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Abstract

Pd/NlpOs/Al,O3 catalysts were investigated on propane oxidation. Diffuse reflectance spectroscopy (DRS) and X-ray
photoelectron spectroscopy (XPS) analysis suggested that monolayer coverage was attained between 10 and 20 wt.% of
Nb2Os. Temperature programmed reduction (TPR) evidenced the partial reduction of niobium oxide. The maximum propane
conversion observed on the Pd/10%,B/Al ,O3 corresponded to the maximum Nb/Al surface ratio. The presence of NbO
polymeric structures near to the monolayer could favor the ideésPefit surface ratio to the propane oxidation which could
explain the promoting effect of niobium oxide. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

There has been great interest in studying the pro-

the reduction at high temperature blocks the surface
of Rh atoms and may cause the decrease of both
the H, chemisorption capacity and the activity of

moting effects of oxides on supported metal catalysts ethane hydrogenolysis. In contrast to these catalysts,

[1-3]. The metal—oxide interaction induces important
modifications of the adsorption and catalytic proper-
ties of the metal in several reactions.

Nb,Os monolayers on Si@ promoted Pt catalysts
without suppression by SMSI [3]. The higher se-
lectivity of the lanthana promoted Pd/Si@atalysts

It has been reported the presence of a strong metal-towards methanol synthesis on CO hydrogenation

support interaction (SMSI) in supported metal-oxide
catalysts [1-3]. Hu et al. [1] studied the extent
of Rh—NkOs interaction in the niobia-promoted
Rh/SiG catalysts. The Nb@species formed during
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was attributed to the decoration of the Pd particles
by partially reduced La® moieties [3]. According

to Rieck and Bell [3], these LaOspecies promote
the dissociation of adsorbed CO, which favor the
methanol synthesis.

Alumina-supported Pd-based metal oxides have
received increasing attention in recent years, mainly
due to their use in automotive emissions control.
Ceria has been used mainly as an oxygen storage
component [4,5]. The ceria addition promotes the CO
oxidation as well as the NO reduction through a bi-
functional mechanism based on the redox properties
of the reducible support [5,6]. The addition of MO
to Pd/ALOs improved the NO conversion with very
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low NH3 formation even in the presence of a small ex-
cess of oxygen [7-9]. This catalytic behavior has been
explained by a strong interaction between the noble
metal and the partially reduced molybdenum oxide.

In spite of its redox properties, there are only few
studies concerning the use of the niobium oxides as
a promoter of Pd/AIO3 catalysts on the CO/NO/HC
reaction. Rasband and Hecker [10] performed the NO
reduction on Rh—NfOs/SiO, catalysts. The addition
of Nb,Os to Rh/SIQ catalysts diminished the reac-
tion rate, which was ascribed to a decrease of the Rh
dispersion. However, it was not presented the selec-
tivity behavior of these catalysts.

The aim of this work was to study the Pd/p@y/
Al,0O3 systems as a potential catalyst for the oxi-
dation of propane. In this paper, these systems will
be characterized through diffuse reflectance spec-
troscopy (DRS), temperature programmed reduction
(TPR) and X-ray photoelectron spectroscopy (XPS)

in order to better understand the nature and the extent

of Pd-NBOs interaction and the redox properties.
Evidences of promotion on propane oxidation over
reduced niobia-based catalysts will be discussed.

2. Experimental
2.1. Catalyst preparation

Al,03 (Degussa) and Nis were used as supports.
Al,03 was calcined in air at 823K for 16 h (BET
area=180nt/g). NbpOs was prepared by calcination
of niobic acid CBMM (Companhia Brasileira de Met-
alurgia e Mineragéo) as described for alumina.

NbyOs/Al,03 samples were prepared by 283
impregnation with an aqueous solution of niobium
oxalate CBMM in oxalic acid at pH0.5 [11]. The
samples were dried at 373K under vacuum and
calcined under air flow at 823K for 16 h.

