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Abstract

The paper deals with the reactivity of RplGeQ, prepared by a wet reduction method: ruthenium was supported on Cg(@high was
precipitated by alkali-hydrolysis of Ce(Nf®, under a reduction condition with formaldehyde at pH 11 and transformed intg/BaG;
catalysts by calcination in air at 773 K. The catalysts were investigated with an ESR technique and were tested for oxidation of propylene.
They had no ESR signals by themselves at room temperature, but gave two sets of anisotropic signals upon contact with propylene. These
signals were derived from the reaction products betweerORand propylene. The intensities of the signals were kept unchanged at
room temperature for more than 1h in the absence of excess propylene. The signals decayed in the presence of excess propylene an
the upfield signal decayed more rapidly. A prior heating of the catalyst in air at 473K or above caused the increase in the intensity of
the upfield signal. The time course of the signal changes discriminated between ethylene and olefins with allylic hydrogen teé@ard Ru
species.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [9,10]. Sommerfeld and Parravano observed that oxygen was
chemisorbed on Rugdn the temperature range 373—-658 K at
Ruthenium dioxide is known to catalyze many types of 1.3-66 Pa of @ pressurg11]. Over, Jacobi and co-workers
reactions including organic and inorganic oxidati¢hs8]. have investigated that there were several oxygen species
We reported that ReO species in RugJCeG, prepared by  on the surface of Rugdl 10) by the treatment with oxy-
a wet reduction method played an important role in th®N  gen[12,13] The oxygen species on top of coordinatively
decomposition with propylen®] and oxidation of propy-  unsaturated Rugdl 10) which they cited in their papers
lene [10]. The method is an effective and easy-to-operate should be R&O in our view [9,10]. They supposed sev-
method of preparing supported precious metal catalysts. Theeral oxygen species and set up a model of products between
Ru=0 species, which were inherently present in RIE2O, their oxygen species and ethylene. Wan et al. reported that
were produced more by the treatment of oxygen at 473 K or partial oxidation of methane over Ru/Si@vas caused by
above, and were responsible for the activation of propylene 0%~ species of low concentration over the catalyst, while
complete oxidation by & species of high concentration
- 14].

* Corresponding author. Present address: Department of Energy and[ |]n this paper, we have been investigating the reactiv-
Hydrocarbon Chemistry, Kyoto University, Katsura, Kyoto 615-8510, Japan. ity of Ru=0 species of RugCe® catalysts prepared by
Tel.: +81 75 383 2481; fax: +81 75 383 2479. the wet reduction method by using an ESR technique for
** Corresponding author. Tel.: +81 75 724 7555; fax: +81 75 724 7555. i ;

E-mail addresseshosokawa@t04.mbox.media.kyoto-u.ac.jp the reactions between RO species and propylene or other
(S. Hosokawa), kanai@kit.ac.jp (H. Kanai). olefins.

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.06.033



50 S. Hosokawa et al. / Journal of Molecular Catalysis A: Chemical 240 (2005) 49-54

2. Experimental and sieved in 14-28 mesh size. The catalyst was pre-treated
with dry air at 573K for 1h. Forty-five millilters of a
2.1. Materials mixture of propylene (4000ppm) and helium and 10mi

of O, were introduced to the reactor at room tempera-
Cerium(lll) nitrate, formaldehyde and sodium hydroxide ture. The reaction temperature was increased at the rate of
were obtained from Nacalai Tesque Co. Ruthenium trichlo- 2.5 K/min (295-423 K) and 5 K/min (above 423 K). Propy-
ride hydrate containing 39.7% ruthenium by weight was lene and CQ were analyzed with an on-line TCD gas-
purchased from Tanaka Kinzoku Kogyo K.K. Zr(QHyas chromatograph (Shimadzu GC-8A, Porapak Q column, 1 m)
purchased from Kojundo Chemical Laboratory §eAl 203 at 363 K.
was supplied from Taimei Chemicals Co.

2.4. Characterization
2.2. Preparation of catalysts
Diffuse reflectance infrared Fourier transform (DRIFT)

Catalysts were prepared by two methods: a wet reduc-spectra of the catalysts were recorded in the range
tion method and a dry reduction method, which we ten- 4000-700cm?® on a Nicolet spectrophotometer (Model
tatively called. Wet stands for that colloidal ruthenium is Magna-IR 560) and the background spectrum employed was
treated with in situ prepared wet Ce(QHHand dry stands for  that of KBr. ESR spectra were obtained with a JEOL TE-
that colloidal ruthenium is treated with previously calcined 300 ESR spectrometer. The catalyst (64—66 mg) was put into
dry CeQ. an ESR tube and heated at 473K for 30 min while a stop-
cock open in the air to have adsorbed water condensed above
the furnace. The tube was evacuated to remove water, and
heated at 473 Kin 300 Torr of{or 1 h. The tube was cooled
to room temperature and evacuated. When 25 TorrzbfeC

Wet reduction method Cerium hydroxide was pre-
cipitated from 500ml of aqueous cerium(lll) nitrate
(6.0x 10~2mol/l) at pH of about 11 by adding 3N NaOH.

