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Abstract

The effects of pretreatment of catalyst on its surface properties and the HDS activity of a 0.49% Ru/Al,O4 catalyst were
studied in a single-pass, differential microreactor. The surface properties of the catalyst were measured by NH;-TPD and
XPS analysis. The Ru/Al,O; catalyst was pretreated in three ways: reduced in H, (Ru-R catalyst), oxidized in air and
subsequently reduced in H, (Ru-OR catalyst), or sulfided in H,S/H, (Ru-S catalyst). Three types of peaks (low, middle,
and high temperatures) were observed in the NH,-TPD study. The predominant high-temperature peak was observed for
both the Ru-OR and Ru-S catalysts, pretreated at 300°C. Mass spectrometry showed that the high-temperature peak in
NH;-TPD consisted of N, and H, formed from the decomposition of NH; on the ruthenium sites. NO adsorption of
unsaturated Ru species was related to the low-temperature peak in the NH ;-TPD. The XPS analysis showed that the peaks at
279.9 eV, 280.6 eV, and 282.5 eV were ascribed to metallic ruthenium, RuO,, and RuO,, respectively. The low-, middle-,
and high-temperature pesks were assigned to RuO,, acid sites on alumina, and metallic Ru, respectively. Metallic ruthenium
was effective in the HDS of thiophene and the decomposition of NH ;.
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1. Introduction cribed the high activity of RuS, in HDS to
elements which may exhibit various possibilities

Severa studies [1-7] on the hydrodesulfur- of coordination with sulfur. It has also been

ization (HDS) over unsupported transition metal
sulfides yielded periodic maxima in a volcano-
shaped curve, with ruthenium displaying activ-
ity greater than that of the sulfides of the classi-
cal hydroprocessing metals, such as molybde-
num and tungsten. Comparable results have been
observed for carbon-supported ruthenium sul-
fides in the HDS of thiophene [1-3,6,7] and
dibenzothiophene [4,5]. Ledoux et a. [7] as-

* Corresponding author.

proposed that the presence of (S)3~ is favorable
for the catalytic activity of the Ru catalyst [8,9].
The genesis of an active center in the
RuS,/Al,O; catalysts for the HDS reaction is
important in the sulfidation step. De Los Reyes
et a. [3,10,11] have recently reported the impor-
tance of the sulfidation step in the absence of
hydrogen in order to obtain awell sulfided, well
dispersed and highly active catalyst [10]. Fur-
thermore, Kuo et al. [1] reported that the ratio of
sulfur to Ru on the catalyst surface was found to
correlate well with the selectivity for the HDS
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of thiophene, but not with the presence of RuS,
in the bulk. They also reported that surface
acidity possibly played critical roles in both
thiophene activity and selectivity [2], although
they have not determined the surface acidity of
the catalyst. The relationship between the ad-
sorption capacities and the catalytic properties,
however, significantly depends upon the prepa-
ration and pretrestment of the ruthenium precur-
sor catalysts. These discrepancies appear to re-
sult in changing the surface composition, sur-
face acidity, metal dispersion and electronic
property of ruthenium, after the catalyst pre-
treatment. The effects of catalyst pretreatment
on the surface properties of the Ru/Al,O; cata-
lyst, such as surface acidity and sulfur and
ruthenium content by XPS analysis, and on the
activities for the HDS of thiophene, are reported
in this paper.

2. Experimental
2.1. Materials

The gases were subjected to the following
purification treatments: He, N,,, and H, (Tomoe
Co., 99.999%) were purified by passing each
gas through the bed of a Deoxo unit to convert
O, impurities to H,O and a 13X molecular
sieve trap. Mixed gasesincluding air (Takachiho
Co., 78.00% N, and 22.00% O,), 10% H,S in
H, (99.999%), and 5.06% NH ; in He (99.999%)
were used without further purification. The alu-
mina-supported sample (> 200 mesh powder;
Catalysis Society of Japan; JRC-A4-0.5Ru2) was
prepared by impregnation of aumina in an
agueous solution of RuCl ;- 3H,0.

2.2. Pretreatment of catalysts

The Ru/Al,O, catalysts were pretreated in
three ways prior to catalyst characterization in a
microreactor.

Ru-OR catalyst: The catalyst was heated in
flowing air (25 cm®/min) at 100°C for 1h, and

then raised from 100 to 400°C at a rate of
10°C/min, calcined in flowing air at the same
temperature for 3h, with the gas stream switched
to flowing He (15 cm?®/min). Subsequently, the
catalyst was reduced in flowing H, (15
cm®/min) at the desired temperature (100—
400°C) for 2h, treated in flowing He at the same
temperature for 1h, and cooled in flowing He to
room temperature.

