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bstract

Pd-based sulfated zirconia catalysts have been prepared through a single step (one-pot) sol–gel preparation technique, in which both sulfate and
d precursors were dissolved in an organic solution before the gelation step. Observation of the calcination procedure through TGA/DSC and mass
pectrometry revealed that the addition of increasing amounts of Pd resulted in the evolution of organic precursor species at lower temperatures.
n situ XRD experiments showed that tetragonal zirconia is formed at lower temperatures and larger zirconia crystallites are formed when Pd is
dded to the gel. Although tetragonal zirconia was the only phase observed through XRD, Raman spectra of samples calcined at 700 ◦C showed the
resence of both the tetragonal and the monoclinic phase, indicating a surface phase transition. DRIFTS experiments showed NO species adsorbed
n Pd2+ cations. Pd/SZ catalysts prepared through this single step method were active for the reduction of NO2 with CH4 under lean conditions.

alcination temperature had a significant effect on this activity, with samples calcined at 700 ◦C being much more active than those calcined at
00 ◦C, despite the observed transition to the monoclinic phase. This activity may be linked to observed changes in the surface sulfate species at
igher calcination temperatures.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The reduction of nitrogen oxides (NOx) with methane is
n attractive approach to pollution control, due to methane
vailability through the natural gas infrastructure. Such a tech-
ology would be particularly applicable to stationary natural gas
ngines, in which unburned methane remains as a component in
he exhaust. To improve efficiency, however, these engines typ-
cally operate under lean conditions. This presents a challenge
o the selective reduction of NOx, as hydrocarbon combustion
ith O2 tends to deplete the reducing agent [1,2]. This is particu-

arly important for Pd-based NOx reduction catalysts, as Pd can
ave high activity for the combustion reaction. Nishizaka and
isono [3,4] showed that Pd supported on H-ZSM-5 was selec-
ive for the reduction of NOx under lean conditions and linked
his activity to the acidity of the support material. Resasco and
o-workers [5,6] extended this link to acidity by demonstrat-
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ng that non-zeolite acidic supports, including sulfated zirconia,
lso produced selective NO reduction catalysts. The selectivity
f Pd-based acidic catalysts has been linked to Pd2+ ions, which
re selective for the NOx reduction reaction. The presence of
hese Pd species has been confirmed through both EXAFS [7]
nd TPR [8] studies. Ohtsuka [9] observed higher activity for
he reduction of NO2 with CH4 than for the reduction of NO
ith CH4 over Pd/SZ catalysts, while Pt/SZ was observed to be

ctive for the oxidation of NO to NO2. Based on these observa-
ions, they reported preparation of an active bimetallic catalyst
10].

Common preparations of sulfated zirconia involve the
reatment of precipitated zirconium hydroxide with either
mmonium sulfate or sulfuric acid prior to calcination [11].
ore recently, the preparation of sulfated zirconia catalysts,
hich are generally accepted as strong acid catalysts, through

ol–gel preparation techniques has been investigated [12]. Sev-

ral authors have made use of one-step methods in which
ncorporation of sulfur is achieved by addition prior to the gela-
ion step [13,14]. Preparation through these sol–gel methods
llows for better control of structural and textural properties, as

mailto:ozkan.1@osu.edu
dx.doi.org/10.1016/j.molcata.2007.01.030
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ell as sulfur content of the catalysts, through solvent selec-
ion [15] or hydrolysis method [16,17]. In a single-step sol–gel
reparation, Ardizzone et al. observed the formation of differ-
nt sulfate species with varying pH during catalyst preparation,
hich corresponded to activity differences in the conversion of
enzoic acid [18]. Comparisons of in situ and ex situ sulfation
rocedures in Zr–Si materials have been shown to result in the
ormation of different Zr species on the catalyst surface [19],
nd that these sulfation steps occur through different mecha-
isms [20]. Promotion by the incorporation of metals to the
ingle-step sol–gel preparation has been shown to modify cat-
lyst activities. Ga was observed to increase dehydrogenation
f C6 hydrocarbons through either participating as redox sites
r by increasing the number of Lewis acid sites present on the
atalyst [12]. Morterra et al. incorporated Pt to a sol–gel sulfated
irconia [21]. They observed similar surface areas for different
t and sulfate loadings, and that sulfate species became more

abile with the incorporation of Pt into the catalyst. Of particu-
ar interest is that the authors observed that monoclinic sulfated
irconia prepared by their one-pot preparation retained a high
evel of sulfate groups and were catalytically active, in contrast
o results obtained through other preparations.

We have previously studied a series of Pd/TiO2 catalysts,
ctive for NO reduction with CH4, that were prepared by both
ncipient wetness and single step sol–gel techniques [22,23]. In
hese catalysts, the oxidation state of Pd was determined to be
ital for activity, with metallic Pd leading to the formation of
ey reaction intermediates. Pd/TiO2 prepared by a single step
ol–gel technique was shown to be more resistant to deactivation
hrough oxidation of the Pd. The stability of the active sites in
hese catalysts was proposed to be due to ‘anchoring’ of Pd
pecies to the support through the modified sol–gel technique
24].

