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In order to investigate the reaction pathway of propane total oxidation on Pt/Ce0,-ZrO, (Pt/CZ) catalyst
and the promoting effect of Pt, CeO,-Zr0O, (CZ) mixed oxides were prepared by sol-gel method and Pt
was impregnated. The catalysts were characterized by means of XRD, BET, TPR, in situ FTIR spectroscopy
of propane adsorption/transformation/desorption and propane catalytic oxidation activity experiments.
The propane oxidation activity is greatly enhanced by the addition of Pt while there is no obvious structure
change based on XRD and BET. It is shown by the adsorption experiments that at 250 °C, propane can

I[ffg ;\;onrgs(;’)d dation react with oxygen-containing species; there is obvious destruction of Ce—O bonds, from which oxygen
Pt consumption can be inferred, on both CZ and Pt/CZ catalysts, as well as the generation of some bicarbonate

Ce0,-Zr0, mixed oxides ions on CZ and carbonate on Pt/CZ. Moreover, there are more §(CH) and 8(CH;) species on CZ than Pt/CZ.

IR When oxygen was introduced into the reactor, the Ce—O bonds re-formed immediately on Pt/CZ but

Mechanism not on CZ. The propane desorption results show that the intermediate products and desorption process

Adsorption are almost the same on both catalysts. Furthermore, some bidentate carbonate has been detected on
both catalysts during the total oxidation process, and it is thought to be the intermediate product of the
reaction. Based on the IR results, a possible propane oxidation pathway and the role of Pt as well as the
possible electrochemical mechanism have been proposed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic oxidation of hydrocarbons has become the focus of
many basic and applied catalysis studies because of its increas-
ing importance for many industrial processes: the production of
energy (e.g., gas turbines) and reducing emissions (e.g., automo-
tive exhausts) [1-5], especially in the Partial Oxidation Combustion
(POC) of hydrocarbons [6-8]. Many catalysts were developed and
show high activity in propane oxidation, such as Au/CuOx—MnOy
[9], RuOx/y-Al,03 [10], and Co304 [11]. Some materials such as
TiO,, CeO,, and Al,03 have been compared in order to find an
appropriate support for hydrocarbon oxidation [12,13]. Zaki et al.,
has researched propane oxidation activity of CeO,, TiO, and ZrO,.
CeO, showed the best activity, and it is considered a promising
material for potential oxide catalysts for the total oxidation of
hydrocarbons [14].

With the development of the catalysts, understanding the reac-
tion mechanism of hydrocarbon oxidation becomes a key issue,
and some basic work has been done. Andreas Hinz et al., inves-
tigated the reaction pathways of propane oxidation on Pt/Al,03
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and Pt-SO4%~/Al,03 using a Temporal Analysis of Products (TAP)
reactor system for transient experiments, and the products were
detected by mass spectroscopy (MS). The article showed that the
presence of SO42~ results in the breaking of a carbon—carbon
bond of propane and causes a change in the reaction mechanism
[15]. Faria et al., used in situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) to explore the catalytic oxidative
steam reforming of propane on Pd/Al,03 and Pd/Ce0,/Al,03 and
found that a HCOO~ (formate) mechanism is active on Pt/Al;03
but a m-CO32~ (carbonate) mechanism on Pt/CeO,/Al,05 [16].
Some authors also studied the reaction mechanism with X-ray
Absorption Near Edge Spectroscopy (XANES), and some informa-
tion about catalyst structure and chemical change in the reaction
has been obtained [5,17]. Considering all the in situ methods to
investigate the reaction mechanism, infrared spectroscopy (IR) is
a relatively useful way, since the intermediate products can be
directly detected.

