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Platinum/cerium-zirconium-sulfate (Pt/Ce-Zr-S04%-) catalysts were prepared by wetness impreg-
nation. Catalytic activities were evaluated from the combustion of propene and CO. Sulfate (S042-)
addition improved the catalytic activity significantly. When using Pt/Ce-Zr-S042- with 10 wt% S042-,
the temperature for 90% conversion of propene and CO decreased by 75 °C compared with
Pt/Ce-Zr. The conversion exceeded 95% at 240 °C even after 0.02% sulfur dioxide poisoning for 20
h. Temperature-programmed desorption of CO and X-ray photoelectron spectroscopy analyses
revealed an improvement in Pt dispersion onto the Ce-Zr-S04%- support, and the increased number
of Pt particles built up more Pt&*-(S042)& couples, which resulted in excellent activity. The in-
creased total acidity and new Bronsted acid sites on the surface provided the Pt/Ce-Zr-SO42- with
good sulfur resistance.
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1. Introduction

Diesel vehicles are used widely because of their advantages
of a high fuel efficiency, reliability, and durability. However,
diesel-engine exhaust gases release various hazardous pollu-
tants, such as carbon monoxide (CO), hydrocarbons (HC), ni-
trogen oxides (NOx), particulate matter, and sulfur dioxide
(SOz2). These substances are major sources of air pollution, such
as haze fog, and are a threat to human and environmental
health. Hence, regulations on exhaust-gas emissions from au-
tomotives are becoming stricter [1-5]. Diesel-vehicle catalyst
systems that consist of diesel-oxidation catalysts (DOCs) [1,2],
diesel particulate filters [6,7], and nitrous-oxide (NOx) selective
reduction catalysts (SCRs) [8,9] have been developed. These
catalysts have been studied extensively to improve their activi-
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ty and stability. DOCs have been used to convert unburned CO
and hydrocarbons to carbon dioxide and water [10-13]. DOCs
can also oxidize nitrogen monoxide to nitrogen dioxide, which
is beneficial for de-NOx activity of the fast SCR reaction and the
oxidation of soot collected by the diesel particulate filters
downstream [14,15].

Pt-based diesel-oxidation catalysts are used widely in DOC
systems because of their high catalytic activity [16-18]. Ce-
ria-zirconia solid solution is used as an excellent support be-
cause it combines a high oxygen storage/release capacity from
the surface redox cycle Ce*/Ce3*, and fine thermal stability
caused by zirconium(IV) (Zr4+*) doping into the CeO: lattice
[19]. A high dispersion of precious metal-like platinum is
maintained by strong interaction of platinum-oxygen-cerium
(Pt-O-Ce), which is termed the “anchor effect” [20]. However,
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DOC catalysts are problematic in that the catalysts operate at
low temperatures because the diesel exhaust gas temperature
is significantly lower than that of the gasoline exhaust and is
deactivated in the presence of SOz [21,22]. Consequently, oxi-
dation catalysts are required urgently to improve the
low-temperature activity and sulfur poisoning resistance in
DOC systems.

Acidic oxide addition (such as sulfate) [23-27] can improve
the low-temperature oxidation activity of catalysts remarkably.
Gu et al. [23] showed that SOz pretreatment on cerium(IV) ox-
ide (CeOz2) could result in an enrichment of Ce3* on the sample
surface, which leads to an increased content of active surface
oxygen and strong-acid site production in the sample; these
effects benefit SCR activity. Rivas et al. [24] reported that
DCE-removal temperatures are lowered considerably by 80 °C
(temperature for 50% reactant conversion, Tso) and 120 °C
(temperature for 90% conversion, Teo) over a sulfated
CeosZros02 catalyst, which is associated with an increased total
acidity and new Bronsted acid sites. Burch et al. [25] and Corro
et al. [26] reported that the propane oxidation activity of
Pt/Al203 was promoted by presulfation, and they ascribed this
response to the interaction of surface sulfates with highly oxi-
dized surface Pt atoms at the edge of the Pt particles. The ef-
fects of sulfation on the state of Pt that is supported on ce-
ria-zirconia mixed oxides and the activity for hydrocarbon oxi-
dation were also investigated. Weng’s group [28,29] proposed
that some more active sites are generated at the plati-
num-sulfate interface.