Ru-R catalyst: The catalyst was treated as
follows. without calcination, the catalyst was
heated in flowing He at 100°C for 1h, then
raised, in flowing He, from 100°C to the desired
temperature at a rate of 10°C/min. The gas
stream was switched to H,, attaining reduction
in flowing H, for 2h at the same temperature,
then followed by outgassing at the same temper-
ature in flowing He for 1h. The sample was
then cooled to room temperature in flowing
stream of He.

Ru-S catalyst: After heating in stream of He
from 100°C to the desired temperature at a rate
of 10°C/min, the gas was switched to stream of
10% H,S/H, (25 cm®/min) for sulfiding at
the same temperature for 3h, followed by out-
gassing at the same temperature in stream of He
for 1h. The sample was then cooled to room
temperature in stream of He.

Table 1
Nomenclature of the catalysts pretreated under various conditions

Catalysts

Pretreatment precedures

Oxidation Reduction Sulfidation
Ru-OR100 400°C, 3h 100°C, 2h -
Ru-OR300 400°C, 3h 300°C, 2h -
Ru-OR350 400°C, 3h 350°C, 2h -
Ru-OR400 400°C, 3h 400°C, 2h -
Ru-R100 — 100°C, 2h -
Ru-R300 — 300°C, 2h -
Ru-R400 - 400°C,2h -
Ru-S200 — - 200°C, 3h
Ru-S300 - - 300°C, 3h
Ru-$400 — - 400°C, 3h
Ru-S300(5) - - 300°C, 5h
Ru-S300(9) - - 300°C, 9h
AI-OR300 400°C,3h 300°C,2h -
Al-R300 — 300°C,2h -
Al-S300 - - 300°C, 3h
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The catalysts are cooled Ru-ORT, Ru-RT,
Ru-ST, Al-ORT, Al-RT, and AIl-ST, as shown
in Table 1, where Ru and Al stand for ruthe-
nium and alumina, respectively, and OR, R, and
S denote reduction after oxidation, direct reduc-
tion, and sulfidation, respectively, and T stands
for pretreatment temperature, i.e,, Ru-OR300
denotes that the Ru/Al,O; catalyst was oxi-
dized a 400°C and subsequently reduced at
300°C.

2.3. HDS activity

Thiophene was introduced into the reactor by
bubbling a stream of pure hydrogen at a rate of
15 cm3/min through a thiophene saturator,
maintained in an ice bath at 0°C. The reaction
was conducted, using a single-pass, differential
microreactor at 300°C or 400°C, in atmospheric
pressure. The concentration of thiophene in the
feed stream (total flow rate 20 cm*®/min) was
maintained at approximately 3.2 X 10~* mol /I
by adjusting the H, flow rate (5 cm3®/min)
through the saturator. Sampling was performed
by injecting a sample from a sampling loop into
the gas chromatograph for quantitatively analyz-
ing the amount of thiophene (2% Silicon OV-17)
and the products of reaction (VZ-8). The rate of
HDS of thiophene is given by,

HDSrate = FXC; /W,

where F isthetotal flow rate of the feed; X the
fractional conversion; C; the concentration of
thiophenein the feed; and W the catalyst weight.

2.4. Temperature-programmed desorption

After the catalyst (0.2 g) was pretreated, all
of the Ru/Al,O4 catalysts were kept in stream
of He, at 100°C for 1h. The He flow was, then,
replaced with a 5% NH,/He (or 100% NO)
stream (60 cm®/min) at 100°C for 2h. The
catalyst was flushed with He at 100°C for 1.5h,
and the temperature was raised to 500°C in
flowing He (60 cm®/min) at arate of 10°C /min.
The concentration of NH; (or NO) in the exit

gas was determined, using a thermal conductiv-
ity (TCD) cell or a quadrupole mass spectrome-
ter (ULVAC Co., QMS150A). For the NH (or
NO)-TPD measurement, the evolved gases were
sampled at frequent temperature intervals (5°C)
and analyzed for NH 4, N,, H,, and H,0O for the
NH,-TPD, and for NO and N,O for the NO-
TPD. The mass spectra were recorded at 5°C
intervals, until the final temperature of 500°C
was reached.

2.5. XPS measurement

XPS measurements were taken by an ESCA-
850 spectrometer, operated at 8 kV and 30 mA,
using MgK,, radiation (1253.6 €V). XPS char-
acterization of the catalysts was obtained before
and after pretreatment, and after the catalysts
served on-line for 8h through the HDS. Pre-
treated catalysts were cooled to room tempera-
ture in a stream of He, passivated in stream of
1%0,/He. For preparation of XPS samples, the
samples were mounted on copper plate with
silver-paste. The samples in form of powder
were degassed for 2h at 200°C in a vacuum
oven and then for 1.5h at room temperature in
the prechamber of spectrometer (10°° Pa).
Binding energies were referenced to Al 2p at
74.7 + 0.2 eV. The XPS peak areas ratios were
determined by integrating areas of S 2p, ,,, S
2p3,,, Ru 3d;,,, and Ru 3d; ,,, using a curve-
fitting program stored in a computer, assuming
Gaussian peak shapes, appropriate for cross sec-
tions and the spectrometer efficiency factor. The
3d;,, component is hidden behind a C 1s peak
from a hydrocarbon contaminant in the spec-
trometer, but the binding energies for the Ru
3d;,, level and C 1s level did not overlap.

