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Abstract

Ruthenium catalysts supported on $i@l,0; and TiQ, were prepared by the impregnation method. Temperature-programmed desorption
(TPD) method was applied to investigate the kinetics of hydrogen adsorption/desorption on these catalysts. All the TPD results show two-peak
profile, except Ru/Si@ The low-temperature peak was assigned to the hydrogen adsorbed on the Ru metal. The high-temperature peak was
attributed to the spillover of hydrogen atoms from metal to the support. Both are activated process. The amount of adsorbed hydrogen increased
with increasing adsorption temperature, and the maximum adsorption occurs at abo@e Pld®activation energy of adsorption is a function
of catalyst support and the reduction temperature. It decreases in the order of RBIVAC reduction > Ru/Al,O; > Ru/TiO, (300°C
reduction > Ru/SiG. The results demonstrated that the strong metal-support interaction exerted on,RuélI@ suppress hydrogen
chemisorption at room temperature due to its high activation energy. However, hydrogen chemisorption op WagTiOt suppressed at
high temperature. One is able to measure the Ru dispersion by adsorption of hydrogen at high temperature.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction investigate the hydrogen adsorption phenomena over the sur-
face of ruthenium single crystal by temperature-programmed
The study of Fischer—Tropsch synthesis (FTS) has be-desorption (TPD)7], angle-resolved photoemission spec-
come an important technical and fundamental subject sincetroscopy[8] and low-energy electron diffraction (LEED)
Fischer and Tropsch first developed the process of produc-[7,9]. The dynamics of hydrogen adsorption/desorption on
ing synthetic hydrocarbons in 1928. Although metal cat-  ruthenium single crystal indicated that there are two differ-
alysts with high FTS activity such as iron, nickel and cobalt ent binding states which were observed in work-function
have used in commercial application, the group VIIl metals changes and well correlated with the two desorption peaks
transition metals have been reported as the good FTS catalysin TPD spectra between ruthenium and hydrogim11].
with high activity and selectivityf2]. Ruthenium has been  However, the characteristics of hydrogen adsorption on
reported to be the most active and the most selective catalysinetal-support systems would be different from that on
among the group VIII metalf2—4]. Recently, many works  the single crystals because of the metal-support interac-
have been done on ruthenium-based catalysts which exhib+ions, which are affected by the factors including particle
ited high hydrogenation selectivity in partial hydrogenation sjze, catalyst preparation, reduced temperature, etc. Bhatia
of benzene to cyclohexerib,6]. To develop a more active et al.[12] have investigated the dynamics of hydrogen ad-
and selective catalyst, it is important to understand the fac- sorption on silica-supported ruthenium catalysts by means
tors affecting the reaction, such as the type of support; dis- of in situ NMR techniques. Two hydrogen-on-ruthenium
persion of metal; the adsorption—desorption kinetics of the peaks were observed at 300-473 K, the upfield NMR peak
reactant gas, such as hydrogen, on the catalyst. at ~—60ppm (a-peak) observed at low pressures (P <
The adsorption of hydrogen on group VIl metals has been 133 mbar) could be attributed to hydrogen dissociatively
extensively studied. Numerous studies have been devoted taadsorbed on ruthenium particles; the second peak (B-peak)
occurring at~—30 ppm at pressures greater than 133 mbar
* Corresponding author. Fax:886-3-425-2296. represented weakly bound hydrogen. It has been reported
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the TiOp-supported catalysts in SMSI state. Therefore, one 2.2. Temperature-programmed desor ption
cannot use the amount of hydrogen adsorption to determine
the metal dispersion. However, the chemisorption of hydro- About 0.3g catalyst was placed in a quartz reactor
gen on these catalysts was carried out at room temperature(6 mm outside diameter). The sample was reduced in
No results have been reported for the chemisorption at highflowing Hz (30ml/s) at a rate of 5C/min from room
temperature. temperature to 420C. The sample was kept 30min at
Comparing to other analytical techniques, TPD measure- 100 and 200C during the heating procedure and kept at
ment provides information closely rated to the catalytic prop- 300°C (low-temperature reduction, LT reduction) or 5@
erties and has been widely applied to supported catalyst in(high-temperature reduction, HT reduction) for 2h, then
the study of adsorption—desorption kinefit4—16]. Lee and cooled under hydrogen-flow to room temperature. After
SchwarZ15] developed a method to calculate the activation that, the sample was held at 40D for 30 min under flow-
energy for adsorption from the TPD spectra. The analysis ing Ar (30 cn/min) in order to remove physisorbed,H
was successfully used in research works of detailed kinetic during the hydrogen reduction.
information for activated hydrogen adsorption and desorp- The hydrogen adsorption was proceeded by two methods:
tion from cobalt in unsupported and supported on@y, (i) adsorption under cooling after reduction at the maximum
SiOp, TiO2 and carbor{16]. temperature. The adsorption of hydrogen was proceeded by
In the present work, the hydrogen adsorption on the Ru exposing the catalyst to a 10%ptAr mixture under cool-
catalysts with various supports was carried out at various ing from 400°C to room temperature and stayed at room
temperatures. TPD method was then applied to investigatetemperature for 2 h; (ii) adsorption at a fixed temperature.
the adsorption state of hydrogen on these catalysts. The pheThe catalyst was cooled to room temperature in an Ar flow
nomenon of activated hydrogen adsorption on ruthenium (30 cné/min) after reduction. The adsorption was proceeded
supported on AlO3, SiO; and TiG; was elucidated. We also  at 50, 100, 150, 200 and 238G, respectively, for 2 h by ex-
tried to develop a technique to measure the metal dispersionposure to a 10% b Ar mixture for 60 min. After adsorption,
for the catalysts which exerted SMSI state. the system was purged with an Ar flow (30¥min) to re-
move H left in the reactor and the physisorbed hydrogen.
After adsorption, the catalyst was heated atQ@(min