Pd/A|203, Pd/NQO5 and Pd/NbO5/A|203 sam-
ples were obtained by incipient-wetness impregna-
tion of Al,O3, Nb,Os and Nk»Os/Al 203, respectively,
with a hydrochloric acid solution of Pd&IThen, the
samples were dried at 373K for 16 h followed by
calcination under air flow at 773K for 2 h.

The prepared catalysts and their metal contents
measured by atomic absorption are given in Table 1.
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Table 1
Catalyst composition and palladium dispersion obtained through
hydrogen chemisorption

Sample Pd NEOs Dispersion
(wt.%) (wt.%) (%)
Pd/Al,O3 1.25 - 36
Pd/1% NbOs/Al,O3 1.03 0.98 37
Pd/5% NbOs/Al,O3 0.91 5.66 28
Pd/10% NbOs/Al,03 1.10 9.10 15
Pd/20% NbOs/Al,03 0.94 21.90 7
Pd/NipOs 0.97 - 5

2.2. Diffuse reflectance spectroscopy

The diffuse reflectance spectra were recorded be-
tween 200 and 900 nm on an UV-Vis NIR spectrom-
eter (Cay 5 — Varian) equipped with an integrat-
ing sphere (Harrick). In the case of Pdf®; and
Pd/NpOs samples, AIO3 and NbOs were used
as references, respectively. For ¥@d/NbyOs/Al 203
(x%=1, 5, 10 and 20 wt.%), the corresponding refer-
ences ofx% NbyOs/Al,03 samples were used.

2.3. Temperature programmed reduction

TPR experiments were performed in a conventional
apparatus, as described previously [12]. Before reduc-
tion, the catalysts were heated at 423 K in flowing ar-
gon for 0.5h. Then, a mixture of 1.6% hydrogen in
argon flow was passed through the sample and the
temperature was raised from 298 up to 1173K at a
heating rate of 10 K/min.

2.4. X-ray photoelectron spectroscopy

XPS was performed in a Perkin-Elmer 1257 spec-
trometer by using a Mg K (1253.6 eV) radiation and
operating at 15 kV/200 W. The photoelectron’s kinetic
energy was measured by a hemispheric analyzer, with
a 46.95eV/step passage energy. The vacuum in the
spectrometer chamber was f0rorr, and the charge
correction was obtained by using the Al (2p) emission
at 74.0eV line as reference. The Nb/Al surface ratios
of the niobium oxide on the alumina support were cal-
culated from photoelectron peak areas of the Nb (3d)
and Al (2p) photoelectron lineshapes after correction
of the photoionization cross-sections and photoelec-
tron mean free paths [13]. The samples were analyzed
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in the oxide form after calcination (C). In order to
evaluate the presence of chloride ions, Pa@% and
Pd/20% NbOs/Al,0O3 were also analyzed after reduc-
tion (R). Hydrogen treatment of the sample was carried
out in a reaction chamber at 773 K for 2 h (10 K/min).
After reduction, the sample was cooled and evacu-
ated before inserting into the spectrometer without
exposure to air.

2.5. H chemisorption

The chemisorption uptakes were measured in an
ASAP (Micrometrics) apparatus. Before the reduc-
tion, the catalysts were dehydrated at 423K for 0.5 h.
Then the catalysts were reduced at 773K (5 K/min)
in flowing Hy (30 cn?/min). Following reduction, the
samples were evacuated for 1 h at reduction tempera-
ture and cooled to adsorption temperature under vac-
uum. Irreversible uptakes were determined from dual
isotherms measured for hydrogen (at 343 K) using the
method of Benson et al. [14].

2.6. Propane oxidation

The oxidation of propane was performed in a flow
microreactor at atmospheric pressure. The catalyst (ca.
50 mg) was mixed with quartz as diluent (500 mg),
dried with flowing nitrogen at 393K, and then re-
duced with hydrogen at 773K for 2h. After reduc-
tion, the reaction was carried out from 473 to 773K
in intervals of 20 K. The reaction mixture consisted of
2% 3/0.4% GHg/97.6% N (flow rate=200 ml/min).
Analyses were obtained by on line gas chromatogra-
phy (FID) with a Haysep D column (6 m, carrier gas:
H>). Thus, propane conversions were calculated from
the molar balance.