After the precipitates were filtered, they were dispersed in
500 ml of deionized water. Aqueous Ru@iH,0 (0.682 g) was added, gradual decrease of pressure was observed. After

i ) I -
and formaldehyde solutions (HCHO/Ru (molar ratio) = 5) pressure drop ceased (about 30 s), excess propylene was evac
X ! uated. ESR measurements were run at room temperature or

77 K. XAFS measurements for Ru K-edge were carried out
by a transmission mode at the BL-10B station of the Photon
Factory in the High Energy Accelerator Research Organiza-
tion (Tsukuba, Japan). The ring energy was 2.5 GeV and the
ring current was 350-420 mA. The catalyst was mixed with
boron nitride and was molded into a disk (diameter: 14 mm).
A Si(311) double crystal was used to monochromatize the
X-ray. In situ XAFS was carried out with a self-designed cell
for in situ IR measurementd5]. Ru/CeQ was heated at
prescribed temperatures in the flow of & ml/min) up to
573K.

was stirred for 1 h at 363 K. Then, 3N NaOH was added
until the pH of the solution was about 11. The solid portion
was filtered and washed with deionized water until the pH
of the filtrate was below 9. It was dried at 363 K overnight
and transformed into a RyCeG, catalyst by calcination

in air at 773K for 3h. The loading of RyQs 5wt.% on
metal basis.

Dry reduction method Cerium hydroxide was pre-
cipitated from 500ml of aqueous cerium(lll) nitrate
(6.0x 10~-2mol/l) at pH of about 11 by adding 3N NaOH.
The precipitates were filtered, and washed with deionized

water until the pH of the filtrate was below 9. It was dried at

363K and calcined in air at 673K for 3h. The obtained 3. Results and discussion

Ce, was added to a mixture of aqueous RyGH,0

(0.682 g) and formaldehyde (HCHO/Ru (molar ratio)=5), 3.1. IR spectra of supported Rp@atalysts

and the mixed suspension was stirred for 1 h at 363 K. Then,

3N NaOH was added until the pH of the solution was about  Fig. 1 shows DRIFT spectra of supported Ru@ata-
11. The solid portion was filtered and washed with deionized lysts. As reported earliefl6-18] the vibration bands of
water until the pH of the filtrate was below 9. It was dried 940-1000 cm? observed for supported Ry®@atalysts were
at 363 K overnight followed by calcination in air at 773K  assigned to bridge and surface-Ruspecies. We previously
for 3h. Ru@/ZrO; and RuQ/vy-Al,03 were prepared ina  reported that this vibration bands is due to=Ruspecies,
similar manner using Zr(OH)andvy-Al,03. The loading which have five coordinated structure on the supf@jitA

of RuQ; is 5wt.% on metal basis. vibration band was observed at 984cthin RuG,/CeQ. In
the spectrum of RuglZrO,, a shoulder peak was slightly
2.3. Reaction apparatus and procedure observed at 1000cm. A broad and big signal obscured

vibration bands of ruthenium oxide if any. Therefore, we
Oxidation of propylene was carried out using a con- considered that ReO species were present in RpCeQ,
tinuous flow reactor. The catalyst (0.5g) was milled with which was prepared by the wet reduction method and might
quartz and molded into a pellet. The pellet was ground be in RuQ/ZrOs.
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Fig. 1. DRIFT spectra of supported Ru@b wt.%) catalysts. Support: (a)

CeQ, (b) ZrO, and (c)y-Al20s.
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Fig. 2. Oxidation of propylene over supported Ry®&wt.%) catalysts. Sup-

port: (O) CeQ, (A) ZrO, and () y-Al203.

3.2. Oxidation of propylene over supported RuO
catalysts

RuG,/CeQ was explained to be ascribed to theRuspecies
susceptible to olefins. The view supports the relatively high
reactivity of RuQ/ZrO,, which has a shoulder band of RD

as shown irFig. 1

3.3. XANES spectra of 5 wt.% RpfQe, heated in Q

Fig. 3 shows the X-ray absorption near edge structure
(XANES) spectra of 5wt.% RugCeQ heated in @ from
295 to 573 K. We assigned that the pre-edge peak was due to
asymmetric Rei* species having ReO bond[9]. The pre-
edge peak of 5wt.% RuflCe heated in Q@ at 373K is
almost the same as that of the untreated. The pre-edge peak
increased for 5wt.% RufdlCeO heated at 473 K and no fur-
ther increase was observed on heating at 573 K.