In industrial catalysis, precious metals (PM), such as Pd, Pt, Rh,
are essential in hydrocarbon oxidation. In order to decrease the
use of PM and considering its high price, it is important to under-
stand the reaction mechanism and how PM works in the reaction.
The effectiveness of PM may be caused by the high redox ability
of PM metal or the metal-support interaction between PM and the
support [18], but little is known about the effect of PM addition
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on the propane reaction pathway. Moreover, an electrochemical
mechanism has been recently proposed in the propane oxidation
on Pt/Sng gIng 1 P, 07 catalyst and it shows higher activity compared
with the commercial Pt/y-Al,03.Sngglng 1 P,07 and Pt were used as
the proton conductor and electrocatalyst, respectively [4]. Maybe it
is the same mechanism on other PM/support catalyst systems and
need to be investigated. In order to clarify the effect of PM addition
and provide some guide in hydrocarbon oxidation catalyst design,
we chose a simple system, CeO,-Zr0O, mixed oxides with Pt added
by impregnation. Some IR experiments (adsorption, temperature-
programmed desorption and in situ reaction) have been carried
out and the effect of PM as well as the reaction pathway is
discussed.

2. Experimental
2.1. Catalyst preparation

Ce0,-Zr0, mixed oxides were synthesized by citric-
aided sol-gel method. The nitrates: Ce (NOs3)3-6H,0 and ZrO
(NO3)2-5H,0, were mixed according to the molar ratio of
Ce:Zr=33:67. Citric acid was used as the complexing agent.
Appropriate glycol was added, as the dispersant, followed by
evaporation and peptization. The sol was heated at 100°C until
a spongy yellow gel remained. Then the gel was decomposed at
300°C for 1h and calcinated at 500°C for 3 h to form CeO,-ZrO,
mixed oxides.

The Pt-supported catalysts were prepared by incipient wetness
impregnation. Aqueous solutions of Pt (NO3), were used and the
nominal loading amount of Pt was 1 wt.%. The impregnated pow-
ders were dried at 110°C overnight and calcined at 500°C for 3 h
to obtain Pt/CZ catalyst. For reference, CZ was also calcinated.

2.2. Catalyst characterizations

The X-ray diffraction analysis (XRD) was conducted on a
Japan Science D/max-RB diffractometer employing Cu Ka radiation
(A=1.5418 A). The X-ray tube was operated at 45kV and 150 mA.
The X-ray powder diffractograms were recorded at 0.02° intervals
in the range 20° <26 < 80° with 0.2 s count accumulation per step.
The crystal phase was identified with the help of the JCPDS cards.
The calculations and analyses based on the XRD data were assisted
by the THX application software.

The specific surface area was determined by the
Brunauer-Emmett-Teller (BET) method with an F-sorb 3400
instrument using He as carrier and N as adsorbent.

The H, temperature-programmed reduction (H,-TPR) tests
were performed in a fixed-bed reactor with the effluent gases mon-
itored by a mass spectrometer (OmniStar 200). 25 mg of sample
were sandwiched by quartz wool and placed in a tubular quartz
reactor (i.d. 10 mm). The reactor temperature was raised to 900°C
at a heating rate of 10°C/min in H; (5 vol%)/He (50 mLmin~1).

In situ FTIR spectra of adsorption species arising from
propane chemisorption at 250°C were recorded in the range of
4000-650cm~! using a Thermo Nicolet 6700 FTIR spectrometer
equipped with a high temperature environmental cell fitted with
a KBr window. Prior to propane chemisorption, the sample was
placedina crucible located in the high-temperature cell and heated
up to 500°C in N, flow (100mLmin~1). After the treatment at
500°C for 30 min, the samples were cooled down to the corre-
sponding temperature, and subsequently, flushed by 100 mL min~!
N, for 30min to remove the physisorbed molecules for back-
ground collection. Then, the gas mixture containing 800 ppm C3Hg
in N, (100 mLmin~') was passed through the sample at 250 °C for
30 min. The FTIR spectra were collected every 5 min.
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Fig. 1. Light-off curves of propane oxidation over the catalysts. Reaction conditions:
800 ppm C3Hg/2%03 /N>, flow rate =1000 mL min—"'.

