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Pd—chloride precursor sdt was used to prepare Pd/Al,O3 catalysts. TPSR measurements showed three distinct reactions for the
oxidation of propane on palladium surface under excess of hydrocarbon: complete oxidation, steam reforming and propane hydrogenol-
ysis. Propane oxidation on palladium catalysts was related to the Pd?* sites observed on Pd/Al,Os through infrared of adsorbed carbon
monoxide. In fresh catalysts reduced by Hy, the IR spectra showed the linear and bridge adsorbed CO species on the Pd° surface. After
propane reaction, a new band at 2130 cm—1 related to CO adsorption on Pd?+ species was noted. Carbon monoxide species adsorbed
on PdP were also observed in al samples after reaction. Our results suggest surface ratios of Pd%/PdO during the propane oxidation.
On the other hand, time on stream conversions of the complete oxidation of propane were affected by either the water generated during
the reaction or added as a reactant at 10 vol%. The water generated by the reaction helped to eliminate chlorine residues in the form of
oxychloride species leading to an increasing of the activity. However, the presence of water into the reaction mixture caused a strong
decreasing of the activity. The inhibition mechanism of propane oxidation in the presence of water consisted in the dissociative adsorption
of water on palladium sites with the possible formation of palladium hydroxide (Pd—OH) at the surface, diminishing the number of active
surface sites. Dynamic fluctuations into the reaction conditions supported the idea that a pseudo-equilibrium adsorption—desorption of
water was reached. After water removal or increasing in the reaction temperature the equilibrium was shifted to the direction of OH-Pd
decomposition. This behavior suggests that the inhibitory effect of water is a reversible phenomenon, being a function of the amount of
water and the reaction temperature.
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1. Introduction

Catalytic oxidation of hydrocarbons, volatile organic
compounds and carbon monoxide has been studied in or-
der to protect the atmospheric environment. Noble metal
catalysts are the most active systems, even at low and high
reaction temperatures. For combustion of light hydrocar-
bons, several works have pointed out palladium as the best
catalyst [1-3].

However, questions remain yet open about the chem-
ical state of palladium under reaction conditions. Palla-
dium oxide (PdO) has been described as the active phase,
but the presence of metallic palladium or even anionic va-
cancies on the PdO surface structure has contributed to
increase the catalytic activity [4], once that Pd® is more
effective than PdO for hydrocarbons activation. A surface
with ametallic character seems to be necessary to allow the
first hydrogen abstraction from the hydrocarbon molecule,
which is an important step, frequently the rate-determining
step for light hydrocarbon combustion [5]. Moreover, the
nature of the palladium surface is subject to the reaction
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conditions, the Pd sites properties being a function of the
partial pressure of the reactants and reaction temperature
[6-8].

Another very important factor to be considered in the
complete oxidation of hydrocarbonsis the role of the prod-
ucts generated during the reaction, namely, water and car-
bon dioxide. It iswell known that water inhibits the activity
of Pd-based catalysts. The formation of inactive Pd(OH),
species has been postulated [9], but such species have not
yet been characterized and their existence as stable com-
pounds seems unlikely. On the other hand, the inhibition
by carbon dioxide only plays arole at concentrations higher
than 3-5 mol% and well above the water molar concentra-
tion [3].

The aim of this work is to study the oxidation and re-
duction effects of propane on Pd—chlorine/aluminacatalysts
during hydrocarbon oxidation. For this purpose, propane
oxidation was performed under either excess of oxygen,
hydrocarbon or stoichiometric conditions. These systems
were characterized by CO chemisorption and an in situ
dynamic analysis of propane oxidation was done through
temperature-programmed surface reaction (TPSR). The pal-
ladium surface was also investigated by using infrared of
adsorbed CO before and after C3Hg reaction.
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2. Experimental
2.1. Catalyst preparation

An v-Al;03 (Degussa) was used as support. Al,O3 was
previoudy calcined in air at 823 K for 16 h (BET area =
180 m?/g). Pd/Al,O3 samples were obtained by incipient-
wetness impregnation of Al,O3 with ahydrochloric solution
of PdCl,. Then, the samples were dried at 373 K for 16 h
followed by calcination under air flow at 773 K for 2 h.
The metal loading was 1% (wt/wt).

