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A series of Ru-Mn catalysts with different Mn contents were prepared by coprecipitation, and their
catalytic performance, using nanoscale ZrO: as a dispersant, for the selective hydrogenation of ben-
zene to cyclohexene was investigated. The catalysts were characterized using X-ray diffraction,
transmission electron microscopy, N2 physisorption, X-ray fluorescence, atomic absorption spec-

troscopy, and Auger electron spectroscopy. The results confirmed that the Mn existed as Mn304 on
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the Ru surface. The Mn304 reacted with ZnSO4 to form an insoluble [Zn(OH)z]3(ZnS04)(Hz0)3 salt,
which was readily chemisorbed on the Ru surface. This chemisorbed salt played a key role in im-
proving the cyclohexene selectivity over the Ru catalyst. The cyclohexene yield of 61.3% was ob-
tained over the Ru-Mn catalyst with the optimum Mn content of 5.4%. This catalyst had good stabil-
ity and excellent reusability.

© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

The production of nylon-6 and nylon-66 from benzene and
cyclohexene has attracted much attention because it is a safe,
environmentally benign, and atomic economic process [1-4].
Hydrogenation of benzene to cyclohexene is thermodynami-
cally favored [5]. The development of a catalyst with high cy-
clohexene selectivity in the hydrogenation of benzene is there-
fore important for this technology.

Second metals or metal oxides could significantly improve
the cyclohexene selectivities and yields of Ru-based catalysts.
Xie et al. [6] prepared an Ru-B/SiO: catalyst by impregnation
and chemical reduction methods, and found that the activity
and cyclohexene selectivity of this catalyst in Hz reduction of

benzene were better than those of an Ru/SiOz catalyst with the
same Ru loading. They also revealed that the B was present in
two forms, namely oxidized and elemental B species, and modi-
fication of their hydrophilicities on the surface of the Ru-B/SiO2
catalyst gave this catalyst high activity and high cyclohexene
selectivity. Liu et al. [7] prepared an Ru-La-B/ZrO: catalyst
using a chemical reduction method and obtained a cyclohexene
yield of 53.2% and a corresponding cyclohexene selectivity of
61.9%. They confirmed that the La in this catalyst existed as
Laz20s3. Fan et al. [8] prepared an Ru-Co-B/y-Al203 catalyst using
an impregnation reduction method, and achieved a cyclohex-
ene yield of 28.8% without any additives. They discovered that
the Co in this catalyst was present as an oxide. Liu et al. [9]
prepared an Ru-Ce/SBA-15 catalyst using a “two-solvent” im-
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pregnation method and achieved a cyclohexene yield of 53.8%
over the catalyst with an optimum Ce/Ru molar ratio of 0.25.
They found that the Ce existed as a Ce(IIl) species. These studies
provide a good basis for the development of catalysts and cata-
lytic systems for the selective hydrogenation of benzene to
cyclohexene.

In previous work, we developed nano-amorphous
Ru-M-B/ZrO2 (M = Zn, Co, Fe, La) catalysts with Ru loadings
less than one-third those of industrial Ru-Zn catalysts and ob-
tained a cyclohexene selectivity of 78.8% at a benzene conver-
sion of 59.6%. This was much better than the cyclohexene se-
lectivity of 80% at a benzene conversion of 40% obtained over
industrial Ru-Zn catalysts [10-12]. We developed monolayer
dispersed Ru-Si-M (M = Zn, Mn, Fe, Ce, La) catalysts and
achieved a cyclohexene selectivity of 80% at a benzene conver-
sion of 60%. The catalysts were used in a commercial unit and
were shown to be economical, safe, and environmentally
friendly. We have applied for national patents for these cata-
lysts [13,14]. In this work, we prepared a series of Ru-Mn cata-
lysts with different Mn contents, investigated the influence of
different Mn contents on the performance of the Ru catalysts in
selective hydrogenation of benzene to cyclohexene, and deter-
mined the role of the Mn promoter. The stability and reusabil-
ity of the Ru-Mn/ZrOz2 catalyst with an optimum Mn content of
5.4% were also investigated.

2. Experimental
2.1. Catalyst preparation

RuCls-H20 (9.75 g) and the desired amount of MnSO4+-H20
were dissolved in 200 ml of H20 with agitation. A 10% NaOH
solution was added to the stirred solution. After the reaction
was complete, the mixture was filtrated and the black precipi-
tate was washed three times with distilled water. This black
precipitate was then dispersed in 400 ml of a 5% NaOH solu-
tion and charged in a 1-L Teflon-lined autoclave. The reduction
conditions were as follows: Hz pressure 5 MPa, temperature
150 °C, stirring rate 800 r/min, and time 3 h. The obtained
black powder was washed with distilled water until neutrality
was achieved, and subsequently vacuum-dried, giving the de-
sired Ru-Mn catalyst. The catalyst was divided into two por-
tions. One portion was used for activity tests and the other was
used for catalyst characterization. This ensured the catalysts
with different Mn contents had the same Ru contents. The
amounts of MnSO4-H20 were adjusted to give catalysts with
different Mn contents, denoted by Ru-Mn(x), where x denotes
the weight percentage of Mn in the catalyst, determined by
atomic absorption spectrometry. Ru-Mn catalysts prepared
using different Mn precursors were obtained according to the
above procedure, except that MnSO4H20 was replaced by
equal molar amounts of Mn(NOs)2 or MnCla.

2.2. Catalyst characterization

The weight percentages of Mn and the concentration of
Mn2+ and Zn2* were analyzed by inductively coupled plas-

ma-atomic emission spectroscopy (ICP-AES) on an ICAT 6000
SERIES instrument of Heme Electron corporation. X-ray dif-
fraction (XRD) patterns were acquired using a PANalytcal
X'Pert PRO instrument with Cu Kz (A = 0.1541 nm) radiation
and a scan range of 26 = 5°-90° in steps of 0.03°. Transmission
electron microscopy (TEM) was performed using a JEOL
JEM-2100  instrument. Nz  physisorption  (Brunau-
er-Emmett-Teller method) was determined using a
Quantachrome Nova 100e apparatus. The compositions of the
catalysts were determined by X-ray fluorescence (XRF), using a
Bruker S4 Pioneer instrument. Auger electron spectroscopy
(AES) of the Zn LMM transitions was performed using a ULVAC
PHI-700 nanoscanning Auger system with an on-axis scanning
Ar-ion gun and a cylindrical mirror energy analyzer. The ener-
gy resolution was 0.1%. The background pressure of the analy-
sis room was less than 5.2 x 10-7 Pa. The standard sample was
Si0z/Si.

