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The diesel engines have drawn interest mainly due to their economic advantages
arising from the superior fuel economy. While the regulations on diesel engine emission
become more stringent, various catalytic systems are required to effectively remove
environmentally harmful gases such as CO, hydrocarbon (HC), soot and NOx. Diesel
oxidation catalyst (DOC) plays a key role in converting CO and unburned HCs to CO2
and H2O. DOC system requires low ignition temperature, hydrothermal stability and
sulfur resistance. CeO2 is essential support material in DOC for lower light-off
temperature because of its excellent oxygen storage capacity (OSC). However, it is
easily deactivated by high temperature treatment and sulfur poisoning. In this study,
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CeZr and CeZrPr mixed-oxide solid solutions are used as catalyst support in
comparison with pure CeO2 to overcome these drawbacks
Pd 2wt% was loaded by incipient wetness impregnation. After impregnation, the
catalysts were calcined at 500 °C and then, hydrothermally treated at 750 °C. Those
samples were designated as “Fresh” and “HTA”, respectively. In sulfur aging process,
the HTA samples were treated with SO2 containing gases. After that, regeneration
process was followed. The sulfur aging and regenerated samples were named as “SA”
and “DeSOx”, respectively.
To get information of the physicochemical properties of catalysts, various analyses
were carried out by the means of XRD, BET, FT-IR, Elemental analysis, COchemisorption, H2-TPR and SO2-TPD experiment. Also, CO oxidation experiments
were performed for these differently treated catalysts.
Fresh Pd/CeO2 sample exhibits the highest CO oxidation ability because of high
dispersion and surface area. After HTA treatment, H2-TPR results indicate the
enhancement of the interaction between Pd and support, which results in the improved
catalytic activity in all samples. As evidenced by FT-IR, the sulfation treatment on
Pd/CeO2 induced the formation of Ce(SO4)2, which causes blocking the Pd active site
and the decrease in surface area. In addition, it gives rise to the interruption of oxygen
back-spillover from CeO2 to Pd surface as a result of the weak interaction between Pd
and CeO2. Consequently, the activity in the low temperature region disappears. Among
the SA samples, Pd/CeZrPr shows superior catalytic activity, because Pr complements
the interaction between Pd and support through OSC property. After regeneration
process, the Pd/CeZr recovers CO oxidation ability most significantly among the
2

samples. The XRD and BET results demonstrate that Pd/CeZr has outstanding sulfur
resistance. In case of Pd/CeO2, sulfur adsorption and desorption lead to structural
collapse, which causes sintering and reduction of surface area. Therefore, the catalytic
activity of Pd/CeO2 is worse than that of sulfated sample.
This study reveals the promotional effect of Zr and Pr on Pd/CeO2 catalyst during
the sulfur adsorption/desorption process. Pr plays a role in minimizing the decrease in
activity during the sulfur aging. The addition of Zr in CeO 2 disturbs sulfur adsorption
and aids in maintaining the textural property and removing sulfur during DeSOx, thus
leading to recover the activity considerably.

Keywords: CO oxidation, palladium catalyst, cerium oxide, zirconium,
Praseodymium, sulfur
Student Number: 2012-23269
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Chapter 1. Introduction

1.1. Background of diesel oxidation catalyst
In modern automotive industry, diesel engines have attracted attention
mainly due to their strengths on fuel efficiency, economy, power ability and
durability [1-5]. However diesel engine emits various hazardous gases and
substance such as carbon monoxide (CO), hydrocarbons (HCs), nitrogen oxides
(NOx), volatile organic compounds (VOCs) and particulate matter (PM) to the
atmosphere [6-8]. The diesel engine emissions are one of the cause of
environmental pollution and human diseases [9-14]. In order to reduce pollutant,
engine exhaust regulations are continuously being tighten in the world [15-18].
The European standard Euro VI for heavy-duty vehicles came into force in
January 2013 [19]. And for light-duty vehicles will enforce in September 2014
[20]. There are two way for reducing harmful exhaust emission in diesel engine:
enhancing the engine conversion efficiency or improving after-treatment
systems. The after-treatment system using catalytic converter is one of the most
effective method to reduce pollutants in exhaust gases. For example, three-way
catalyst oxidizes CO, HCs and reduces NOx simultaneously with specific airto-fuel ratio (14.5) in the gasoline engine [21-24]. However, the diesel engine
has inefficient behavior with three-way catalyst. Reduction of NOx is
interrupted by the excess oxygen environment of diesel engine [6, 8, 25]. In
9

