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Abstract

Supported Ru catalysts were prepared by adsorption-
precipitation-activation method using RuCl, as Ru resource,
NaOH as precipitant and Al O, as support. Ru(OH),/AL O, was
first produced in the adsorption-precipitation process, and then
activated with either calcination-reduction or direct reduction
by H, to obtain Ru/AlO,. The synthesized Ru catalysts were
characterized with XRD, XPS, H -TPR techniques, and used
for the catalytic hydrogenation of dimethyl maleate (DMM).
It was found that the activation process strongly affected the
catalytic performance. The highest hydrogenation activity was
observed with catalysts activated by direct H, reduction, which
produced the finest Ru particle on alumina. Unexpectedly, Ru
metal formation was observed based on XRD and XPS data and
was explained by the disproportionation reaction of Ruthenium
hydroxide: 4Ru(OH), = Ru+ 3RuO, + 6H,0. This explanation was
also supported by the H,-TPR results of Ru(OH),/Al O, samples
pretreated under different conditions, and by characterization
data of unsupported Ru samples. XRD data demonstrated that
large particles of Ru and RuO, were formed upon calcination of
Ru(OH),/Al O, at above 200°C, and subsequent reduction of the
calcined sample would give rise to Ru/AlL, O, with larger metal
crystals as compared to that of directly reduced ones.

Keywords: Ru/AlL,O,, Ru(OH),/ALO
Hydrogenation, Dimethyl maleate.
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Introduction

Ruthenium supported catalysts have found wide applications
in many catalytic reactions. Ruthenium hydroxide Ru(OH)_or
RuO,-xH,0 has been reported to be the active species for catalytic
reactions such as oxidation [1,2], N-alkylation of amines [3],

Hydration of nitriles [4], and hydrogen-transfer [5]. However Ru
metal is required to catalyzed the hydrogen involved reactions
efficiently, such as hydrogenolysis of paraftins and olefins [6,7],
isomerization of linoleic acid [8], selective hydrogenation of
benzene [9,10], Fischer-Tropsch [11-13], ammonia synthesis
[14-24] and oxidation of CO [25-27]. It was found and proposed
that both the catalytic activity and selectivity of Ru catalysts are
affected by the nature metal Ru such as dispersion, crystal size
and structure [28]. It is also well-known that the nature of metal
is strongly dependent on the method of catalyst preparation
employed [29].

The general procedure for preparing supported metal catalysts
comprises a process of distributing metal precursor onto a
support, followed by reductive activation with various reducing
reagents. In some cases, a calcination step may be applied prior
to the reduction treatment. Common methods for the first step
include impregnation or ion-exchange [30-32], coprecipatation
[24], and deposition—precipitation [33, 34]. As for the reduction
activation process, H, is highly preferred over other reagents due
to its advantages of no contamination of other elements, water as
product and environmental friendliness.

Inthe case of supported Ru catalysts, several papers using RuCl, as
ruthenium precursor have been reported [10]. Lin et al [35] used
the impregnation method to obtain RuCl,/AL O,, and then it was
reduced with hydrazine or H.. They found that there was almost
no residual chlorine in the samples with hydrazine treatment, in
contrast to the samples with conventional hydrogen reduction.
Zonetti et al [36] found that the calcination treatment of RuCl./
CeO, only lead to poor catalytic performance, while direct
reduction at temperatures between 500°C and 750°C generated an
active Ru/CeOQ, catalyst for the partial hydrogenation of benzene.
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Nagai M et al [37] studied the effects of pretreatment procedures
and found that direct reduction rather than calcination-
reduction produced Ru/AlL O, catalysts demonstrated good
catalytic performances during the hydrodesulfurization (HDS)
of thiophene.

Previously, we found that Ru/Al O, catalysts prepared using an
adsorption-precipitation-activation method presented higher
catalytic activity than that of the conventional impregnation-
activation. It was found that activation process strongly affected
the catalytic performance while the adsorption-precipitation step
did not. The direct H, reduction activation was far more superior
to the calcination-reduction. However the negative effects of the
calcination treatment have not been fully investigated. In the
work reported here, this issue has been explored in detail through
XPS, XRD and H,-TPR analysis. Results showed that large
particles of Ru metal and RuO, were formed upon calcination
treatment of Ru(OH),/AL O, especially at higher temperatures,
and subsequent reduction gave rise to Ru metal with larger
crystal size. It was proposed that disproportionation reaction of
ruthenium hydroxide occurred upon calcination treatment.