2. Experimental from room temperature to 40C, and the amount of des-
orbed hydrogen was determined by a thermal conductivity
2.1. Catalysts preparation detector (Shimadzu GC-8A).

Ru catalysts containing 5% on various supports were
prepared by the incipient-wetness impregnation method. 3. Results and discussion
RuCk-2H,0 (Strem Chemicals) was dissolved in distilled
water. A small amount of support (about 1g support to 3.1. TPD after adsorption of H, under cooling from
0.7 ~ 1 ml distilled water) was added into the solution. Af- maximum reduction temperature
ter vigorous stirring, the slurry was dried overnight af @0
The supports used in this study werex@§ (Strem Chem- Fig. 1shows the TPD profiles of fHdesorped from 5 wt.%
icals, surface area 225%y), SiO,» (Davison, surface area  ruthenium catalysts supported on@k, SiQ,, TiO2, and
300 n?/g), and TiQ (Degussa P-25, surface area SOg). carbon, respectively, where the; Hhdsorption were pro-

Desorption Rate (Arbitatary Unit)
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Fig. 1. The TPD spectra of 5% Ru on different supports: (a) Ru/Té€aluced at 500C; (b) Ru/ALOs3; (c) Ru/SiQ; (d) Ru/carbon.



H.-Y. Lin, Y.-W. Chen/ Thermochimica Acta 419 (2004) 283-290 285

Table 1 No high-temperature peak was observed on the profile of
Ru dispersions and activation energies of &tlsorption on Ru catalysts Ru/Si0. Moreover, the TPD profile of Ru/carbon showed
Catalyst Dispersion (%) Eaa (kJ/mol) a large amount of hydrogen desorbed at about°@af