order to decrease harmful component of diesel exhaust, multiple strategies are
required. The typical after-treatment systems for diesel vehicles are made up of
diesel oxidation catalyst (DOC), Diesel particulate filter (DPF), NOx selective
reduction catalyst (SCR) and Lean NOx trap (LNT) [6, 8, 26]. Among them,
DOC plays an important role with three major functions in a diesel exhaust
control system. First of all, DOC oxidizes CO and unburned HCs to CO2 and
H2O in emission [9, 27-29], and converts excess amount of fuel offered by postinjection to produce the essential heat for the regeneration of DPF [30].
Furthermore, DOC oxidizes NO to NO2 and supports low temperature SCR
performance [15]. The platinum group metal (PGM) is commonly used as
active site component for reaction. Supported Pt catalysts are mostly applied as
DOC because of their high oxidation performance [31]. However, Pt is readily
deactivated in a high temperature condition [6, 32]. Although, Pd, another PGM,
has more thermal durability, also has lower oxidation ability than Pt [33-35].
To improve physicochemical properties of Pt and Pd, Pt-Pd bimetallic catalysts
have been researched [25, 32]. Support material is important for increasing
catalytic activity. Al2O3 [24, 25, 33] and SiO2 [25, 36] are normally employed
as a support because of its high surface area and stability.
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1.2. Objective
DOC requires some properties for its purpose. Since the location of the
DOC is next to the engine, it tends to deteriorate under hydrothermal
environment in the form of PGM sintering and the surface area disruption. In
addition, the sulfur in commercial fuel leads to the gradual deactivation of
catalytic performance. The cerium (IV) oxide (CeO2) is an important
component to lower ignition temperature in DOC because of its excellent
oxygen storage capacity (OSC) [37-39]. However, it is readily damaged by high
temperature and sulfur poisoning [39-41]. The insertion of ZrO2 into a CeO2
results in a mixed oxide solid solution [42]. This improves the physicochemical
properties, such as thermal stability and redox ability by producing an efficient
Ce4+/Ce3+ redox cycle [39, 40, 42]. Also Pr can be used as an OSC component
[43]. However, this substance was not much investigated for the DOC. This
research aims at comprehending the role of Zr and Pr in sulfur-poisoned and
regenerated Pd/CeO2, Pd/CeZr, Pd/CeZrPr catalysts for CO oxidation.
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Chapter 2. Experimental
2.1. Catalyst preparation
Three commercial materials (CeO2, Ce0.7Zr0.3, Ce0.65Zr0.27Pr0.8) were used as
a support. Pd 2wt% catalyst were prepared by conventional incipient wetness
impregnation (IWI) method with aqueous Pd (NO3)2·2H2O (Sigma Aldrich)
solution at ambient temperature. After impregnation, the catalysts were dried at
100 °C oven for 24h, and calcined at 500 °C in 15% O2 with N2 balance for 2h.
Those catalysts were denoted as “Fresh”. The “Fresh” catalysts were aged at
750 °C with distilled water for 25h. Those hydrothermally treated sample were
abbreviated as “HTA (hydrothermal aging)”
In sulfur aging process, the HTA samples were aged by SO2 containing
gases (SO2, H2O, O2 and N2 in balance) at 300 °C for 24h. The sulfur treated
samples were designated as “SA (sulfur aging)”. After sulfur poisoning,
regeneration process followed. To desorb SO2, the SA samples were heated
from room temperature to 750 °C under excess O2 gas condition. The
regenerated samples were named as “DeSOx”.
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2.2. Characterizations
2.2.1. XRD
The powder X-ray diffraction (XRD) patterns were recorded using a Rigaku
(mode 1 smartlab) diffractometer with Cu Κα radiation (λ=0.1542 nm). The
measurement voltage and current were 40 kV, 50 mA respectively. The
scanning step size was 0.02 at a speed of 0.3. The patterns were collected in a
2 θ range from 10 to 80 °.