The TPD experiments were performed on the same Thermo
Nicolet 6700 FTIR spectrometer. The sample powders were first
purged in situ in a N, stream (100 mLmin~1) at 500 °C for 30 min.
The background spectra were taken in N, atmosphere from 50
to 500°C at an interval of 50°C. After that, at room temperature,
800 ppm C3Hg /N, was fed at a flow rate of 100 mL min~! for 30 min
and pure N, was introduced to remove any physisorbed molecules
afterwards. The spectra were determined by accumulating 32 scans
ataresolution of 4 cm~'. Then the sample spectra were taken from
50 to 500°C at an interval of 50°C in 5% 0,/N, atmosphere at a
heating rate of 10 °C/min.

The IR experiment of the reaction pathway was also recorded on
the Nicolet 6700 spectrometer. The sample powders were purged
insituinaN, stream (100 mLmin~!)at 500 °C for 30 min. The back-
ground spectra were taken in N, atmosphere from 50 to 500°C at
an interval of 50 °C. After that, a gas mixture of 800 ppm C3Hg/2%
0,/N, was fed at a flow rate of 100mLmin~!. The spectra were
determined by accumulating 32 scans at a resolution of 4cm~1 as
a function of temperature at a heating rate of 10°C/min.

2.3. Activity measurement

The catalytic activity for propane oxidation was tested in a fixed
bed reactor made of stainless steel (i.d. 18 mm). 0.2 g of catalyst
powders (diluted by coarse quartz particles to 1 mL), sandwiched
between two quartz wool layers, were inserted into the reactor.
After a pretreatment at 500°C in N, for 30 min and cooling down
to RT, the reactor was then heated in the designed gas mixture
from RT to 600 °C at a rate of 10°C/min. The gas mixture consisted
of 800 ppm C3Hg, 2% O, and N, in balance with a total flow of
1Lmin~! and GHSV of 60,000 h~!. The outlet gas concentrations
were determined by a Thermo Nicolet 380 IR spectrometer.

3. Results
3.1. Propane oxidation activity

The activity of propane oxidation over CeO,-ZrO, mixed oxides
and Pt/CZ catalyst is shown in Fig. 1. CO, was the only product
detected and the carbon balance was closed, as it was ca. 100%. It
can be seen that Pt modification leads to a significant improvement
in the propane oxidation activity. The light-off temperatures (Tsq)
are 310°C (Pt/CZ)<550°C (CZ). The shift of Tsq is more than 200°C.
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Fig. 2. XRD patterns of CZ and Pt/CZ catalysts.

3.2. Structure characterization

XRD and BET experiments were carried out to characterize the
structure of both catalysts. There is no obvious change of the XRD
pattern after Pt impregnation and no diffraction peaks of Pt or PtO
are found (Fig. 2). Meanwhile, the BET surface area is almost the
same; it only changes from 40 m2/g to 38 m?/g after Pt impregna-
tion.

3.3. IR characterization

3.3.1. Propane adsorption and reaction at 250°C

The spectra of propane adsorption on CZ and Pt/CZ catalysts
are shown in Fig. 3. It can be seen that when both the catalysts
came in contact with propane, the spectra were modified simul-
taneously, which indicates that some reaction occurred. On the
Ce0,-Zr0, mixed oxides (Fig. 3 (a)), the negative peak at 3766 cm~!
isassigned to terminal Zr—OH and the peak at 3681 cm~! is assigned
to terminal Ce—OH groups[14]. With the increase of contact time,
these peaks became intensified. Bands around 2970 cm~! are usu-
ally attributed to gaseous propane [17,18]. The band at 2870 cm™!
(vc—p) is characteristic of the stretching vibrations of C—H bond,
probably CH; (ads) and CH3 (ads) species[14,16], which proves that
propane can be cracked on CeO,-ZrO, mixed oxides at this tem-
perature. Besides these peaks, some peaks from 800 to 1700 cm~!
occurred and increased with time. These peaks were found at 1612,
1440, 1425, 1331, 1060, 852 cm~!, with a broad peak at 1503 cm™!
and a negative peak at 1022cm~!. The bands at 1425, 1331 and
852cm~! can be assigned to and v (CH) species [14]. The peaks
at 1440 and 1612cm~! can be assigned to the bicarbonate ions
[19]. The broad and intense band near 1060 cm~! and the apparent
‘negative’ band at 1022 cm~! observed in all spectra are due, respec-
tively, to the H-bonded hydroxyl groups [20], which are formed
upon the reaction (‘the positive band’), and the consumption of sur-
face Ce—O—Ce bridges which are perturbed or opened upon surface
hydroxylation [21].

