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Effects of ethylene glycol addition on the properties of Ru/Al, O3
catalyst prepared by sol-gel method
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Ru/Al,Os catalysts were prepared by sol-gel method with an organic additive (ethylene glycol). The effect of the addition
of ethylene glycol on the properties of Ru/Al,O3 was characterized by BET, XRD, EXAFS, and TGA/DTA. Ethylene glycol was
effective to promote the phase transition of a-Al, O3 even at 800°C calcination with high surface area. This finding is ascribed
to the modified structure of aluminum alkoxide by ethylene glycol addition in the solution state. Ethylene glycol is also effective
to get small particles of ruthenium after the reduction at 500°C. The EXAFS and UV-Vis spectra of Ru complex revealed that
the coordination structure of Ru depended on the additive used. The ethylene glycol sol prefers to form octahedral Ru complex.
This Ru complex in alumina matrix is stable up to 200°C and forms small Ru oxide particles even at 300°C calcination. This sug-
gests that ethylene glycol coordinates to the Ru complex as well as to aluminum ion in the initial state, which is important to con-

trol the final properties of the Ru/Al,Oj catalyst.
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1. Introduction

Ruthenium supported catalysts have been widely
used in Fischer—Tropsch synthesis [1], hydrogenolysis of
paraffins and olefins [2]. In these reactions, catalytic
activity and selectivity to products are greatly affected
by the dispersion of Ru and the nature of support such as
surface area, pore structure and thermal stability [3]. It
is well-known that the dispersion and nature of support
are strongly dependent on the method of catalyst prepa-
ration employed [4].

Recently, the sol-gel method that starts from homo-
geneous alkoxide solution has been proposed. The sol-
gel method starts with the molecular precursor of the
support material and active metal. A greater degree of
control over the catalyst preparation can be achieved in
comparison to the traditional preparation method [5].
The advantages of the sol-gel method compared with
the conventional impregnation method are as follows:
(a) homogeneity and high purity, (b) high BET surface
area and well-defined pore control and (c) easy control
of active metal particle size. Lopez et al. prepared Ru/
Si0;, catalyst by the sol-gel method, whereby most of
ruthenium particles were incorporated in the silica
matrix. This catalyst allows better selectivity and greater
resistance to coke formation and deactivation in benzene
hydrogenation reaction than the catalyst prepared by
the traditional impregnation method, whichis attributed
to structural differences in the prepared catalysts
[6-9]. Balakrishman cbtained very porous and well-
dispersed Pt/Al,O; by controlling the preparation
parameters like H,O/alkoxide ratio in sol-gel prepara-
tion[10].

The chemical modification of metal alkoxides with
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chelating agents such as beta-diketones is known to be
very effective for the control of reactivities and conden-
sation process of metal alkoxides {11]. The structural
modification of Al alkoxide by ethylacetoacetate has
been reported to yield very fine and porous Al,O3 [12].
Inoui et al. prepared the bohemite in which ethylene gly-
col moiety was incorporated between alumina layers
through covalent bonding by thermal decomposition of
aluminum isopropoxide in inert organic solvent at 250—
300°C{13,14]. Mizukami et al. investigated the effects of
organic additives on the Al,O3 gel by sol-gel method,
and the thermal stability and pore structure of the pre-
pared AL,O; appeared to be greatly affected by the com-
plexing ability of the organic solvent [15]. Shul et al.
found hexylene glycol was an effective organic additive
to lower the phase transition temperature of rutile from
the alkoxide derived TiO, gel in oxygen steam treatment
at 300°C [16]. These studies denote the importance of
chelating agents which affect the thermal stability and
morphology of prepared gel in sol-gel transformation.

In this study, the effects of ethylene glycol addition
on the properties of Ru/Al,Oj3 catalysts were discussed.
The changes of coordination state around Ru, from
initial solution to final reduced metal state, were charac-
terized by means of BET, XRD, TGA/DTA, BC-
NMR, and EXAFS.