We have also previously reported the activity of Pd supported
n monoclinic sulfated zirconia prepared by impregnation [25]
n NO2 reduction with methane. We have also demonstrated
hat these catalysts can be used in a dual catalyst scheme, in
onjunction with an oxidation catalyst, to reduce NO with CH4
nder lean conditions [26]. In this scheme, the oxidation catalyst
ould convert NO to NO2, and NO2 would be reduced with CH4
ver the Pd/SZ catalysts. In this paper we explore a single step
ol–gel technique as a method of producing active catalysts for
he reduction of NO2 with CH4. The effects of Pd loading and
alcination temperature on the catalyst structure and activity are
xamined.

. Experimental

.1. Catalyst preparation

Pd-based sulfated zirconia catalysts were prepared using a
one-pot’ sol–gel technique in which all the catalyst compo-
ents were added to solution before gelation. This preparation

as similar to that used by Hamouda and Ghorbel [27], mak-

ng use of acetic acid as a controlled hydrolysis agent. Sol–gel
atalysts were prepared using n-propanol as a solvent. In the
d-containing samples, Pd acetate was first dissolved in the

i
1

atalysis A: Chemical 270 (2007) 101–111

ropanol under constant stirring. The amounts of Pd that were
dded produced final catalyst loadings of 0.1, 0.3, and 0.5 wt%
d. Zirconium propoxide (Aldrich) and sulfuric acid precursors
ere then added to the solution to achieve final concentrations
f 2.0 and 0.5 M, respectively. After 5 min of stirring, acetic
cid was added as the hydrolyzing agent in an acid/zirconia
atio of 4:1. This solution was gently stirred, with gel formation
ccurring over approximately 3 h.

Upon gel formation the sample was transferred to a drying
ven and dried overnight at 100 ◦C. After drying, the resulting
owder was lightly ground using a mortar and pestle, and por-
ions of the sample were calcined in air for 4 h at 500, 600, and
00 ◦C.

A sample of unloaded sulfated zirconia was also prepared.
his material was prepared by the same method, lacking only

he addition of Pd acetate to the sol.

.2. BET surface area measurements

Measurements of catalyst surface areas and pore diameters
ere taken using nitrogen physisorption on a Micromeretics
SAP 2010. Before measurement, samples were pretreated
vernight at a temperature of 130 ◦C and under a vacuum of
�mHg.

.3. Catalytic activity testing

Catalyst activity measurements were taken for 0.1%, 0.3%,
nd 0.5%Pd/SZ samples calcined at 600 and 700 ◦C. Reactions
ere performed on an equal surface area basis. A catalyst sam-
le of 12.5 m2 surface area was loaded into a 1/4 in. o.d. stainless
teel reactor tube and held in place between two plugs of quartz
ool. Reaction temperatures were measured using a K-type ther-
ocouple connected to an Omega 76000 temperature controller.
eactant concentrations were set using a series of Brooks 5850E
ass flow controllers, in conjunction with a Brooks 0154 elec-

ronic control box. Reactant gas species were purchased from
raxair. Conditions used for the steady-state reaction studies
ere 1000 ppm NO2, 3000 ppm CH4, and 10% O2 in balance
e. Total gas flow was 45 cm3/min.
Before beginning each steady-state reaction experiment, the

atalyst samples were pretreated in 10% O2/He for 30 min at
00 ◦C. Reaction measurements were taken in 50 ◦C increments
rom 300 to 600 ◦C. A Varian CP4900 MicroGC, equipped with
olecular sieve 5A and PoraPLOT columns, was used for the

uantification of O2, N2, N2O, CH4, CO, and CO2. Neither N2O
or CO were observed as products. NO and NO2 were monitored
sing a Thermo Environmental Model 42H chemiluminescence
Ox detector. Reported results were taken upon the reaction

eaching steady-state, generally after 1–2 h on stream.

.4. Thermogravimetric analysis/differential scanning
alorimetry
Simultaneous thermogravimetric/differential scanning calor-
metry measurements were performed on a Setaram TGA/DSC-
11. Twenty-five milligrams of uncalcined sample was loaded
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or each experiment. A flow of 5% O2/He at 25 cm3/min was
ntroduced, and the sample held at 30 ◦C for 20 min to achieve
stable mass signal. A temperature ramp from 30 to 700 ◦C, at
rate of 5 ◦C/min was then begun.

.5. Catalyst calcination monitored by mass spectrometry

The temperature-programmed calcination of sol–gel pre-
ared catalysts was monitored by a Finnigan Trace DSQ mass
pectrometer to examine evolved species during treatment. For
hese experiments, 100 mg of uncalcined catalyst sample was
oaded into a quartz U-tube reactor. The sample was held in
lace between two plugs of quartz wool. Five percent O2/He
as introduced, at a flow rate of 30 cm3/min, and the sample
as flushed at room temperature for 15 min. After flushing, the

ample temperature was raised from 25 to 700 ◦C at a ramp
ate of 5 ◦C/min. Temperature was controlled using an Omega
SC32 controller.