2.3.  Activity tests

The selective hydrogenation of benzene was performed in a
1-L Hastelloy-lined autoclave. A sample of Ru-Mn catalyst, 9.8 g
of ZrOz, and 49.2 g of ZnSO4 were charged in the autoclave.
Heating was begun with an Hz pressure of 5 MPa and a stirring
rate of 800 r/min. Benzene (140 ml) was fed into the system
and the stirring rate was increased to 1400 r/min to prevent
diffusion effects when the temperature reached 150 °C. The
reaction process was monitored by taking small samples of the
reaction mixture every 5 min. The products were analyzed by
gas chromatography using a GC-1690 gas chromatograph with
a flame ionization detector (Hangzhou Kexiao Instrument Co.,
China). The benzene conversion and cyclohexene selectivity
were calculated from the product concentration obtained using
corrected peak area normalization. At the end of the reaction,
the organic phase was removed using a separating funnel. The
slurry containing the mixture of the catalyst and ZrO; was re-
used, according to the above operations, without any additions.
The catalysts after hydrogenation were denoted by
Ru-Mn(x)/ZrO2, where x is the weight percentage of Mn in the
catalyst, determined by atomic absorption spectrometry. The
Ru-Mn(5.4%) catalyst without the addition of ZrO: after hy-
drogenation was denoted by Ru-Mn(5.4%) AH, where AH rep-
resents after hydrogenation.

3. Results and discussion
3.1. Catalyst characterization results

Figure 1 shows the XRD patterns of the Ru-Mn(x) catalysts
and the Ru-Mn(x) catalysts with ZrO2 as a dispersant after hy-
drogenation. Figure 1(a) shows that all the Ru-Mn(x) catalysts
display the diffraction peaks of the hexagonal phases of metallic
Ru (JCPDS 01-070-0274) at 20 = 38.5°, 42.3°, 44.0°, 58.3°, 69.2°,
78.4°, and 38.5°. The Ru-Mn(8.0%) and Ru-Mn(10.8%) cata-
lysts show the diffraction peaks of Mn304 (JCPDS 00-001-1127)
at 20 = 18.0°, 32.7°, 36.1°, 58.9°, and 69.3°. Morales et al. [15]
confirmed that the Mn in a Co-Mn/TiOz2 catalyst reduced below
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Fig. 1. XRD patterns of Ru-Mn(x) (a), Ru-Mn(x)/ZrO2 (b), and Ru-Mn(5.4%) AH (c) samples. Ru-Mn(x) denotes Ru-Mn catalysts, where x is the mass
percentage of Mn in the catalyst; Ru-Mn(x)/ZrO: is Ru-Mn(x) catalyst with ZrO: as a dispersant after hydrogenation; Ru-Mn(x) AH is Ru-Mn(x) cata-

lyst without ZrO: after hydrogenation.

Table 1
Textural properties and crystallite sizes of Ru-Mn(x) catalysts.

Surface area Pore diame- Pore volume Crystallite size

Catalyst (m%/g)  ter(om)  (ml/g) (nm)
Ru-Mn(3.4%) 72 122 0.22 37
Ru-Mn(4.6%) 71 11.8 0.21 4.3
Ru-Mn(5.4%) 62 116 0.18 38
Ru-Mn(8.0%) 68 9.4 0.16 40
Ru-Mn(10.8%) 56 11.2 0.16 4.5

300 °C existed as Mn304. The reduction temperature was only
150 °C. These results prompted us to suggest that the Mn in the
Ru-Mn(x) catalysts was mainly present as Mn304. When the Mn

@ Ru-Zn(5.4%)

contents were in the range 3.4%-5.4%, the diffraction peaks of
Mns04 were not observed in the XRD patterns of the Ru-Mn(x)
catalysts as a result of the low amounts and small crystallites of
Mn304.

Table 1 presents the Ru crystallite sizes of the catalysts cal-
culated from the strongest peak broadening at 26 = 44° using
the Scherrer equation. As can be seen, the Ru crystallite sizes of
the Ru-Mn(x) catalysts were distributed in the narrow range
3.7-4.5 nm, indicating that the introduction of Mn304 had little
effect on the Ru crystallite sizes.

Figure 1(b) shows that all the Ru-Mn(x)/ZrOz2 catalysts after
hydrogenation have the weak diffraction peaks of metallic Ru
at 260 = 44.0°, indicating small Ru crystallite sizes. All the other
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Fig. 2. TEM images (a, b) and Ru crystallite size distributions (c, d) of Ru-Mn(5.4%) and Ru-Mn(5.4%)/ZrO-.
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diffraction peaks corresponded to the monoclinic phases of
ZrOz (JCPDS 00-024-1165). Figure 1(c) shows that the
Ru-Zn(5.4%) catalyst without the addition of ZrO2 after hydro-
genation displayed not only the diffraction peaks of metallic Ru
but also the diffraction peaks of the [Zn(OH)2]3(ZnS04)(H20)3
salt (JCPDS 01-078-0247). This indicated that the
[Zn(OH)2]3(ZnS04)(H20)s3 salt had formed on the surface of the
Ru-Mn(5.4%) catalyst after hydrogenation in the presence of
ZnS04. However, the diffraction peaks of this salt were not ob-
served on the surface of the Ru-Mn(x) catalysts after hydro-
genation with the addition of ZrO2, suggesting that this salt was
highly dispersed on the surface of the Ru-Mn(x) catalysts and
the ZrOz dispersant. Xie et al. [16] confirmed that many salts
could spontaneously disperse on the support surfaces.

Figure 2 shows the TEM images of the Ru-Mn(5.4%) catalyst
and the Ru-Mn(5.4%) catalyst after hydrogenation, with ZrO:
as a dispersant, and the corresponding Ru crystallite size dis-
tributions. Figure 2(a) shows that the Ru-Mn(5.4%) catalyst
consisted of nanoscale spherical and ellipsoidal Ru crystallites.
Figure 2(c) shows that the Ru crystallite size of the
Ru-Mn(5.4%) catalyst was concentrated at around 4.8 nm,
which was consistent with the XRD results. Figure 2 shows that
the ZrO2 dispersant mainly consisted of ZrO: crystallites of size
about 20 nm. The catalyst particles were separated and isolat-
ed by ZrO: after the first hydrogenation, indicating that a suita-
ble amount of ZrO2 could significantly suppress agglomeration,
which could have occurred as a result of collisions among dif-
ferent catalyst particles under high agitation [17]. Figure 2(d)
shows that the Ru crystallite sizes of the Ru-Mn(5.4%)/ZrO2
catalyst after hydrogenation were mainly distributed at around
4.5 nm, which is much smaller than the crystallites of the
Ru-Mn(5.4%) catalyst before hydrogenation. This indicated
that the ZrO: played an important role in dispersing the cata-
lyst particles.