2. Experimental

2.1. Preparation of 5 wt% Ru/ Al,03 catalyst

The schematic preparation procedure of Ru/Al,O;
by the sol-gel method was as follows (fig. 1): 12.3 g of
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Fig. 1. The preparation procedure of Ru/AlLO; catalyst by the sol-
gelmethod.

aluminum sec-butoxide (Al(OC;Hy);, Aldrich) was
diluted with 14.824 g of sec-butanol (C4HoOH, Fisher
Sci. Co.), under reflux at 80°C, and 0.275 g of ruthenium
chloride (RuCls, Janssen of Chemica) was dissolved in
16 g of ethylene glycol (OHCH,CH,OH, Yakuri Pure
Chemical) or 6 g of deionized H,0O, respectively. The Al
alkoxide and RuCl; solution were mixed and stirred at
80°C for 5 h. The Ru/Al,O; gel was prepared by hydro-
lyzing the mixed sol with 0.9 g of deionized H,O at
80°C. The prepared gel was dried at 110°C for 24 h and
calcined at 200, 300, 500°C for 7 h, respectively.

The 4-Al;03 (Strem Chem. Inc.) was impregnated
with aqueous RuCl; solution. The sample was dried at
110°C and calcined at 200, 300, 500°C, respectively.

In the following, EG-T, and W-T identify the cat-
alysts prepared by using different solvents in the sol-gel
method; EG and W denote the ethylene glycol and H,O
added samples, and T identifies the calcination tempera-
ture. Im-T denotes the catalyst prepared by the impreg-
nation method. For example, the ethylene glycol added
Ru/Al, O3 calcined at 300°Cis denoted by EG-300.

2.2. XRD measurement

X-ray diffraction patterns were measured with an X-
ray diffractometer (D-max3, Rigaku) employing Cu-Ka
radiation and a nickel filter. The scanning was done at
the range of 260 = 20-70°.

2.3. Surface area measurement

The surface of Ru/Al,O3; was measured by a continu-
ous one-point BET method [17]. The samples were
packed in a Pyrex reactor and then calcined at 500°C for
2 h. The nitrogen adsorption was performed at liquid
nitrogen temperature and the nitrogen effluent was mon-
itored by a thermal conductivity detector.

2.4. EXAFS measurement

The samples were characterized by EXAFS spectros-
copy using synchrotron radiation at the Photon Factory
(Japan). The storage ring was operated with an electron
energy of 2.5 GeV and a current between 250 and
300 mA. BL-10B was used as beam line with the Si(311)
monochromator in the transmission mode. The EXAFS
measurements were done at the Ru K-edge (22110 eV).
For good signal to noise ratio, samples were pressed into
self-supporting wafers. The reduction was conducted
with hydrogen in a glass cell which was sealed off with a
flame in hydrogen atmosphere. The solution samples
were contained in a glass tube holder, through which X-
ray passed, and the thickness of the holder was adjusted
in order to obtain optimal signals. The k3-weighted chi
spectra were Fourier transformed from k to R space
using Hanning window functions (Ak = 2.6-13.6 A1),
Curve fitting was carried out by the conventional fitting
method suggested by Teo [18]. RuO,, RuCl; and bulk
Ru metal were used as reference compounds for ampli-
tude and phase function calculations.

2.5. Thermal analysis

Thermal gravimetry and thermal differential analysis
were carried out on a Shimadzu TG-70 instrument with
a heating rate of 10°C/min under a nitrogen flow of
50 ml/min.

3. Results
3.1. Specific surface area of Ru/Al,03

Fig. 2 shows the BET surface areas of Ru/Al,O3 sam-
ples calcined at 500 and 800°C for 7 h. After calcination
at 500°C, the surface area of the EG-500 sample pre-
pared by the sol-gel method was 290 m?/g. Whereas, in
the impregnated sample, the surface area of Im-500 was
245 m?/g. At 800°C calcination, the surface area of EG-
800 was 237 m?/g and the surface areas of W-800 and
Im-800 decreased to 190 and 185m?/ g, respectively.

Maeda et al. reported that high surface area aluminas
were obtained by using complexing agents such as hexy-
lene glycol by sol-gel process [33,34]. Our BET surface
area results show that ethylene glycol was also an effec-
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Fig. 2. BET surface area of Ru/Al, O3 catalysts calcined at 500°C and
800°C; Im: Ru impregnated on 4-Al,03, W: sol-gel Ru/AL, 03 (H,0
solvent), and EG: sol-gel Ru/ AL, O; (ethylene glycol solvent).

tive complexing agent to maintain high surface area after
800°C calcination.