2.2.2. BET
Nitrogen

adsorption-desorption

isotherms

were

analyzed

on

a

Micromeritics ASAP 2010 at liquid nitrogen temperature (-196 °C). Prior to the
analysis, all samples were degassed at 250 °C for 4h in evacuation condition.
The specific surface area and pore size distribution were measured using the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods,
respectively.

2.2.3. FT-IR
FT-IR spectra was collected on a M2000 (MIDAC Corp.) equipped with a
pellet supporting device to get information of the sulfur amount and species.
13

The sample blended with KBr was pressed into pelletizer. The sample and KBr
were mixed with the ratio of 1:49. All of the FT-IR experiments were carried
out under vacuum at room temperature with a resolution of 4 cm-1 and 64 scans,
with pure KBr background.

2.2.4. Elemental analysis
For the analysis of sulfur poisoning amount of catalyst, elemental analysis
was performed on Leco Corp. (CHNS-932, Truspec 4640). The measurement
was done several times for each catalyst. 1~2 mg of catalyst was used for each
analysis.

2.2.5. CO-Chemisorption
In order to analyze dispersion and particle size of catalysts, COchemisorption was measured on a Micromeritics ASAP 2010. The 0.2g of each
catalyst were pretreated by H2 gas at 350 °C for 2h. After cooling down, COchemisorption was performed at room temperature.

2.2.6. H2-TPR
H2-temperature programmed reduction (H2-TPR) was carried out to
14

investigate the reducibility of the catalysts in a BEL-CAT-BASIC (BEL Japan
Inc.) with a thermal conductivity detector (TCD). All samples were pretreated
in a flow of 15% O2/N2 at 500 °C for 2h at a rate of 100 cm3min-1. After cooling
down, catalysts were exposed to 5% H2/Ar mixed gas from room temperature
to 750 °C at the rate of 10 °C /min.

2.3. Catalytic activity & SO2-TPD (DeSOx)
The catalytic activity measurement was performed in a fixed-bed quartz
tubular reactor. The 0.05 g of catalyst was diluted with 1.25 g of α-Al2O3 bead
to distribute the additional heat produced during the reaction. The feed gas
containing CO (1000 ppm), NO (100 ppm), H2O, CO2, O2 and N2 (balance) was
introduced into the reactor using mass flow controllers. The mixture gas total
flow rate and space velocity (SV) were 200 ml/min, 240,000 h-1 respectively.
The reaction temperature was recorded by a K-type thermocouple placed on the
top of the catalyst. The CO concentration of the outlet gas was measured by
ULTRAMAT 23 gas analyzer (SIEMENS) during CO oxidation. When the
reactor temperature reached 80 °C, the preheated H2O (at 120 °C) was
introduced to the reactor using syringe pump, then the reactor was heated from
80 to 400 °C at a rate of 2 °C/min. The evolution of SO2 during the DeSOx
treatment was measured with the same except that heating range was from 80
to 750 °C with ramping rate of 10 °C/min. In addition, the feed gas without CO
15

and NO is introduced for DeSOx treatment.
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Chapter 3. Result & Discussion
3.1. XRD
The XRD patterns of various pretreated catalysts are included in Fig. 1-4.
All catalysts clearly show fluorite cubic structure of CeO2 [42, 44, 45]. The pure
CeO2 sample displays the reflections typical of the fluorite atomic structure
with the (111), (200), (220) and (311) planes, corresponding to 28.5 °, 33.1 °,
47.6 ° and 56.4 ° [44, 46, 47]. No Pd phase peak is presented on the all XRD
patterns, indicating that Pd particles are too small to be identified. The
crystalline size using Scherrer equation [48] is shown in Table 1. For the Fresh
catalysts, Pr contributes to the form of larger crystalline size (8.9 nm) than
others. However, after hydrothermal aging, the average crystalline size is about
11.5 nm and 9.5 nm for CeO2 and mixed-oxide catalyst respectively. After
sulfur desorption process, different phenomenon is observed for pure CeO2 and
mixed-oxide catalysts. For the pure CeO2 catalyst, the regeneration process
leads to an increase in peak intensity and a decrease in width. In addition, the
crystalline size increases to 26.5 nm. However, only the reduction of the peak
intensity can be seen in the mixed-oxide catalysts. Those XRD results indicate
that the mixed-oxides have stronger sulfur resistance than the pure ceria [40].
In Fig. 4, the diffractogram peaks of mixed-oxide samples are shifted to higher
2 θ compared to CeO2 sample. The replacement of Ce4+ (0.097 nm) by Zr4+
(0.084 nm) causes shrinkage of lattice and reduces crystalline size. This
17