.6. In situ X-ray diffraction

The development of support crystallinity was monitored
sing in situ XRD. Experiments were performed using a Bruker
8 Advance diffractometer, which allows for controlled atmo-

phere and temperature, from cryogenic to 1200 ◦C. Samples
recalcined at 500 ◦C were placed in a HTK 1200 controlled-
tmosphere/controlled-temperature sample holder. Under a flow
f 10 cm3/min air, diffraction patterns were obtained at 25 ◦C
teps between 500 and 700 ◦C. Samples were held at each tem-
erature for 10 min before beginning the scans.

.7. Laser Raman spectroscopy

Raman spectra of powdered catalyst samples were collected
t room temperature using a Horiba Jobin-Yvon LabRam HR800
pectrometer. The laser source used was a Coherent Innova
70C-5 argon laser operating at a wavelength of 514.5 nm. Laser
ower at the samples was measured to be 2.0 mW. Reference
amples of monoclinic and tetragonal zirconia were obtained
rom Saint-Gobain NorPro.
.8. Diffuse reflectance IR spectroscopy

Infrared spectra were taken of 0.5%Pd/SZ samples which had
een calcined at 500, 600, and 700 ◦C. Spectra were recorded

t
w
c
0

able 1
urface areas and pore volumes for catalysts prepared with different Pd loadings and

atalyst Calcination temperature

500 ◦C 600 ◦C

SA (m2/g) PV (cm3/g) SA (m2/

.5%Pd/SZ 55.4 0.20 100.6

.3%Pd/SZ 45.9 0.18 101.9

.1%Pd/SZ 66.4 0.23 103.2
Z 44.3 0.18 85.6
atalysis A: Chemical 270 (2007) 101–111 103

n a Thermo Nicolet 6700 spectrometer. Catalysts samples were
ixed to 10 wt% in KBr. Samples were loaded into an environ-
ental chamber and treated at 200 ◦C in He for 30 min to remove

dsorbed water. To examine the change in the catalyst surface
etween calcination temperatures, the spectrum of the sample
alcined at 500 ◦C was used as the background for the other two
amples.

NO adsorption was performed on the 0.5%Pd/SZ sample cal-
ined at 600 ◦C as well as the corresponding palladium-free SZ
upport. The samples were pretreated in 20% O2 at 400 ◦C for
0 min and then flushed with He, cooled to 50 ◦C, and back-
round spectra were obtained. Adsorption was performed in
000 ppm NO in He for 30 min at 50 ◦C, followed a 30 min.
e flush, at which point the sample spectra were obtained and

eferenced to the corresponding background files.

. Results and discussion

.1. BET surface area

BET surface areas of the prepared catalysts are shown in
able 1. The addition of Pd to the sol–gel prepared SZ results in
n increase in both the surface area and pore volume of the cata-
ysts at a given calcination temperature. No trend was observed
etween surface area and Pd content of the catalysts. Addition-
lly, both properties reach a maximum for each catalyst when it
as calcined at 600 ◦C.

.2. Steady-state reaction results

Fig. 1(a) shows the N2 yields obtained during the reduction of
O2 with CH4 over 0.1, 0.3, and 0.5%Pd/SZ catalysts calcined

t 600 ◦C. The observed N2 yields are relatively low. N2 yields
ver all three samples increased with reaction temperature up to
maximum, and then were seen to decrease. This trend is typical
f the hydrocarbon reduction of NOx under lean conditions, and
s due to the depletion of the reducing agent due to combustion
t high temperatures. In the temperature range of 450–500 ◦C,
he 0.3%Pd/SZ and 0.5%Pd/SZ catalysts reached N2 yields of
2% and 24%, respectively. Below 450 ◦C, the 0.1%Pd/SZ cata-
yst showed lower activity, but N2 yield increased with reaction

emperature, reaching a maximum of 45% at 550 ◦C. N2 yield
as then observed to fall at 600 ◦C. The corresponding CH4

onversions are shown in Fig. 1(b). CH4 conversion over the
.3%Pd/SZ and 0.5%Pd/SZ catalysts were very similar across

at different calcination temperatures

700 ◦C

g) PV (cm3/g) SA (m2/g) PV (cm3/g)

0.27 68.5 0.23
0.21 64.7 0.19
0.27 80.2 0.25
0.22 61.8 0.22
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Fig. 1. (a) N2 yield, (b) CH4 conversion, and (c) NO2 conversion during the
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eduction of NO2 with CH4 over (�) 0.1%Pd/SZ, (�) 0.3%Pd/SZ, and (�)
.5%Pd/SZ calcined at 600 ◦C.

he examined temperature range, although conversion of the
.3%Pd/SZ sample was generally 5–10% lower at a given reac-
ion temperature. CH4 conversion took off sharply above 450 ◦C,
orresponding to the maximum in N2 yield over these catalysts.
t 600 ◦C, complete conversion of CH4 was observed for both

he 0.3% and 0.5%Pd/SZ catalysts. The CH4 conversions over
.1%Pd/SZ were similar to the higher Pd-loaded samples at low
emperatures, but deviated above 450 ◦C. The lower CH4 con-
ersion at high reaction temperatures could explain the observed

hift and higher maxima observed in the N2 yields over the
.1%Pd/SZ sample.