Table 1 shows the textural properties of the Ru-Mn(x) cata-
lysts. As can be seen, the surface areas, pore volumes, and pore
diameters generally decreased with the Mn content of the cat-
alysts. Zhang et al. [18] found that the specific surface area of a
Co-Mn/TiO2 catalyst was less than that of TiO2, and they sug-
gested that amorphous MnOx was dispersed on the TiOz surface
and blocked some of the catalyst pores. Similarly, it is proposed
that Mn304 was dispersed on the surface of the catalysts and
could block some of the catalyst pores, resulting in decreases in

Table 2

the surface areas, pore volumes, and pore diameters. The tex-
tural properties of the Ru-Mn(x) catalysts after hydrogenation
were similar to that of ZrOz because the mass ratio of ZrO: to
catalyst was 5:1 [19]. N2 physisorption studies of the
Ru-Mn(x)/ZrO: after hydrogenation were therefore not neces-
sary.

Table 2 shows the compositions of the Ru-Mn(x)/ZrO2 and
Ru-Mn(x) AH, the concentrations of metallic ions in the aque-
ous phase, and the pH values of the aqueous phase at room
temperature. The Mn/Ru, Zn/Ru, and Zr/Ru atomic ratios
clearly reflect the variations in the catalyst compositions before
and after hydrogenation. Ru-Mn(x) catalysts with different Mn
contents were prepared using MnSO4-Hz20 as the precursor. As
can be seen from Table 2, the molar ratios of the
Ru-Mn(x)/ZrOz catalysts after hydrogenation were all 0.02,
indicating trace amounts of Mn in the Ru-Mn(x)/ZrOz after
hydrogenation. The Zn/Ru atomic ratios of Ru-Mn(x)/ZrO:
after hydrogenation increased, and the concentrations of Mn2+
in the aqueous phase increased and the concentrations of Zn2+
decreased with Mn content. In particular, the colorless slurries
after hydrogenation prompted us to propose that the Mn in the
slurries existed as Mn2+. All of these results indicated that the
Mns04 on the surfaces of the Ru-Mn(x) catalysts had reacted
with ZnS04 to form a new Zn species and an Mn( II') species. The
Zn species were chemisorbed on the Ru surfaces and the Mn(1I)
species were dissolved in the slurries. A trace amount of Mn
was also detectable in the Ru-Mn(5.4%) catalyst without the
addition of ZrO: after hydrogenation. Its Zn/Ru molar ratio was
similar to that with ZrOz. It was also found that the S/Ru molar
ratio for the catalyst without ZrOz was 0.06, which was con-
sistent with the XRD results, and showed that the Zn species
existed as the [Zn(OH)z]3(ZnSO4)(H20)3 salt. The addition of
ZrO; lowered the S contents of the Ru-Mn(x) catalysts after
hydrogenation to below the detection limit of the XRF instru-
ment. All these results implied that the Zn species existed as the
[Zn(OH)2]3(ZnS04)(H20)3 salt. The amount of
[Zn(OH)2]3(ZnS04)(H20)3 salt increased with the Mn304 con-
tent, which resulted in an increase in the Zn/Ru atomic ratio. It
was concluded that the Mn304 was mainly present on the Ru
surface because the ZnSO4 in the slurry could only react with
Mn304 on the Ru surface, i.e., the [Zn(OH)2]3(ZnS04)(H20)s3 salt
formed could only be chemisorbed on the Ru surface. Table 2
shows that the pH values of the aqueous solutions after hydro-

Composition of Ru-Mn(x)/ZrO: catalysts after hydrogenation and concentrations of the metallic ions in the aqueous phase as well as their pH values

atroom temperature.

Elemental ratio# (mol/mol)

Ion concentration® (mol/L)

Sample Mn source Mn/Ru Zn/Ru Zt/Ru Int M- pH value«
Ru-Mn(3.4%)/Zr02 MnSO4 0.02 0.34 5.16 0.44 3.11x10-3 5.6
Ru-Mn (4.6%)/ZrO; MnSO0, 0.02 0.42 5.12 0.43 411x10-3 5.4
Ru-Mn(5.4%)/ZrO2 MnSO4 0.02 0.46 498 0.42 6.36x10-3 6.0
Ru-Mn(8.0%)/Zr02 MnSO4 0.02 0.52 5.07 0.41 9.82x10-3 5.9
Ru-Mn(10.8%)/ZrO: MnSO4 0.02 0.55 5.26 0.37 1.0x10-2 6.2
Ru-Mn(5.2%)/ZrO2 Mn(NO3)2 0.01 0.45 5.04 — — —
Ru-Mn(5.6%)/ZrO; MnCl, 0.02 0.47 5.17 — — —
Ru-Mn(5.4%) AH MnSO04 0.02 0.49 0 — — 6.0

aMeasured by X-ray fluorescence (XRF).
bDetermined by ICP-AES.



688

984.2

Intensity

P S S S SN T T ST Y SN ST S ST S NN SO SO S
980 985 990 995 1000
Kinetic energy (eV)

P R
975
Fig. 3. AES Zn LMM spectrum of Ru-Mn(5.4%)/ZrOz sample.

genation generally increased with Mn content of the catalyst.
More Mn30s4 reacted with more ZnSOs to form the
[Zn(OH)2]3(ZnS04)(H20)3 salt, resulting in a decrease in the
Zn2+ concentrations. The degree of hydrolysis of ZnSO4 there-
fore decreased and the pH values of the aqueous solutions in-
creased. The molar ratios of the Ru-Mn(x)/ZrO: catalysts after
hydrogenation were stable, at around 5.00, as a result of the
fixed amounts of ZrOx2.

Ru-Mn(x) catalysts were prepared from different precur-
sors, namely MnSOs, Mn(NOs3)2, and MnCly, in equimolar quan-
tities. The Mn mass percentages in the catalysts, measured by
atomic absorption spectroscopy, were 5.4%, 5.2%, and 5.6%,
respectively. Table 2 shows that the Mn/Ru, Zn/Ru, and Zr/Ru
atomic ratios of the Ru-Mn(x)/ZrOz2 catalysts after hydrogena-
tion were similar, indicating similar chemical compositions of
the Ru-Mn(x)/ZrOz catalysts after hydrogenation.