Several mechanisms for sulfur deactivation have been
summarized in the literature [30-32], including: (1) a Pt crystal
structure rearrangement, (2) electronic effects caused by sul-
fur, (3) the formation of surface Pt sulfate, (4) the formation of
sulfate on the support or Pt/support interface, and (5) modifi-
cation of Pt-CO bonding. According to Datta et al. [33], SOz ad-
sorption onto y-Al203 occurs initially at Lewis acid sites. Ham-
zehlouyan et al. [22] observed that Pt promotes surface sulfate
formation, and thereby blocks sites where carbon monoxide is
adsorbed preferentially. However, these processes require
direct Pt-catalyst treatment in a SOz atmosphere, and research
on support sulfation effect on Pt-based catalysts is limited.

This work focuses on the support sulfation (Ce-Zr-S042-) ef-
fect and aims to investigate the effect of SO42- on the
low-temperature catalytic activity of Pt/Ce-Zr-SO42- and evalu-
ate the effect of support sulfation on the SO2-poisoning re-
sistance.

2. Experimental
2.1. Catalyst preparation

A Ce-Zr support with a cerium to zirconium mole ratio of 4:1
was prepared by co-precipitation. Cerium(III) nitrate hexahy-
drate (Ce(NOs)3-6H20) and zirconium nitrate trihydrate
(Zr(NO3)4-3H20) were dissolved in deionized water. An excess
NaOH solution (1 mol/L) was added slowly while stirring via a
peristaltic pump to the Ce-Zr solution. The pH was adjusted to
above 10. The precipitate was centrifuged, washed, filtered,

dried overnight at 110 °C, and calcined at 500 °C for 3 h. The
synthesized sample was labeled CZ.

Ce-Zr-S042- supports different sulfuric acid mass fractions
(0.5, 5, 10, and 15) wt% by wetness impregnation using an
aqueous solution of sulfuric acid (H2S04). CZs (3 g) were added
into the mixture of H2S04 solution (0.1 mol/L; 1.5, 15, 30, and
45 mL) and deionized water (48.5, 35, 20, and 5 mL). These
solutions were impregnated uniformly by slow removal of wa-
ter using a rotary evaporator at 70 °C. The resulting samples
were dried overnight at 110 °C, calcined at 500 °C for 3 h, and
labeled CZ-xS, where x represents the mass percentage of sul-
fate over the support.

The CZ-xS were loaded with 1 wt% Pt by wetness impreg-
nation and water removal by using a rotary evaporator at 70
°C, in which chloroplatinic acid (HzPtCle) solution was used as a
Pt precursor. The catalysts were dried at 110 °C and calcined at
500 °C for 3 h. Finally, Pt/CZ, Pt/CZ-0.5S, Pt/CZ-5S, Pt/CZ-10S,
and Pt/CZ-15S were obtained.

Pt/CZ-xS-B (x = 0.5, 5, 10, 15; B = sulfate loaded behind Pt)
were prepared by using the same process as that for CZ-xS,
except that Pt/CZ was used instead of CZ.

2.2. Characterization

Specific surface areas of catalysts were measured using the
Brunauer-Emmett-Teller (BET) method from nitrogen adsorp-
tion isotherms. Experiments were conducted on an ASAP 2020
instrument (Micromeritics) at -196 °C. Prior to the experi-
ments, samples were degassed at 200 °C for 4 h.

X-ray diffraction (XRD) patterns of the samples were rec-
orded on an X' Pert Pro diffractometer with Cu Ko (A =
0.154056 nm, 40 kV, 30 mA) radiation. The measurements
were conducted in the 26 range of 10° to 100° with a step size
of 0.033°.

Temperature-programmed reduction with hydrogen
(H2-TPR) was performed on a FINE SORB-3010 E instrument.
The sample (200 mg) was placed in a quartz reactor, pretreated
in highly pure Ar at 200 °C for 2 h, and then cooled to 60 °C. The
reducing gas used in all experiments was 5% H2/95% Ar. The
temperature was increased from 60 °C to 900 °C at 10 °C/min.
The flow rates were 30 mL/min. A TCD detector was used at
the reactor outlet to measure the hydrogen volume that was
consumed during reduction.