The activity of the palladium-free support was also tested and
t showed low N2 yields (<10%) across the entire temperature

s

P
a

atalysis A: Chemical 270 (2007) 101–111

ange, and the CH4 conversion was also much lower than for
he Pd-containing samples (data not shown). The difference was
specially pronounced at 450 ◦C and above, with Pd-free support
howing less than half of the conversion levels seen over the
d/SZ catalyst.

Fig. 1(c) shows the NO2 conversion for the same set of exper-
ments. At high temperatures, a decrease in the NO2 conversions
as observed, which follows a similar trend to the decline in the
2 yield at higher temperatures. Analysis of N-containing prod-
cts showed that N2O was not produced and that conversion of
O2 that did not result in N2 formation was due to the partial

eduction of NO2 to form NO.
The samples that were calcined at 700 ◦C were also tested

nd the results are shown in Fig. 2. Significantly higher N2
ields, shown in Fig. 2(a), were observed at each of the three
d loadings when the catalysts were calcined at 700 ◦C, as
pposed to 600 ◦C. Again, all three Pd-containing catalysts
eached a maximum N2 yield and showed the characteris-
ic decrease at higher temperatures. Similar N2 yields were
bserved on the 0.3%Pd/SZ and 0.5%Pd/SZ catalysts. The
aximum N2 yields on these samples were 65% and 69%,

espectively, and were obtained at 450 ◦C. The increase in Pd
oading from 0.3% to 0.5% seems to have resulted in an activ-
ty shift to slightly lower temperatures. Although these two
atalysts had similar activity curves, N2 yields below 450 ◦C
ere higher on the 0.5%Pd/SZ sample, while they were lower

bove this temperature. The activity shift to lower tempera-
ures with increased metal loading is even more noticeable
hen these results are compared to the activity measure-
ents on the 0.1%Pd/SZ catalyst. Over the 0.1%Pd/SZ sample,
2 yield was observed to increase with temperature, reach-

ng 66% at 500 ◦C. In fact, across the tested temperature
ange, a shift in activity of 50–100 ◦C higher temperatures was
bserved.

CH4 conversions shown in Fig. 2(b) display a similar trend.
H4 conversion at a given reaction temperature generally
ecreases with a decrease of Pd loading. This difference is
mall when comparing the 0.3%Pd/SZ and 0.5%Pd/SZ sam-
les, as the methane conversions are similar, and both reach
00% at 550 ◦C. In comparison, CH4 conversion is again shifted
o higher temperatures on the 0.1%Pd/SZ sample, by about
0 ◦C.

The unloaded support was also tested and the N2 yield
as significantly lower (maximum yield <10%) than for

he Pd-containing samples. The unloaded support calcined at
00 ◦C showed significantly lower methane conversion than
he Pd-containing samples, reaching only 58% conversion at
00 ◦C.

The results displayed in Fig. 2(c) show that the NO2 conver-
ion profiles exhibit similar behavior to the N2 yield profiles,
oing through a maximum as temperature is increased. These
esults indicate that higher Pd-loadings shift both NO2 conver-
ion and maximum N2 yields to lower temperatures on these

amples.

Comparison of CH4 conversion between catalysts of the same
d loading, but calcined at different temperatures, also reveals
trend. Methane conversions over the three Pd-containing
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ig. 2. (a) N2 yield, (b) CH4 conversion, and (c) NO2 conversion during the
eduction of NO2 with CH4 over (�) 0.1%Pd/SZ, (�) 0.3%Pd/SZ, and (�)
.5%Pd/SZ calcined at 700 ◦C.

atalysts calcined at 700 ◦C are shifted to lower reaction tem-
eratures than observed over the samples calcined at 600 ◦C.
learly, both Pd content and calcination temperature play a role

n the activity of the catalysts for both the NO2 reduction reaction
nd the combustion of CH4 at high temperatures. Calcination at
00 ◦C significantly improves reduction activity and results in a
owering of the temperature at which maximum methane con-
ersion is reached. When calcined at 700 ◦C, changes in the Pd
oading did not result in significantly different N2 yields. How-
ver, with increased Pd content, the maximum N yields are
2
eached at lower reaction temperatures. This effect is significant
hen increasing loading from 0.1% to 0.3%Pd, but less so with

urther Pd addition.

a

F

ig. 3. Thermogravimetric measurement of the calcination of (�) SZ and (�)
.5%Pd/SZ.

.3. 3.3 Thermogravimetric/differential scanning
alorimetry and mass spectrometry

The calcination processes of the Pd-containing samples, as
ell as unloaded SZ, were examined using both TGA/DSC and
ass spectrometry. With the combination of these techniques

pecific mass losses can be attributed to the evolution of gas
pecies from the catalyst sample. Samples were pretreated under
he same conditions in each set of experiments. The calcinations
ere performed in 5% O2/He, and the samples were ramped

rom 30 to 700 ◦C at a rate of 5 ◦C/min. The TGA signals
aken during the calcination of SZ and 0.5%Pd/SZ are shown
n Fig. 3. Between 100 and 550 ◦C, the percentage mass loss
s larger for the 0.5%Pd/SZ sample. The largest observed dif-
erence occurs at 265 ◦C, where a sharp mass loss of 10% was
bserved. Above 600 ◦C, the curves meet and overlap, indicating
dentical mass losses of 39% at 700 ◦C. The region of overlap
ncluded a high temperature mass loss of approximately 7%,
hich began around 650 ◦C. This large observed mass loss is

ypical of sol–gel preparations due to the removal of organic
recursors at elevated temperatures.