2.6. Ru particle size

The average diameter of the ruthenium parti-
cles was measured by the H, adsorption method
and calculated according to Anderson [12]:

d, = 101.07( DAy.pNy) ",
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where D, Ay, p, and N, represent the disper-
sion of Ru, the surface area of one Ru atom
(8.17 X 100%® m?/Ru atom [2]), the Ru metal
density (12.3 X 10° g/m?[13]), and Avogadro’'s
number, respectively. The chemisorption mea-
surement for the Ru/Al,O, catalysts (0.2 g)
was obtained by a pulsated-flow technique
which measured the amount of irreversible H,
adsorption by the TCD of a gas chromatograph
at 25°C. Following the pretrestment, the cata-
lysts were purged at 25°C with He (15 cm?® /min)
for 30 min. One pulse of 10% H,/He was
added to the He carrier (5.0 wl H,/pulse) at
2-min intervals until successive hydrogen peaks
increased by less than 1%.

3. Results

3.1. Activity and selectivity in the HDS of thio-
phene

The distribution of the products of reaction in
the HDS of thiophene over the Ru/Al,O; cata-
lysts is shown in Table 2. The major products,
in the HDS of thiophene, were butenes and
butane. |somers of butene were formed over the
Ru/Al O, catalysts: 1-butene, trans-2-butene,
and cis-2-butene. Neither the 1,3-butadiene nor
tetrahydrothiophene were observed when the

Ru-OR and Ru-R catalysts were used. The se-
lectivity of hydrogenation and isomerization are
also shown in Table 2, for similar conversions
at different reaction temperatures. The selectiv-
ity of hydrogenation is defined as the ratio of
the formation rate of butane to butenes. The
selectivity of hydrogenation for the Ru-OR400
and Ru-$400 catalysts were 4 times and 12
times greater than that for the Ru-OR300 and
Ru-S300 catalysts, respectively. This result indi-
cated that the Ru/Al,O; catalysts, treated at
400°C, were more selective than those treated at
300°C, during the hydrogenation of butenes to
butane. Furthermore, since the ratio of 1-butene
to 2-butenes represents the selectivity of isomer-
ization for the Ru/Al,O; catalyst, the Ru-S300
catalyst showed the lowest selectivity during the
isomerization. The Ru-S300 was the most active
in the HDS of thiophene but it was less selec-
tive than the three catalysts during both hydro-
genation and isomerization. The Ru-S300 was
highly selective in the breaking of the C-S
bond in thiophene.

All of the Ru/Al,O; catalysts treated at
300°C were more active than those at 400°C. In
Table 3, the Ru-S300 catalyst was the most
active of al the catalysts and was 1.4 and 3.7
times greater than that of the Ru-OR300 and
Ru-R300 catalysts, respectively. Sulfidation at
300°C maximized the HDS activity of the

Table 2
Product distribution and selectivity during the HDS of thiophene on Ru/Al,O; catalysts
Catalyst Conversion (%) Product distribution (%) Selectivity (—)
Butane  Butenes Butadiene  1-b/2-bf  Butane/Butenes 9 x 102
bl-pc t29 c2°¢
Ru-OR300 19.3°% 54 36.5 35.2 229 0 0.63 5.6
Ru-OR400 146" 19.2 39.8 24.0 17.0 0 0.97 238
Ru-S300 1162 32 213 44.6 30.9 0 0.28 33
Ru-$400 88" 26.6 30.8 215 15.6 55 0.83 39.2

@ Reaction temperature: 300°C.

P Reaction temperature; 400°C.

¢ 1-butene.

4 trans-2-butene.

€ cis-2-butene.

" The ratio of 1-butene to 2-butenes,
9 The ratio of butane to butenes.
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Ru/Al,O, catalysts. The rate of the HDS of Ru-S300 catalyst. The Ru-S catalyst was more
thiophene over the Ru-S400 catalyst drastically active than the Ru-OR catalyst, except for the
dropped to 17% of the rate of HDS over the Ru-$400 catalyst.
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Fig. 1. A. NH4-TPD profile for the Ru-OR and A1-OR300 catalysts: (a) A1-OR300, (b) Ru-OR300, and (c) Ru-OR400; B. NH;-TPD
profile for the Ru-R and A1-R300 catalysts: (a) A1-R300, (b) Ru-R300, and (c) Ru-R400; C. NH,-TPD profile for the Ru-S and Al-S300
catalysts: (a) Al-S300, (b) Ru-S300, and (¢) Ru-$400.
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3.2. NH,-TPD