The Zn(II) species chemisorbed on the Ru surface played an
important role in improving the cyclohexene selectivities of the
Ru catalysts [20-23]. However, there are different opinions
about the Zn valence. Wang et al. [20] characterized
Ru-Zn/m-ZrO2 catalysts using XPS and found that the Zn 2ps,2
binding energy (BE) of the Zn in the catalyst was close to that of
metallic Zn. They suggested that chemisorbed Zn2* cations

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

could be reduced to metallic Zn by the hydrogen atoms that
spilled from the surface of the Ru catalyst. Yuan et al. [21] and
He et al. [22] also indicated that Zn atoms could be introduced
into Ru-based catalysts by the reduction of Zn2+, based on XPS
results. However, Struijk et al. [24] indicated that the Zn2+ in
the adsorption of ZnSO4 could not be reduced on the surface of
an Ru catalyst, also on the basis of XPS results. An important
reason for such differences is the closeness of the Zn 2ps,2 BEs
corresponding to Zn(Il) and metallic Zn. It is therefore very
difficult to assess the valences of Zn based on the Zn 2p3/2 BEs
[25]. This drawback can be overcome by using the Zn LMM
Auger transition, as the Auger shift between Zn(II) and metallic
Zn is higher than 4.6 eV [26]. Figure 3 shows the AES Zn LMM
spectra of the Ru-Mn(5.4%) catalyst with ZrOz after hydro-
genation. The spectra were recorded after Ar+ sputtering for 1
min to avoid interruptions of the surface oxidation of the cata-
lyst. As can be seen, the kinetic energy of Zn LMM for
Ru-Mn(5.4%)/ZrO2 after hydrogenation was 984.2 eV, which
was in agreement with that of Zn(II) species [27,28]. This was
also consistent with the XRD result that the Zn species existed
as the [Zn(OH)2]3(ZnS04) (H20)s3 salt. This also indicates that the
Zn species chemisorbed on the Ru surface were still present as
Zn2+ even under reaction conditions of 150 °C and an H2 pres-
sure of 5.0 MPa. The AES measurements did not identify any
additional contributions from metallic Zn (commonly appear-
ing in the 991-995 eV range), indicating that the Zn2* chemi-
sorbed on the Ru surface could not be reduced to metallic Zn.
The results in Table 2 show that the aqueous solutions after
hydrogenation at room temperature were acidic, as a result of
the hydrolysis of ZnSOa. It is well known that higher tempera-
tures favor hydrolysis. This means that the acidity of the liquid
phase is much higher at a reaction temperature of 150 °C as a
result of the increase in the degree of hydrolysis of ZnSO4. As is
known, it is difficult for metallic Zn to exist in acidic solutions,
and this is consistent with there being no clear evidence in the
AES results of the presence of metallic Zn on the surface of the
Ru catalysts.
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tions: a share of Ru-Mn(x) catalyst, 49.2 g ZnS04-7H20, 9.8 g Zr0Oz, 280 ml H20, 5 MPa Hz, 150 °C, stirring rate 1400 r/min.



SUN Haijie et al. / Chinese Journal of Catalysis 34 (2013) 684-694 689

%0 5ol ‘
75 L @ — ©
i g | [
S 28+ SRS
se0f g | g |
g B ol @ 40 [
2 o 80| g 497
Sasl g | 2
e —=— MnSO, 3 —=— MnSO, 5 I —=— MnSO,
S —o— Mn(NO;), S_ | —o—Mn(NO) 930 —o— Mn(NO3),
&30l —a— MnCl, 3P —+—mncl © —a— MnCl,
) 2017
157\\\\\\\\\\\\\\\\\\\ 07‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\ Coowov e b b by
5 10 15 20 25 20 30 40 50 60 70 80 5 10 15 20 25

Time (min)

Benzene conversion (%)

Time (min)

Fig. 5. Performence of Ru-Mn(5.4%)/ZrO: catalysts prepared by different Mn precursors. Reaction conditions: a share of Ru-Mn(x) catalyst, 49.2 g
ZnS04-7H20, 9.8 g Zr02, 280 ml Hz0, 5 MPa Hy, 150 °C, stirring rate 1400 r/min.

To summarize, the Mn promoter in the Ru-Mn(x) catalysts
existed as Mn30s on the Ru surface. The Mn304 reacted with
ZnS04 to form the [Zn(OH)2]3(ZnS04)(H20)s3 salt in the hydro-
genation process. This salt could be readily chemisorbed on the
Ru surface and directly affected the performance of the Ru cat-
alyst in the selective hydrogenation of benzene to cyclohexene.

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

Figure 4 shows the performances of Ru-Mn(x) catalysts with
different Mn contents, using ZrO: as a dispersant, for the selec-
tive hydrogenation of benzene to cyclohexene. As can be seen
from Fig. 4(a) and (b), the catalytic activity increased and the
cyclohexene selectivity at the same benzene conversion de-
creased with Mn content of the catalyst. Obviously, the increase
in cyclohexene selectivity was achieved at the expense of cata-
lytic activity. As can be seen from Fig. 4(c), the cyclohexene
yields continuously increased when the Mn content of the cat-
alyst increased from 3.4% to 5.4%. However, with further in-
creases in the Mn content, the cyclohexene yields increased
gradually. The Ru-Mn(5.4%) catalyst gave a cyclohexene yield
of 61.3%, which is among the best results reported so far
[9,29]. It should also be noted that the Ru-Mn(5.4%) catalyst
without ZrO2 gave a cyclohexene selectivity of 82.7% at a ben-
zene conversion of 59.4% at 15 min. The activity was lower
(64.4%) and the cyclohexene selectivity was slightly higher
(80.7%) than those with ZrO2. This implied that the ZrO2 played
an important role in dispersing the Ru catalyst particles; this is
consistent with the TEM results.