structural property makes peak shift and improves thermal stability of catalyst
[42, 45].

3.2. BET & BJH method
The specific surface areas are given in Table 2. The CeO2 has the highest
surface area (86 m2/g) for HTA sample. However, after sulfur aging process, all
samples have similar surface area (38~40 m2/g), representing that the CeO2 is
more contaminated by sulfur than other samples. The DeSOx samples show
significantly different consequence for CeO2 and mixed-oxides. In case of pure
CeO2, the surface area is reduced after DeSOx. On the other hand, the mixedoxide catalysts recover its surface area. Although, it is not perfectly regenerated,
mixed-oxide catalysts have more sulfur durability, in agreement with the XRD
results. The pore size distributions calculated by BJH method are shown in Fig.
5-7. As can be seen, the pore diameter of mixed-oxide samples has similar range
(10-30 nm) for the HTA, SA and DeSOx samples. On the contrary, The CeO 2
sample has higher pore diameter after various processes. Especially, after
DeSOx treatment, the small diameter pores of CeO2 vanished, demonstrating
that structural collapse takes place on pure CeO2 catalyst during the DeSOx
process. Those results correspond with XRD result.
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Fig. 1. XRD patterns of Pd/CeO2 catalysts (Fresh, HTA, SA, DeSOx).
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Fig. 2. XRD patterns of Pd/CeZr catalysts (Fresh, HTA, SA, DeSOx).
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Fig. 3. XRD patterns of Pd/CeZrPr catalysts (Fresh, HTA, SA, DeSOx).
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Fig. 4. XRD patterns of (111) plane for Fresh catalysts.
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Fig. 5. Pore size distribution of Pd/CeO2 catalysts (Fresh, HTA, SA, DeSOx).
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Fig. 6. Pore size distribution of Pd/CeZr catalysts (Fresh, HTA, SA, DeSOx).

26

1.0

(Fresh)
Pd/CeZrPr(fresh)
Pd/CeZrPr(HTA)
Pd/CeZrPr(SA)
Pd/CeZrPr(DeSOx)

0.9
0.8

dVp/dlog(Rp)

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
10

100

Rp(nm)

Fig. 7. Pore size distribution of Pd/CeZrPr catalysts (Fresh, HTA, SA, DeSOx).
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3.3. CO-chemisorption
CO-chemisorption results of Pd catalysts are listed in Table 3. It has been
researched that Pd dispersion and particle size are important factors for catalytic
activities [49, 50]. In Table 3, it is shown that Pd is well dispersed and particle
size is small. Especially CeO2 catalyst has higher dispersion of Pd. Those
results are in good agreement with the literature [38, 50]. However, after HTA
process, the dispersion of Pd on CeO2 is significantly reduced. The addition of
Zr and Pr can stabilize Pd and maintain Pd particle size.

3.4. H2-TPR
Fig. 8, 9 show H2-TPR profiles of the Fresh and HTA catalysts. The
reducibility of catalysts is an important feature affecting its catalytic ability and
H2-TPR is a common method to look into the reducibility of samples [51].
Three reduction peaks are observed, designated as peak α, β and γ, respectively.
It is reported that PdO is reduced to Pd with H2 gas at room temperature [51].
The strong low-temperature reduction peak α and β below 150 °C are mainly
attributed to the reduction of PdO cluster and PdO at metal-support interface,
respectively. The large intensity of β peak originates from oxygen backspillover of the supprot [51-53]. The small peak in the range of 150-400 °C, i.e.
γ is the reduction of surface oxygen [51, 53, 54]. The negative peak of Pd/CeZr
28