3.4. ESR spectra of supported Ru€atalysts

No ESR-signals were observed at room temperature for
any RuQ catalysts without treatment of propylene. After
an ESR-tube containing 5wt.% Ru@eQ was carefully
evacuated for 2 min, propylene (25 Torr) was introduced. A
slight pressure decrease was observed. When the pressure
drop ceased (about 30s), excess propylene was evacuated.
A small ESR signals (a) were observed at room temperature
(Fig. 4). Evacuation was continued for the catalyst to remove
adsorbed water for 2 h, and propylene was added. The inten-
sity of the ESR-signal (b) witly; =2.079,92=1.946 and
03 =1.881 was larger than that of the signal (a) by three times.
Evacuation of a thin ESR-tube containing catalyst powders
causes sudden fly-off, especially for powders with adsorbed

Total oxidation of propylene was carried out over 5wt.% water. To prevent it the tube was heated to 473 K while the

RuG,/Ce®, RuG,/ZrO, and RuQ@/y-Al,03, whose reac-
tivity decreases in that ordefFig. 2). The oxidation of

stopcock was left open. A few water droplets were condensed
on the tube wall just above the end of a furnace. After the tube

propylene was completed at 423, 483 and 543 K over 5wt.% was cooled to room temperature, it was evacuated to remove

RuG,/Ce®, RuG,/ZrO, and RuQ/y-Al,03, respectively.
The higher reactivity of RugdCeQ than RuQ/ZrO, and

the water for 1 h. Propylene was added and excess propylene
was evacuated. The ESR intensity of the signal (c) increased

RuGy/y-Al,03 is the same as in the case of the reac- twice thatof (b). Another anisotropic signal wigh = 2.040,

tion between NO and GHe [9]. The high reactivity of
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Fig. 3. XANES spectra of 5wt.% Ru@CeQ heated in situ in @. (a) 295K, (b) 473K, (c) 373K and (d) 573 K.
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Table 1
ESR parameters of 5wt.% Ru@e( catalysts treated with olefifs

CoHg CsHg CH>=C(CHjs)2 Me,C=CMe, Toluene

01 2.087 2.087 2.086 2.079 2.084
o2 1.955 1.950 1.949 1.947 1.949
O3 1.888 1.890 1.887 1.882 1.888
&1 2.044 2.049 2.055 2.060 2.056
85 1.926 1.926 1.924 1.921 1.924
FA 1.829 1.829 1.828 1.828 1.830
a Before treating with olefins, the catalysts were heated at 473 K in 300 Torr
of O, for 1 h.
207 T T

2.1 2.0 1.9 18 2.06
9 .
> 2.05
Fig. 4. ESR spectra of 5wt.% Ru{Te(, treated with propylene. Pretreat-
ment: (a) evacuation for 2 min, (b) evacuation for 2 h and (c) heatingat 473 K 2,04
while the stopcock was left open and evacuation for 1 h.
2.03 L - >

cate that adsorbed water prevents the reaction of propylene
with the catalyst at room temperature.
XANES spectra of these original catalysts showed that the Fig. 6. Plots ofg values vs. ionization potentials of olefins.
oxidation states of ruthenium were 4+ f4donfiguration)
[9]. The reasons why no ESR signals of‘Rare observed
are explained in terms of a strong zero-field splitting and/or The set of the downfield signal is designated as A, and the
a strong relaxation because of the strong coupling betweenset of the upfield signal as B. Thevalues of these signals
spin and orbital momentuifl9]. The ESR-signals ifrig. 4 are almost the same as those observdeign 4c. The heat-
are assigned to Rt species on supporf$9-23] ing at 473K in Q resulted in the large intensity of the B
To avoid the effect of adsorbed water, catalysts were signal. The intensities of A and B were kept unchanged for
pretreated before the reaction with olefins as follows: after more than 1 h unless excess propylene was present in the gas
5wt.% RuQ/Ce( catalyst was heated in air at 473K for phase. Other olefins and even toluene similarly gave two sets
30 min while the stopcock was open and then water and of signals Table 9. The parameters of the signal A are almost
air were evacuated, they were again heated at 473 Kzin O unchanged among olefins, but thievalues of the signal B
(300Torr) for 1h. The reaction between the catalyst and change with the ionization potentials of olefins as shown in
propylene atroom temperature was ascertained by the graduaFig. 6. There are little or no differences g3 andg; values.
pressure decrease of propylene. Excess propylene was evac- When excess propylene (20 Torr) was contacted with the
uated after the cease of pressure drop. Two sets of anisotropicatalyst, both sets of signals decayé&dg( 7). Especially,
signals were observed atroom temperature as sholig ib. the signal B was lowered within minutes, giving two new
broad signals at the lower-magnetic fielid. 8). The sig-
nal A also decayed rather slowly. The decay processes with

IP/eV

Fig. 5. ESR spectra of 5wt.% RufCe(, treated with olefins. Olefin: (- - -) Fig. 7. Changes of ESR signals of 5wt.% Ru#CeQ, with time in the
CoHg and (—) GHs. presence of gHg (20 Torr).
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Fig. 8. The ESR spectraof 5 wt.% Ru@e(; in the presence of olefins after Fig. 9. ESR spectra (77 K) of 5wt.% Ru@e treated with H at 339 K
6 days. (a) GH4 and (b) GHe. Six lines in (b) are due to Mi contaminated for 15 min and GHg for 7 days. (a) H and (b) GHe.
in CeQ.