NH,-TPD profiles for the Ru/Al,O; cata-
lysts under three different pretreatment condi-
tions are shown in Fig. 1: Fig. 1A for Ru-OR,
Fig. 1B for Ru-R, and Fig. 1C for Ru-S. With
the Ru-OR catalysts, the desorptgrams showed
two well resolved peaks with small middle-tem-
perature ones at 167—192°C and at 425-450°C,
and at 321-334°C. This result indicated that
three types of adsorption sites for NH,; were
present on the Ru-OR catalysts. The sulfided
catalyst, Ru-S catalyt, is similar to the Ru-OR
catalyst in NH ;-TPD profile. The Ru-S300 cata-
lyst has a remarkable high-temperature peak
with small low-temperature peaks, whereas the
Ru-$400 catalyst has no high-temperature peaks,
as shown in Fig. 1C. Thus, both the Ru-OR300
and Ru-S300 catalysts have a marked high-tem-
perature peak. No high- and low-temperature
peaks but middle-temperature ones were ob-
served for alumina treated under the same pre-
treatment conditions. The middle-temperature
peak for the Ru-OR300 and Ru-OR400 catalysts
was ambiguous and smaller than that for the
aumina aone. Since the middle-temperature
peak was observed for al aumina with three
kinds of treatment, the peak was due to the
release of NH,; from alumina. Consequently,
the low- and high-temperature peaks are due to

Table 3
Ru Particles of the Ru/Al,O5 catalyst and HDS rate
Catalyst Ru particle size HDS rate
[nm] [ wmol /s-g]
Ru-OR100 12.3 0.0896
Ru-OR300 2.6 0.200
Ru-OR350 4.4 0.114
Ru-OR400 7.6 0.0779
Ru-R100 26.7 0.0539
Ru-R300 145 0.0741
Ru-R400 229 0.0261
Ru-S200 3.0 0.191
Ru-S300 20 0.275
Ru-S400 26.6 0.0469

®Ru particle size measured by H, uptake measured by pulse
chemisorption at 25°C.
b Reaction temperature, 400°C.
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Fig. 2. NH;-TPD spectra from mass spectroscopy for the Ru-
OR300 catalyst (A) and the Ru-R300 catalyst (B).

the presence of two types of ruthenium species
on the surface of the Ru/Al,O, catalysts. The
middle-temperature peak for AI-OR300 was
larger than those of the Ru-OR300 and Ru-R300
catalysts. If ruthenium covered the alumina sur-
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Fig. 3. Ru3d,,55,, and C 1s XPS of the Ru-OR400 catalyst. O:
C, ®: RuO,, O: RuO,, m: RU’.

2 77



M. Nagai et al. / Catalysis Today 35 (1997) 393-405 399

face after pretreatment, the middle-temperature
peak of NH ; originated by Al,O, was probably
reduced and shifted to the low-temperature peak
by the Ru species. The Ru-R catalysts displayed
no significant high-temperature peak but only
middle- and small low-temperature peaks, as
shown in Fig. 1B, suggesting that the directly
reduced catalysts had the surface acidity of
alumina and the ruthenium species derived from
the low-temperature peak.

In order to determine what kind of gases
were released from the catalyst during the NH ;-
TPD, the spectra from mass spectroscopy of the
Ru-OR300 and Ru-R300 catalysts are shown in
Fig. 2A and Fig. 2B. For the Ru-OR300 cata-
lyst, ammonia is gradually released starting at
100°C, reaching a maximum at 200°C and then
decreased with desorption temperature, but N,
and H, gases were detected in the high-temper-
ature region. On the contrary, for the Ru-R300
catalyst, N, and H, were barely formed in the
high-temperature region as shown in Fig. 2B.
From the results, two types of ruthenium species
are present on the surface: the one species is
active during the decomposition of NH ; to form
N, and H,, and the other is an acid site on
which ammonia is adsorbed.

3.3. Ru species

A typical Ru 3d;,, XPS spectrum for the
pretreated Ru/Al ,O, catalysts is shown Fig. 3.