To more effectively compare the TGA/DSC and MS data, the
ifferential TGA signals (dTG) are presented in Fig. 4. Fig. 4(a)
hows both the dTG and DSC data from the calcination of the
nloaded SZ catalyst. Fig. 4(b) shows the MS calcination data
or the same catalyst. During the calcination of sol–gel prepared
Z, dTG features were observed at 118, 190, 372, and 460 ◦C.
sharp mass loss is also observed starting at 650 ◦C. The two

owest dTG features correspond to a broad endothermic signal
n the DSC data, and the removal of H2O (m/z = 18.17) from
he catalyst. H2O evolution stops by 300 ◦C, and a broad CO2
m/z = 44.28) peak is observed then between 300 and 550 ◦C.
his peak is centered at 380 ◦C, with a shoulder at 460 ◦C. An
xothermic peak at 380 ◦C coincides with the production of CO2.
he loss of sulfur from the catalysts is observed through the ions
f SO2 (m/z = 64.48). The evolution of SO2 was first observed
bove 350 ◦C, and increased slowly with temperature until a
harp peak at 645 ◦C. The corresponding DSC and dTG show

n endothermic mass loss.

Data from the calcination of 0.1%Pd/SZ are shown in
ig. 5(a) and (b). As in the calcination of the unloaded SZ, dTG
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ig. 4. (a) DSC and dTG profiles and (b) corresponding MS signals for CO2,
O2, and H2O collected during the calcination of sol–gel prepared SZ.

eaks at 117 and 175 ◦C correspond to the desorption of H2O
rom the catalyst. Additionally, an endothermic peak and mass
oss occur with loss of SO2 above 650 ◦C. Although the main
eak in the MS SO2 signal occurs at the same temperature as in
Z, it was noted that sulfur loss did not start until above 400 ◦C,
howing a shift to slightly higher temperature. The main differ-
nce was in the evolution of CO2 from the sample. The intensity
nd shape of both the dTG and DSC peaks were close to those
een for SZ, however, a shift to lower temperature was observed.
he DSC peak began around 250 ◦C and was centered at 330 ◦C,
ith a shoulder at 380 ◦C. In the MS, the CO2 was observed as
sharp peak at 300 ◦C and shoulder at 375 ◦C. A second small
eak was also seen at 440 ◦C.

Fig. 6(a) and (b) show the dTG/DSC and MS data taken dur-
ng the calcination of 0.3%Pd/SZ. The desorption of H2O was
gain observed below 250 ◦C in all three signals. A sharp SO2
esorption peak was observed at 645 ◦C, however the gradual
oss of SO2 at temperatures below this was less intense than
or the SZ and 0.1%Pd/SZ catalysts. Additionally, the evolution
f CO2 from the catalyst samples occurred over a significantly

arrowed temperature range. The observed exothermic feature
ccurs between 250 and 350 ◦C. Along with narrowing, the heat
ow reached 46.5 mW. Two distinct DSC peaks were observed
t 270 and 315 ◦C, which were matched in both the dTG and

S
m
m
t

ig. 5. (a) DSC and dTG profiles and (b) corresponding MS signals for CO2,
O2, and H2O collected during the calcination of sol–gel prepared 0.1%Pd/SZ.

O2 signals. As with the DSC, these peaks both narrowed and
ncreased in intensity.

With the further increase in Pd content to 0.5%, the trends
oted for the previous samples were observed to continue.
ig. 7(a) and (b) contain the data on the calcination of
.5%Pd/SZ. As with the 0.3%Pd/SZ sample, the desorption of
O2 began near 450 ◦C and was relatively low below 600 ◦C.
he main SO2 desorption peak again occurs near 650 ◦C, but
as broadened in comparison to the other catalyst samples. A
istinct shoulder was seen at 680 ◦C. The evolution of CO2 from
he sample was again shifted to lower temperature with the MS
eak centered at 280 ◦C. Both the DSC and dTG signals showed
orresponding peaks, which were narrowed and of greater inten-
ity than in the 0.3%Pd/SZ sample. The exothermic DSC peak
eached a maximum heat flow of 135 mW while the dTG reached
0.7 mg/min. A smaller second peak at 325 ◦C was visible in the
SC and dTG data but was not resolved in the MS signal. The
S did show a second small peak at 450 ◦C, as was observed in

he other samples.
With the addition of increasing amounts of Pd to the sol–gel
Z catalyst, the evolution of CO2 during calcination occurs at
uch lower temperatures. As evidenced by the narrowed and
ore intense DSC peaks, the rate of CO2 evolution is also seen

o increase. CO2 produced during calcination is due to the com-
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rations in the literature [11,13]. With the addition of 0.1%Pd very
low intensity peaks were observed beginning at 575 ◦C. With fur-
ther increases in Pd loading (0.3% and 0.5%), stronger tetragonal
ig. 6. (a) DSC and dTG profiles and (b) corresponding MS signals for CO2,
O2, and H2O collected during the calcination of sol–gel prepared 0.3%Pd/SZ.

ustion of the organic sol–gel precursors. It is likely, therefore,
hat the observed change is due to Pd catalyzing the combus-
ion reaction. With increased Pd content, the loss of SO2 during
alcination is somewhat reduced below 600 ◦C. It does not, how-
ver, seem to have much of an effect at higher temperatures, as
he main loss of sulfur occurs near 650 ◦C for all four catalysts
ested.