5% RU/TIO, reduced (300C) 36 2242 one assumed that aII.th(.e hydr.ogeniwas adsorbed on the
5% RU/TiO» reduced (500C) 85 31.31 Ru metal and the stoichiometric ratio of hydrogen atom
5% Ru/AbO3 56 27.45 to surface Ru atom is 1, the metal dispersions of these
5% Ru/SIQ 44 20.23 catalysts were greater than 100%. This implies that not all

of the hydrogen was adsorbed on the metal. It should be
noted that adsorption energy of hydrogen on metal is not so
ceeded under cooling from the maximum reduction temper- strong that hydrogen could desorb at such high temperature
ature. All the TPD results show two-peak profile, except (>300°C). Based on these arguments, one can attributed that
Ru/SiG. As shown inFig. 1, a low-temperature peak with  the high-temperature peak is due to the hydrogen spillover
maximum appeared in the TPD profiles on all of the cata- from Ru metal to the support. During desorption process,
lysts at 85-125C, depending on the nature of the support. these hydrogen atoms on the support would migrate back to
The position of the low-temperature peak in the TPD profiles metal, then recombine to hydrogen molecules and desorb.
decrease in the order of RTiO, > Ru/SiO, > Ru/Al,03. The results also show that the high-temperature peak
It should be noted that although Ti@upported Ru catalyst  in the TPD profiles was influenced by the metal-support
exhibited good performance in hydrogenation of CO, the interaction. To investigate how metal-support interaction
amount of hydrogen desorption from Ru/Ti@as less than  affects the forms of the high-temperature peak in the TPD
that from Ru/AbOs3. This demonstrates that Ru/Ti®ad a profiles, the TPD studies of the catalyst on the same sup-
higher metal dispersion than Ru/8s; (seeTable 1). The port with various metal loading were performed. The TPD
results also show that metal-support interaction plays an im-spectra of 5% Ru/Al03 and 3% Ru/AjO3 are shown in
portant role on the adsorption state of hydrogen on metal. Fig. 2, the low-temperature peak of TPD profile on 5%
The dispersion of Ru metal was calculated from the area Ru/Al03 was at about 128C, which was only about
of the low-temperature peak, because the low-temperature5°C lower than that on 3% Ru/ADs. The area under
peak was attributed to the hydrogen desorption from the the low-temperature peak of 5% Rus@3; was greater. In
Ru metal. The results show that the dispersion of Ru/TiO2 contrast, the high-temperature peak of TPD profile on 5%
upon high-temperature reduction is higher than that upon Ru/Al;Os is about 60°C higher than that of 3% Ru/AD3.
low-temperature reduction, as showrTable 1. In addition, It can be seen that the area of the high-temperature peak of
the dispersion of Ru on alumina is greater than that on silica, 5% Ru/ALOgz is smaller than that of 3% Ru/ADs. The
all are not low. It indicates that very few amount of chlo- same phenomena were observed on 3% Ruy/T@d 5%
rine was present in the catalysts after hydrogen reduction atRu/TiO; samples reduced at 300 and 5@@) respectively, as
400°C. shown inFigs. 3 and 4. Different from those on 3% Ru/3BiO
The high-temperature peaks in the TPD profiles appearedthe area of high-temperature peak in TPD profile of 5%
in a wider range of temperature on various catalysts. The RU/TiO; is much smaller than that of the low-temperature
high-temperature peaks in the TPD profile of Ry/®@4 peak. It is believed that the high-temperature TPD peak
was at around 325C, and a broad high-temperature peak is due to the spillover of b from Ru metal to the sup-
on the TPD profile of Ru/TiQ was at around 20CC. port. Hydrogen was dissociatively adsorbed on the metal

Desorption Rate (Arbitatary Unit)
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Fig. 2. The TPD spectra of different metal loading onpn®4 support: (a) 5% Ru/AlOs; (b) 3% Ru/AbOs.
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Fig. 3. The TPD spectra: (a) 5% Ru/Ti®educed at 300C; (b) 5% Ru/TiQ reduced at 500C.