The results described above show that the amount of
[Zn(OH)2]3(ZnS04)(H20)3 salt formed in the hydrogenation
process increased with the Mn304 content of the Ru-Mn(x) cat-
alysts. The chemisorbed [Zn(OH)2]3(ZnS04)(H20)s3 salt played a
key role in improving the cyclohexene selectivity of the Ru cat-
alyst. (1) The chemisorbed [Zn(OH)2]3(ZnS04)(H20)3 salt was
rich in crystallization water. Chemisorption of the salt on the
surface of the catalyst therefore resulted in the Ru catalyst be-
ing surrounded by a stagnant water layer. The existence of a
stagnant water layer on the catalyst surface could accelerate

desorption and hinder re-adsorption of cyclohexene for further
hydrogenation to cyclohexane [13,30]. (2) The Zn2+ of the
chemisorbed [Zn(OH)2z]3(ZnS04)(H20)3 salt could selectively
cover most reactive sites of the catalyst, which could reduce the
adsorption enthalpies of cyclohexene and benzene. A decrease
in the adsorption enthalpy of cyclohexene could result in an
increase in the cyclohexene desorption rate, and hence an in-
crease in the cyclohexene selectivity. However, a decrease in
the adsorption enthalpy of benzene would lead to a decrease in
the catalytic activity [24,30]. (3) Electronic interactions be-
tween Zn2+ of the chemisorbed [Zn(OH)2z]3(ZnS04)(H20)3 salt
and the active Ru components could modify the electronic
structure of Ru, which might be favorable for the formation of
cyclohexene [13,20,30]. (3) The Zn2+ of the chemisorbed
[Zn(OH)2]3(ZnS04)(H20)3 salt could form loosely bound ad-
ducts with cyclohexene, which could stabilize the cyclohexene
formed on the surface of the Ru catalyst and improve the cy-
clohexene selectivity [9,20,29]. The activities of the Ru-Mn(x)
catalysts therefore decreased and the cyclohexene selectivities
increased with increasing amounts of chemisorbed
[Zn(OH)2]3(ZnS04)(H20)3 salt. The [Zn(OH)2]3(ZnSO4)(H20)3

120

< I Benzene conversion
< 100 [ Cyclohexene selectivity
2 N [~ /] Cyclohexene yield
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2 |
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S 60 ]
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Fig. 6. Reusability of the Ru-Mn(5.4%)/ZrO: catalyst for selective hy-
drogenation of benzene to cyclohexene. Reaction conditions: a share of
Ru-Mn(x) catalyst, 49.2 g ZnS04-7H20, 9.8 g ZrOz, 280 ml H20, 5 MPa Ha,
150 °C, stirring rate 1400 r/min.
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An Ru-Mn catalyst with an optimum Mn content of 5.4% gave a cyclohexene yield of 61.3%. The chemisorbed [Zn(OH)2]3(ZnS04)(H20)3
salt, which was formed by the reaction of Mn304with ZnSOx4 in the slurry, improved the selectivity of the Ru catalyst.

salt chemisorbed on the Ru surface therefore played a decisive
role in the enhancement of the cyclohexene selectivities of the
Ru catalysts.

Figure 5 shows the performances of the Ru-Mn(x) catalysts
prepared using different precursors, with ZrO2 as a dispersant,
for selective hydrogenation of benzene to cyclohexene. As can
be seen, the activities, the cyclohexene selectivities, and the
cyclohexene yields of these catalysts were all very similar. The
characterization results confirmed that these catalysts had
similar chemical compositions. This could be responsible for
the very similar performances of these catalysts. The results
also suggest that the SO42-, NOs3-, and Cl- ions of the Mn pre-
cursors had little effect on the performances of these catalysts.

Figure 6 shows the reusability of the Ru-Mn(5.4%) catalyst
with ZrOz. As can be seen, benzene conversion and cyclohexene
selectivity were stable, at above 60.6% and 77.5%, respectively,
and the cyclohexene yields remained above 48.5% in the first
four cycles. From the fifth cycle to the seventh cycle, the ben-
zene conversion gradually decreased. However, benzene con-
version was still above 50%, and the cyclohexene selectivities
and yields remained above 80% and 40%, respectively. This
indicates that Ru-Mn(5.4%)/ZrO2 had good stability and poten-
tial for industrial applications. The benzene conversion de-
clined drastically to 33.1% in the eighth cycle. However, the
cyclohexene selectivity remained as high as 85.4%. The main
reasons for the deactivation of the catalyst were the loss of
catalyst and the absence of regeneration for long recycling
times. Sulfur and nitrogen poisoning might also deactivate the
catalyst [31].

4. Conclusions
That Mn in Ru-Mn(x) catalysts existed as Mn304 on the Ru

surface. The Mn304 could react with ZnSO4 in the slurry to form
a [Zn(OH)2]3(ZnS04)(H20)3 salt. The [Zn(OH)2]3(ZnS04)(H20)3

salt chemisorbed on the Ru surface played a key role in im-
proving the cyclohexene selectivity of the Ru catalyst. These
results indicate that some catalyst promoters could react with
additives to form new substances. These new substances might
significantly affect the selectivity and activity of the catalyst.
This might provide new ideas for understanding the action
mechanism of promoters in catalysis.
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1. B

il

HH 2R R 28 30 M ) 4% JE -6 e Je-66 B %2
G T RERIIREE AU HORS f, — BN AT, 4R
TEII )5 b, 2R I R T 2R A CReRL [H I, ik
PRI IR SR O A A A2 I BRI L.

DS —Fh 4R B4 B | AL M B 7R mT 35 42 7 Ru
SR AT b 2R OO B M RS . Xie SR TR -1k
SR R L% T Ru-BISIO, AL T, oAb 2Rk 3 A
T T R O a2 B PR 3 B A HR 38 JiR 11 43 1) Ru/SiO, 1)
. AT R B B LA B A AR LA PR U7 7, HL
AT TH AR 535 7K MEAB 1 /2 Ru-B/SiO, flE AL 77 R B il
PR e B A B B R PR L 25 VR A 20 SR ik o) %
T Ru-La-B/ZrO, flE 44771, E SE AL 7] i La BA La,Os 17

TE, TEA MR B ER OS2 AR O i 8 1% 43 )ik
53.2% Ml 61.9%. Fan 2 BVF] i Jf3R Bk dl &% 7
Ru-Co-Bly-AlO, {14711, ilE SEHE AL 7 1 () Co LA fh A
T RAEAE, FEAEA DT AT AR5 1 56 10 T 28 D Ui e ah
28.8%. Liu 2P XU 77712 ik 4 T Ru-Ce/SBA-15
4L, IESE T Ce LA Ce(IIT) # R 4715, 24 Ce/Ru EE /R Lk
o 0.25 i 3R CL IR A 53.8%. X BB AF 7T T AR A A iE
INE IR UG AR R IET RS20 T A 4.
AR R T JT R T 2R I BRI AR O
Ru-M-B/ZrO, (M =2Zn, La, Co fl Fe %) K Ak i A & 4 1
7, AT EE Dol Ru-Zn 4651/ 13 1 Ru, 3875 T 2R 4k
2R 59.6% I 3 U e R 14 78.8%, A1 T Tl Ru-Zn i1k 51
(R 1k 40% B 2R U e 3k 809%) O H i, AR
W DY R T )E S BB 2R B B A ER O
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Ru-M-Si (M = Zn, Mn, Fe, Ce 1 La %) i 4k 57, 551k 5
60% I 34 LI e 1 1 80% LA L. ZAE AL Bzl Tl
N, B T R AP RIZ5F R 2338, IR T B R & W
LR IS 4% T — R AU Mn £ & 1) Ru-Mn fi#
TR, 52T Mn £ B0 2R 3% BRI &L 35 O Ru 467
P RE RO RZI, 0T T B M (7R I HLER, 3525 22 A0 7
(RS PR A A FH M R