2.2. CO chemisorption

The chemisorption uptakes were measured in an ASAP
(Micrometrics) apparatus. Before the reduction, the cata-
lysts were dehydrated at 423 K for 0.5 h under vacuum.
Then, the catalysts were reduced a 773 K (5 K/min) in
flowing Hz (30 cm®/min). Following reduction, the samples
were evacuated for 1 h a 773 K and cooled to room tem-
perature under vacuum. Irreversible CO uptakes were de-
termined from dual isotherms using the method of Benson
et a. [10].

2.3. Temperature-programmed surface reaction under
excess of propane (TPSR)

The oxidation of propane was performed in a flow mi-
croreactor at atmospheric pressure. The catalyst (ca. 50 mg)
was mixed with quartz as diluent (500 mg) and then dried
with flowing nitrogen at 393 K before reduction with hydro-
gen at 773 K. The reaction mixture consisted of 2.2% O,/
0.55% C3Hg/97.25% N, (reduction condition), flowed at
135 ml/min through the catalyst. In addition, measure-
ments with He instead of N, were obtained in order to
detect the mass spectra of CO (m/e = 28). The reactor
was linearly heated (5 K/min) from room temperature up
to 773 K. Similar conditions were used in the FTIR meas-
urements. The effluent gas composition was monitored on-
line by a quadrupole mass spectrometer (Dycor MA100M,
Ametek).

2.4. CO infrared

Samples in the form of self-supporting disks and weigh-
ing around 25 mg were used. The cell consisted of a quartz
tube with calcium fluoride windows. Viton o-rings pro-
vided a gas-tight seal between removable parts of the cell.
The analyses were carried out with a Perkin—Elmer model
2000 FTIR and the resolution was 2 cm~!. The catalyst
was first dried, reduced and evacuated, as described above.
CO uptakes were taken at 298 K, following evacuation at
10> Torr. Then, oxidation of propane was performed un-
der similar conditions of TPSR measurements, using a re-
action mixture of 2.2% 0,/0.55% C3Hg/97.25% N, (flow
rate = 135 mi/min) for reduction conditions. Under oxy-
gen excess, areaction mixture of 1% CzHg/N> at 90 ml/min
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and 21% O,/N, at 60 ml/min was used. Finaly, after evac-
uation and cooling, the CO uptakes were obtained at 298 K
in order to investigate the palladium surface after reaction.
The absorbance spectra were obtained by using the inter-
ferograms of reduced samples as background references.

2.5. Propane oxidation under stoichiometric condition

The oxidation of propane was performed in a microflow
reactor at atmospheric pressure. The catalyst (ca. 50 mg)
was mixed with quartz as diluent (500 mg), dried with flow-
ing nitrogen at 393 K, and then reduced with hydrogen at
773 K for 2 h. After reduction, the reaction was carried
out stepwise varying the temperature from 473 to 773 K in
intervals of 20 K. The reaction mixture consisted of 2% O,/
0.4% C3Hg/97.6% N> (flow rate = 300 mi/min). Anayses
were obtained by on-line gas chromatography with a Hay-
sep D column (6 m, carrier gas Hy). Propane conversions
were calculated from the molar balance.

2.6. Propane oxidation under excess of oxygen and in the
presence of water

The oxidation mixture in excess of oxygen (molar ra
tio O,/C3Hg = 14) was 1% CszHg/N, at 90 ml/min and
21% O,/N, at 60 ml/min. The TOS run was performed
at 673 K up to 40 h. The reaction in the presence of wa-
ter was performed under similar conditions by introducing
10% of water in the reaction mixture at 15 ml/min and
the products were analyzed similarly. These samples were
then analyzed by FTIR under similar conditions, described
above. The dynamic fluctuation experiment was performed
under similar conditions, except that mass of the catalyst in
the reactor was reduced to 12.5 mg and mixed with quartz
as diluent (125 mg).

3. Reaults

The dispersion for Pd/Al,O3; was 32% and the average
particle size was 3.4 nm (CO uptake 30.1 pmol §¥Qgcq).

Figure 1 presents the conversion of propane as a func-
tion of the reaction temperature (light-off curves) for the
Pd/Al,O3 catalyst under stoichiometric and oxidative con-
ditions. The behavior of these profiles is as expected very
common for hydrocarbon combustion, exhibiting low activ-
ity at temperatures lower than the light-off temperature, but
onceit is reached, the reaction rate increases exponentially,
which means at this point the heat of combustion generated
is greater than heat transferred [11].