3. Results

The DRS spectra of Pd/ADs, Pd/NkOs and
Pd/NOs/Al>,03 are presented in Fig. 1. The spec-
trum of the Pd/A$O3 sample exhibits 3 bands at 287,
325 and 458 nm (Table 2). According to the litera-
ture, the band at 287 nm is ascribed to metal-ligand
charge transfer [15]. The band located around 325 nm
arises from Pd—IzO)fﬁ complex since the measure-
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Fig. 1. DRS spectra of (a) Pd/#0s; (b) Pd/1% NbOs/Al20s;
(c) Pd/5% NbOs/Al>03; (d) Pd/10% NbOs/Al,O3; (e) Pd/20%
Nb,Os/Al»03; (f) Pd/Nb,Os.

ments were performed in contact with air. The band
at 458 nm is attributed to a d-d transition. On the
other hand, the spectrum of Pd/ps sample shows
only thevs band displaced to 407 nm.

The addition of NbOs modified significantly
the spectra of the Pd/AD3; sample. Increasing the
NbyOs content, the intensity of the charge transfer
band decreased and this band was shifted towards
higher wavelengths. When the niobium oxide loading
is 20 wt.%, thev1 band is no more observed.

Table 2
Position of UV-Vis bands observed on Pd/®;, Pd/NbOs and
Pd/NipOs/Al,03 samples

Sample A (nm)
vla va V3b

Pd/AlL,O3 287 325 458
Pd/1% NbOs/Al,03 289 327 455
Pd/5% NbOs/Al,03 294 332 445
Pd/10% NbOs/Al203 302 340 437
Pd/20% NbOs/Al203 - - 432
Pd/Nk»Os - - 407

aMetal to ligand charge transfer (spin allowed) [1].
bd—d transition (spin allowed) [1].



278

F.B. Noronha et al./Catalysis Today 57 (2000) 275-282

Table 3
Binding energies and intensity ratios for the XPS spectra of the B@NBI,O3 samples
Catalyst Binding energy (eV) Ratios

Pd (3d,2) Nb (3d5/2) O (1s) INb/1 Al (Nb/Al)2
Pd/1% NbOs/Al;03 336.0 206.6 530.8 0.5375 0.0431
Pd/5% NbOs/Al203 335.9 206.7 530.7 1.8565 0.1487
Pd/10% NBOs/Al;03 336.0 206.7 530.6 3.1249 0.2503
Pd/20% NBOs/Al203 336.1 206.9 530.7 2.2471 0.1800

aSurface atomic ratio calculated from the integrated areas of the Nb (3d) and Al (2p) photoelectron lines.

Table 3 presents the binding energies and the inten-

sity ratios of the main elements in the PdAda/Al .03
catalysts. The increase of the niobium content does
not change the binding energy values of the Pd
(305/2), Nb (3d2) and O (1s) lines. However, the
intensity ratios and the Nb/Al surface ratio exhibited
a maximum around 10wt.% of NBs (Fig. 2). The
Cl/Al and CI/Nb atomic ratios before and after the
reduction of the Pd/AlO3 and Pd/NbOs/Al»,O3 cat-
alysts are shown in Table 4. The reduction at 773K
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Fig. 2. XPS intensity ratios of (Nb/Al) surface as a function of
(Nb/Al) bulk.

led to a strong diminution of the CI/Al and CI/Nb
atomic ratio on both catalysts.

The TPR profiles of Pd/ADs3, Pd/NpOs and
Pd-NkOs/Al 203 are shown in Fig. 3. The Pd/#03
catalyst shows one peak at 429 K and a broad desorp-
tion peak at high temperature. On the other hand, the
TPR profile of the Pd/NfOs catalyst is completely
different. In this case, a hydrogen consumption is
observed at room temperature followed by a negative
peak around 380 K. At high reduction temperature, it
shows two peaks at 516 and 1195K.