2. SWiEpa

2.1, fELFIHIE

# 9.75 g RuCly-3H,0 Al—5E &[] MnSO4-H,0 ¥ T
FRIBK R BEEE NI\ 10% NaOH ¥ W, 15 78 70 I3 i il
DL FTAS BRI AR FIE K e =k, SRR A BT 5%
NaOH ¥, e # 2 5 e S ik Ji. 7E Hp i 5.0 MPa
800 r/min it FF F FHIR % 150°C, I8 J& 3 h. i85 J5 B,
ZTRAKPE B 2k, AT, BI4S Ru-Mn 467, ~F1
539 243, 53 0 T EALTRIPPAN FRAE, 1 OR A T &)
FAEALFH Ru & A, % MnSO4-H,0 H &, 1848 [F]
Mn & & ) Ru-Mn 467, i0/F Ru-Mn(x), x 9 J5 11 i
S Tl I A3 4 Ak R R MIn BB B 40 i B MIn(NO),
B MNCI, Ay J5URL, [l 13 Ru-Mn(5.4%) {465,
2.2, EWFIRIE

AL B Mn 258 KON AU 00 Mn®* il Zn?* ik
J& 7£ Heme Electron 24 7] ICAT 6000 SERIES % L J& &
B TARE T R A (ICP-AES) Bl bl . f#
T35 (I AH 23 #4E PAN Nalytical 24 & X’Pert PRO %4 X
SR AT (XRD) X _E3#E4T. Cu K, B2k, & FL K 40kV, &
FL T 40 mA, F4 5 [ 20 = 5°~90°, 9425 K 0.03°. fi L
AT SHAE JEOLJEM 2100 2235 it HiL -1~ B 4B (TEM) I
gL, FE 5 1) LR P 5 E Quantachrome 24 7] Nova 1000e
T B B ASC B . R AL R R & T RS & T L
Bruker 2 7] S4 Pioneer %! X i 2k 9% 64X (XRF) k4T,
Zn LMM 81 L 7 B8 15 7F ULVAC PHI-700 24 44 K 31 4
Wk R 48 (AES) e, B T4 i e 9 10KV, RE 57 #
A 0.1%, NI FA R 30°, 43 AT 5 B A5 5.2 x 107 Pa.
PLIEE AL SiOL/Si AAREE.
2.3, EULFIHEN

FIEF N BLE GS-1 B (K& &Sk T.
A1 Ru-Mn {1k 71, 9.8 g ZrO,, 49.2 g ZnSO,-7H,0 Al
280 ml H,. 7£ H, JE /14 5.0 MPa Filfi £:3% % >4 800 r/min
(2 A T, FHIE 2 150 °C J5 N 140 mi 2K, 5 % i 2
1400 r/min (LAY B 24 8K), B R 5 min BURE. SR FH BT R}

Ib¢ GC-1690 2 UAH (T A 73 P W 2 1, FID A 2%, THI
FURE IEVA—VETH SR =R BE, gk T v R B e fER O
Wi PR, RN SE UG, o0 S B B A AL, i
A FAIFA ZrO, 3% 7] S5 W 2P N 3 s T s B2 R, AN
AT AT 0, e 2 A TR) AT S . J I [ R A
mhVE S S W ERAE . A JE B R FE I 1E
RU-Mn(X)/ZrO,, x g J5i - M WSO 3 45 4 4 46 770 1 Min
R Sy Er . AN ZrO, s #i R INEL i Ru-Mn(5.4%) 1
B FHCEAE Ru-Mn(5.4%) AH, AH AR INEUs .

3. ZR5iITR

31 BUFIRMELER

B’ 1 4 Ru-Mn(x) #E AL F5AT Ru-Mn(x)/ZrO, {46 75 1
XRD i, 7] LLE H, i Ru-Mn(x) f# 1L 71 7 20 = 38.5°,
42.3°,44.0°,58.3°,69.2°,78.4° F185.2° &b Y Bl T 7N 7 Al 4
J& Ru [ %5 1 f7 54 1& (JCPDS 01-070-0274).
Ru-Mn(8.0%) Al Ru-Mn(10.8%) fi 1t 734 7£ 26 = 18.0°,
32.7°,36.1°,38.1°,58.9° F1169.3° &b i L 1 MngOy (RIAFAEAT
5} i (JCPDS 00-001-1127). Morales %5151 F X 5} £ '
LT AE i (XPS) IESE T #F 300 °C PL K Mn % 2L Mn;0,
TERAFAE. Ru-Mn(x) 4671 138 Ji i 2 9 150 °C, PRtk
Ru-Mn(x) #4475 Mn BA MnsO, fE7E. 24 Ru-Mn(x) /i 4k
Fr Mn £ BN 3.4%~5.4% I, X4 Mn £ B R, H.
MngO, AR /N, DRI A 22 B MingO FRRRAE T 55 0.

1 1R R B AT S U (20=44.0%) U6 B8 K
Scherrer 22 205 H A AL P Ru B30 RS B AT I,
Ru 5 R SF 43 A E 3.7~4.5 nm R A2 [ Ja Y, 3L
MnsO, HIIIAXT Ru B RS BRI I AR /N, 38 0] LA
INEJE A Ru-Mn(x)/ZrO, {44 773 H 355 1 6 & Ru
(RREAE AT 55 06 (20=44.0°), 1 B 48 Ru IS R SR/,
HARATHH IS N B4R H] ZrO, 1) (JCPDS 00-024-1165). 7
A8, A0 ZrO, i &S Ru-Mn(5.4%) AL 7] _EANE HE
4@ Ru MRFAEAT I 0, 110 H7E 20 = 10.6°, 14.7°, 25.4°,
28.4° fil 32.8° 4b H Bl T [Zn(OH),]3(ZnSO4)(H,0)s
(JCPDS01-078-0247) HRFAEAT 4 W, 1X Ui BH/E ZnSO, 17
£ FINEJE Ru-Mn(5.4%) i A5 2B BT — B BT 0
[Zn(OH)2]5(ZnS04)(H,0)s £ 4R 1M, NN ZrO, & 1E FT &
17 Ru-Mn(x) #4771 b 9 R R % 8 (R AT S 0, 3 B 1% 6
i BE 4y BUfE 42 8 Ru A4y Bl ZrO, B3R T F. WA
208l I sz b w] AR Bk b B R B