Oxidation under excess of oxygen (O./CsHg = 14)
showed a decreasing of the light-off temperature around
100 K when compared to the stoichiometric conditions.
Table 1 presents the rates and TOF values under Kinetic
conditions at lower conversions, and shows that the activ-
ity increased by a factor of 3.0 when reaction was per-
formed under oxidation condition at low temperatures 390
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Figure 1. Propane activity under stoichiometric and oxygen excess con-
ditions.

Table 1
Rates and TOF values under stoichiometric and oxidative conditions.

T Stoichiometric Oxygen excess

(°C) Conversion (%) Rate® TOF? Conversion (%) Rate® TOFP
390 9.4 112 18 11.6 311 52
400 125 1.50 25 16.6 4.45 74

aRate of reaction (10° mol/sgea).
b Turnover frequency (102 s—1).

and 400 K. Indeed, the greater efficiency of propane com-
bustion under lean conditions is an expected behavior and
that result may be attributed to the faster oxidation of pal-
ladium. The formation of palladium oxide is required for
a better activity and its formation depends on the oxygen
partial pressure and the temperature [12-14].

Figure 2 presents the profiles of TPSR measurements of
the Pd/Al,O3 catalyst (excess of hydrocarbon). Oxidation
started at 520 K on 1% Pd/Al,O3. After complete oxygen
consumption, a secondary reaction attributed to steam re-
forming took place. At this point one can see the start of
the hydrogen formation and a clear transition in the CO,
curve. Methane was also observed after the beginning of
steam reforming and thisis related to hydrogenolysis of the
hydrocarbon. The hydrogen produced in situ reacted with
the propane chemisorbed on the palladium surface. Notice
that CO was not observed during the TPSR measurement.

Infrared of adsorbed carbon monoxide was used to in-
vestigate the palladium surfaces before and after propane
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Figure 2. TPSR profiles of propane oxidation for hydrocarbon excess.
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Figure 3. FTIR spectra of adsorbed CO on Pd/Al,O3 catalyst before and
after propane oxidation under reduction conditions.

reaction. In the fresh catalyst reduced by H,, the spec-
trum in figure 3 shows the linear (2073-2079 cm~1) and
bridged (1973-1977 cm~—1) adsorbed CO species on Pd°
surface.
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Figure 4. Time on stream profiles during propane oxidation on Pd/Al,O3
catalyst.

After reaction, the sample was darker and the absorbance
intensity was smaller than over the clean catalyst. More-
over, propane conversion produced different sites on the
catalyst surface. One can see a new band at 2130 cm—?
related to CO adsorption on Pd?* species [4]. This oxide
site is the most intense on Pd/Al,Os. Carbon monoxide
species adsorbed on Pd® were also observed in the sample.

Figure 4 showsthe time on stream conversion of propane
after running the reaction at 673 K for 40 h. In the absence
of water in the reaction medium, the activity increased
markedly in the first 10 h, reaching a maximum value, and
then stabilizes after approximately 40 h with TOS. The in-
creasing activity is associated to the removal of chlorine
species present on the catalyst surface by water generated
during the reaction. Such species interacting with metal-
lic clusters caused reaction inhibition due to the formation
of inactive oxychlorides species whose elimination would
restore the active sites for propane oxidation. The maxi-
mum conversion was observed around 10 h with TOS and
may be attributed to the transition point between the ben-
eficial effect of water (chlorine removal) and the inception
of water inhibition.

In fact, the addition of 10 vol% of water in the reactant
flow led to a remarkable decrease of the activity, as can be
also seen in figure 4. This behavior is expected according
to Cullis and Willatt [14], since water inhibits the reaction,
depending on the water content. It is evident that without
water the activity was relatively high at 673 K and, hence,
the formation of water was responsible for the elimination
of residual chlorine. However, in the presence of water at
higher temperature (723 K) the initia activity was higher
during the first 5 h, decreasing drastically as an effect of
the water inhibition. From these results one can conclude
that temperature and water play an important role in the
inhibitory effect of chlorine, where a combination of both
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Figure 5. Dynamic behavior of propane oxidation in the presence of water.

parameters would enhance the activity of catalysts prepared
from chloride precursors.