Ruthenium oxide catalysts prepared by a different method
or on different supports gave different ESR spedtig. 10
Zhows ESR spectra of 5wt.% Rpt@e prepared by the
dry reduction method and RyZrO, prepared by the wet
reduction method with the ESR parameters of A signals

isobutene and 2,3-dimethyl-2-butene were almost the same a
that with propylene. However, the decay process for ethylene
was different from that of propylene. No signals at the lower-

magnetic field was formed regardless of the contact of excess 91=2.091, 2.0850,=1.949, 1.963g3=1.895, 1.864,

'?r:hyllzesns with ttfrle gai\a,\:ystnforﬂ? Ilorr1]g t"::g' 'I;he clilf:]erevcce 0{ respectively. No B signals were observed for both catalysts.
€ spectra between ethylene and propylene was alsqrq o 5¢ small differencesgp andgs values. No such signal

observed in their temperature programmed desorption (TPD)was observed for Rugy-Al 03 on contact with propylene.

!oatterns{9]. This was caused by the lack of allylic hyo_lroge_n Catalysts (5 wt.% Ru@ICeQy) prepared by the wet reduc-
n (lathy:ene. Smcet toluene gavetrr:o I(_)tvr\]/eF;!%agnetm f{ﬁldl S19" tion method were calcined at 573, 773 and 1073 K in air for
nal on longer contact (one month) wi e, methy 3 h. Color deterioration was observed for the catalyst cal-

grvc\)ltj(;))/o;tolu/ecne did ?Olt bfhavi“k? tggt oftp4r;)§)‘/<line.lﬁfter cined at 1073 KFig. 11shows ESR spectra of these catalysts
% RuQ/Ce, catalystwas heated i or freated with propylene. The signal intensity was obviously

and cooled to room temperature, evacuation was continued ecreased for the catalyst calcined at 1073 K. The intensity
room temperature for 14 h. The catalyst gave the same ESR

ianals sh {Fia. 5wh tacted with | Thi of the B signal is larger than that of the A signal. The B signal
signais shown 1irlg. owhen contacted with propylene. 1his ¢ hardly observed for the catalyst calcined at 573 K. Two
implies that the oxygen species formed when treated with O

: : types of Re-O species are observed in the ESR spectrum.
at 473.K are pot Ioosgly adsprbed oxygen, but firmly flxed The distribution of two R&O species is dependent on heat
ruthenium oxide species, which are inherently present in the

. . treatment. Both signals are produced for the catalysts cal-
catalyst and produced by heating at .473 Kin O ..._cined at 753 K. The ReO species giving the B signal are not
Temperature programmed reduction was conducted with

2% hydrogen diluted with argon resulting in two reduction
peaks in the range of 339-359 and 359-378K for 6.5wt.%
RuG,/CeO [24]. ESR signals were detected at 77 K and
room temperature for the catalyst reacted with 150 Torr of
hydrogen at 339K for 15min. The ESR spectrum mea-
sured at 77 K is shown ifrig. 9. There included the spec-
trum (77 K) of 5wt.% Ru@/CeQ, reacted with propylene

at room temperature for 7 days. The coincidence of the sig-
nals at the lowest magnetic field shows that the signal should
be that of RG*OH species. The large downfield shift of
the g; value was observed in the replacement of onesNH N
group in Ru(NH)g3*/H-X zeolite with OH grougd25]. The | T T T |
expanded ordinate of the initial ESR spectrum for the 5wt.% 2.2 21 2.0 1.8 1.8
RuG,/Ce(, reacted with GHg showed a signal with the sim-
ilar g value. The lack of the signal in Ru@e(, treated with Fig. 10. RSR spectra of supported Ru(® wt.%) catalysts treated with

C2Hgindicates that the hydrogen of OH group is derived from  propyiene. (a) RugiCeQ, prepared by the dry reduction method and (b)
allylic hydrogen of olefins. RuQ,/ZrO, prepared by the wet reduction method.




54 S. Hosokawa et al. / Journal of Molecular Catalysis A: Chemical 240 (2005) 49-54

¢ was formed. The hydrogen in the OH group was derived from
3 allylic hydrogen of propylene.
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