Experimental
Materials

ALO, was used as a support, was obtained from Yantai
Henghui Chemical Co., Ltd, China (surface area was measured
as 409m?/g). Ruthenium trichloride was used as a catalyst
precursor, was obtained from Sino-Platinum Metals Co., Ltd,
China. Sodium hydroxide was used as a precipitant in catalyst
preparation, was of analytical reagent grade. Dimethyl maleate
(DMM) was prepared by esterification of analytical reagent grade
maleic anhydride. Methanol, used as solvent and esterification
reagent, was also of analytical reagent grade. Hydrogen was from
a cylinder with a minimum stated purity of 99.999%. Nitrogen
was from a cylinder with stated purity of 99.999%.

Catalyst Preparation

Ru/ALO, catalysts with nominal Ru loading of 5.0% were
prepared by the adsorption-precipitation-activation method.
The procedure for the preparation was described as follows:
ALO, (as the support), was added into an aqueous solution of
RuCl, under stirring at room temperature, and the suspension
was stirred at this condition for 1h, and then a NaOH solution
with NaOH/RuCl, molar ratio of 3:1 was added drop-wise. After
further stirring for 1h, the suspension was filtered. Subsequently,
the obtained solid was washed with distilled water until free of
Cl ions as detected by AgNO, test and dried at 100°C overnight.
The obtained sample, denoted as Ru(OH),/Al, was further
activated by direct reduction either with H, or by calcination-
reduction. The alumina-supported ruthenium samples by
different procedures are summarized in Table 1.

To gain more information about the state of ruthenium in
catalysts, unsupported ruthenium samples were also prepared
using the precipitation method. An aqueous solution of RuCl,
in deionized water was contacted with an aqueous NaOH
solution and adjusted to a pH of about 10~11, and stirred for 1h.
Then the precipitate was separated from the mother liquor by
centrifugation, followed by washing several times with deionized
water until free of Cl  ions. The washed precipitate was air dried
at room temperature naturally, and then the resulting sample,

denoted as Ru(OH),, was subjected to different treatments. The
prepared unsupported samples by different procedures are also
listed in Table 1.

Table 1: List of synthesized catalyst samples

Catalyst denotation Preparation procedures

Ru(OH),-25 Precipitation at 25°C
Ru(OH),-90 Precipitation at 90°C
Ru-90 Reduction of the Ru(OH),-90 in H, at 400°C for 2h

Ru0,-90-C200 Calcination of the Ru(OH),-90 in air at 200°C for 4h

RuO -90-C200N,
RuO -90-C450

Calcination of the Ru(OH),-90 in N, at 200°C for 4h
Calcination of the Ru(OH),-90 in air at 450°C for 4h

Ru-90-C450 Reduction of the RuO_-90-C450 in H, at 400°C for 2h
Ru(OH),/Al Adsorption-precipitation

RuO /AI-C450 Calcination of the Ru(OH),/Al at 450°C for 4h

Ru/Al Reduction of the Ru(OH),/Al in H, at 400°C for 2h
RuO /AI-C200 Calcination of the Ru(OH),/Al in air at 200°C for 4h
Ru/Al-C200 Reduction of the RuO /Al-C200 in H, at 400°C for 2h

RuO /AI-C300
Ru/AI-C300

RuO /AI-C300N,
Ru/AI-C300N,
RuO /AI-C450N,
RuO /AI-C450
Ru/AI-C450

Calcination of the Ru(OH),/Al in air at 300°C for 4h
Reduction of the RuO /AI-C300 in H, at 400°C for 2h
Calcination of the Ru(OH),/Al in N, at 300°C for 4h
Reduction of the RuO /AI-C300N, in H, at 400°C for 2h
Calcination of the Ru(OH),/Al in N, at 450°C for 4h
Calcination of the Ru(OH),/Al in air at 450°C for 4h
Reduction of the RuO /Al-C450 in H, at 400°C for 2h

Catalyst Characterization

The prepared catalysts were analyzed with D8 ADVANCE X-ray
powder diffractometer (XRD). Diffraction patterns were obtained
with Cu Ka radiation (40kv, 40mA) over a 20 range of 10°-80°.

X-ray photoelectron spectroscopy (XPS) was recorded using a
VG ESCALAB210 instrument with Mg Ka radiation (1253.6eV),
and all the binding energies were referenced to the Cls at 285 eV.