3.2. The phase transition of Ru/ Al,0;

Fig. 3 shows the X-ray diffraction patterns of Ru/
Al, O3 calcined at 700°C. The characteristic peak of a-
Al,O3 phase at 26 = 43.25° was observed in the EG-700
sample. By contrast, in the samples of W-700 and Im-
700, the a-Al, O3 phase peak was not observed, instead,
the v-Al,O; phase appeared after 700°C calcination. In
addition, the intensity of RuO; peak (26 = 28.15°) in the
W-700 sample was stronger than that of the EG-700
sample, which denotes the large RuO, particles were
formed in the W-700 sample at 700°C calcination.

Fig. 4 shows the X-ray diffraction patterns of Ru/
Al,O; calcined at 800°C. The a-Al,O3 peak was mark-
edly observed in EG-800 and the diffraction patterns
were sharp, indicating the development of a-phase at
800°C calcination. By contrast, y-phase was observed in
Im-800, and mixed phases, v and 6 with small amount

of o phase, were shown in the XRD pattern of W-800.
From these patterns, the degree of phase transition to a-
phase arein the order EG-800 > W-800 > Im-800.

It is reported that the phase transition temperature
of a-Al,O; normally occurs in the range of 1150-1200°C
with remarkable decrease of surface area due to the sin-
tering of intermediate phase during the course of phase
transformation at high temperature calcination [19].
However, by adding ethylene glycol to Ru/Al,O5 sol,
the phase transition temperature of the a-phase lowered
more than 450-350°C in comparison with the conven-
tional preparation of Al;O3. It suggests that the stabi-
lized a-phase formed at 800°C prevents the sintering of
alumina and maintains high surface area, as shown in
fig. 2 at high temperature calcination.

3.3. Thermal analysis of Ru/Al, 03

Fig. 5 shows the thermal analysis results of EG-gel.
Three endothermic peaks and two exothermic peaks are
shown in the DTA profile of EG-gel. Mizukami studied
the Al,O; phase transition prepared by the sol-gel
method with a complexing agent. The two endothermic
peaks of DTA spectra at 373 and 723 K assigned to the
desorption of physically adsorbed water molecule and
elimination of H>O from adjacent hydroxyl groups
between bohemite layers were shown, respectively [15].
The exothermic peaks corresponding to the decomposi-
tion of organic molecules in DTA profile were strongly
affected by the strength of the complexing abilities of the
organic chelating agent in the dry gel [15]. Based on this
study, the endothermic peaks below 200 and 420°C can
be assigned to the desorption of physically adsorbed
water and the elimination of chemically adsorbed H,>O,
respectively. Two exothermic peaks at ca. 390 and 440°C
might be assigned to the decomposition of residual alk-
oxide (alkyl group) and ethylene glycol. A broad
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Fig. 3. XRD patterns of Ru/Al, O; catalysts calcined at 700°C.
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Fig. 4. XRD patterns of Ru/ Al,O; catalysts calcined at 800°C.

exothermic peak which corresponds to phase transition
from amorphous to a-phase was observed between 440
and 800°C.The DTA data are well consistent with the
phase transition behaviors of Al,O3 observed in XRD
spectra.

The 3C-NMR spectra of ethylene glycol solution,
EG-200 and EG-300 are shown in fig. 6. The peak at
62.62 ppm which corresponds to carbon of ethylene gly-
colis shownin 3C-NMR spectra of ethylene glycol solu-
tion. In the EG-200 sample, three peaks are observed at
19.67, 61.93, and 181.66 ppm. Tohji et al. reported that
the peaks of >*C-NMR spectra caused by ethylene glycol
and ethylene glycol coordinated to Ni atom appeared at
ca. 60 ppm and ca. 25 ppm, respectively [21,29]. Based
on this study, the peaks at 61.93 and 19.67 ppm can be
assigned to the carbon atom of ethylene glycol and ethy-
lene glycol coordinated to ruthenium, respectively. The
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Fig. 5. TGA and DTA curves of EG-gel.

other peak at 181.66 ppm may come from the signal of
carbon containing ethylene glycol-aluminum interac-
tion because this is the only possible carbon signal in this
reaction mixture. As the calcination temperature
increases to 300°C, no peaks were shown in the spectra,
which implies the destruction of ethylene glycol bond-
ings with Ruor Al below 300°C.