Temperature-programmed desorption of CO (CO-TPD) was
investigated on a FINE SORB-3010 E instrument. The sample
(100 mg) was placed in a quartz reactor, pretreated in 5%
Hz/Ar at 300 °C for 1 h, and then cooled to 30 °C in a He flow.
CO adsorption was performed by admitting a flow of 5% CO/
95% Nz at 30 °C for 1.5 h. The sample was exposed to He for 1 h
at 100 °C to remove reversibly and physically bound CO from
the surface. Finally, desorption was carried out from 100 °C to
500 °C at 5 °C/min in a He stream. The flow rates were 30
mL/min. A TCD detector was used at the reactor outlet to
measure the CO volume during desorption.

Temperature-programmed desorption of ammonia (NHs-
TPD) was conducted on a FINE SORB-3010E instrument. The
sample (100 mg) was placed in a quartz reactor, pretreated in
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He at 400 °C for 2 h and cooled to 50 °C. Ammonia adsorption
was performed by admitting a flow of 1% NH3/99% Nz at 50 °C
for 1.5 h. Subsequently, samples were exposed to He for 1 h at
100 °C to remove reversibly and physically bound ammonia
from the surface. Finally, desorption was carried out from 100
to 550 °C at 5 °C/min in a He stream. The flow rates were 30
mL/min. A TCD detector was used at the reactor outlet to
measure the volume of ammonia during desorption.

X-ray photoelectron spectroscopy (XPS) data were obtained
by using an ESCALab 220i-XL electron spectrometer from VG
Scientific using 300 W Al Kyradiation. The base pressure was
~3 x 10-7 Pa. Binding energies were referenced to the C 1s line
at 284.6 eV from adventitious carbon.

Infrared spectra were examined by using Fourier transform
infrared (FTIR) spectroscopy (Vertex 70, scan rate = 32 s,
resolution = 2.5 cm-1) equipped with an MCT detector after
pyridine adsorption (FTIR-pyridine). The powders were
pressed into self-supporting disks (20 mg, 13 mm diameter).
The sample cell was pretreated in N2 at 400 °C for 30 min. The
sample spectrum was recorded after cooling to room tempera-
ture. Then, the sample was exposed to 5 pL of pyridine for 30
min. Spectra were recorded after being purged with N2 for a
further 30 min at 150 °C to remove physisorbed pyridine.

2.3. Catalytic activity test

The catalytic activity was evaluated in a fixed-bed continu-
ous reactor packed with 0.5 g catalyst and 1.5 g quartz sand.
Complete oxidations of CsHe and CO over the catalysts were
conducted in a stream of simulated diesel exhaust. The feed
(0.1% CO, 0.05% NO, 0.05% CsHs, 10% Oz, and N2 balance) was
introduced to the catalyst at 200 mL/min. To study the poison-
ing effect of SOz on the catalysts, 0.02% SO2 was added to the
simulated diesel exhaust stream. The total flow rate remained
unchanged. The effluent gas was analyzed using an online FTIR
spectrophotometer (VERTEX 70, Bruker, Germany) equipped
with a multiple reflection transmission cell (Infrared Analysis
Inc, with a 10.0-m path length). All spectra were taken at a
resolution of 2.5 cm-! for 32 scans. A curve of the relationship
between the conversion and temperature was obtained in the
light-off experiment.

3. Results and discussion
3.1. Catalyst characterization
3.1.1. Surface structure and composition
To clarify the connection between changes in catalytic activ-

ity and those of the surface structure/composition of fresh and

Table 1
Some physico-chemical properties of Pt/CZ and Pt/CZ-10S catalysts.
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Fig. 1. XRD patterns of Pt/CZ (1) and Pt/CZ-10S (2) catalysts.