samples in front of α peak is commonly attributed to the decomposition of PdHx
[52]. In the Fig. 8, the Fresh catalysts show lower intensity and broad
temperature range of α and β peak, implying that there is a various particle size
and weak interaction between PdO and support. The small particles are more
readily to be reduced [51]. However, The peak α and β of the Pr added catalyst
almost overlap each other, representing that Pr improves the oxygen mobility
of the support. In the case of HTA catalysts (as shown in Fig. 9), in comparison
with the Fresh samples, the intensity of peak α and β increases and the
temperature shifts to lower region. This result indicates that the interaction
between Pd and support is strengthened. It has positive effect on catalytic
activity. The seperation of peak α and β of Pd/CeZrPr catalyst is due to addition
of Pr, which stabilizes the PdO species [52, 53]. The surface reduction peak of
catalysts, namely γ, decreases after HTA process because of sintering.
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Fig. 8. H2-TPR spectra of Fresh catalysts.
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Fig. 9. H2-TPR spectra of HTA catalysts.
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3.5. FT-IR
FT-IR is performed to reveal sulfur amount and species. Fig. 10, 11 show
IR spectra of SA and DeSOx samples. In the Fig. 10, The IR peaks of bulk
sulfate species on SA samples present a broad band around 1145 cm-1 with
shoulders at 1260 and 980 cm-1 [37, 40, 41, 55]. In addition, the intensity of the
bulk sulfate peaks on the CeO2 is much larger than mixed-oxide samples,
indicating that pure CeO2 more easily adsorbs sulfur. In fact, it is reported that
the ZrO2 only forms surface sulfate [40]. As can be seen in the Fig. 10, the
intensity of the bulk sulfate peaks is dependent on the Ce content. However,
Pd/CeZrPr sample exhibits slightly higher intensity than Pd/CeZr, though the
Ce content of Pd/CeZrPr is smaller than Pd/CeZr. This result suggests that Pr
also forms bulk sulfate. Therefore, the bulk sulfate is attributed to Ce(SO4)2 and
Pr2(SO4)3 [40]. After DeSOx process, the Ce(SO4)2 peaks decrease to zero.
However, the IR peak of surface sulfate (at 1360 cm-1) [40, 55] is not eliminated.
Because of its thermal stability, surface sulfate is more difficult to remove [40,
55].
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Fig. 10. FT-IR spectra of SA catalysts.
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Fig. 11. FT-IR spectra of DeSOx catalysts.
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3.6. SO2-TPD
Fig. 12 shows SO2 emission during the DeSOx treatment of sulfated
samples. During the heating, most of sulfur species were decomposed as SO2
with the peak at 710 °C and 750 °C for mixed-oxide and pure CeO2 respectively.
The amount of SO2 desorbed from pure CeO2 is much larger than that of mixedoxide samples. Besides, Pr added sample has slightly higher intensity than
Pd/CeZr, which is corresponding to the FTIR results described above.
Moreover, it is worth noticing that the temperature of desorption from pure
CeO2 is higher than that of mixed-oxides, demonstrating that the sulfur species
on mixed-oxide are more easily decomposed than pure CeO2.