From the TGA/DTA and *C-NMR results, it may
be concluded that ethylene glycol should have strong

Ethyleneglycol
i
EG
EG-200
EG-Al EG-Ru
EG-300

st dhtundMorma v AN eyt

Fig. 6. ‘3‘C-NMR spectra of ethylene glycol, EG-200 and EG-300
catalysts.
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bonds with both aluminum and ruthenium in the initial
solution state, and after forming an amorphous powder
those bonds are still maintained up to 200°C calcination
and start to decompose above 300°C calcination.

3.4. Coordination state of Ru in solution

EXAFS is a sufficient surface characterization
method to determine the local structure around one
atom. To characterize the coordination state of Ru in
RuCl; solution using different solvents (ethylene glycol
and H,0), the EXAFS spectra were measured at the Ru
K-edge in synchrotron radiation. Fig. 7 shows the Four-
ier transform and curve fitting results of RuCl; solution
with ethylene glycol and H,O solvent. In the Fourier
transform of EG-sol (fig. 7A) without phase shift correc-
tion, one main peak is apparently shown in radial struc-
ture function around 2.0 A. As well as a main peak
around 1.9 A, the second shell interaction around 3.0 A
is shown in EXAFS spectra of W-sol (fig. 7C). The first
peak below 2.0 A can be attributed to the combination of
Ru-O and Ru-Cl interaction, which was confirmed by
the two-shell model (Ru-O + Ru-Cl) curve fitting
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results [22,23]. The two-shell model composed of Ru-O
and Ru-Cl gave a good curve-fitting result as shown in
fig. 7Band 7D. The second shell interaction around 3.0 A
which corresponds to Ru-O and Ru-Ru is shown in
radial structure function of RuCl; aqueous solution
[36].

The EXAFS fitting results of RuCl; solution are
shown in table 1. In the fitting results of EG-sol, Ru-O
and Ru-Cl bonds existed at 2.08 and 2.36 A, respec-
tively. The coordination numbers of Ru—O and Ru-Cl
bonds are 4.2 and 2.2, respectively. Therefore, EG-sol
should have octahedral Ru complex in the solution state,
where the Ru—-O bonds should come from the interaction
of bidentate ethylene glycol coordinated to the Ru
atom. In RuCl; aqueous solution, the Ru—-O bond is
observed at 1.75 A with a coordination number of 1.2,
and the Ru-Cl distance was 2.34 A with a coordination
number of 2.7. This means that ruthenium might have
four coordinated structure in W-sol. From those fitting
results, the Ru-O bond length of W-sol is 0.25 A shorter
than that of EG-sol. Generally, the Ru-O bond can be
found to be 1.9-2.1 A [22,23,36,26]. From X-ray crystal-
lography data [37], the octahedral RuO; had six Ru-O
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Fig. 7. (A) Fourier transform of the k*-weighted x data of EG-sol (without phase shift corrected), (B) k- weighted x data and best fit result of
EG-sol, (C) Fourier transform of k3-weighted x data of W-sol (without phase shift corrected), and (D) k*-weighted y data and best fit result of
W-sol. :
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Table 1
Best fit values of the EXAFS spectrum of RuCl; solutions at the Ru K-edge
Sample Back scatterer N RA) Ac? (A%)
EG-sol o 42405 2.09 +0.03 0.005 +20%
Cl 22403 2.36 +0.02 0.002 + 20%
W-sol o 1.2+0.1 1.75+0.01 0.001 +10%
Cl 2.7+03 2.34+0.01 0.005 £ 15%

2 N is the coordination number (for the absorber scatter), Ris the interatomic distance, and Ao? is the difference between o2 values of the sample

and the reference.

bond lengths at 1.917 A (4Ru-O) and 1.999 A (2Ru-
0). In contrast, the Ru-O bond can be found at 1.705 A
in tetrahedral RuO4. The X-ray crystallography results
imply that the differences of Ru—-O bond length can be
attributed to the structural difference around Ru (octa-
hedral and tetrahedral). The different metal-oxygen
bond lengths (1.6 and 2.0 A) have also been suggested by
EXAPFS results of Cr ions, which exhibit the two oxida-
tion states in mixed solvent system [38].