Temperature-programmed reduction of hydrogen (H,-TPR) was
carried out on TPR flow system equipped with a TCD detector.
TPR analysis was conducted with 10% H_/Ar (10ml min™) using
20 mg sample, and the profile was recorded at a heating rate of
10°C min™ from room temperature to 500°C.

Catalytic Hydrogenation Test

The hydrogenation of dimethyl maleate in methanol was
conducted at 70°C, 675 r/min and hydrogen pressure of 1.0 MPa.
The hydrogen consumption rates and cumulative volumes were
recorded by a mass flow meter during the hydrogenation process,
and were applied in the calculation of DMM conversion.

Results
Activity Studies

Selective hydrogenation of DMM in the liquid phase was carried
out to evaluate the catalytic properties of the Ru catalyst. For all
catalysts tested, only dimethyl succinate product was detected,
indicating high hydrogenation selectivity. However, substantial
differences in catalytic activity were observed, as shown in Tables
2a and 2b.

For unsupported Ru samples, the highest activity was obtained
with the as-synthesized sample at room temperature. Both the
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Ru(OH),-25 and Ru(OH),-90 catalysts showed an activation
period, implied that the hydrogenation rate increasing over time
until reaching a maxima. Upon additional treatments of the
fresh Ru(OH),-90 at higher temperatures, the catalytic activity
decreased dramatically.

As for the supported Ru catalysts, the as-synthesized Ru(OH),/
Al that was obtained by adsorption-precipitation method, also
showed an activation period as indicated by the variation of
average rates listed in Table 2b.

The highest activity of supported catalyst was obtained with the
Ru/Al which was activated by direct reduction of Ru(OH),/Al
Calcination treatment prior to reduction was found to have a
negative effect on the catalytic performance, and a substantial
decrease in catalytic activity was observed when the calcination
temperature was above 300°C.

X-ray Diffraction (XRD) Analysis

Figures la, 1b and 1c depicts the XRD patterns of support and
samples with different treatment processes.

Table 2a: Catalytic behaviors of unsupported catalysts for hydrogenation of DMM

Time(min)

5 10 15 17 20 25 30

catalyst

Conversion (%) 0 176 584 969 99.3 100
Ru(OH),-25

Average rate(x10*mol/min) 0  26.5 44.0 48.7 44.0 37.7

Conversion (%) 0 75 324 66.8 93.7 96.2 100
Ru(OH),-90

Average rate(x10*mol/min) 0  11.3 244 33.6 415 36.2 30.1
RU-90 Conversion (%) 0 22 41 69 83 103 124 stopped

u-

Average rate(x10*mol/min) 0 33 3.1 35 3.7 39 3.7

Conversion (%) 0 336 77.1 989 100
RuO,-200Air

Average rate(x10*mol/min) 0  50.6 58.1 49.7 44.3

Conversion (%) 0 299 683 954 989 100
RuO,-200N,

Average rate(x10*mol/min) 0  45.1 515 479 43.8 37.7

Conversion (%) 0 11 15 1.7 1.7 18 1.9 | stopped
Ru0,-90-C450

Average rate(x10*mol/min) 0 1.7 08 09 0.8 0.7 0.6

Conversion (%) 0 12 19 22 23 24 26 | stopped
Ru-90-C450

Average rate(x10*mol/min) 0 1.8 14 1.1 10 09 08

Reaction conditions: Catalyst loading 25 mg DMM initial amount 0.695 mol, total volume of reactant and
solvent 100 ml, pressure 1.0 MPa, temperature 70°C.