The Pd/1% NbOs/Al,O3 catalyst exhibits a peak
at 427 K and a small hydrogen uptake above 1100K.
As the NBOs content is increased the peak around
429K is displaced to lower temperatures and a hydro-
gen consumption appeared between 560 and 930K.
The Pd/20% NpOs/Al O3 catalyst displays three re-
duction peaks at 410, 676 and 1060 K.

The results of palladium dispersion calculated from
H> chemisorption are listed in Table 1. In relation to
Pd/Al,O3 catalyst, the presence of 1% pB; do not
practically modify the palladium dispersion value.
On the other hand, the addition of more niobium ox-
ide decreased continuously the hydrogen adsorption
capacity.

Fig. 4 presents the conversion of propane as a func-
tion of the reaction temperature on PdAda/Al 203

Table 4
ClI/Al and CI/Nb atomic ratios of the Pd/AD; and Pd/20%
Nb,Os/Al,03 after calcination (C) and reduction (R)

Catalysts CI/Al CI/Nb
Pd/ALO3 (C) 0.03 -
Pd/AlLO3 (R) 0.007 -
Pd/20% NbOs/Al,03 (C) 0.12 0.79
Pd/20% NbOs/Al;03 (R) 0.005 0.02
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Fig. 3. TPR profile of Pd/NjOs/Al,03 catalysts.
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Fig. 4. Conversion of propane as a function of the reaction tem-
perature on Pd/NiDs/Al,O3 catalyst.
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catalysts. As shown, the niobia addition promotes the
propane oxidation at lower temperatures than stan-
dard Pd/AbO3 catalyst. The Pd/10% Ns/Al2O3

is the most active catalyst. However, Pdgdlg cata-
lyst presented low activity with a maximum propane
conversion of 60% at 773 K.

4. Discussion

The Pd environment on Pd/AD3 has been studied
by UV-Vis diffuse reflectance spectroscopy after cal-
cination with oxygen at different temperatures [15]. In
the case of the catalyst prepared from Pd@ecursor,
the increase of the calcination temperature reduced the
absorbance of the charge transfer band at 280 nm and
displaced thevs band from 475 to 450 nm. Accord-
ing to the authors, these results indicate that chloride
ions were partially removed from the $Pdcoordina-
tion sphere at high calcination temperature. Thus, the
P&t ions would be linked to surface oxygen atoms of
alumina or would form small PdO patrticles. Further-
more, the spectrum of the Pd/&); sample prepared
from nitrate precursor showed a broad peak around
380 nm which was attributed to supported PdO.

Lomot et al. [16] used UV-Vis diffuse reflectance
spectroscopy to study the effect of calcination condi-
tions on the structure of Pd/SiCatalysts prepared
from PdCp. The UV-Vis spectra showed two bands
at 370 and 510nm. The first one was attributed to
Pd(HZO)ffr species. The latter one was shifted to
476 nm as the calcination temperature was increased.
According to them, the shift was due to the incor-
poration of oxygen into coordination sphere of Pd
replacing chloride ions.

The intensity of the1 band decreases as theJUs
loading increases suggesting that less chloride ions
are present on the Pt coordination sphere (Table 2).

It is important to stress that Pd/hDs samples did

not retain chloride ions since only the band around

400 nm was identified on this catalyst which can be

attributed to supported PdO species. It means that as
palladium is deposited over niobium oxide, the charac-

teristic band of charge transfer is not observed. There-
fore, the DRS analysis could be used as a tool for

determination of monolayer coverage formation on

Pd/NkOs/Al,03 samples. The DRS spectra suggests

that the monolayer coverage occurs between 10 and
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20 wt.% of N»Os since thev; band was not observed adsorbed hydrogen from the palladium surface and
in the 20% NbhOs/Al 03 sample. In addition, the XPS  the decomposition of palladium hydride formed at