6

X102
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Fig. 4. The XPS atomic ratio of Ru® 3d XPS to Al 2p of the

Ru/Al,O; catalysts versus pretreatment temperatures. @: Ru-S,
O: Ru-OR, O: Ru-R.
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Fig. 5. S 2p162,3/2 XPS of the Ru-S400 catalyst. a: S?7, a:
(8,)?, v: S

The Ru 3ds,, binding energies at 279.9, 280.7
and 2825 eV were observed for all of the
catalysts. The binding energy at 279.9 eV agrees
quite well with the binding energy reported for
Ru® meta [10,14,15]. The Ru 3ds,, binding
energy at 280.7 eV was in agreement with the
reported value (281.0 eV) for RuO,, as reported
by Pedersen and Lunsford [16]. The binding
energies of Ru 3d;,, was reported 280.8 eV and
282.5 eV for RuO, and RuO;, respectively [15].
The peaks at 279.9, 280.7, and 282.5 €V were,
consequently, ascribed to metallic Ru (Ru°),
RuO, and RuO,, respectively. For the Ru-S
catalysts, ruthenium disulfide is possibly formed,
as well as Ru metal, during sulfidation of the
Ru/Al,O, catalyst. The XPS binding energy
(i.e, Ru 3dg,, a 280.8 eV) of Ru** ion in
RuO, is quite close to those of Ru** in ruthe-
nium disulfide (280.4 V) [10,17].

The atomic ratio of Ru 3ds,, (Ru% 279.9 +
0.4 eV) to Al 2p versus pretreatment tempera-
ture of the Ru/Al,O, catalystsis shown in Fig.
4. The atomic ratio of Ru/Al showed a maxi-
mum at the pretrestment temperature of 300°C
for three different types of cataysts. The Ru-
S300 catalyst had the highest ratio of Ru®/Al
compared to the other catalysts. Furthermore,
there were no relationships among treatment
temperature and the atomic ratio of the RuO, /Al
and RuO,/Al peak areas. The data, therefore,
showed that the Ru® metal was exposed on the
surface of the Ru-S300 catalyst, compared to
the other catalysts.
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3.4. Qulfur species

A typical S 2p XPS spectrum for the Ru-S300
catalyst is shown in Fig. 5. The XPS binding
energies at 161.3, 162.7, and 164.4 €V were
observed for the Ru-S catalysts. A weak shoul-
der peak was found at 164.4 eV, suggesting the
presence of elemental sulfur, eg., S°, at the
surface, although the peak at 164.4 eV was
covered with noise. The two XPS binding ener-
giesat 161.3 and 164.5 eV were reported for the
S?~ and S° ions by Cocco and Tatarchuk [18].
The binding energy at 162.7 €V was also char-
acterigtic of disulfide polyanions (S,)?~, as pre-
viously reported by De Los Reyes [3,10,11].
This value was close to the characteristic bond
of the bulk RuS, which had a pyrite structure
(162.5 eV) [3,15]. The Ru-S catalyst contained
metallic ruthenium, as well as ruthenium disul-
fide.

Table 4
XPS data for Ru/Al,O4 catalysts

3.5. Ru and sulfur contents

The atomic ratios of S 2p, ,5,,/Ru 3ds,,
and S 2p, ,3,,/Al 2p of the Ru/Al,O, cata-
lysts, those before and after the reaction, are
shown in Table 4. The Ru-OR400, Ru-S300,
and Ru-R400 before reaction had greater ratios
of total Ru/Al and RuO, /Al but only Ru-S300
had a Ru®/Al greater than those of other cata-
lysts. This result suggested that Ru® metal was
highly dispersed as Ru® metal on the surface of
the Ru-S300 catalyst. On the other hand, the
total Ru /Al ratioswere small for the Ru-OR300,
Ru-R300, and Ru-$400 catalysts. The ratio of
Ru’ /Al for Ru-OR300 was relatively greater
than that of Ru-R300 and Ru-$400. These re-
sults implied that Ru® metal on the surface was
related to the HDS activity of Ru/Al,O; cata-
lysts, in combination with the data for the rate
of HDS of thiophene. The greater Ru/Al atomic

Catalyst Ru/Al 2, Ru content X 102 S/Al ®, sulfur content x 102

RuO; © RuO, f Ru®9 total g2-h (S8,)?71 S0 total
Ru-OR300BR © 17 0.6 3.0 5.3 - - - -
Ru-OR300 AR ¢ 9.1 0.2 1.3 10.6 12 19 1.8 4.9
Ru-OR400 BR 14.4 03 20 16.7 - - - -
Ru-OR400 AR 16.9 0 0 16.9 0.4 0.5 0.4 14
Ru-R300 BR 30 0.4 17 51 - - - -
Ru-R300 AR 5.5 0 2.2 7.8 0.8 0.4 0.4 15
Ru-R400 BR 14.0 0.4 1.4 15.9 - - - -
Ru-R400 AR 216 0 0 216 0.3 0.4 0.6 1.2
Ru-S200 BR 10.4 03 2.7 13.4 1.9 33 37 8.9
Ru-S300 BR 9.0 0.3 48 14.1 17 3.2 5.8 10.7
Ru-S300 AR 12.8 0.2 55 18.4 1.3 1.3 038 33
Ru-$400 BR 2.7 0.3 2.1 5.1 185 6.7 1.6 26.7
Ru-3400 AR 30 0.8 338 7.6 15 2.0 2.8 6.3
Ru-S300(5) “BR 8.9 46 19 15.4 7.8 47 338 16.3
Ru-S300(9) “BR 10.7 1.9 0.2 12.9 211 133 23 36.8

& The atomic ratio of Ru 3d/Al 2p measured using XPS.