.4. In situ X-ray diffraction

The effect of Pd-content on the formation of zirconia crys-
allites was examined through in situ calcination by XRD.
iffraction patterns were taken in 25 ◦C steps between 500 and
00 ◦C. Samples were held at each temperature for 10 min before
cans were begun. The diffraction patterns during the calcination
f 0.5%Pd/SZ, which were similar to those obtained on the other
amples, are shown in Fig. 8. All four catalyst samples (0.0, 0.1,
.3, and 0.5%Pd/SZ) showed the presence of only the tetrag-
nal zirconia phase, as evidenced by the [1 1 1] (2θ = 30.2◦),
2 0 2] (2θ = 50.2◦), and [1 3 1] (2θ = 60.2◦) diffraction lines. In

he unloaded SZ sample, diffraction lines were first observed at
00 ◦C and sharpened with increasing calcination temperature.
ormation of the monoclinic zirconia phase, which could be

dentified by the [−1 1 1], [1 1 1], and [−1 1 2] diffraction lines
F
0

ig. 7. (a) DSC and dTG profiles and (b) corresponding MS signals for CO2,
O2, and H2O collected during the calcination of sol–gel prepared 0.5%Pd/SZ.

t respective 2θ values of 28.5◦, 31.5◦, and 40.7◦, where not
bserved. This is consistent with other one-step sol–gel prepa-
ig. 8. XRD patterns taken during the calcination of sol–gel prepared
.5%Pd/SZ.
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Table 2
Zirconia crystallite sizes observed during in situ calcination

Catalyst Calcination temperature

575 ◦C 600 ◦C 625 ◦C 650 ◦C 675 ◦C 700 ◦C

SZ – 13.3 13.7 13.9 14.4 14.7
0.1%Pd/SZ – 13.9 14.2 14.4 15.5 16.1
0.3%Pd/SZ 13.5 15.8 15.5 16.1 16.5 17.9
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ffect of temperature and Pd loading.

irconia peaks formed at 575 ◦C. The highest peak intensities
ere seen in the 0.5%Pd/SZ sample. These results indicate that

he addition of Pd prior to the gelation step results in the forma-
ion of zirconia crystallites at lower temperatures. Calculation
f crystallite size using the Scherrer equation demonstrated that
ncreased Pd loading also resulted in increased zirconia crys-
allite size at a given calcination temperature. These complete
esults are presented in Table 2. Observed crystallite sizes were
n the range of 13–19 nm.

.5. Raman spectroscopy

Raman spectra of the sol–gel prepared 0.5%Pd/SZ samples
ere taken after calcination at 500, 600, and 700 ◦C. These

esults are shown in Fig. 9, along with reference samples of
he monoclinic and tetragonal zirconia phases. The 0.5%Pd/SZ
alcined at 500 ◦C displayed no Raman bands, which can be
ttributed to the lack of crystallinity at this calcination tempera-

ure, which was also observed by XRD. For the sample calcined
t 600 ◦C, characteristic bands of the tetragonal ZrO2 phase were
bserved at 148, 273, 318, 468, and 648 cm−1, which was con-
istent with our reference sample, the literature [28–36], and

ig. 9. Raman spectra of 0.5%Pd/SZ prepared by and calcined at different tem-
eratures. Spectra of commercial monoclinic and tetragonal ZrO2 materials also
hown for reference.
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ur XRD results. The Raman spectra of the sample calcined at
00 ◦C contained all of the bands assigned to tetragonal ZrO2,
hich were also observed in the sample calcined at 600 ◦C,
ut several new bands from monoclinic ZrO2 were observed
o appear. The most prominent features appeared at 105, 179,
91, 222, 333, 346, 381, 476, 560, and 637 cm−1 and closely
atched the reference sample. Kim and Hamaguchi used an

sotopic exchange technique to assign these ZrO2 bands [36].
hey assigned the bands at 333, 222, 191, and 179 cm−1 to
r–Zr vibrations. Bands at 381, 346, and 308 were due to Zr–O
ibrations. The Raman bands at 637, 560, 476, and 105 cm−1

ere assigned to O–O vibrations.
The observation of both the tetragonal and monoclinic ZrO2

hases in the 700 ◦C sample is in contrast with the in situ XRD
esults, which showed no evidence of the monoclinic phase at
00 ◦C. Li et al. [29,37] examined this phase transformation in
everal ZrO2 samples, including sulfated zirconia. By compar-
ng UV Raman, visible Raman, and XRD data, they proposed
hat the transition from the tetragonal to the monoclinic phase
egins at the surface and proceeds into the bulk support. The
esults presented here are consistent with such a model, as the
onoclinic phase was only observed through the more surface

ensitive Raman spectroscopy and not in the bulk sampling
RD [29,37]. Additionally, the surface phase transformation
as observed after the loss of sulfate species, observed at 650 ◦C

n the mass spectrometry experiments. The presence of surface
ulfate groups is known to stabilize the tetragonal ZrO2 phase,
nd the loss of these species may prompt the transformation
rom tetragonal to monoclinic ZrO2.