sulfate samples before they were subjected to catalytic activity
experiments, catalysts were studied by XRD to identify their
crystal structures. Fig. 1 presents the XRD patterns of pure
CeZrO2 phases (PDF #02-1311) for both samples. Extra peaks
were not ascribed to the presence of S-containing phases, and
structural changes were not found in the Pt/CZ-10S. Sulfated
species may have existed as surface or amorphous bulk species,
such as hydrated surface sulfates or hydrogen sulfate species
[24,34]. Pt species do not have a significant diffraction peak,
which indicates that a high dispersion of Pt on the catalyst sur-
face was below the XRD detection limit [13,14]. Crystallite sizes
from XRD and BET surface area analyses of catalysts are sum-
marized in Table 1. The Pt/CZ-10S crystallite size was 16.9 nm,
which is larger than Pt/CZ. The increase in crystallite size could
be attributed to the longer calcination time, because the Pt/CZ
catalyst was heat treated at 500 °C for 6h, whereas the
Pt/CZ-10S catalyst was calcined at 500 °C for 9 h (SO42- doping
prolonged the process by 3 h), and/or the chemical sintering
induced by the strong acid [24]. In addition, BET analysis indi-
cated that, with 10 wt% SO42- doping, the surface area de-
creased from 57.2 to 23.8 m2/g, because ceria-zirconia surface
is covered by sulfates.

The amounts of Pt and sulfate groups on the Pt/CZ and
Pt/CZ-10S surface were determined by XPS, and the results are
listed in Table 1. As a type of surface-testing technology, XPS
was used to test the depth distribution along the ~5-10 nm
thickness [35]. The mass fraction of Pt on the Pt/CZ and
Pt/CZ-10S surfaces were 2.88 wt% and 4.22 wt%, respectively.
A comparison between the two fractions revealed that the mass
fraction of Pt on the Pt/CZ-10S surface was greater than that of
sample Pt/CZ, which indicates that support sulfation can im-
prove the dispersion of Pt on the catalyst surface. The mass

Catalyst Crystallite size Ager Element content? Redox temperature Pt dispersion b
(nm) (m2/g) Pt/support (%) S042-/support (%) for Pt (°C) (%)

Pt/CZ 12.8 57.2 2.88 — 182 58

Pt/CZ-10S 16.9 23.8 4.22 10.64 141 85

aMeasured by XPS.  Estimated from CO adsorption followed by TCD.
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fraction of SO42- on the Pt/CZ-10S surface after calcination at
500 °C for 6 h was 10.64 wt%, which indicates that most sulfate
species remained after calcination at 500 °C.

3.1.2. Ptdispersion

Many metal-dispersion measurement methods exist, in-
cluding the chemical adsorption method (static and dynamic),
XPS, XRD, and transmission electron microscopy [36-39]. XPS
results showed that the Pt dispersion increased after sulfation.
Similar results were found for CO-TPD measurements in Fig. 2.
The CZ sample did not release a detectable amount of CO be-
tween 100 and 500 °C at 5 °C/min, which demonstrates the
importance of Pt nanoparticles in CO chemisorption. Under the
same test conditions, two other Pt catalysts showed wide de-
sorption peaks, which indicates some heterogeneity in the ad-
sorption sites. This heterogeneity resulted from the different
activation energies for desorption, which were a function of the
surface coverage of CO on the Pt surface and depended on the
Pt-particle size distribution [40]. Two CO desorption peaks can
be differentiated, and CO desorption at low temperature
(100-260 °C) was associated with linear CO adsorption over
small Pt particles. CO desorption at high temperature (300-400
°C) can be ascribed to bridge-bonded CO species [41]. The
Pt/CZ-10S catalyst also exhibited a wider CO desorption profile
than the Pt/CZ catalyst, which implies a larger heterogeneity in
metal particle-size distribution in the former. The adsorption
stoichiometry of CO on Pt was 1:1, the amount of CO desorbed
on the Pt/CZ catalyst corresponded to a platinum dispersion of
58%, and a platinum dispersion of 85% for the Pt/CZ-10S cat-
alyst was obtained (Table 1). Torres et al. [42] reported that
acidic sites have a strong interaction with H2PtCls during im-
pregnation. When the CZ-S support was brought into contact
with an aqueous solution of H2PtCle, the increased acidic sites
(Lewis and/or Bronsted, as shown in Fig. 4) on the sulfating
supports would increase the Pt dispersion.