results showed a maximum around 10 wt.%>Nb room temperature [12,18,19].
in the curve of (Nb/AI} vs (Nb/Al), (Fig. 2) which On the Pd/NBOs/Al,O3 catalysts, the niobium

confirms that the monolayer was reached. These re-oxide addition shifted the peak ascribed to RGQ
sults agree very well with the XPS and Raman stud- reduction from 429K (Pd/AlO3) to 410K (Pd/20%
ies of NpOs/Al>03 systems [11,17]. It was found  NbyOs/Al>03). According to DRS results, the in-
that above 19% NiDs/Al>O3, the monolayer cover-  crease of NpOs loading enhances the incorporation
age was exceeded and My particles were present.  of oxygen into coordination sphere of Pd replacing

Rakai et al. [15] also compared the diffuse re- gradually the chloride ligands. Furthermore, the hy-
flectance spectra of pure PdO with those of alumina drogen consumption at high temperature corresponds
supported Pd samples prepared from chloride and to the niobium oxide reduction. Hu et al. [1] charac-
nitrate precursors. According to them, the shift of the terized Rh/NbOs/SiO, catalysts by TPR. They also
wavelength of the band in the d—d transition region attributed the hydrogen uptake at high temperature to
stems from the particle size of palladium. The band the partial reduction of the niobia.
at 380 nm was attributed to large particles produced
after calcination of Pd(Ng), precursor whereas the
band at 450 nm was due to smaller ones produced4.1. The promoting effect of NDs addition
from PdC} precursor.

Lomot et al. [16] observed that the incorporation Recently, the mechanism of light hydrocarbons ox-
of oxygen into Pd—Cl complexes seems to favor the idation on noble metals has received significant atten-
metal dispersion. The calcination at temperatures tion, searching to describe this very specific type of
above 773K favors a great removal of chlorine and reaction.
the formation of large PdO particles. In fact, a lot of parameters can promote or inhibit

Fig. 1 shows that the band at 436 nm on Pd@y the oxidation of molecules like methane or propane.
shift towards 410 nm on Pd/NBs. As proposed by  Particle size [20-22] and different amounts of water,
Rakai et al. [15], this result suggests that the PgAl CO; and chlorine [23,24] are some of the variables
exhibits higher dispersion than the PdAdB. The Pd which can modify the catalytic activity. On palladium
oxychloride species present on Pd/@5 would be based catalysts, even the nature of active phase has
more strongly attached to the support surface produc- been discussed in literature. A redox model involving
ing high metal dispersions. On the other hand, low a skin of PdO on Plparticles [25-27] as the active
dispersion is expected on Pd/Al; sample since the  phase which promote the oxidation of hydrocarbons
PdO was the main species. These results agree wellis the most acceptable model. In addition, Muto et al.
with the dispersion calculated from hydrogen adsorp- [28,29] showed the importance of the nature of the
tion (Table 1). support which needs to be resistant to sintering and

TPR results confirm the DRS analysis. Since the weakly interact with the loaded metal or metal oxide.
Pd oxychloride species are stronger linked to the sup- It has been reported that palladium exhibits the highest
port than the PdO species their reduction will occur activity under weak interaction with the support for
at higher temperatures. The TPR profiles of Pg( Pd/SiG/Al,03 catalysts.
and Pd/NbOs catalysts support this statement. Then, In our work, the particle size effect can be discarded
the peak at 429K is attributed to PdOl, reduction since the dispersion decreased continuously as the nio-
whereas the hydrogen uptake at room temperaturebia loading increased whereas a maximum in propane
corresponds to PdO reduction. In addition to the re- conversion was observed at 10 wt.% of niobium oxide.
duction of PdO, hydrogen absorption in the reduced The promoting effect of niobia addition could
palladium and adsorption at the metallic surface also be explained based on the chlorine amount on
are also responsible for the hydrogen consumption the samples since UV-Vis indicated differences in
at room temperature [12,18,19]. The negative peak the chlorine bonded to palladium on pBs/Al,O3
is generally attributed to the desorption of weakly catalysts.
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XPS measurements were performed to understandon Pd/20% NbOs/Al>O3 catalyst in agreement with
the importance of residual amount of chlorine after the literature [11,30-32]. Moreover, a straightfor-
the reduction of the samples. Table 4 shows the sur- ward correlation between the conversion results and
face atomic ratios from XPS analysis. Surprisingly, the (Nb/Al) values can be observed. The maximum
the calcined Pd/20% NIDs/Al,O3 presented a larger  propane conversion corresponded to the maximum
amount of chlorine at the surface than on Pd@d Nb/Al surface ratio indicating that the type of niobium
catalyst. According to the UV-Vis data the chlorine oxide species plays an important role on this reac-
cannot be bonded to palladium, the active phase, andtion. At high niobium content, the appearance of bulk
thus it is probably dispersed over the support of the NbyOs species led to the reduction of propane con-