For a better understanding of temperature and the wa-
ter addition effects during the propane oxidation, dynamic
fluctuations in the reaction conditions were done, as shown
in figure 5. Starting at 673 K and running the reaction for
20 h the catalyst reached the steady state in the absence
of water, and its behavior agreed with a previous test (fig-
ure 4), which alowed the elimination of chloride due to
the water generated from the reaction itself. Then, water
was added for a short time, which promoted drastic decay
of activity. Furthermore, removing water it immediately
returned to the former steady-state conversion at 673 K.
Following the reaction at 723 K the conversion increased
significantly, but the water generated at such high conver-
sions speeded up the reaction inhibition. Water addition
led again to a decreasing activity, so once it is removed the
activity was practically recovered. Finally, decreasing the
temperatureto 623 K the activity fell drastically but reached
easily itsinitial steady-state condition after returning to the
initial condition at 673 K.

4, Discussion

Several authors have reported hydrocarbon oxidation on
palladium catalysts and the present scenery evidences that
the catalytic combustion is influenced by several factors
such as the nature of Pd sites, the reaction environment,
products and so on. Indeed, there is still some uncertainty
in general knowledge of the oxidation mechanism.
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TPSR results showed that after running out with oxygen,
secondary reactions were observed with formation of hy-
drogen and a visible transition in the CO, curve. Methane
was also observed after starting the steam reforming. In
fact, steam reforming and hydrogenolysis were observed
on the Pd/Al,O5 catalyst.

Possible explanations for these results are given in sec-
tions 4.1-4.4.

4.1. Sintering

Hicks et al. [15] showed that the turnover frequency of
methane oxidation on the dispersed Pd was lower than on
large palladium particles. Anomalous large enhancements
in activity with time on stream have been associated to
sintering of the metallic phase [16]. This was confirmed
by in situ electron microscopy at 623 K by Rodriguez et
a. [17]. At elevated temperatures, the support can also
suffer sintering and the activity decays. Muto et al. [18]
suggested the importance of choosing an appropriate sup-
port in order to resist sintering which weakly interact with
the loaded metal or metal oxide. It has also been shown that
palladium presented high activity under weaker interaction
conditions with the support such as Pd/SiO,—Al,03 [18,19].

4.2. The nature of surface site

It is important to stress the nature of the active sites of
palladium for the hydrocarbon oxidation. Burch [2] showed
that the oxidized Pd form is considered the most active
state. They have done kinetic experiments by measuring
the rate of oxygen uptake as a function of time over a
pre-reduced 4% Pd/Al,O3 catalyst at 573 K, and the cor-
responding change in the activity for the combustion of
methane at the same temperature. Indeed, at this temper-
ature, Pd metal is not very active for oxygen chemisorp-
tion but the most active phase corresponds to a “skin” of
PdO over Pd, as proposed elsewhere [20]. Garbowski and
Primet [21] claimed that the total oxidation of Pd is not a
requirement for an active catalyst. They proposed a redox
mechanism involving surface Pd® and surface PdO.

Indeed, our TPSR and FTIR results before and after
reaction indicated the formation of PdO during the reac-
tion that have promoted a faster start up of the propane
oxidation. Noteworthy is that the Pd/Al,O5; catalyst was
very active and seems to have a great amount of PdO af-
ter the reaction, athough surface Pd® is present as aso
shown by FTIR. Burch [2] proposed that the most impor-
tant parameter to get high activity in hydrocarbon oxida-
tion is the PdO surface. In that way, morphological, poi-
soning or support effects seem to have a secondary role.
Our results confirmed this statement, since the intensity of
PdO/Pd° surface ratio could explain the start up in the cat-
alytic propane oxidation. These results agree with the redox
mechanism, as proposed elsewhere [21], which is shown in
scheme 1.
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Pd/Al,O; Model during Reaction

Scheme 1.

Table 2
XPS results of Cl/Al surface ratios after cacination (C)
and after calcination and reduction (R).

Catalyst ClIAl
Pd/AL,0;3 (C) 0.03
Pd/ALLO; (R) 0.007

4.3. Effects of chlorine and particle size

Particle size seems not to be a very important parameter
in the redox environment. On the contrary, in the excess of
oxygen most palladium particles are in the form of Pd**
species, and according to the literature they exhibit low
dispersions and are considered the most actives [15-17].