then spillover to the support. During desorption, these hy- temperature. In this study, the adsorption of hydrogen was
drogen atoms would migrate to the metal then desorb in proceeded during the whole cooling process from 4D0
the molecule form. Hydrogen spillover is related to the It will pass through the maximum adsorption temperature
metal-support interaction and the perimeter of the interface during cooling, no matter what is the maximum tempera-
between metal and support. Moreover, the TPD profile of ture. In other words, the hydrogen adsorption proceeded in
Ru/carbon showed a large amount of hydrogen desorbed athe cooling process would overcome the activation barrier
about 400C, which could be referred to the large amount of adsorption and give the maximum amount of adsorption.
of spillover of hydrogen. It is known that carbon support Using this technique, one is able to measure the exact metal
has significant hydrogen spillover phenom¢hd]. dispersion no matter how high the activation barrier is.
Furthermore, TPD profiles of Ru/Ti{Osamples reduced For the Ru/SiQ catalyst, Bhatia et a[12] have reported
at 500 and 300C, clearly show that increasing the temper- the NMR studies of hydrogen adsorbed on high metal
ature of reduction leads to an increase in hydrogen adsorp-loading of 29% Ru/Si@ and 19% Ru/Si@ catalysts. They
tion. It had been reported that the capability of hydrogen indicated that there were two types of binding states of
chemisorption on group VIII metals supported on reducible hydrogen interacting with ruthenium, the peak observed at
metal oxides, such as titania, decreased with an increasdow pressures (P < 133 mbar) labeledeasandp-peak was
of reduction temperature due to the strong metal-supportobserved at high pressures (P > 133 mbar). Bhpeak
interactions (SMSIJ18,19]. However, the adsorption of hy-  was attributed to the strongly bound hydrogen and the heat
drogen reported ifil8,19]was carried out at room tempera- of adsorption was about 40 kJ/mol in low pressure region
ture. If the hydrogen adsorption is an activated process, they(P < 133 mbar). The largB-peak showed the interaction of
should have higher amount of hydrogen adsorbed at highhydrogen and ruthenium conduction electrons indicated the

Desorption Rate (Arbitatary Unit)
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Fig. 4. The TPD spectra: (a) 3% Ru/Ti®educed at 300C; (b) 3% Ru/TiQ reduced at 500C.
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binding states was not mainly physical adsorption and the
heat adsorption ¢ hydrogen was approximately 10 kJ/mol.

In the present work, only one main peak was observed on
the TPD profile of 5% Ru/Sig since the TPD was taken

in atmospheric pressure, where the desorption measurement
of a bond hydrogen was difficult. The results of this study

250°C

show that the activation energy of hydrogen adsorption
on Ru/SIQ is 20.23 kJ/mol (Table 1), which is in a cer-
tain degree of agreement with the NMR result reported in

-

[12].

3.2. TPD after hydrogen adsorption at constant
temperature

Figs. 5-8show the H desorption profiles of 5wt.%
Ru supported on A3, SiO, and TiQ, respectively. The
Ru/TiO2 catalyst was reduced at 300 and 500 respec-

250°C

Desorption Rate ( Arbitatary Unit)

- 1 | L I
0 50 100 150 200 250 300 350 400

Temperature (°C)

Fig. 5. The TPD spectra of 5% Ru/AD; adsorbed at different tempera-
tures.

50°C
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Fig. 6. The TPD spectra of 5% Ru/Si@dsorbed at different temperatures.

tively. It is well-known that Ru/TiO2 reduced at 500
would have strong metal—support interaction. The ddl-
sorption was at fixed temperature, i.e. at room temperature,
50, 100, 150, 200 and 25C, respectively. The increase

in the area of low-temperature peak with an increase of
adsorption temperature demonstrates that hydrogen adsorp-
tion is an activated process on these catalysts. The area
of high-temperature peak is also increased with increasing
temperature. It is expected because hydrogen spillover is an
activated process. The results of the amount of hydrogen ad-
sorption versus adsorption temperature are showign9.