Table 2b: Catalytic behaviors of supported catalysts for hydrogenation of DMM

Time(min) 0|4 8 12 |14 |17 |30 |60 |90
catalyst
AlLO,(Al) Conversion (%) 0|0 0 0 0 0 0 0 0
Average rate(x10*mol/min) [0 |0 0 0 0 0 0 0 0
Ru(OH),/Al Conversion (%) 0|20 |27 3.8 |42 |53 12 75 100
Average rate(x10*mol/min) | 0] 3.8 |25 24 (23 [23 |30 |94 8.4
Rqu/AI—C450NZ Conversion (%) 0|19 |28 35 (41 |47 52 |6.0 6.6
Average rate(x10*mol/min) |0 ] 3.6 | 2.6 22 (22 |21 1.3 (0.8 (0.6
RuOX/AI—C450 Conversion (%) 0|21 3.3 4.3 4.7 |59 6.8 (7.4 8.5
Average rate(x10*mol/min) [0]3.9 |3.1 27 |25 |26 1.7 |09 0.7
Ru/Al Conversion (%) 0| 45.5|91.7 | 99.5 | 100
Average rate(x10*mol/min) |0 | 85.7 | 86.4 | 62.5 | 53.8
Ru/Al-C200 Conversion (%) 0]294 651 |92.1 |98.1 | 100
Average rate(x10*mol/min) |0 | 55.4 | 61.3 | 57.8 | 52.8 | 44.3
Ru/AI—C300N2 Conversion (%) 0|64 11.1 | 15.6 | 17.8 | 20.9 | 32.0 | 49.4 | 67.3
Average rate(x10*mol/min) [0 12.1 [ 105 [ 9.8 |96 |93 |80 |[6.2 5.6
Ru/AI-C300 Conversion (%) 0|48 10.1 | 149 | 169|239 | 354 | 60 75
Average rate(x10*mol/min) |0]9.0 |9.5 9.4 (9.1 [106 |89 |75 6.3
Ru/Al-C450 Conversion (%) 0|49 |86 115 | 142 | 154 | 21.7 | 35 46
Average rate(x10*mol/min) [ 0]9.2 | 8.1 72 |76 |68 |55 |44 1.3

Reaction conditions: Catalyst loading 200 mg, DMM initial amount 0.695 mol, total volume of reactant and solvent

100 ml, pressure 1.0 MPa, temperature 70°C.
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For the Ru(OH),/Al sample, only peaks assigned to alumina
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Figure 1a: XRD patterns of (a) Al, (b) Ru(OH),/Al, (c) Ru/Al,
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Figure 1b: XRD patterns of (a) Al, (b) Ru(OH),/Al, (c) RuO /Al-
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Figure 1c: XRD patterns of (a) Ru(OH),-25, (b) Ru(OH),-90,
(c) RuO_-90-C200, (d) RuO_-90-C200N2, (¢) RuO -90-C450,
@ Ru-90, and (g) Ru-90-C450 /

support was identified, suggesting ruthenium species being well
dispersed in an amorphous state on the support [35].

Upon calcination of Ru(OH),/Al up to 200°C, nearly the same
patterns were obtained as compared with that of fresh Ru(OH)./
Al. However, additional peaks were observed when the calcination
temperature was increased up to 300°C, and the peak intensities
and sharpness increased with elevated temperature. The peaks
at 28.1°, 35.1° and 54.3° were attributed to RuO, [38], while
peaks at 58.5° and 69.5° denoted the presence of Ru metal. Upon
calcination in N, the same pattern was obtained as compared with
that of calcination in air. Thus the disproportionation reaction of
Ruthenium hydroxide was proposed to produce Ru metal and
RuO,. This result will be addressed in the discussion section.

As shown in Figure la, the XRD patterns of Ru/Al, which was

obtained by direct reduction of Ru(OH),/Al, demonstrated two
broad peaks. The peak at 46.1° can be attributed to Ru metal
being well dispersed, while the peak at 66.5° can be assigned to
alumina precursor.

From Figure 1b, one can see that the calcination treatments prior
to reduction have substantial impacts on states of Ru metal. When
calcination was carried out below 200°C prior to reduction, the
obtained diffraction patterns were almost identical as those of the
directly reduced sample. However, upon calcination pretreatment
up to 300°C and 450°C, different XRD patterns with enhanced
intensity of diffraction peaks were registered, suggesting Ru/Al
with larger metal crystals as compared to that of directly reduced
ones.

Figure 1c shows the XRD patterns of various unsupported Ru
samples that were pretreated under various conditions. For
the Ru(OH),-25sample, no peaks can be seen, indicating that
ruthenium species exited in the amorphous state. However with
the increase of precipitation temperature, the reflections at 37.9°,
43.5°,58.5°, 69.5° and 78.5° appeared, indicating the presence of
Ru metal in Ru(OH),-90 sample.

When the Ru(OH),-90 sample was subjected to direct H,
reduction, the obtained Ru-90 sample showed sharp peaks at
37.90, 43.5°, 58.5°, 69.5° and 78.5°, indicating the presence of
larger Ru metals. Similar results were obtained with the Ru-
90-C450 sample that encountered a calcination step prior to
reduction.

When the Ru(OH),-90 sample was calcined in air, the formed
RuO -90-C450 sample demonstrated both strong sharp peaks at
28.1°, 35.1° and 54.4°, and small ones at 37.9°, 43.5°,58.5°, 69.5°
and 78.5°, suggesting the coexistence of RuO, and Ru metals.
This data also indicated that Ru metal cannot be fully oxidized at
the calcination process.