With the addition of Pt, the peaks’ positions and intensities
changed greatly (Fig. 3(b)). The peak at 3749 cm~! became much
weaker and the peak at 3681cm~! nearly disappeared, while,
the peak at 2870cm~! assigned to (dc—y) became much weaker.
The exceptions are the bands at 1060 and 1022 cm~! which also
occurred in Fig. 3(a) and some new bands at 1630, 1410, 1220,
1135 and 825 cm~!. These peaks at 1135, 1220 and 1410cm™! are
assigned to be bidentate carbonates or some COO~ species. The
band at 825 cm™! is related to the COO~ species. The formation of
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Fig. 3. Propane adsorption and reaction at 250°C on both catalysts: (a) CZ and
(b) Pt/CZ; preadsorption condition: 800 ppm C3Hg/N, for 30 min at 250°C, flow
rate=100 mL min~'.

water, evidenced by the band at 1630cm™!, also proves that the
total oxidation reaction occurs but not on CZ.

In order to further investigate the propane adsorption species
on both catalysts, O, was introduced in and the results are shown
in Fig. 4. For the two samples, when propane was shut off and O,
purged in, the band at 2970 cm~! disappeared simultaneously. It
can be seen that compared with CZ, more obvious variations of
bands were observed on Pt/CZ. The bands at 825 and 1135cm™!
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Fig. 4. IR spectra of the adsorbed species from contact with propane on: (1) CZ and
(3) Pt/CZ catalysts at 250 °C and then purging with oxygen on: (2) CZ and (4) Pt/CZ.
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Fig. 5. Propane temperature-programmed desorption in N, + O, atmosphere on
both catalysts: (a) CZ and (b) Pt/CZ; preadsorption condition: 800 ppm C3Hg/N>
for 30 min at room temperature, flow rate =100 mLmin~"; TPD condition: 5%0,/Na,
flow rate=100 mLmin~'.

disappeared when O, was purged in, while the intensity of the peak
at 1022 cm~! became much weaker, which means that the oxygen
from the Ce—O bonds was replenished in the oxidation process.
The intensity of other peaks at 1630, 1410, 1220 cm~! also became
slightly weaker. For the CZ catalyst, there is not much change after
0, is purged in, which means that little reaction happens. It should
be noted that there is no change at the peak of 1022 cm~1.

3.3.2. TPD in N, + 0O, atmosphere

In order to understand how the propane-adsorbed species trans-
form and the effect of Pt addition, propane-TPD experiments in
N, +0, atmosphere were carried out and the results are shown
in Fig. 5. For both catalysts, some peaks occurred when propane
was purged in even at RT and existed after N, was flushed for
30 min; moreover, the peaks seem alike for both samples. The peak
at 1636 cm~!isassigned to (HOH) vibration of adsorbed water and
disappeared when temperature was higher than 100 °C. The peaks
at 1289cm~! and 1190 cm~! are due to C—C bond [22]; the inten-
sity became weaker with increasing temperature and disappeared
when the temperature was higher than 250 °C. Peaks assigned to
bidentate carbonate are at 1530, 1230 and 1030cm~! and may
indicate the transformation from C—C bonds to carbonates. It is
interesting that for both samples the adsorbed species at RT, the
extinction temperature of C—C and the transformation to bidentate
carbonates are all alike, which may indicate that the transforma-
tion and desorption process is mainly related to CeO,-ZrO, mixed
oxides.