3.7. Elemental analysis
Elemental analysis results (as listed in Table 4) are additional evidence to
support FTIR and SO2-TPD results. The amount of sulfur in Pd/CeO2, Pd/CeZr
and Pd/CeZrPr is 4.7, 2.6 and 3wt%, respectively. After DeSOx treatment, the
catalysts contain small amount of sulfur, which refers to surface sulfate
identified in the FTIR section. While, the amount of sulfur adsorbed on
catalysts is influenced by the Ce content, it displays nonlinear relationship. In
other words, the ratio S to Ce of SA samples is different among samples. The
catalysts containing Zr have smaller S/Ce ratio. Those results imply that Zr has
an effect on inhibiting SO2 adsorption on CeO2 site.
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Fig. 12. SO2-TPR peak of catalysts.
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3.8. CO oxidation activity
The CO oxidation results are shown in Fig. 13-15 with a series of various
treatment. And T50 (The temperature of 50% conversion) is included in Table 5.
In the Table 5, on the sample of Fresh, it appears that the catalytic activity of
Pd/CeO2 was higher than that of Pd/CeZr and Pd/CeZrPr. This is clearly due to
high surface area and Pd dispersion (Table 2, 3). On the other hand, even though,
the surface area of Pd/CeZrPr is less than a half of Pd/CeZr, the CO oxidation
ability is similar. Pr with CeZr, causes an enhancement of its activity. When the
catalyst samples were aged in hydrothermal condition for 25h, the reduction of
the surface area is observed. Also, Pd dispersion of catalysts is reduced or
remain unchanged. In spite of those results, an increase in the CO oxidation
activity of all the samples is observed. The light-off temperatures shift about
13 °C to lower region. Therefore, this would be due to enhancement of Pd and
support interaction described in the H2-TPR section. In accordance with the
results for Fresh sample described above, no strong relationship between CO
oxidation and surface area of catalyst is observed. Pd dispersion, also, is not
primary factor of CO oxidation. It can be suggested that the surface properties,
such as Pd and support interaction have more profound effect on CO oxidation
ability.
Pd on Ce-based support catalysts have alternative mechanism for CO
oxidation, depending on temperature range [41, 56]. At low temperature region,
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the reaction arises mostly between the adsorbed CO on Pd and the oxygen of
surface CeO2. When the reaction temperature increases, the surface reaction
occurs between the adsorbed CO and O2 [56].
During the sulfation, Ce(SO4)2 from Ce and SO2, causes sintering, blocks
the active site and decreases the surface area. In addition, on account of
interruption of oxygen back-spillover from CeO2 to Pd surface, Pd and support
connection is weakened [41]. For this reason, the low temperature oxidation
disappears. As can be seen in Fig. 13-15, all of SA samples exhibit steep and
high light-off temperature. Since, especially, the Pr may help CO oxidation
through its OSC ability, it partly redeems the deterioration of CO oxidation
activity.
After regeneration process, sulfate on SA samples decomposes to SO2 and
O2. Additionally, all of catalysts partially recover its low temperature activity.
In case of Pd/CeO2, sulfur adsorption and desorption lead to structural collapse,
which causes sintering and reduction of surface area (Table 2, 3). Therefore,
despite restoration of its low temperature activity, high temperature CO
oxidation ability is worse than that of sulfated sample. Especially, the recovery
of Pd/CeZr is remarkable result. This is due to its structure stability structure
toward sulfur. From the results, it is found that Pd/CeZr has notable sulfur
durability.
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Fig. 13. CO conversion of Pd/CeO2 catalysts (Fresh, HTA, SA, DeSOx).
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Fig. 14. CO conversion of Pd/CeZr catalysts (Fresh, HTA, SA, DeSOx).
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Fig. 15. CO conversion of Pd/CeZrPr catalysts (Fresh, HTA, SA, DeSOx).
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Chapter 4. Conclusion
In this work, to understand component effect for sulfur poisoning, various
pretreatments and characteristics were carried out. At Fresh samples, Pd/CeO2
has the highest CO oxidation reactivity due to its high surface area and Pd
dispersion. The hydrothermal aging procedure improves Pd and support
interaction, resulting in enhancement of catalytic ability. All of catalysts
deactivate after sulfur aging. Among the SA samples, Pd/CeZrPr has superior
catalytic activity, because Pr supplements the interaction between Pd and support
through OSC property. After DeSOx process, even though Ce(SO4)2 formed

