnS0,3Zn(OH), 7H,0 can block the active sites that are not
suitable for the formation of cyclohexene; (3) The interaction
between Zn' in ZnSO43Zn(OH),"7H,0 and the active Ru
component can modify the electronic structure of Ru. The
ZnO or Zn** that are chemisorbed on the Ru active centers
can be reduced to their elemental state by hydrogen atoms,
which spilled over from metallic Ru. Ru-based catalysts
modified by metallic Zn are suitable for the selective hy-
drogenation of benzene to cyclohexene [10,11]. However, no
Zn peaks were detected because of the small crystallite sizes
and the formation of a Ru-Zn solid solution [18]. All of these
are important reasons that lead to a decrease in the activity of
the catalysts and an increase in cyclohexene selectivity with
an increase in the Zn loading. When the Zn loadings increase
from 8.6% to 9.6%, the activity of the catalysts decrease
drastically, however, the selectivity for cyclohexene in-
creases slightly. This contributes to the monolayer dispersion
of the basic salts on the catalyst with a Zn loading of 8.6%.
To further verify the catalytic performance because of the
monolayer dispersion of the Ru-Zn catalyst, catalysts with
the Zn loading of 7.7%, 8.6%, and 9.6% were pretreated and
the results are shown in Fig. 4. After the pretreatment, the
catalysts with a Zn loading of 8.6% exhibited moderate
activity and the best cyclohexene selectivity. Moreover,
cyclohexene selectivity decreased slowly with an increase in
benzene conversion. A cyclohexene selectivity of 69.8% and
a benzene conversion of 84.4% were obtained for this cata-
lyst. The activity of the catalyst with a Zn loading of 7.7%
was higher than that of the catalyst with a Zn loading of 8.6%
while the cyclohexene selectivity of the latter was much
higher than that of the former. Although the initial selectivity
of the catalyst with a Zn loading of 9.6% was higher than that
of the catalyst with a Zn loading of 8.6%, the latter had a
higher activity than the former. Moreover, the cyclohexene
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selectivity of the latter decreased more slowly than that of the
former with an increase in benzene conversion. This indi-
cates that the monolayer dispersion catalyst had the best
catalytic performance, which is in agreement with reference
[12]. This also indicates that the role of the pretreatment is as
follows: (1) After the pretreatment, hydrogen was preferen-
tially adsorbed on the most active sites and benzene was only
adsorbed on the moderately active sites. This benefited the
activation of benzene and also the desorption of cyclohexene
[16]; (2) The pretreatment resulted in the passivation and
structural stability of the catalyst, which prolonged the life of
the catalyst [17]; (3) The pretreatment shifted the pore dis-
tribution to larger pores, which promoted the desorption of
cyclohexene and improved cyclohexene selectivity [17]. The

pretreatment with ZnSO, enhanced the stability of the basic
sulfate salt and caused the basic sulfate salt to adsorb more
strongly onto the catalyst surface.

Above all, the catalyst gave the best performance for the
selective hydrogenation of benzene to cyclohexene when the
basic sulfate salt was dispersed over the Ru-Zn catalyst sur-
face as a monolayer. This provides a clear path for the de-
velopment of novel catalysts with good activity and excellent
selectivity for the selective hydrogenation of benzene to
cyclohexene and for other selective hydrogenations (such as
the selective hydrogenation of alkynes to alkenes).

Full-text paper available online at ScienceDirect
http://www.sciencedirect.com/science/journal/18722067