Kl 2 45 H T Ru-Mn(5.4%) 1 ZrO, /£ 4 B IN & G
Ru-Mn(5.4%) 1] TEM ] 7 A H Ru B d RST 230 A, o] A
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F i, Ru-Mn(5.4%) {44751 3= 22 [ B [ 7 () Ru 44
KA A, i R AP AE 48 0m A4, 5
XRD 45— £ K& 2(b) 7] W, 73 #5 ZrO, £ 22 20nm
FE AT ZrO S i LR UK OB Jig AL IR A, ZrO,
SYBETE T IR U B IE B 1) ZrO, nT I S N AR R R AL
FBURL 2 18]l 428 171 58 517, %A A6 b Ru A5 R~
FEEPTE 45 nm A A7, EINEAT 0 B B 08 X
ZrO 3t Ru Ak FAIRITRE IEL 5 43 IV H.

R LBLH T % Ru-Mn(x) AL O UG L. W] LA
A, BEE Mn & 2R, A R I, FLAR A
FLA I, TIPSO R R & B, MnOJTiO fiE AL )
bb R AR LE TiOo, B/, W N2 BTG 58 T MnOy 43 B TE
TiO, MR I % e — 3/ FLAT S X nT ke AL 4.
mT#AfE zZro, B & LA 15 MAKE
RU-Mn(x)/ZrO, i 4651 (1 2R 1k 57 5 ZrO, (AR 1),
I, FATTAR A I EUS Ru-Mn(x)/ZrO, #4675 347 N, P B
W B0 52 .

2 7 ZrO 1R 4 BGRI I AL G Ru-Mn(x) 1 44751 (1) 45
FSCRH 7K AH 4 J B 1R B R L 3R N I pHAE. 75 B AR
A e H A, A F Mn & =19 Ru-Mn(x) #1 Ru & 5407 [/,
(A It Mn/Ru, Zn/Ru F1 Zr/Ru J& 7 EL BE Mn & & 17381k [z
W T AL TR 4H B 22 4. B MnSO,-HL0 S i Al 2% 1
ANIF] Mn £ 21 Ru-Mn(x) fEAGTR). iR 2 T 00, BRI
J& Ru-Mn(X)/ZrO, AL Mn/Ru Ji£ -1 Lk 351 0.02, 1t B
BPHEERER Mn. B Mn SEIN, m&E)E
Ru-Mn(x)/ZrO, #4551 ) Zn/Ru J& -7 HLIZ T 48 T, 220+
M= 887 CRIBCNTE 8, 52 2 Mn®*) ¥R BE 3, Zn® 94 155
B /N X 3B Ru-Mn(x) #4677 L MO, 5 3 7
ZnSO, KA T A2 ML, A2 il T — F BT 1) Zn W) i
Mn(ID) Y%k, Hor, Zn PR 2200 BE Ru #4677 3R T,
Mn( 1) ¥ Fli& @ E W . A Zro, & &
Ru-Mn(5.4%) b5 F A 2R & ¥ Mn, 1] Zn/Ru J5 1t
500 ZrO, A5 3. seAh, IE K 3 S/Ru & 7 Lk A
0.06. iX 5 XRD #& I £ Zn #)Fh LA [Zn(OH),]5(ZnSOy)-
(H0)s #h 7 75 — 2. 4 # A Zro, M I A f#
RU-Mn(x)/ZrO, ' S & &A% T XRF (14 I R 11 = g A
2. XL Zn Py Fh LA [Zn(OH),]3(ZnS04)(H,0)s 247 1E.
b Mn3O, 7 & 38 11, A2 B [Zn(OH),]3(ZnS04)(H,0)3
RN, B Zn/Ru S LG 0. 107 H Lk, AT AT LA
HEWT H MngO, = ZA77E T Ru i L, N
ZnSO, Hfit 5 Ru 1 _E 1 MngO, & ZEAH HATE Y it /&
Ui, 24 B [Zn(OH),]5(ZnS0,)(H,0)5 #h t H BEAL 22 [

7E RUSRI . b4, BEF Mn & &3, InE s K
(¥ pH i (i ) THE. Jlih Zn™ Wk EE vk, HooK fgfs
JEE BEAR, DRI 7KV Y1) pH 8 7. [RA ZrO, 1 F 42
[ 52 [, Zr/Ru JiR -1~ EL A% e £ 5.00 /£ A7

73 59 2 5 B () MinSO4, Mn(NOs), il MInCl, i {4
il 1 Ru-Mn(x) fEE A, iSOG 1S 145 Min 15T &
H & B x 5N 5.4%, 5.2% F15.6%. H13 2 1] I, Bk
Mn BT AR AN R, E A S B Ru-Mn(x)/ZrO, 1 18 571 1
Mn/Ru, Zn/Ru F1 Zr/Ru J& ¥ b T . X 36 InEUs 1k
FUHIAL 22 20 R L.