® The atomic ratio of S 2py/23,2/Al 2p measured using XPS.
9 BR and AR stand for before and after reaction, respectively.
 Ru 3d,,, 282.5 + 0.6 eV [15,16].

" Ru 3ds,,, 280.6 + 0.4 eV (RUO,); 280.4 + 0.4 eV (RUS,) [10,17].

9 Ru 3d;,,, 279.9 + 0.4 eV [10,14,15].

" S2ps,,, 1613+ 0.2 eV (1613 eV, [17).

'S 2p;,,, 1627 + 0.2 eV (1625, [3]; 163.1 [15)).
'S 2p;,,, 164.4 + 0.2 eV (164.5 eV [18)).

¥ Indicates sulfiding time (5h or 9h) in parentheses. No parentheses indicate 3 h.
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ratio for the Ru-S catalysts corresponded to a
high rate for the HDS of thiophene.

As shown in Table 4, the S*" /Al and the
(S,)?” /Al of Ru-$400 (BR) greater than those
of Ru-200 and Ru-300 (BR), but the total S/Al
attained a maximum at a sulfidation temperature
of 300°C. The maximum Ru/Al atomic ratio of
Ru-S300 (BR) is considered to be related to S°
but not (S,)?~ and S?~, suggesting the forma-
tion of metallic ruthenium. The contents of the
total S/Al, S*” /Al, and (S,)?” /Al of the Ru-S
(BR) catalysts substantially increased with pro-
tracted sulfiding time, but the S°/Al species
decreased. Thus, severe sulfiding treatment gen-
erated sulfide ions, S?~, and disulfide polyan-
ions, (S,)?", indicating the formation of RuS
and RuS, on the surfaces of the catalysts. The
tendency of the S°/Al toward the sulfiding
temperature was described with a volcano-type
curve having a maximum at a pretreatment tem-
perature of 300°C.

As for the catalysts after reaction, the Ru-
OR300 (AR) catayst held a greater total S/Al
ratio than the Ru-OR400 (AR) catalyst, but the
Ru-R catalysts displayed small values. The total
S/Al rétio of the catalyst (AR) reflected HDS
activity of the Ru/Al,O, catalysts. The Ru-OR
and Ru-R (AR) catalysts were partialy sulfided
and sulfur deposited from the scission of the
C-S bond of thiophene during the reaction. For
the Ru-S catalyst, the total S/Al ratio decreased
after the reaction. These results show that the
surface was possibly changed in flowing H,
during the reaction, causing the increase in
Ru/Al atomic ratio and the decrease in total
S/Al ratio.

3.6. NO-TPD

NO desorbed together with a very small
amount of N,O during NO-TPD adsorbed NO
for 2h at 100°C, as shown in Fig. 6. No desorp-
tion of N, gas was observed in NO-TPD, sug-
gesting there was no reaction of NO on Ru to
form N, and O,. The data suggested that almost
al NO adsorbed on the catalyst surface were
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Fig. 6. NO adsorption for the Ru/Al,O; catalysts at 100°C. O:
Ru— OR300, @: Ru-OR400, A: Ru-S300, a: Ru-$400.

desorbed unchanged from the catalyst. The NO-
TPD profile displayed a main peak at about
350°C with a shoulder peak at about 250°C, as
shown in Fig. 6. Uchida and Bell [19] studied
NO adsorption on 5% Ru /Al ,O; reduced in H,
at 450°C, in flowing NO for 30 min at 100°C
and reported two NO peaks in the range of 100
to 450°C. The high-temperature peak in the
NO-TPD desorptgram for the Ru-OR300 was
higher than that for the Ru-OR400, while the
low-temperature peak for the Ru-OR400 was
higher. This is probably due to high reduction
of the Ru atom of the catayst. The Ru-S300
and Ru-$400 catalysts displayed almost similar,
small broad peaks in the NO-TPD desorptgram.
Since the Ru-OR300 catalyst was more active
than the Ru-OR400 and Ru-R cataysts, the
high-temperature peak in the NO-TPD was re-
lated to the rate of the HDS of thiophene. The
results of the NO-TPD study suggested that the
Ru-OR catalyst had a higher number of unsatu-
rated Mo sites on the surface. For the Ru-S
catalysts, however, two desorption peaks were
smaller, 50-70°C lower than those for the Ru-
OR catalysts. NO was adsorbed on Ru® and
Ru?* surface sites present on the reduced cata-
lyst [20]. The two peaks were due to NO ad-
sorption on Ru® and Ru?* on the surface. How-
ever, the two smaller Ru-S catalysts displayed
greater high-temperature desorption peaks than
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the Ru-OR catalysts. New types of Mo unsatu-
rated sites were probably produced, conse-
guently, on the Ru-S catalysts, which were dif-
ferent from the sites on the Ru-OR and Ru-R
catalysts. Although the Ru-S300 catalyst was
more active than the Ru-OR catalyst during the
HDS of thiophene, the Ru-S300 held lower NO
uptakes than the Ru-OR catalysts. As a result,
therefore, Ru unsaturated sites are unlikely to be
effective in the HDS of thiophene.