3.1.3.  Redox properties

The reducibility of Pt species in supported Pt catalysts is an
important factor and influences the catalytic oxidation perfor-
mance. Redox properties of the catalysts are shown in Fig. 3,
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Fig. 2. CO-TPD profiles for CZ (1), Pt/CZ (2), and Pt/CZ-10S (3) samples.
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Fig. 3. Hx-TPR profiles for CZ (1), CZ-S (2), Pt/CZ (3), and Pt/CZ-10S (4)
samples. (a) PtO + H2— Pt + H20, PtOz2+ 2H2— Pt + 2H20, 2Ce0z2 @adjacent) +

Hz— Cez03 + H20; () 2Ce02+ Hz — Ce203+ H20; (y) 25042+ 7H2— SO2
+ HzS + 6H20.

and the reduction temperatures of the Pt species are listed in
Table 1. A pure CZ sample displays a broad reduction peak that
is centered at ~439 °C, which is attributed to Ce#* reduction
[43]. Two peaks exist in the reduction profiles of the CZS sam-
ple: one occurs at ~519 °C because of the reduction of Ce** to
Ce3+, and the other exists at ~578 °C because of the reduction in
sulfated species to yield SOz and/or HzS [44,45]. Ce** reduction
and sulfated species are labeled as peaks 8 and vy, respectively.
These two reduction processes make the interpretation of re-
sults from the Hz-TPR analysis more difficult. When evaluating
Hz uptake, differences in thermal conductivity between H:
(170.64 mW m-1 K-1), SO2(9.62 mW m-1 K-1), H2S (13.71 mW
m-1 K-1), and Ar (17.95 mW m-1 K-1) [46] were assumed to be
sufficiently large to prevent a major interference of SOz and H2S
formation and Hz consumption. After loading Pt on the support,
Hz molecules were adsorbed and dissociated on Pt particles. H
radicals that were created on a Pt surface would migrate to the
support surface in a phenomenon termed “hydrogen spillover”
[47]. Thus, CZ supports and S species could be reduced at lower
temperature on Pt catalysts. The spillover effect of Pt for ce-
ria-based oxides promotes the reduction of the adjacent ceria
sites significantly. A uniform mass of Pt loadings yields a peak
at a lower temperature in the Pt catalysts; this peak arose from
the reduction of Pt species and adjacent ceria (labeled as peak
a). As shown in Fig. 3, the Pt/CZ-10S sample had the lower
reduction temperature for Pt of ~141 °C. Wang et al. [48] re-
ported that the dispersion of active ingredients on the catalyst
surface affects surface oxygen reduction significantly. In our
previous work [2], Hz was more easily activated with a higher
Pt dispersion. Thus, we suppose that a good dispersion of Pt
would result in good redox reactions of the catalysts.

3.1.4. Surface acidity

NHs-TPD and FTIR-pyridine were used to evaluate the acid-
ic properties of Pt/CZ and Pt/CZ-10S. Fig. 4 shows that after
sulfation, the acid properties of the samples were affected no-
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Fig. 4. NH3-TPD profiles (a) and FTIR-pyridine difference spectra (b) for Pt/CZ (1) and Pt/CZ-10S (2) catalysts.

tably. The NHs-TPD result was associated with an overall acid-
ity and acid-strength distribution of catalysts. To establish the
strength of these sites, desorption peaks were typically decon-
voluted into three bands at ~175, 275, and 375 °C, which were
correlated with a weak, moderate, and strong acidity, respec-
tively [49]. The area under the TPD profiles gave an estimation
of the amount of different acid sites in each sample, as listed in
Table 2. As shown in Fig. 4(a) and Table 2, Pt/CZ showed a
marked, broad low-temperature desorption peak at ~175 °C,
which suggests that the acidic sites were mainly of weak acidity
(> 50%). A notable enhancement of moderate and strong acid-
ity resulted for the sulfated catalyst. Hence, the moderate and
strong acidity of the Pt/CZ-10S increased from 10.5 and 18.9
umol/g to 49.3 and 46.9 pmol/g, respectively. The overall acid-
ity of the sulfated samples also increased from 64.4 umol/g to
118.6 umol/g.