A 2 B FE Ru 4 2% 11 1) Zn PRk 35 2 /5 Ru
AT b3 Ot 6 i e A 023 4R, 55 F Zn 18
Ru il fh R A TE N A — BEAATEE BRI 4. Wang
A [20) [ 4 7K HL 3T 3E RUCHs # ZrOCl,, FE7E ZnSO, ¥ i Hh
F Ho 38 JE L 03 P2 9 ] £ T Ru-Zn/m-ZrO, AL At
TR BEA T Zn 1) Zn 2ps, ML T 45 A e 548 Zn
IBEIT, N N5 ZnSO, I Zn* B 4 M Ru 26 1 _E i
W H R 5 48 Zn. Yuan 2521 B R 2522
3 XPS 45 B\ Ny, Zn® Bl 458 J5UN 428 Zn. {H Stru-
ijk 2 PR XPS 45 SN, A6 2RI B ) Zn® A B ik
JE 48 Zn, ZE U — AN EE R EER Zn(11) 5488
Zn 11 Zn 2psp, WL T-45 & e AR B2, LRI Zn 2pay,
{7 LT 45 A BE B LT Zn B A TR TR X 0 ),
Zn LMM & 8 B 7 BRIE AR v T X AN, RN
Zn(1l) 548 Zn R B m T 4.6eVEL B34 H T
ZrO, V43 B N &S Ru-Zn(5.4%) 14657 1 Zn LMM 5
BCR 7 RE . 7 ELRE IR A, Sl b 3R T AL T
P, 1% B AR P ACTR ST Imin J5 i 5 TR, W LLE
H, I&US Ru-Zn(5.4%)/Zr0, (1) Zn LMM [ &k Fi 15
fit o~ 984.2eV, 5 Zn(11) 1 — 52728, th 5 XRD 45—
. [ Ik BEEH T Ak 2R Ru 2R T A Zn B 7E
150 °C il H, [ 5 MPa R /5 LA Zn** 774, Zn LMM AES i
WA % HAT & )8 Zn K15 5 (88 Zn 1) Zn LMM &k
HL T B AE — M AE 991~995 eV), i B 4k 22 W B £ Ru & 1
() Zn* AN BERLIE IR 942 8 Zn. £ 2 45 A BT
JKAR ) pH A 2 B 1% 72 HH T ZnSO, 1K . I T+ s A
FIF 7K AR B 16 00, TR I 2 150 °C S 52 /K A AR 1 45 T
5. 428 Zn TERR VAW R IR EAFAE /Y, 5 AES 1 1%
BRINEE Zn 55—

B2, Ru-Mn(x) f#4L 7] | Mn LA MnsO, f£7E T Ru %
T . 7E AL R 1, MngO, 1] LA S H (1) ZnSO, S B
A B —Flt [Zn(OH),]5(ZnS04)(H,0)s £h. 1% 2h 5 4k 27 W% bt
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7E Ru K TH I, BHE2 0 Ru A AR R 2R IR B N & 3 &
i PERE.
3.2, FIRFEMEHEIASH Ru-Mn(X)/ZrO, L FIME&E

Kl 4 2518 1 ZrO, 7E 73 BURIAN[F] Mn 5 & Ru-Mn(x)
AL TR 2 3 B I &0 gt RE. T LAE 1, BES Min
Er R IIE N, HEALTE T AR, MR R N3 O
e BB = AT, A T v R DU TR
A, 3BT BUE H, Mn 2 8\ 3.4% 14 /1 £ 5.4% K, 21
CL 7 UL 2 18 1 2 61.3%. IX A H RIS S i &5 R 22
— BB g s 80 Mn & B 3 OB UCR TR Bk ah, A
I3 ZrO, () Ru-Mn(5.4%) #4671 1 5 R 15 min 2K 5
14 59.4% B A CLIA I BE 14 82.7%. AN N I vi% M bL s
TN (64.4%) IS, P4 CAf iz £ 11 LLAS N ) (80.7%) B =1, 156
B 1 ZrO, % Ru Ak R BURLEE 5 43 #1E ), 5 TEM 25 5%
— 5.

iy B 2R AE AT, B Ru-Mn(x) HEA6 77 _E MO, 38
i, 75 &G FE A2 K [Zn(0OH)2]3(ZnS04)(H20)s 532 #i
B0, Ak 22 BRE Ru 2R T L [ [Zn(OH),]5(ZnS04) (H,0)5
SRR Ru AL L3R O B A SR . (1)
ZE S E M4 K, P LATE RuR I B R B K
J2, I A R Ol AN Ru 7B B B, 301 2R U
PR MR B 80 e 750 2 T 4k 4 I 26 B e 20, (2) % 2k
AT LA o 48— 2 0 P A e PR A, BRI O AR )
S NI 2 iR e N ool A pr e St bl I L 57 A
75308 % M T [ 5 7 A4 £ 7R 9 e B AR 3, (3)
ZEE i Zn?* 5% M 4H 2 Ru 22 18] H 7~ AH ELF B4 Ru
) FL T £ R R T 2R O 2B R 2030 (4) % 2k i Zn?
Al DA IR QU A BT B 5, T AR E Ru R T BB
JR IR 0, 33 11 B e Lok 3k 12029 ]k, £ 2 PR £
[Zn(OH),]5(ZnS04)(H20); #h ) 34 I 45 Ru-Mn(x)/ZrO,

AL TS P FRAR, 3F R BT . B2, BETEi &
RU AL 13 Ol e B A e e AR

5 45 17 ZrO, 1E 73 #80R AS 7 BT 4k ) 4 1)
Ru-Mn(5.4%) {71 2R3 B 228 s 1 Rg. m] BA
F AN [F Mn |4 4 ) Ru-Mn(5.4%)/ZrO, #6715
PEL ORI R B, RAE S5 RESL T X 2t
RU-MN(5.4%)/ZrO, f## 44 77 i 4k 2 4 2230, TR T 7 i Ak
IR PN ER O s B A A Mk e 200, (RN 3 9, 150
B 7 Mn B () SO,%, NO5 AT CIX Ru i A 751 e 1) 5
Ml 1R /N,

B 6 My ZrO, 1 43 i i Ru-Mn(5.4%) 8 16 71 i 1
IS RE. FTCUE W, A 4 DAEIE T v, R4 3 fa
JEFE 60.6% LA b, ¥ Ok FEVERS EAE 77.5% LA L, S
IR A 5 1 48.5%. MEE 5 IRAEIA R 8 7 IR I, ELARSE
B AL R IZ T BRAR, (A7 50% LA _E, BF Ok 36 1k Al
RO AR FEAE 80% A1 40% LA L. AT WL, Ru-Mn(5.4%)/
ZrO HEAL TR R B M 0, B R 1 b 2 AT 5. i
A FH A2 58 8 IR, 2R 5% Ak 22 U P 22 33.1%, SA 1T 34
CU e R k7 75 85.4%. X E 2 i T AL IR 75 3R
A I AR A A SR AT RIS TR PR R B AR AR BRI BB AF,
SRITN FH Rt T fi i 7 2 3 0 B R B

4. i

Ru-Mn(x) #4675 71 (K] Mn BL Mn;O, 727E T Ru [ 3%
T b &G R B3 MngO, 5 28 3 ZnS0, s A
T —F [Zn(OH),]5(ZnS04)(H,0)3 5, & AL 24 i 7E Ru &
T b, 7E3 5 Ru AR E 2R UG e B 1 b ite 4 HsE PEAE
FH. IX S WA e A 77 o Bl ) AT LS im0 B 8 AR jf—
AL/ DT NN A=RE3 = AUk @i li k=2 i = AR
AR TR IVER.