3.7. Ru particle size

The particle size of Ru in the Ru/Al,O,
catalysts are given in Table 3. The particle size
of Ru of the catalysts pretreated at 400°C in
flowing H, or 10% H,S/H, were larger than
those pretreated at 300°C. The Ru-R catalyst
had larger Ru particles than the Ru-OR catalyst.
The particle size of Ru was very small for the
Ru-S300 catalyst. A sulfidation temperature
from 300 to 400°C decreased the particle size of
Ru of the Ru-S catalyst from 2.0 nm to 26.6
nm, respectively.

4. Discussion

4.1. Ru and S contents and the HDS of thio-
phene

The ratio of the Ru 3d /Al 2p peak and both
peak areas of NH,-TPD, at low and high tem-
perature, were described with a volcano-type
curve having a maximum at the pretreatment
temperature of 300°C. The ratio of the XPS
Ru(RuO,) /Al is plotted against the amount of
released NH , (surface acidity) in the low-tem-
perature peak of NH,-TPD, as shown in Fig. 7.
Since the area of NH, released from the low-
temperature region agreed with the number of
RuO, sites on the Ru/Al, O catalyst, the sur-
face acidity of the Ru/Al O, catalyst was gen-
erated on RuO,. The area of the high tempera
ture in NH,-TPD is also related to the ratio of
Ru(Ru®) /Al, as shown in Fig. 8. The area of
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Fig. 7. Relationship between the ratio of the XPS Ru(RuO,) /Al
2p pesk area and the amount of adsorbed NH ;. The amount of
adsorbed NH; was calculated from the peak area which was
determined by an integration of the desorption temperature versus
intensity in NH,-TPD: (8) Ru-OR100, (b) Ru-OR300, (¢) Ru-
OR350, (d) Ru-OR400, (e) Ru-R300, (f) Ru-R400, (g) Ru-S200,
(h) Ru-S300, (i) Ru-$400.

NH,-TPD at high temperature consisted of N,
and H , gases formed from the decomposition of
NH ;. The high-temperature peak, therefore, was
related to metalic Ru species, on which the
decomposition of NH, took place, while the
low-temperature peak was related to RuO,.
Metalic ruthenium on the surface of the
Ru/Al O, catalysts facilitated the decomposi-
tion of NH .

The rate of the HDS of thiophene is plotted
versus the S/Al atomic ratio before reaction, as
shown in Fig. 9. The rate of the HDS of thio-
phene drastically decreased with increasing ra-
tios of (S,)? /Al and S? /Al, and conse-
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Fig. 8. Relationship between the atomic ratio of the XPS Ru
(Ru®) /Al 2p and the amount of evolved gases in high-temperature
region of the NH;-TPD. See the symbols in Fig. 7.
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Fig. 9. Effect of the S 2p/Ru 3ds,, atomic ratio before reaction
on the HDS activity of the Ru-S catalyst. a: S*” /Ru, O:
(S,)?” /Ru, @: S°/Ru.

quently the activity of the Ru/Al,O, catalyst
quickly decreased with sulfiding of the ruthe-
nium atom. The rate of the HDS of thiophene
was proportional to the ratio of S°/Al. This
result suggested that the HDS activity of the
catalysts did not depend on (S,)?~ and S*~ ions
but on the elemental S° content for total Ru on
the catalysts. Since the increased content of
(S,)?” and S*~ ions decreased the HDS activity
of the catalyst, sulfidation of the Ru atom to
RuS or RuS, [17] reduced the activity of the
Ru/Al,O, catalysts. This result was in agree-
ment with the study that showed an extensive
sulfidation using 100% H,S at 400°C for 2h
resulted in decreased HDS activity of the cata-
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Fig. 10. Relationship between the atomic ratio of Ru® /Al and the
activity of the Ru/Al,O4 catalyst during the HDS of thiophene:
(a) Ru-OR100, (b) Ru-OR300, (c) Ru-OR350, (d) Ru-OR400, (e)
Ru-R300, (f) Ru-R400, (g) Ru-S200, (h) Ru-S300, (i) Ru-S400.
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lyst, attributed to the formation of crystalline
RuS, on the surface [21]. Lacroix et a. [22]
reported that catalytic activities for the reactions
of H,—D, exchange and 1-butene hydrogena
tion did not correlate with the concentration of
(S,)?” pair anions but did correlate for the
coordinatively unsaturated ruthenium cation, by
partial reduction of RuS,. The activity of the
Ru/Al O, catalyst is thus decreased by sulfida-
tion of ruthenium to form RuS,. The rate of the
HDS of thiophene as a function of the atomic
ratio of Ru 3d; ,(Ru®) /Al 2p for the Ru /Al , O,
catalysts before the reaction is shown in Fig. 10.
The rate of the HDS of thiophene for the
Ru/Al,O, catalysts was proportional to the
Ru®/Al ratio. There was no relationship be-
tween the HDS of thiophene and the contents of
RuO, and RuO; of the Ru/Al,O; catalysts.
The HDS activity of the Ru/Al,O, catalysts,
therefore, depended on the Ru® metal on the
catalyst surface.