FTIR spectroscopy of adsorbed pyridine is a useful tech-
nique that is used commonly for discernment of Brénsted and
Lewis acid sites. The adsorbed pyridine probe molecules tend
to couple with aprotic (Lewis) and/or protonic (Bronsted) cat-
alytic centers through nitrogen lone-pair electrons, which can
then be detected by monitoring the ring vibrations [50]. Some
observations of the nature of acid sites on the samples were
made through pyridine adsorption at 150 °C, followed by FTIR
spectroscopy. The IR difference spectra within 1400-1650
cm-! are shown in Fig. 4(b). In general, the band at 1540 cm-1is
assigned to Bronsted acid sites. Those at 1455 cm-! and 1607
cm-! can be assigned to Lewis acid sites; and that at 1490 cm-1
arose from a combination band that was associated with
Bronsted and Lewis acid sites [35,50,51]. As shown in Fig. 4(b),
Pt/CZ displayed only vibrational bands that belong to Lewis
acid sites, and showed that Pt/CZ had no Brénsted acidity. In

Table 2
Acid properties for Pt/CZ and Pt/CZ-10S catalysts.
Acidity (pmol/g)
Catalyst
Weak Moderate Strong Total
Pt/CZ 35.0 (544%) 10.5(16.2%) 18.9 (29.4%) 64.4
Pt/CZ-10S 22.4(18.9%) 49.3 (41.6%) 46.9 (39.5%) 118.6

contrast, substantial differences resulted for the Pt/CZ-10S
sample, i.e., a coexistence of Bronsted (at 1540 cm-1) and Lewis
(at 1455 and 1607 cm-1) acidity, in addition to the combination
band at 1495 cm-1. Thus, new Bronsted acid sites were gener-
ated during the sulfation treatment of CZ. These results are
consistent with those reported previously for sulfated ce-
ria-zirconia catalysts obtained by Raman spectroscopy [24].
This increase can also be attributed to the elevated number of
acid sites on the support surface, and in particular, to the new
Bronsted acid sites.

3.1.5. XPS analysis

XPS was used to characterize changes in atomic binding en-
ergy and valence state after sulfation. XPS spectra of Pt 4fand O
1s on Pt/CZ and Pt/CZ-10S are shown in Fig. 5 and Table 3.
Based on the XPS handbook [52], a Pt 4fband consisted of two
parts that correspond to levels 4f7,2 (at low binding energy)
and 4fs/2 (at high binding energy). The spacing between the Pt
4f7/2 and Pt 4fs;2 peak positions was 3.33. Two Pt 4f7,2 were
found (Fig. 5(a)): the binding energy of Pt 4f7/2 at ~72.9 eV
arose from the Pt?+ state, and the other at 75.1 eV arose from
the Pt#+ state. As shown in Table 3, the relative content of Pt#+
increased, which indicates that the sulfating treatment led to an
increase in highly oxidized surface Pt atoms (Pt**) on the
Pt/CZ-10S catalyst. This could result from the polarization of
these Pt atoms at the close proximity sites of the electronega-
tive sulfate (SO42-), which confers on the Pt atoms at the pe-
rimeter a more partial positive charge. Moreover, Burch et al.
[25] proposed that the interaction of surface sulfates with
highly oxidized Pt atoms at the edge of the Pt particles may
constitute very active new catalytic sites (Pt&*-(S042-)& cou-
ple), which leads to the enhanced activity that is observed on
propane combustion.

Fig. 5(b) revealed the O 1s peaks for lattice oxygen O«
(529.6-530.0 eV), chemisorbed oxygen Op (531.3-531.7 eV),
and hydroxyl groups Oy (532.7-533.5 eV) [53]. As shown in
Table 3, the chemisorbed-oxygen content increased signifi-
cantly after sulfation treatment, and was in good agreement
with previous results on a sulfated CeOz sample [23]. The sur-
face-adsorbed oxygen of the catalyst is the most active oxygen
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Fig. 5. XPS spectra of Pt/CZ (1) and Pt/CZ-10S (2). (a) Pt 4f; (b) O 1s.

in the redox reactions, and an increase in this oxygen is benefi-

Table 3
Percentages of various Pt 4fand O 1s on Pt/CZ and Pt/CZ-10S catalysts.