Figure 4 shows an increasing initial activity passing
through a maximum value after 10 h, which would explain
this mechanism. Besides this parameter the literature has
claimed the poisoning effect of chlorine or water [3,22]. On
the other hand, the increasing activity with time on stream
would also suggest chlorine removal during the reaction.
Indeed, XPS measurements showed the presence of resid-
ual chlorine in the Pd—Cl catalyst. According to table 2
the XPS results of CI/Al surface ratios were of the order of
0.03 after calcination and 0.007 after calcination and reduc-
tion with hydrogen at 773 K [23]. Therefore, theincreasing
activity with time, as shown in figure 4, would justify that
water generated during the reaction itself was responsible
for the elimination of residual chlorine, confirming XPS
results.

Water is adsorbed dissociatively on palladium leading
to the formation of H* and OH* species, which are re-
combined very quickly only when water is present in the
reaction environment. Otherwise, H* should also recom-
bine with chlorine that interacts with the metalic surface
releasing HCI, as follows:

Cl-Pd* + H-Pd* — HCI + Pd*
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Figure 6. FTIR spectra of adsorbed CO on Pd/Al,O3 catalyst before

Thus, Pd* would be regenerated to promote the propane
oxidation [24]. On the other hand, water is aso a strong
inhibitor for this reaction and the degree of inhibition in-
creases with higher amounts of water in the reaction mix-
ture [25].

It is important to stress that the activity increases up
to 10 h with TOS, which characterizes the transition state
of the beneficial effects (elimination of chlorine) and the
inhibiting effect of water. On the other hand, the literature
attributed this effect to the support, which can be better
related to the promotion of water desorption or hydroxyl
affinity, than to the metal—support interaction or the particle
size change [18,19].

4.4, Effect of water addition

Effect of water addition or removal in the reactant mix-
ture and of increasing temperature with time on stream is
displayed in figure 5. It shows a great inhibiting effect
of water, which can be attributed to a pseudo-equilibrium
adsorption—desorption of water, according to the reaction

20H-Pd" = HZO(g) + O-Pd* + Pd*

where Pd* is the active site as suggested by Fujimoto et
a. [5]. Increasing the amount of water, the equilibrium is
shifted to the reverse direction, where OH™ species titra-
tion occurred either on Pd and PdO sites, inhibiting the
reaction activity. Indeed, Ribeiro et al. [3] showed an in-
verse dependence of first order for the oxidation of methane
in the presence of water on supported palladium catalysts.
Thus, the inhibition mechanism of propane oxidation in the
presence of water consists in the dissociative adsorption of
water on palladium sites with the formation of palladium
hydroxide (Pd—OH) at the surface, diminishing the number
of active surface sites.

and after propane oxidation with oxygen excess and presence of water.

Figures 3 and 6 show the FTIR spectra of the re-
duced catalyst before and after the reaction under reduction
and oxidation conditions, respectively. The linear (2073—
2079 cm™1) and bridged (1973-1977 cm~1) adsorbed CO
species appeared on the Pd® surface just after reduction and
after reaction under reduction conditions. After the reac-
tion one can see a new band at 2130 cm—?, which is related
to the CO adsorption on Pd?* species. This oxidized site
is the most intense band on Pd/Al,O3;. Carbon monoxide
species adsorbed on Pd® were also observed in this sample.
However, after 20 h of reaction under oxidation conditions
the linear and bridged CO bands decreased drastically with
the appearance of alinear band on Pd?t (2110cm~!) and a
bridged band on Pd® (1968 cm~—1). When water was added
these bands disappeared completely. Therefore, it supports
theideathat after removing water or increasing the reaction
temperature the equilibrium is shifted towards the formation
of Pd* dites, thus favoring the reaction and increasing the
conversion of propane. This behavior suggests that the in-
hibiting effect of water in the reaction mixture is reversible
and depends on the amount of water and on the temperature
of reaction.

5. Conclusions

Propane oxidation under O,/C3Hg ratio = 4 induced a
redox behavior of palladium particles. On Pd/Al,O3 cata-
lyst, Pd®t species prevail during the propane reaction and
these particles are more active for combustion.

Our results confirmed the statement that the Pd%/Pd>*+
surface ratio is determinant for the activity of hydrocarbon
oxidation. In that way, morphological, poisoning or support
effects seem to have a secondary role.
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The inhibition mechanism of propane oxidation in the
presence of water consists in the dissociative adsorption of
water on palladium sites with the formation of palladium
hydroxide (Pd—OH) at the surface, diminishing the number
of active surface sites. This behavior suggests that the in-
hibiting effect of water in the reaction mixture is reversible
and depends on the amount of water.
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