3.3.3. C3Hg +0, reaction
In order to investigate the reaction pathway on both catalysts,
propane and O, co-adsorption experiments were carried out and
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Fig. 6. C3Hg +0; reaction detected by IR on: CZ (a) and Pt/CZ (b). Reaction condi-
tions: 800 ppm C3Hg +2%0; /N, flow rate =100 mLmin~!.

the results are shown in Fig. 6. It can be seen that for both sam-
ples at the low temperature, some peaks occurred at 1320, 1289,
1190 cm~! and these species can be assigned to some C—H, and C—C
species, as in Fig. 5. As the temperature increases, the intensities of
these peaks decrease. When the temperature reached 400 °C, some
bidentate carbonate species (1030, 1230 and 1530cm~!) appeared
for CZ, while on the Pt-CZ catalyst, the appearance of these bicar-
bonate species is in the 200-250°C temperature region, which is
consistent with the activity results. Since the oxidation reaction on
Pt/CZ is more violent, compared with CZ, there are more intermedi-
ate products observed and the peaks are hard to assign. It could be
concluded that the appearance of bidentate carbonate species is a
mark of the propane oxidation and the bidentate carbonate species
could be considered as the intermediate species.

4. Discussion
4.1. The propane oxidation pathway

Based on the above IR results and precious publications [14-16],
the effect of Pt addition on the propane oxidation has been clari-
fied: it speeds up the H—C crack process and promotes the reaction
from CH, to carbonate, and, the oxidation of Ce3* to Ce*" is acceler-
ated by Pt. However, the desorption process mainly relates to the
Ce0,-Zr0O, support. The possible propane oxidation process on CZ
and Pt/CZ catalysts may be as follows and the reaction models are
also shown in Fig. 7:

Reaction mechanism on Pt/CZ:
Step 1—hydrocarbon cracking.

C3Hg — C3H; — 3CH_(ads)(Ptmetal) (1)
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Fig. 7. Propane oxidation reaction scheme on: CZ (a) and Pt/CZ (b).

Step 2—reaction between CH, fragments and oxygen from support.
CH,(ads) + (44 2z)Ce*t +30%~ - €032~ +(4+2)Ce3t +zH? (2)
Step 3—oxygen supply.

0, — 2[0](Ptmetal) (3)

Step 4—carbonate decomposition under oxidative environment
and ceria reoxidation.

CO3%~ +(4+2)/2[0]+zH" + (4 +2z)Ce>t - CO, +0.5zH,0
+ (4+42z)Ce** + 302 (Ceria) (4)

Reaction mechanism on CZ:
Step 1—hydrocarbon cracking.

C3Hg — C3H; — 3CH_(ads)(Ceria) (5)
Step 2—reaction between CH, fragments and oxygen from support.
CH (ads) + (4+z)Ce*t +30%~ — HCO3~

+(4+2z)Ce3* 4+ (z—1)H*(Ceria, RT < 400°C) (6)

CH,(ads) + (4+2)Ce** +30%~ — C03%™ +(4+2)Cet
+zH™(Ceria, RT > 400°C) (7)

Step 3—oxygen supply.

0, — 2[0](Ceria) (8)

Step 4—carbonate decomposition under oxidative environment
and ceria reoxidation.

C03%~ +(4+2)/2[0] +zH* + (44 2)Ce3>* — CO, +0.5zH,0
+(4+z)Ce*t + 302 (Ceria) (9)

4.2. The effect of Pt in propane cracking and oxidation
The results of propane adsorption on CeO,-ZrO, mixed oxides

has shown that propane can be cracked on CZ and these 8(CH,)
and 8(CH) species form as well as some bicarbonate at 250°C.
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Fig. 8. TPR results of CZ and Pt/CZ.