Nb2Os/Al 03 catalysts. Noteworthy is that after re- version. Therefore, the presence of Nb@olymeric
duction the total amount of chlorine at the surface structures near to the monolayer could favor the ideal
decreased strongly and is very small on both sam- Pd’/PcP+t surface ratio to the propane oxidation which
ples. Thus, these results suggest that chlorine doescould explain the promoting effect of niobium oxide.

not affect significantly the propane oxidation on the
Pd/NkOs/Al,03 catalysts.

The better performance of the Pd/10%ia/Al .03
and Pd/20% NgOs/Al>03 catalysts could be related
to the presence of NbOspecies in intimate contact
with palladium on niobia loading near to the mono-
layer. In fact, infrared spectroscopy of adsorbed CO
on Pd/AbO3 and Pd/NbOs/Al,O3 catalysts after
propane oxidation showed that the amount of Pd
and Pd* species was function of NBs loading
[27]. It was observed that the partially reduced niobia
species prevented the palladium oxidation. According
to Garbowiski et al. [26], a redox process involving
surface P8 and PdO is a prerequisite for active cat-
alysts. Then, the PdPd** surface ratio could be the
determining effect for the catalytic behavior observed.

5. Conclusions

The addition of NbOs significantly modified the
DRS spectra of the Pd/ADs sample. Increasing the
NbyOs content, the intensity of the charge trans-
fer band decreased. When the niobium oxide load-
ing was 20wt.%, this band was no more observed.
These results suggested that chloride ions were par-
tially removed from the P& coordination sphere at
high NpOs loading. Furthermore, the DRS analy-
sis suggested that the monolayer coverage occurred
between 10 and 20wt.% of NB®s since the band
of charge transfer was no more observed in the 20%
NbyOs/Al,03 sample. In addition, the presence of

It is important to stress that DRS and XPS analyses a maximum around 10wt.% NBs in the curve of
revealed that the monolayer coverage was attained be-(Nb/Al)s vs (Nb/Al), confirmed that the monolayer

tween 10 and 20 wt.% NI®Ds. Several niobia species

was attained around this point. The TPR profile of

have been found on supported niobium oxide cata- Pd/NipOs/Al,O3 catalyst revealed the partial reduc-

lysts. Raman studies showed the presence of \N\bO
tetrahedra, slightly and highly distorted Np©Octahe-
dra structures on Ni®s/Al,O3 systems [11,30,31].
Highly distorted species were present at all loading.

tion of niobium oxide. The presence of Nb@oly-
meric structures near to the monolayer could favor the
ideal P@/Pt surface ratio to the propane oxidation
which could explain the promoting effect of niobium

At higher surface coverage, polymeric structures were oxide.

observed. Above 19wt.% of N5, monolayer cov-
erage was exceeded and bulk¥i3 was found [31].
XANES and EXAFS analysis revealed three surface
species on alumina supported niobium oxide: WbO
monomer, NbBO7 dimer and niobic acid like polymer
[32]. At low Nb>Os contents, the results suggested the
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