.6. IR spectroscopy

DRIFTS was used to examine the changes in the catalyst sur-
ace as calcination temperature was changed. DRIFTS spectra
f 0.5%Pd/SZ calcined at 500, 600, and 700 ◦C were obtained.
ig. 10(a) shows the spectrum obtained from the sample cal-
ined at 500 ◦C. To highlight the changes in the spectra, the
pectrum from the sample calcined at 500 ◦C was subtracted
rom the samples calcined at higher temperatures, which are
hown in Fig. 10(b). On the sample calcined at 500 ◦C, a
and at 1620 cm−1 assigned to the bending vibration of OH
roups on the surface was detected. Also, a broad feature was
bserved in the sulfate region between 1000 and 1400 cm−1.
his broad band, which is centered around 1195 cm−1 is
ttributed to the SO4

2− ion and symmetric stretching mode
f O S O in (Zr)2SO2 [38,39]. Other bands were not well-
esolved.

Comparing the sample calcined at 500 ◦C with the ones cal-
ined at 600 and 700 ◦C, as shown by the difference spectra in
ig. 10(b), reveals several changes. For the sample calcined at
00 ◦C, the OH band was seen to decrease in intensity and to
hift to a slightly lower wavenumber, which can be seen from
he small negative band at 1620 cm−1 and small positive band

t 1606 cm−1 in the difference spectra. Li and Gonzalez [40]
bserved similar behavior during dehydration of a sol–gel pre-
ared SZ sample. The positive bands near 1386 and 1370 cm−1

re commonly attributed to the asymmetric νS O stretch on
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ig. 10. DRIFTS spectra of 0.5%Pd/SZ calcined at (a) 500 C, and (b) difference
pectra of samples calcined at 600 and 700 ◦C (sample calcined at 500 ◦C used
s background).

ulfated zirconia samples [39], either as the νS O mode of sur-
ace (ZrO)3S O species or the asymmetric O S O stretch of
ZrO)2SO2 [38]. The shoulder band at 1310 cm−1 on the sam-
le calcined at 600 ◦C, that disappears for the sample calcined
t 700 ◦C, has been attributed to the transformation of the bide-
ate SO4

2− ion by dehydration, which is also accompanied by
decrease in absorbance at 1195 cm−1 [39]. A large overall

ecrease in absorbance in the sulfate region was observed, shown
y the negative band at centered at 1195 cm−1 that becomes more

egative with increased calcination temperature. This band has
een attributed to the SO4

2− ion [39] and symmetric stretch
f O S O in (Zr)2SO2 species [38,41]. Such a decrease is
xpected, based upon the previously discussed MS data, due to

3
f
F
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O2 desorption. The shoulder band at 1149 cm−1, that is present
n the difference spectra for the sample calcined at 600 ◦C but dis-
ppears in the 700 ◦C difference spectra, is due to the symmetric

S O stretch in bidentate sulfates [41,42].
Bands at 1045 and 1022 cm−1 were also observed. These

ands arise from the νS–O stretching mode(s) of all surface sul-
ates [38,43] and are typical of more highly dehydrated species,
hich can be explained by greater dehydration of the samples

alcined at 600 and 700 ◦C as compared to the one calcined at
00 ◦C [38,39,42,43]. The OH band in the 0.5%Pd/SZ catalyst
alcined at 700 ◦C showed a further decrease in intensity and
hift to lower wavenumbers, indicated by the negative band at
623 cm−1 and positive band at 1602 cm−1.

Consideration of the DRIFTS data and previously discussed
haracterization studies may be used to shed light on the
bserved NO2 reduction reaction results. Crystallinity was not
bserved in the sample calcined at 500 ◦C. This corresponded
o a lack of IR bands showing sulfates attached to the zir-
onia support. Calcination at 600 ◦C results in the formation
f both the tetragonal zirconia phase, as well as the develop-
ent of bidentate sulfate species which are coordinated with

irconia. While these samples were active for the reduction of
O2 with CH4, they were significantly less active than cata-

ysts calcined at 700 ◦C. Although a significant loss of sulfates
ccurred near 650 ◦C during sample calcination, sulfate species
learly remained on the catalyst surface, and the formation of

O species was observed in the sample treated at 700 ◦C. This
mprovement in activity is similar to results observed by both

ard and Ko [13,44] and Armendariz et al. [16]. The latter
roup demonstrated higher activities for the hydroconversion of
-hexane on sulfated zirconia samples treated at temperatures
bove 600 ◦C, corresponding to monolayer sulfate coverage.
ere, we have shown a similar trend in activity for the reduction
f NO2 with CH4, with sol–gel SZ catalysts calcined at 700 ◦C
eing capable of high N2 yields.