The amount of hydrogen adsorption was calculated from
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Fig. 7. The TPD spectra of 5% Ru/TiOwvhich was reduced at 30C
adsorbed at different temperatures.
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the TPD profile by Simpson quadrature method. As shown

in Fig. 9, the maximum adsorption on Ru/BQ®educed Fig. 8. The TPD spectra of 5% Ru/TjOwvhich was reduced at 50C
at 300°C and Ru/SiQ@ catalysts occurred at about 20D, adsorbed at different temperatures.

and on Ru/TiQ reduced at 500C and Ru/A}O3, the tem-

perature of maximum adsorption was higher than 250

If the adsorption is not an activated process, at higher tem-Lee and Schwarfl5], the activation energy of adsorption
perature, the hydrogen adsorption would decrease with thecould be calculated by:

increasing kinetic energy of hydrogen molecular. Therefore,

the amount of adsorption should decrease with an increaseﬁ = Vg€
of adsorption temperature. For an activated adsorption sys-~ '

tem, the increased thermo energy could offer the energy ofwherev, is the frequency factor of adsorption amthe flow
hydrogen molecules to overcome the potential barriers of velocity, which is a constant in this study. Thus, the acti-
adsorption. Although it is normally believed that hydrogen vation energy of adsorptiot,, can be calculated with the
adsorption on transition metals is not an activated process,fractional coveragé; from the TPD profileTable 1lists the

the activated adsorption of hydrogen on metals has beenactivation energy of adsorption which decreases in the order
reported in[16]. According to the method developed by of Ru/TiO, (500°C reduction > Ru/Al,03 > Ru/TiO

—Ea/RT,,~1
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4, Conclusion

Hydrogen adsorption on ruthenium catalysts sup-
ported on AbO3, SIO, and TiQ were characterized
(@ using temperature-programmed desorption method to in-
vestigate the adsorption—desorption behaviors. All the
TPD results show two-peak profile, except Ru/Si0he
low-temperature peak was assigned to the hydrogen ad-
sorbed on the Ru metal. The high-temperature peak was
attributed to the spillover of hydrogen atoms from metal
to the support. Both are activated process. The amount of
adsorbed hydrogen increased with increasing adsorption
temperature, and the maximum adsorption occurs at above
200°C. The activation energy of adsorption is a function of
catalyst support and the reduction temperature. It decreases
in the order of Ru/TiQ (500°C reduction > Ru/Al,03 >
Ru/TiO, (300°C reduction > Ru/SiG. The results demon-
strated that the strong metal-support interaction exerted on

ADSORPTION AMOUNT

WL

) Ru/TiO2 would suppress hydrogen chemisorption at room
0 50 100 150 200 250 temperature dug to !ts high act|\./at|on. energy. However,
TEMPERATURE (°C) hydrogen chemisorption on Ru/TiO2 did not suppress at

high temperature. One is able to measure the Ru disper-

Fig. 9. The relation ?e‘W‘g‘ g‘e/ ?‘;‘:pt‘o&‘ an;g;gt Og h;;‘rggjg_ and ad- gjon by adsorption of hydrogen at high temperature. If the

fé)éﬂtclzz t:th%%r("’:‘;tu(rce)' é?/?) RJ/A:oj; (d)uscoe/o SL/SQ’( ) 5% RUTIG adsorption of hydrogen proceeds during cooling from the
reduction temperature, it will pass through the maximum
adsorption temperature. In other words, it will overcome
the energy barrier of adsorption. Using this technique, one

(300°C reduction > Ru/SiQ. Previous investigatiofiL 6] is able to measure the metal dispersion no matter how high

has shown that the activation energy of &dsorption was is the energy barrier for hydrogen adsorption on transition

affected by the electronic modification of metal due to the metals.

metal—support interactions. For cobalt catalysts, the activa-

tion energy of H decreases in the order of Coj8l3 >

Co/SiQ, > unsupported Co. The results of this study are in - Acknowledgements
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