X-ray Photoelectron Spectroscopy (XPS) Investigation

X-ray photoelectron spectroscopy (XPS) is a powerful tool to
investigate the chemical environment of elements on the surface
of a catalyst. To determine the state of Ru species of samples
pretreated under different conditions, both supported and
unsupported samples were characterized with XPS.

Figure 2 depicts the XPS spectra of various unsupported samples.
A typical Ru 3d, , XPS spectrum of the sample Ru(OH),-25 shows
peak at 281.7eV.

\

L L L L L n L L L L
204 292 290 288 286 284 282 280 278 276

BE(eV)
Figure 2: XPS spectra of (a), Ru(OH),-25, (b) RuO -90-C450,
\.and (c) Ru(OH).-90
With the sample of Ru(OH),-90, Ru 3d, ,, XPS spectrum shows
a peak at 281.3eV, and a shift of binding energy to a lower value
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(BE=280 eV), suggesting that the sample contained lower valence
ruthenium species, probably Ru’, which is consistent with XRD
results of Ru(OH),-90 (Figure 1c). With the sample of RuO -
90-C450, XPS spectrum shows a peak at 280.7eV, indicating the
coexistence of Ru’ with Ru**of RuO, as also supported by XRD
results (Figure 1c).

Table 3 shows the maxima Ru 3d, , binding energy for supported
samples pretreated under different conditions. For the sample
RuO /Al-C450, the binding energy is 280.6 eV, suggesting
ruthenium exists mainly as RuO,, and possibly coexistence of
Ru’, this is in good agreement with XRD results (Figure 1b).
With the sample of Ru/Al-C450 the binding energy is 279.6 eV,
implied that these components are mainly attributed to Ru".

Table 3: Binding energy of various samples

sample Ru3d5/z Binding energy(eV)
Ru/Al 280.6
Ru/Al-C450 279.6
Rqu/AI-C450 280.6

With the sample of Ru/Al, the maxima Ru 3d, , binding energy
is 280.6eV, which is the same as that of Rqu/Al-C450, hence it
was speculated that the Ru might be exists as Ru*"of RuO, and
Ru’. However the XRD results showed Ru mainly exists as Ru’,
so a possible explanation could be that a shift of Binding energy
to a higher value could be attributed to the interaction of highly
dispersed Ru with alumina support.

Temperature-Programmed Reduction (TPR) Investigation

In order to accurately determine the Ru oxidation state upon
thermal treatment, H_-TPR technique were used to characterize
Ru(OH),/Al samples pretreated by one of three procedures (a)
heated from ambient temperature to 600°C at 10°C/min in Air,
and then maintain for 30 minutes; (b) had the same procedure
as (a) except Air was replaced by Argon; and (c) heated from
ambient temperature to 100°C at 10°C/min in Argon, and then
maintained for 60 minutes.

As shown in Figure 3, with the three different pretreated
procedures, no reduction peaks above 400°C were registered.

a I

- 181°C @

B 160"0/ \

(b)

TPR Inthensity

i T08°C ©
i 182°C
80°
i 1 1 1 1
0 100 200 300 400 500

T/°C
Figure 3: H,-TPR profiles of Ru(OH),/Al catalyst with
different pretreatment procedures:(a) pretreated in
air at 600°C for 30 min, (b) pretreated in argon at
600°C for 30 min, (c) pretreated in argon at 100°C
r 60 min
Sample (a) has a maximum peak at 181°C with a shoulder at about

160°C; sample (b) has a single peak at 181°C; and sample (c) has

several peaks ranging from 66°C to 307°C with a maximum peaks
at 108°C.

Koopman et al [39] assigned a peak between 177 and 205°C
to the reduction of RuO, on silica, while Mazzieri V et al [10]
found calcined RuCl,/Alumina sample presented a peak with
maximum at 197°C and a shoulder at about 156°C, which
could be attributed to the reduction of ruthenium oxide and of
ruthenium oxychloride, respectively. In the work presented here,
the peak at 181°C was proposed due to the reduction of RuO, as
supported by the XRD data, and a shoulder at about 160°C might
be assigned to a RuO, of a different phase.