The remaining question, with regard to catalytic activity for
O2 reduction, is the state of Pd in the various catalysts. Due

o low concentration and overlap of characteristic XPS peaks,
etermining the surface state of Pd in sulfated zirconia is diffi-
ult. Resasco [7] had made use of EXAFS to show that the state
f Pd in the active reduction catalyst is dispersed Pd2+ ions. In
omparison, PdO is highly selective for the combustion of CH4.
ctivity of these catalysts for the selective reduction reaction
ould therefore argue for the presence of dispersed Pd species

n these sol–gel samples. Shifts in activity to lower temperatures
ith an increase in Pd content may simply be due to a result-

ng increase in Pd on the surface. We have previously observed
uch a shift on samples prepared by incipient wetness techniques
25].

Fig. 11 shows the DRIFTS spectra at 50 ◦C after NO adsorp-
ion and flushing for the 0.5%Pd/SZ and unloaded SZ catalysts
alcined at 600 ◦C. The incorporation of Pd led to some dif-
erences in the NO adsorption spectra. The negative bands at

753 and 3651 cm are attributed to NO interaction with sur-
ace hydroxyl groups [45,46]. Hadjiivanov et al. have reviewed
T-IR assignments of adsorbed NOx species and also exam-

ned NO adsorption on ZrO2 and sulfated ZrO2 [47,48]. The
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ig. 11. DRIFTS spectra at 50 ◦C after NO adsorption on 0.5%Pd/SZ and Pd-
ree SZ calcined at 600 ◦C.

and at 2343 cm−1 may be attributed to residual carbonates that
roduced CO2 during activation of the sample, which was then
emoved through the flushing and adsorption steps. This feature
s less prominent in the Pd/SZ sample than the unloaded SZ
upport, which is consistent with TGA/DSC/mass spectrom-
try results during the calcination, which showed the organic
recursors decomposed at lower temperatures to form CO2 in
he Pd-containing samples than on the Pd-free SZ support. The
egative band at 2050 cm−1 is due to NO interaction with the
rst overtones of the v(S-O) mode [49]. The bands at 1900 and
847 cm−1 are due to NO interaction with Pd species stabilized
y the support, as they are absent in the Pd-free sample. Studies
n NO adsorption on Pd catalysts in similar systems [50–52]
ave been carried out and the bands at 1900 and 1847 cm−1

ay be attributed to NO adsorbed on Pd2+ cations in different
nvironments. It has been proposed that on sulfated zirconia,
rotons associated with SO4 groups serve to stabilize Pd2+

51]. The absence of any significant absorbance bands around
740 and 1660 cm−1 indicates little or no adsorption of NO
n metallic Pd [52]. The band at 1900 cm−1 has also been
ttributed to the v(N–O) stretch of linearly adsorbed NO on
r4+(SO4

2−) or in N2O3 species [47], but the absence of this
and from the unloaded SZ helps support the assignment to NO
dsorbed on Pd cations. The asymmetric stretch from bridging
itrates at 1628 cm−1 and bidentate nitrates at 1559 cm−1 was
lso detected. The asymmetric vas(N–O) mode of monodentate
itrates gives rise to the absorbance at 1460 cm−1. The sharp
egative band near 1400 cm−1

, due to the asymmetric O S O

tretching mode, shows a strong interaction of the sulfate groups
ith NO [12,21,47]. The band at 1312 cm−1 has been cred-

ted to the asymmetric stretch of nitro species or monodentate
itrates.
atalysis A: Chemical 270 (2007) 101–111

. Conclusions

The preparation of Pd/SZ catalysts through a single step
ol–gel technique has been shown to result in catalysts active
or the reduction of NO2 with CH4 under lean conditions. The
ddition of increasing amounts of Pd to the catalyst resulted in
lowering of the temperature window of maximum N2 yield.
ddition of Pd to the sol–gel preparation also resulted in the evo-

ution of organic precursors and the formation of the crystalline
upport at lower calcination temperatures.

Reaction results over sol–gel Pd/SZ catalysts calcined at
00 and 700 ◦C showed that the higher calcination tempera-
ure resulted in more active catalysts for the reduction of NO2
ith CH4. Characterization of the catalysts has shown several
ey differences in these samples. Although XRD indicates that
he bulk support consisted of only the tetragonal ZrO2 phase
n both samples, Raman spectroscopy indicates a change in the
urface phase to monoclinic ZrO2. This transition seems to cor-
espond to a loss of sulfate species near 650 ◦C during catalyst
alcination. In addition to the observed surface phase change,
alcination at 700 ◦C also resulted in changes to surface sulfate
pecies as observed by IR spectroscopy, and the formation of
table bidentate sulfate groups. At 600 ◦C, evidence of sulfate
oordination to Zr atoms is observed. In the 700 ◦C samples,
lthough a general decrease in intensity was observed, these
onds remained intact, and an additional band corresponding to

O stretching was observed. The ZrO2 phase transition is com-
only observed to correspond to a decrease in reaction activity.
his is not the observed case for these samples; however, there
ay be competing effects of calcination temperature. We have

reviously shown that by performing the easier reduction of NO2
as compared to NO), high N2 yields can be attained using Pd
n sulfated monoclinic zirconia, prepared by incipient wetness
mpregnation [25]. Thus, the phase transition from tetragonal to

onoclinic zirconia may be less important in this application.
lternatively, the achievement of monolayer sulfate coverage

nd the full formation of surface acid sites may explain the
ctivity improvement.
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