Fig. 8 shows the UV-Vis spectra of RuCl; solution
using different solvents (H,O and ethylene glycol). The
UV spectra of EG-sol contain absorption peaks at ca.
220,270 and 410 nm. The UV spectrum of EG-sol is ana-
logous to the UV spectra of octahedral Ru(IIT) complex
(Ru(H20)2+) which has a strong absorption peak at ca.
220 nm. The strongest absorption peak of 220 nm might
be assigned to a ligand to metal charge-transfer transi-
tion of Ru(IIl) complex [24,25]. While, in W-sol, the
peak at 220 nm disappeared, instead, the peak at 382 nm
was shown in UV-Vis data of W-sol. In W-sol, the
absorption band corresponds to the charge-transfer
transition appearing at 220 nm for EG-sol shifted to the
lower energy region. In our preparation condition of
W-sol (pH = 4.5), the Ru complex seems to be unstable
under high pH condition [25]. Thus, a different config-
uration of the Ru complex compared with EG-sol and
Ru(H,0);" could be formed in W-sol.

When we consider the data from EXAFS coordina-
tion numbers and UV-Vis results, we may conclude that
the structure of Ru complex in solution state depends
upon the solvents (ethylene glycol or H,O). Namely, the
EG-sol prefers to form the octahedral Ru complex, and
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Fig. 8. UV-Vis spectra of RuCls solutions.

W-sol possibly prefers to form the tetrahedral structure
in solution state.

3.5. Calcined and reduced Ru/ Al,03

Fig. 9 shows the Fourier transform of EXAFS spectra
of Ru/Al,O; after 300°C calcination in air atmosphere.
In EXAFS results, the ruthenium oxide begins to appear
in radial structure function of the sample after 300°C
heat treatment. In the Fourier transforms of Ru/Al,O4
catalysts calcined at 300°C, the Ru—O and Ru-Ru inter-
actions from ruthenium oxide are observed at ca. 3.4 A.
From the fitting results (table 2), the Ru~O and Ru-Ru
coordination numbers of EG-300 (CN of Ru-O = 3.0,
Ru-Ru=10.9) are smaller than those of the W-300
sample (CN of Ru-O = 4, Ru-Ru = 1.0), which means
the EG-300 has smaller oxide particles than the W-300
sample.

The fitting results of Ru/Al,O; calcined at 500°C
and reduced at 500°C are shown in table 3. The Ru-Ru
coordination number of EG-500 is smaller than that of
other catalysts. The coordination number of Im-5 is
11.4, which denotes that large Ru metal particles are
formed in impregnation method. Judging from the coor-
dination number of Ru, the sol-gel Ru/Al,O3 with ethy-
lene glycol should have the smallest particles of Ru in
prepared catalysts.
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Fig. 9. Fourier transform of EXAFS spectra of Ru/Al,O; catalysts
calcined at 300°C (without phase shift correction).
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Table2
Best fit values of the EXAFS spectrum of Ru/Al;0; catalysts calcined at 300°C?
Sample Shell N RA) Ac? (A%)
EG-300 Ru-O 23402 1.92 +0.02 0.008 &+ 15%
Ru-0O 3.0+0.2 1.99 +0.02 0.003 &+ 18%
Ru-Ru 0.240.1 3.024+0.03 0.006 + 15%
Ru-O 30402 3.374+0.02 0.001 +15%
Ru-Ru 0.9+0.1 3.524+0.02 —0.0005 £+ 15%
W-300 Ru-O 24403 1.91 +0.03 0.007 £ 15%
Ru-O 27401 1.99 4+ 0.01 0.002 + 14%
Ru-Ru 1.6+0.2 3.054+0.01 0.008 + 13%
Ru-O 40+03 3.324+0.02 0.003 & 15%
Ru-Ru 1.0+0.1 3.57+0.02 —-0.0001 &+ 15%