Compared with samples (a) and (b), sample (c) had broad
reduction peaks with the maximum at lower temperature of
108°C, which implied that it can be reduced more easily. Thus it
was clear that Ru(OH),/Al consisted of several Ru species with
different oxidation states, the main peak can be attributed to
Ru(OH), species, and the higher reduction peaks to RuO,. These
assignments were also in good agreement with the fact that
Ru(OH), could disproportional decompose to Ru and RuO, at
100°C during the pretreatment process.

Discussions

A detailed literature survey indicated that residual chlorine in
the supported Ru catalysts had negative effects on their catalytic
performances [11,13,14,16,22,23]. With conventional hydrogen
reduction of RuCl3/Ale3, temperatures above 500°C, could
result in the agglomeration of Ru metals, should be applied to
remove residual chlorine [20,40,41]. Alternatively, the use of
a hydrazine treatment led to the formation of a chlorine-free
catalyst, as reported by Lin et al [35,42], but the method was not

environmental-benign and cost effective.

In order to eliminate residual chlorine in the final catalyst, we
proposed and applied the so called adsorption-precipitation-
activation method to prepare Ru catalyst supported on alumina.
After adsorption of RuCl, on to alumina, chlorine was released
by precipitating Ru as Ru(OH),, and then the precipitate was
washed with water until free of chlorine. The obtained Ru(OH),/
Al was further treated with different activation processes.

Upon calcination treatment of Ru(OH),/Al at temperatures
above 300°C in air or N, Ru metal other than RuO, was identified
in the sample as shown by the characterization data of RuO /Al-
€300, RuO /AI-C300N,, RuO /Al-C450 and RuO /Al-C450N .
To understand better for the preparation chemistry, unsupported
Ru(OH), samples were also synthesized and characterized as a
control. As listed in Figure 1c, and Figure 2, the reduced samples
Ru-90 and Ru-90-C450, showed only Ru metal, while the thermal
treated ones such as RuO -90-C200, RuO -90-C200N, and RuO -
90-C450, showed both the signals of RuO, and Ru’. We proposed
that it was due to the following disproportional decomposition
reaction of Ruthenium hydroxide upon thermal treatment:

4Ru(OH), = Ru + 3RuO, + 6H,0

Comparing the XRD patterns of Ru(OH),-25 with that of
Ru(OH),-90, one can clearly see that the disproportionation
reaction can occur even at a temperature as low as 90°C during
the preparation process.

The catalytic hydrogenation results indicate that Ru metal is the
active species for both the supported and unsupported catalysts.
The Ru/Al in its reduced form showed pretty decent catalytic
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activity, and the non-reduced Ru(OH),/Al demonstrated an
activation induction period during the hydrogenation process.
However, when a calcination step was applied at temperatures
above 300°C prior to H, reduction, the catalytic activity decreased
remarkably due to the formation of larger Ru particles. The
calcined form of RuO,/Al also contained Ru metals, but existed
as large particles, thus resulting in poor hydrogenation activity.

With unsupported catalyst, both Ru(OH),-25, and Ru(OH),-
90 showed an activation period, and the hydrogenation rate
increased in a short period of time than that of a supported
Ru(OH),/Al, indicating unsupported Ru(OH), can be more
easily reduced than the supported Ru(OH),. When Ru(OH),-90
was treated by either direct reduction with H, or calcination-
reduction at temperatures up to 400°C, the obtained catalysts
showed substantial activity loss, which could be attributed to the
formation of very large Ru metals.

By comparing supported Ru with unsupported catalysts, it
was clearly found that alumina support played a crucial role in
stabilizing Ru metals, and keeping Ru in high dispersion state.

Conclusions

The catalytic activity of Ru/Al depended greatly on the activation
treatment. Thermal treatment in air or in N, at temperatures
above 300°C is not ideal catalyst activation procedure, while direct
reduction with a hydrogen resulted in catalysts with high activity
in the selective hydrogenation of DMM. The characterization
data revealed that disproportionation reaction of Ruthenium
hydroxide took place during thermal treatment, even at the
precipitation temperature as low as 90°C. The active species for
the selective hydrogenation of DMM was highly dispersed Ru
metal onto the support. Direct reduction of Ru(OH),/Al resulted
in well dispersed, smaller Ru metal than the indirect reduction
involving a calcination pretreatment, thus demonstrating
superior catalytic activity. For unsupported Ru(OH),, direct
reduction with H, up to 400°C yielded catalyst with larger Ru
metals with poor catalytic activity. When supported on alumina,
the agglomeration of Ru could be effectively hindered and
reduced Ru species could be preserved in highly dispersed states
due to the interaction with alumina.
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