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ABSTRACT: A new type of porous kaolin/NaY composite (KL-NY) with a
large specific surface area and large pore sizes was synthesized through a one-step
crystallization process, and rare earth-modified KL-NY-supported Pd−Pt catalysts
were studied for benzene combustion. The results indicated that the pore volume
and specific surface area of KL-NY after calcination and crystallization were 0.298
cm3/g and 365 m2/g, respectively, exhibiting appropriate pore structure and good
thermal stability. Catalysts with rare earth metals greatly enhanced the activity of
Pd/KL-NY, and the addition of Pt and Ce into the Pd catalyst improved the
catalytic activity as well as the stability. The catalyst with an optimal Ce content
and Pt/Pd molar ratio (0.2%Pd−Pt (6:1)/6%Ce/KL-NY) demonstrated the best
activity for the complete oxidation of benzene at 230 °C, and the catalyst above
maintained the 100% benzene conversion for 960 h.
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■ INTRODUCTION

Volatile organic compounds (VOCs) are widely in use in
various industrial areas, but they are not environmentally
friendly because of their malodorous nature and toxicity.
Therefore, appropriate control of VOCs is necessary, and
furthermore, reduction and removal are crucial for environ-
mental protection.1,2 The best available techniques for reducing
VOC emissions include adsorption, filtration, thermal and
catalytic oxidation,3 among which catalytic oxidation indicates
the best effectiveness for low concentrations of VOCs.4,5

For catalytic oxidation, catalyst selection is the most
important factor. Precious metal and transition metal oxide
catalysts have been broadly explored for halogenated and non-
halogenated compounds.6−9 In spite of their high cost, noble
metal-based catalysts maintain the advantage of high specific
activity, stability, and ability to be regenerated.10 The catalytic
activity of noble metals strongly depends on the preparation
method, type of precursor, metal loading, and particle size, as
well as the nature of the support.11−16 In particular, platinum
and palladium are the two metal catalysts that have been
effectively used,17−19 and on the other hand, combinational
catalysts, especially those based on Pt and Pd, have been
studied in many researches.20 By adding Pt metal in Pd
catalysts, the catalytic activity can be significantly improved.
Bimetallic systems are an interesting alternative to improve the
catalyst property and/or have synergistic effects such as
electronic effect/geometry effects. Although the scientific
rationale is not clear yet, bimetallic systems improve both the
selectivity and activity for a significant amount of reactions.21,22

Rare earth metals, especially Ce and La, are interesting
materials for promoter and reducible support. Their unique
ability for storing and releasing oxygen makes them attractive
catalysts as they can provide lattice oxygen, and if incorporated
with noble metal, the sintering of noble metal can be
avoided.23,24 This characteristic improves the dispersion of
supported metals, the thermal resistance of the supports, the
oxidation and reduction of supported noble metals, and
prevents coke formation on the catalyst surface.25−30 In recent
years, a considerable amount of attention has been given to
ceria-modified noble metal catalysts because of their application
in the exhaust systems of automobiles. Ceria works as a
promoter due to the unique redox characteristic and high
oxygen storage capacity (OSC), as well as the stabilization of
metal dispersion.31,32

Support is another important factor for Pd−Pt-loaded
catalysts and can deeply affect the catalytic performance.33,34

Various supports, such as porous materials, alumina, and silica,
have been widely studied in the researches for hydrocarbon
catalytic oxidation.35−38

Kaolin, a low-cost and economical raw material, has been
used for the synthesis of various zeolites such as ZSM−5,
NaY,39,40 and Y-faujasite41 as it contains the proper ratio of
SiO2 and Al2O3. Kaolin is an attractive adsorbent and catalyst
support because its surface can be modified, enhancing the
textural properties of the catalyst such as the pore volume and
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adjustable surface area.42,43 To the best of our knowledge, the
application of kaolin in the area of VOCs complete oxidation
has not been reported yet. So our study could be of interest for
those areas that can benefit from utilizing kaolin materials. In
the present investigation, with kaolin as the starting material, a
novel kaolin/NaY material (KL-NY) of micromesoporous
structure was prepared by a one-step method. The addition
of rare earth metals into KL-NY improved the thermal
resistance for the supports and enhanced dispersion of the
supported metals. So such a material with a rare earth promoter
can work as an effective carrier for Pd−Pt catalyst in the
catalytic oxidation of VOCs.
In the present study, KL-NY prepared by a one-step

crystallization process was used as a support for rare earth
metal and Pd−Pd oxides. The aim of the present study was to
evaluate the stability and activity of the Pd catalysts with Ce and
Pt. Rare earth metal and Pd−Pd oxides were introduced to KL-
NY by incipient wetness impregnation. Characterization was
performed by techniques of X-ray diffraction (XRD), N2
adsorption/desorption, transmission electron microscopy
(TEM), scanning electron microscopy (SEM), energy dis-
persive X-ray spectrometry (EDS), and H2 temperature-
programmed reduction (H2-TPR).