2 N is the coordination number (for the absorber scatter), R is the interatomic distance, and Ag? is the difference between o2 values of the sample

and thereference.
4, Discussion
4.1. Structure of Ru/ Al,03 in sol-state

The coordination number and bond length of RuCl;
solution derived from EXAFS shows that the coordina-
tion state around Ru atom must greatly depend on the
solvents. Namely, the RuCl; which is dissolved in ethy-
lene glycol solvent, the ethylene glycol and chlorine
could be coordinated to form the octahedral structure of
Ru complex, whereas the tetrahedral structure of Ru
complex could be obtained by the coordination of chlor-
ine atom and water through the hydroxyl bond in aque-
ous RuCl, solution,

Lond et al. characterized the coordination state of
Ni2* in deuterated ethylene glycol by neutron diffrac-
tion. They suggested that ethylene glycol molecules act
as bidentate ligands when coordinated to Ni?* in ethy-
lene glycol solution and lead to Ni(EG);+ tri-chelate
complex [28]. In analogy with those results, considering
the coordination number of Ru-O bond in ethylene gly-
col solution, the ethylene glycol may have bidentate
ligands with Ru in solution state. Based on the EXAFS
fitting and UV-Vis results of Ru complex, the most prob-
able structure of RuCl; solution using ethylene glycol
or H,O as solvent is proposed in fig. 10. These structural
models suggest that the different structures of Ru com-
plexes are formed depending on the solvents used, and
those structural differences may affect the dispersion of
Ru particles in alumina matrix after the reduction of
catalyst.

From their studies using IR, UV, MAS ?A1-NMR,
Tadanaga et al. reported that the structure of aluminum
sec-butoxide modified with ethylacetoacetate, which
showed that the reaction of acetyl-acetoacetate with alu-
minum sec-butoxide led to the formation of six-coordi-
nated structural units and aluminum alkoxide formed
linear trimer [30]. Livage et al. have studied the exchange
reaction between aluminum-sec-butoxide and ethylace-
toacetate [40] and proved the bidentate ligand structure
by MASZ7AINMR and FT-IR. In this reaction, the sub-
stitution of alkyl groups in highly nucleophilic metal alk-
oxide can be easily obtained by chemical additives, such
as acetylacetoacetate and ethylene glycol containing
nucleophilic hydroxyl groups. They formed the biden-
tate ligand structure through the alcohol-exchange
reaction.

In our experiments, the aluminum sec-butoxide is
mixed with the solution mixture of RuCl; and ethylene
glycol. The ethylene glycol containing highly nucleophi-
lic hydroxyl group should replace the alkyl group
(butoxy group) of Al alkoxide to form the bidentate
ethylene glycol-Al ligand structure.

4.2. Ru/Al,0s after gel formation

The role of chelating agent in alkoxide method has
been widely reported. As well as occupying a site for con-
densation, the ethylacetoacetate groups in chelating
agent are less susceptible to hydrolysis than the butoxy
group, then the chelating agent delays and prevents the
complete condensation reaction [12,11]. The chelating

Table 3

Best fit values of the EXAFS spectrum of Ru/Al,0; catalysts calcined and reduced at 500°C2
Sample Back scatterer N R(A) Ag? (A2)
EG-500 Ru 8440.1 2.67+0.01 0.005 + 10%
W-500 Ru 9.8+04 2.68 +0.01 0.005 + 10%
Im-500 Ru 114+04 2.68+0.01 0.004 +10%

2 Nis the coordination number (for the absorber scatter), R s the interatomic distance, and Ad? is the difference between o2 values of the sample

and the reference.
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Fig. 10. Proposed structural model of RuCl; solution using different
solvents based on EXAFS and UV-Vis results. (A) RuCl; + ethylene
glycol and (B) RuCl; + H,O.

agent acts as surfactant, and it prevents the agglomera-
tion of aluminum particles in alkoxide sol[11]. Then, the
Al,O3 gels derived from modified Al;O3 have fine and
mono dispersed particles.

In our preparation of Ru/A,O3; by the sol-gel
method, the ethylene glycol can play an important role
to prevent the complete hydrolysis reaction in sol-gel
transformation, and also act as surfactant to prevent the
agglomeration of Ru/Al, O3 particles in the sol-state.
The fine and porous Ru/Al,O3 with high surface area
are obtained after hydrolysis reaction.