during sulfation is removed, the catalytic activity of the catalysts only partially
recovers. The interaction between Pd and support is destabilized by Ce(SO4)2
on sulfur aging samples. The DeSOx process of Pd/CeO2 induces structural
collapse of catalyst, which leads to decline in high temperature activity. The
Pd/CeZr recovers almost its own initial activity after regeneration, indicating
that the addition of Zr into Ce improves sulfur durability.
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요약(국문초록)
우수한 연료 경제성에서 오는 경제적 이득 때문에 디젤엔진은 많
은 관심을 받고 있다. 하지만 디젤 엔진 배기 가스에 대한 규제가
점점 더 심해짐에 따라서 CO, hydrocarbons(HCs), soot 그리고 NOx
같은 유해한 가스들을 효과적으로 제거하기 위한 다양한 촉매 처리
시스템이 연구되고 있다. 디젤 산화 촉매 (DOC)는 CO와 연소 되지
않은 HCs을 CO2와 H2O로 산화시키는데 중요한 역할을 하는데 DOC
가 제 기능을 적절하게 발휘하기 위해서는 낮은 산화 온도, 수열적
안정성 그리고 내황성이 중요하다. CeO2는 oxygen storage capacity
(OSC) 능력을 갖고 있어 DOC가 낮은 온도의 light-off curve를 얻는
데 중요한 역할을 하는 지지체 물질이다. 하지만 CeO2는 높은 온도
와 황피독에 쉽게 활성을 잃는 성질이 있다. 이번 연구에서는 이런
단점들을 극복하기 위해 CeO2와 비교하여 CeZr와 CeZrPr mixedoxide solid solution을 지지체로 사용하였다.
촉매는 다양한 처리과정을 통해 제조 하였는데 우선 Pd 2wt%를
함침법으로 지지체에 담지한 후, 500 ℃에서 소성한 다음 750 ℃에
서

수열처리

하였다.

2가지

방법으로

처리한

촉매들을

각각

“Fresh”, “HTA”라 표기하였다. 황피독 과정에서 HTA 촉매를
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SO2가스로 처리한 후, 이어서 재생과정을 진행하였다. 황피독 촉매
와 재생촉매를 각각 “SA”, “DeSOx”라 나타내었다.
촉매에 물리화학적 특성 정보를 얻기 위해서 XRD, BET, FT-IR,
Elemental analysis, CO-chemisorption, H2-TPR 그리고 SO2-TPD 분석
을 진행하고 또한 다양한 전처리 촉매에 대해서 CO 산화 실험을 진
행하였다.
Fresh 촉매들 중 높은 분산도와 표면적으로 인해 Pd/CeO2가 가장
높은 CO 산화 활성을 보였다. 수열처리 이후 H2-TPR 결과로부터
Pd과 지지체 사이의 상호작용이 강화 된다는 것을 확인 할 수 있었
고 그 결과 모든 HTA촉매에 반응성이 증가하였다. 황 피독으로 인
해 Pd/CeO2에 Ce(SO4)2가 형성됨을 FT-IR실험을 통해 확인하였다.
황 피독 과정에서 형성된 Ce(SO4)2는 Pd 활성점을 막고 표면적을 감
소 시킬 뿐만 아니라 CeO2에서 Pd로의 oxygen back-spillover를 방
해하여 Pd와 CeO2 사이의 상호 작용을 약화시킨다. 그 결과 낮은
온도 영역에서의 촉매 활성이 감소 하였다. 황 피독 촉매중에
Pd/CeZrPr이 가장 우수한 촉매 활성을 보이는데 이는 Pr이 가지고
있는 OSC능력이 Pd과 지지체 사이에 상호작용을 도와 주기 때문이
다. XRD와 BET결과를 통해 Pd/CeZr촉매가 뛰어난 내황성이 있음을
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확인 할 수 있었고 촉매 재생 후에 반응 실험 결과 역시 Pd/CeZr이
가장 높은 반응성 회복 능력을 보여 우수한 내황성이 있음을 나타
내었다. Pd/CeO2의 경우 황 흡탈착으로 인해 구조적 붕괴가 일어나
는데 이는 촉매의 소결을 일으키고 표면적을 감소시킨다. 따라서
Pd/CeO2의 활성은 오히려 촉매를 재생하기 전보다 더 감소하였다.
본 연구에서는 황 흡탈착 과정중에 Pd/CeO2촉매에 대하여 Zr과
Pr의 역할에 대해 확인하였다. Pr은 황 피독 도중 촉매 활성감소를
최소화 한다. CeO2에 Zr 첨가는 황 흡탈착 과정 동안 황피독을 방해
하고 구조특성을 유지시켜주며 탈황을 도와준다. 따라서 촉매 재생
후 높은 활성을 보인다.

주요어 : CO 산화, palladium 촉매, 세륨 옥사이드, 지르코늄, 프라세
오디뮴, 황피독, 재생 촉매
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