Relative concentration Relative concentration

Catalyst of Pt (%) of 0 (%)

pez+ Pt+ O 0p 0,
Pt/CZ 39.8 60.2 45.2 419 12.9
Pt/CZ-10S 32.0 68.0 17.8 61.8 20.4

cial for oxidation efficiency.
3.2.  Catalytic activity and sulfur resistance

The oxidation of C3He and CO in the presence of simulated
diesel exhaust was chosen as a measure to evaluate the impact
of carrier sulfation on the Pt/Ce-Zr catalysts. Fig. 6 shows the
differences in catalytic activity and sulfur resistance of Pt/CZ
and Pt/CZ-10S. As shown in Fig. 6, Pt/CZ-10S exhibited a higher
catalytic activity compared with Pt/CZ; the Tso of C3Hs and CO
decreased by 36 and 49 °C, respectively. Carrier sulfation im-
proved the low-temperature catalytic activity significantly. A
remarkable decrease in C3He and CO oxidation activity of Pt/CZ
catalyst was observed. We found that 0.02% SO2 had a distinct
poisoning effect on the C3He and CO conversion over the Pt/CZ
sample, and that the additional increase of the Tso of C3He and
CO was at least 20 °C. However, after carrier sulfation, only a
slight decrease in C3He and CO conversion was observed when
0.02% SOz was added to the reaction gas, and the Pt/CZ-10S
sample could reach 90% CsHe and CO conversion at ~195 °C,
with growth amounts below 10 °C. Moreover, the Tso of C3Hs
and CO over the Pt/CZ-10S sample was roughly unchanged.
Therefore, the catalyst had a strong resistance against SOz poi-
soning after loading with an appropriate amount of sulfate.

The stabilities of Pt/CZ and Pt/CZ-10S were investigated by
analyzing the evolution of conversion with time on stream of
0.02% SOz at 240 °C for 20 h (Fig. 7(a)). The conversion of C3He
and CO decreased after SOz addition to the Pt/CZ catalyst, i.e.,
the removal rate of C3He decreased from 83% to 56% with SO2
addition during 20 h, and the decrease in CO removal rate was

more obvious. After closing the SOz valve, the catalyst activity
of Pt/CZ remained the same and did not return to its original
level. Thus, Pt/CZ was deactivated by SOz poisoning. In addi-
tion, the Pt/CZ-10S catalyst was stable, with C3He¢ and CO con-
versions of ~95% and 100%, respectively, throughout the en-
tire simulation process.

Fig. 7(b) shows the Pt/CZ-10S that was investigated on a
simulated stream at 180 °C for 96 h, which further verifies the
ability of the sulfation catalyst for sulfur resistance and stabil-
ity. This temperature was selected because it provided conver-
sions of less than 100% over Pt/CZ-10S, which provided a
more sensitive indication of changes in catalyst performance
within the timeline. Results showed that conversions decreased
after SOz addition, but that the catalyst activity was able to re-
cover rapidly when SOz was removed. Thus, SOz had no poi-
sonous effect on the Pt/CZ-10S catalyst, and the decrease in
activities may result from the competitive adsorption relation-
ship among C3Hs, CO, and SO2. In 12-36 h, the catalyst activity
increased even in the presence of SOz, with final conversion
rates reaching 90% and 99% for CsHe and CO, respectively,
under SO:-free condition. These high conversion rates were
well retained, which is indicates that this high activity can be
stable. These findings reveal that loading with an appropriate
amount of sulfate could improve the catalytic performance and
enable excellent stability and sulfur resistance under actual
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Fig. 6. Bar graph of Tso of C3He and CO for Pt/CZ and Pt/CZ-10S.
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3.3.  Discussion

To investigate the effect of SO42- on the low-temperature
catalytic activity and sulfur resistance of the Pt/Ce-Zr-S042-
catalyst, Pt/CZ-S and Pt/CZ-S-B (B = sulfate loaded behind Pt)
catalysts with various amounts of SO42- were investigated in a
simulated diesel exhaust (Fig. 8). The Tso and T9o over the cata-

lysts are summarized in Table 4. Fig. 8(a) and (b) shows an
increase in activity for all Pt/CZ-xS catalysts in the oxidation of
C3Hs and CO in a simulated diesel exhaust, but this enhance-
ment was not constant; the amount of SO42- on the support also
influenced the Pt/CZ-S catalyst performance. The Pt/CZ-5S
catalyst exhibited the highest catalytic activity; further loading
of sulfuric acid decreased the conversion for CsHe and CO oxi-
dation. Pt/CZ-S-B samples did not exhibit an improvement in
activities as well as Pt/CZ-S (Fig. 8(c, d)), and among the