In crystallization of Ru/Al,Os, the ethylene glycol
was an effective modifier to promote the o-phase transi-
tion of Ru/Al,O3 at low temperatures, Generally, the
phase transition of a-Al,O3 occurs at ca. 1150-1200°C
by nucleation and growth process resulting in a large
decrease in surface area [19]. It is reported that the
nucleation of a-Al,Q3 starts from the neck region in
which lattice defect and many dislocations are distribu-
ted [31]. Based on this principle, several works have been
reported to lower the phase transition temperature of
a-Al;0; by adding inorganic additives such as Fe;O3
and a-Al,O; [32]. Mizukami et al. reported the particle
size and crystallization of Al;O3; prepared by sol-gel
method with organic additives. They greatly depended
on the complexing abilities of the solvents, and strong
complexing agents like polyethylene glycol and
branched diol yield an alumina crystallizing to a-phase

atlower temperatures [15]. In our results, ethylene glycol
had strong chelating ability in the starting solution state
and formed a stable bidentate ligand structure with Ru
and Al. This stable bidentate structure not only helped
to promote the a-phase transition at low temperatures
but also assisted to prevent the sintering of Ru/Al,0s3,
which led to high surface area at high temperature calci-
nation. In addition, the phase transition to the thermally
stable a-Al,0; phase can be promoted by the bidentate
coordination of ethylene glycol to aluminum atom. This
site can make a large amount of defects during the calci-
nation in air atmosphere and the high concentration of
defects promotes the struciural rearrangement of alu-
mina gel to make a stable phase, of a-Al;03, at 800°C. In
TiO; system, we also observed rutile phase transition at
low temperature (300°C) by the bidentate organic addi-
tives in the sol-gel process {16]. The phase transition
mechanism of a-Al;03 should be analogous to that of
rutile phase in TiO; system.

The EXAFS spectra of Ru/Al,O; calcined at 300°C
showed the smaller ruthenium oxide particles were
formed in EG-300 compared with W-300 catalyst. It is
well known that Ruatom begins to migrate mainly under
severe oxidation atmosphere (> 250°C). In our previous
study, the size of Ru is greatly affected by treatment con-
ditions, which could be characterized by !2Xe-NMR,
129X e-adsorption, and TEM [39]. In our Ru/ALO; cat-
alyst prepared by the sol-gel method, the stable biden-
tate Ru complex is formed in using ethylene glycol
solution, and this stable Ru structure in alumina matrix
was maintained up to 200°C calcination. This enhanced
stability must be effective to prevent the migration of Ru
particles under oxidation conditions (> 300 or 500°C)
because the migration of atomic ruthenium should start
from 200-300°C. By contrast, in W-sol after gel forma-
tion, the ruthenium oxide (Ru-O-Ru) bond was sug-
gested from the EXAFS spectra. It implied that the
oxidation of Ru could be easily progressed in the pres-
ence of ruthenium oxide bond and big particles of ruthe-
nium oxide might be obtained after calcination in air
atmosphere (300-500°C) due to the easy formation of
ruthenium oxide species below 300°C. After hydrogen
reduction at 500°C, the small ruthenium metal was
obtained in EG-500 catalysts compared with other cat-
alysts. It is known that the oxidation species and its size
have strong effect on the size of metal in Pt/Al;03; and
Co/TiO; catalysts[21]. Similarly, the formation of small
ruthenium oxide under oxidation condition is strongly
related to the final size of ruthenium metal after hydro-
gen reduction at 500°C. The enhanced thermal stability
of Ru complex by the addition of ethylene glycol must be
effective to form small Ru oxide under air calcination.
As a result, ethylene glycol modified Ru and Al struc-
tures at the initial solution should be critical to control
the particle size of Ru after the reduction as well as the
phase of alumina support.
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5. Conclusion

Depending on the solvents (ethylene glycol or H,0)
in the sol-gel process, different initial structures of Ru
complexes are suggested, and these structural differ-
ences in solution state affect the final dispersion of Ruin
alumina matrix. Ethylene glycol was effective to prepare
the Ru/Al,O; catalyst with thermally stable alumina of
high surface area. The ethylene glycol coordinated to Ru
as well as Al ion in the initial stage and proved to be
important to control the final properties of the Ru/
Al O3 catalyst.
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