4.2. Effects of particle size on hydrogenation
selectivity

The selectivity of hydrogenation in relation
to Ru particle size for the Ru-OR and Ru-S
catalysts is shown in Fig. 11. The selectivity of
hydrogenation increased with increasing Ru par-
ticle size of the cataysts. The selectivity of
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hydrogenation for the Ru-S400 catalyst with
large Ru particles was significantly higher than
that for the Ru-S300 catalyst with small Ru
particles. Lu et a. [21] reported the H,-D,
exchange rate at 300°C over extensively sul-
fided ruthenium sponge (sulfidation with 100%
H,S at 400°C for 2h) to be ca two orders of
magnitude greater than those over mildly sul-
fided catalysts (10% H,S/H, at 400°C for 2h).
The rate of the hydrogenation of thiophene, thus
increased with increasing Ru crystallite size,
compared to the C-S bond cleavage of thio-
phene during the HDS of thiophene. Heise et al.
[23] reported that coordinatively unsaturated
S-S anion pairs located on the surface of the
RuS, catalysts were sites for hydrogen adsorp-
tion in the form of sulfhydryl groups (S—H),
leading to the enhancement of hydrogenation.
Furthermore, an extensive sulfidation at higher
H,S/H, ratios produced RuS.-like surfaces,
which contributed to the higher activity for
hydrogenation, attributed to the formation of
(S,)?~ anion pairs at the surface of the catalyst.
Cocco and Tatarchuk [18] also suggested that an
extensive sulfidation in 100% H,S facilitated
the formation of (S,)?~ anions, resulting in the
formation of isolated S,H, groups, which pos-
sibly contribute to the high hydrogenation activ-
ity.

Concerning the Ru-OR cataysts, the Ru-
OR400 catalyst with a Ru particle size of 7.6
nm had higher selectivity for hydrogenation as
compared to the Ru-OR300 catalyst with a Ru
particle size of 2.6 nm. This observation was in
agreement with the results of the Fisher—Tropsch
reaction over ruthenium cataysts in that the
hydrogenation of CO increased with increasing
Ru particle size [24—27]. The number of hydro-
genation sites, thus, rapidly increased with in-
creasing Ru particle size.

As shown in Table 3, the HDS of thiophene
over the Ru-S300 catalyst with a 2 nm particle
size was 5.9 times greater than that over the
Ru-3400 catayst (26.6 nm). Somorjai and
Blankely [28] suggested that sulfur preferen-
tially blocked low coordination sites. H,S pref-

erentially dissociates on Ru surfaces with a
higher density of defect-like sites with a higher
dispersion [18,29]. Small Ru particles have more
edges, corners, and other defect-like sites. The
catalysts with small Ru particles significantly
retained more HDS activity than those with
larger particles. As aresult, the Ru/Al, O, cata-
lyst with smaller Ru particle size was compara-
tively more active during the HDS of thiophene.

5. Conclusions

Three types of desorption peaks were ob-
served in the NH,-TPD profile. The high-tem-
perature peak consisted of N, and H, gases
from the decomposition of NH;. The middle-
temperature peak was due to release of NH,
desorbed from alumina. The low-temperature
peak contained NH,; gas desorbed from the
surface. The high-temperature peak was related
to the metallic Ru species on which the decom-
position of NH, took place. The low tempera-
ture peaks were attributed to the presence of
RuO, species on the surface of the Ru/Al,O,
catalyst. The HDS activity was increased with
decreasing amounts of (S,)?~ and S?~ ions but
increasing the element S° content. There was no
relationship between the HDS of thiophene and
the contents of RuO, and RuO; of the
Ru/Al,O, catalysts. The HDS activity of the
Ru/Al,O, catalysts depended on the metallic
Ru on the catalyst surface. The number of hy-
drogenation sites increased with increasing Ru
particle size. The Ru/Al O, catalyst, with Ru
of smaller particle size, was more active during
the HDS of thiophene.
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