10l (a) 10T (b)
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Fig. 8. Conversion rates of C3He (a) and CO (b) from a stream of simulated diesel exhaust without SO catalyzed by Pt/CZ and Pt/CZ-xS; conversion
rates of CsHs (c) and CO (d) from a stream of simulated diesel exhaust catalyzed by Pt/CZ and Pt/CZ-xS-B.
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Table 4
Tso and Too of CsHe and CO over Pt/CZ, Pt/CZ-xS and Pt/CZ-xS-B cata-
lysts.

Catalyst Tso/Ts0 (°C) ATso/ATao® (°C)
C3Hs co CsHe co
Pt/CZ 214/264  225/262 23/32 28/28
Pt/CZ05S  212/237  221/235 - —
Pt/CZ-5S 175/188  175/184 — —
Pt/CZ-10S 178/188 176/187 1/10 1/6
Pt/CZ-15S 192/209  191/210 — —
Pt/CZ-05S-B  204/238  216/237 — —
Pt/CZ-55-B  195/231  201/231 — —
Pt/CZ-10S-B 223/260 229/259 1/5 1/3
Pt/CZ-15S-B  220/238  222/237 - —

* ATso (AToo) = Tso (Teo) with 0.02% SO2 - Tso (Too) without SO-.

Pt/CZ-xS-B catalysts, lower sulfate loadings exhibited a higher
activity. Therefore, the existence of SO42- is not the only factor
that affects enhanced activity. Both catalysts exhibited an ex-
cellent sulfur resistance (as shown in Table 4).

With the series of characterization analyses in the former,
we assume that these samples have the following characteris-
tics: (1) the acidic properties of the Pt/CZ-S-B sample are simi-
lar to those of the Pt/CZ-S catalyst; (2) during sulfating treat-
ment, the dispersion of Pt on Pt/CZ is unchanged, but the Pt
particles are covered by sulfate species. The enhancement in
low-temperature activity over Pt/CZ-xS could be attributed to
an increased Pt dispersion and the synergetic catalysis of a
Pt&+-(S042-)& couple, including Pt particles and neighboring
sulfate, and may be new active sites for the catalytic oxidation
of CsHe and CO on Pt/CZ-S. The improvement of sulfur re-
sistance on the sulfated catalysts belongs to the increased acid
sites.

4. Conclusions

Pt/CZ and Pt/CZ-S catalysts were prepared by wetness im-
pregnation. For the sulfated catalyst, the crystalline structure
over Pt/CZ-S did not show any appreciable changes, but the
surface area decreased. As revealed by CO-TPD analysis, the
presence of SO42- on the support could improve the dispersion
of Pt on the catalyst surface and the lower oxygen-reduction
temperature on Pt was evaluated by Hz-TPR. The XPS meas-
urements support the formation of a new active catalytic site
(Pt&+-(S042-)& couple), which consists of highly oxidized Pt
atoms at the edge of the Pt particles and its neighboring sulfate.
The addition of SO42- increased the total acidity and the gener-
ation of new Bronsted acid sites on the Pt/CZ-S catalyst.

The combination of the results obtained from Pt/CZ,
Pt/CZ-S, and Pt/CZ-S-B catalytic tests indicates that Pt/CZ-S
exhibited the best catalytic activity for C3He and CO oxidation in
a simulated diesel exhaust. The effects of S042- between
Pt/CZ-S and Pt/CZ-S-B are different and could be ascribed to
the notable enhancement of Pt dispersion on Pt/CZ-S catalyst
and the buildup of more new active catalytic sites
(Pt&+-(S042-)& couple). The sulfur resistance of Pt/CZ-S and
Pt/CZ-S-B were improved as a result of the increased total
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