Moreover, the destruction of Zr—OH bond as well as the forma-
tion of Ce—OH bonds can also be detected, which is related to the
adsorption of propane and surface reaction. The Ce**-Ce3* should
be the main active sites to crack propane, but at 250°C, the oxy-
gen mobility in CeO,-Zr0, lattice is limited. Therefore, only the
active surface oxygen can react with propane while Ce3* cannot be
oxidized and/or re-oxidized at this temperature (see in Fig. 3). For
this reason, the main product of propane adsorption is bicarbonate
and C—H species, and they cannot be oxidized further by Ce** at this
temperature. Even in the oxygen atmosphere, these species are still
stable. Since the amount of surface oxygen is limited, the CZ sample
does not show oxidation activity at this temperature. These results
are consistent with the research of Alexopoulos et al. [5]; that is,
the oxidation process of propane is considered to follow a Mars-
van-Krevelen scheme, so the oxidation of Ce3* is the key step. In
other words, this process and the C—H cracking are the determin-
ing processes. A high temperature is needed for Ce3* to be oxidized,
so the activity of propane oxidation on CZ is usually well above
350°C. With the addition of Pt, the consumption of C—H species
is greatly enhanced and there is almost no C—H species. However,
some COO~ and carbonate form, which means Pt has a high ability
to crack C—H and oxidation occurrs. When O, was purged in, the
intensity of carbonates and COO~ species decreased and eventually
disappeared which showed they may be the intermediate species.
Also, the negative peak at 1022 cm~! is replenished, which means
Ce3*can be oxidized; this is important for the propane oxidation.
Ce0,-ZrO, mixed oxides have been widely used in catalysis and
solid oxide fuel cells because of its oxygen storage capability. Some
oxygen vacancies exist in the CeO,-ZrO, mixed oxides and oxy-
gen ionic can transfer through these vacancies in the lattice. The
oxygen mobility and reduction ability of surface oxygen increases
obviously with the addition of noble metals, such as Rh, which may
benefit from the spillover effect of noble metals [23] and it can also
be evidenced by our TPR results in Fig. 8. The reduction peaks for
Ce0,-Zr0O, mixed oxides are higher than 500 °C; with the spillover
effect of Pt, the reduction peaks of CeO,-ZrO, partly move to lower
temperatures around 200 °C, which proves the enhancement of the
oxygen mobility. In this way, the effect of Pt addition in the propane
oxidation reaction can be beneficial from the local cell mechanism.
CZ and Pt can be regarded as an oxide ion conductor and an electro-
catalysis, respectively. Due to the heterogeneity of Pt cluster, both
the anodic and cathodic sites are present at the interface of CZ and
Pt. At the anodic site, propane or the cracked fragment reacts with
oxide ions to form CO, and electrons. While the electrons migrate
through the Pt cluster from the anodic site to the cathodic site, oxide
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ions conduct through CZ from cathodic site to the anodic site. At the
cathodic site, oxygen is reduced to oxide ions by the reaction with
the electrons. Therefore, these series of reactions are promoted by
the presence of Pt on the CZ surface. The detailed electrochemical
cell model and the affecting factors will be further investigated in
the future.

5. Conclusion

In this study, the effect of Pt addition on the propane oxidation
on Ce0,-Zr0, mixed oxides and the propane oxidation pathway
were investigated. There is no obvious change in the structure with
Pt impregnation but the propane oxidation activity improved obvi-
ously. IR results suggested that Ce**-Ce3* pair is the main reaction
site on CZ and the reoxidation of Ce3* could be the limiting step.
The addition of Pt enhanced the cracking of propane and greatly
accelerated the oxidation of Ce3* to allow for regeneration, mean-
while, the activity improvement can also be beneficial from the
electrochemical reaction by the presence of Pt on the CZ surface.
In addition, some bidentate carbonate species have been detected
and are believed to be the intermediate of the propane oxidation
reaction, and PM has no significant role in the desorption of these
species.
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