■ EXPERIMENTAL DETAILS
Preparation of the Support and Catalyst. The preparation of

solid kaolin/NaY composite (KL-NY) was detailed in the scientific
literature by Liu, H.44 REE/KL-NY (REE = Y, Ce, La, Pr, and Nd) was
prepared by the similar impregnation method as explained in our
previous research.25 The REE content was 6 wt %. (The catalysts with
6−8 wt % REE loading indicated the best performance.)
KL-NY- and REE/KL-NY-supported Pd−Pt catalysts were obtained

by impregnation with a 10 mg/mL aqueous solution of H2PtCl6 and
H2PdCl4, while different catalysts were obtained by using different
ratios of Pd/Pt during preparation. The impregnated samples were
reduced, filtered, and then washed with sufficient quantity of deionized
water until no chlorides were observed. Then the samples were dried
at 110 °C and calcined at 400 °C for 2 h. The total contents of Pd and
Pt for all the prepared catalysts were 0.2 wt %.
Characterization and Catalytic Tests. The samples were

characterized by powder XRD for phase composition. The specific
surface area (SBET), total pore volume (Vp), micropore volume (Vmic),
and mesopore area (Ames) of the samples were determined by N2
adsorption isotherms. Hydrogen chemisorptions were used to
determine Pd dispersion. SEM-EDS and high-resolution (HR)
TEM-EDS techniques were employed to observe the catalyst
morphology and particle size. H2-TPR measurements were performed
to determine the reducibility of the catalysts. All the characterization
methods for the supports and catalysts have been reported and
detailed in our previous research.9,25,45 The catalytic activity of
catalysts was determined by benzene oxidation carried out in a
microreactor, with the same methodology as previously reported by
our research group.45

■ RESULTS AND DISCUSSION

XRD Analysis. In Figure 1, the samples exhibited strong
reflections characteristic of Na2Al2Si4O12·8H2O. No additional
peaks related to ceria phases were detected for catalysts
containing Ce, which indicated that the dispersion of ceria on
KL-NY was high or that the peaks were overshadowed by those
of KL-NY. Moreover, metallic peaks for Pt or Pd were not
observed, showing that the PtO2 or PdO particles were small,
which is below the X-ray detection range. The results also
showed that the Pt and Pd loading were low on the high surface

Figure 1. XRD graphics: (a) KL-NY; (b) Ce/KL-NY; (c) Pd/KL-NY;
(d) Pd/Ce/KL-NY; (e) Pd−Pt (6:1)/Ce/KL-NY.

Figure 2. Characteristics of the samples. (a) N2 adsorption/desorption
isotherms. (b) Pore volume distribution.
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area supports, and the metals were highly dispersed.
Consequently, no Pt and Pd peaks were detected.
N2 Adsorption/Desorption and Pd Particle-Size Anal-

ysis. In Figure 2, all of the adsorption isotherms and hysteresis
loops of the samples appeared to be of type VI, according to the
Brunauer, Deming, Deming, and Teller classification,46

indicating the presence of a characteristic pore structure with
a parallel wall and a slit-shape. In all of the isotherms shown in
Figure 2a, the desorption branch showed an inflection knee at
0.15 and 0.60 P/P0, indicating framework-confined micro-
mesoporous composite structure. The N2 adsorption/desorp-

tion branches of the isotherms of the KL-NY support displayed
a steeper fall and a larger hysteresis loop than the supported
catalysts, indicating that large pores were present in the catalyst.
In Table 1, the SBET for KL-NY was 365 m2/g, and the

corresponding Vp was 0.296 cm3/g. After the addition of Ce
and Pd−Pt, the SBET and Vp decreased to 264 m2/g and 0.234
cm3/g for Ce/KL-NY and 241 m2/g and 0.222 cm3/g for Pd−
Pt. Although the isotherms of the supported catalysts were
somewhat different from that of KL-NY, mesopores were
maintained, and the pore size distribution exhibited narrower

Table 1. Characteristics of the Samples: Surface Area, Pore Volume, and Diameters of Pd Crystallites

samples SBET
a (m2/g) Ames

b (m2/g) Vp
c (cm3/g) Vmic

d (cm3/g) catalysts H/Pde d (nm)f

KL-NY 365 76 0.296 0.134 Pd/KL-NY 0.190 5.86
Ce/KL-NY 264 63 0.234 0.093 Pd/Ce/KL-NY 0.261 4.27
Pd−Pt (6:1)/Ce/KL-NY 241 61 0.222 0.084 Pd−Pt (6:1)/Ce/KL-NY

aBET specific surface area. bCalculated from BJH method. cTotal pore volume estimated at P/P0 = 0.99. dCalculated from the t-plot method. eMolar
ratio of adsorbed hydrogen atoms to the total palladium atoms. fCalculated diameters of palladium crystallites based on the dispersion of Pd.

Figure 3. SEM images. (a) KL-NY surface microsphere. (b) The section of KL-NY microsphere. (c) The surface of Pd−Pt (6:1)/Ce/KL-NY
microsphere. (d) EDS pattern of Pd−Pt (6:1)/Ce/KL-NY.
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half peak widths, centered at 6.39 nm, indicating the uniform
mesopores of the synthesized catalysts (Figure 2b).
The addition of Ce and Pd−Pt into KL-NY decreased the N2

adsorption capacity, which was indicative of a reduction in the
SBET, Ames, Vp, and Vmic. The pore volume decrease indicates
that doped cations entered the micromesopores of KL-NY
upon impregnation, forming CeO2, PtO2, and PdO in the pores
and surface after calcination.
Table 1 shows the H/Pd ratio and calculated mean Pd

particle size of various catalysts. The H/Pd ratio of Pd/Ce/KL-
NY was higher than that of Pd/KL-NY. Thus, the dispersion of
Pd was related to the addition of Ce. That is, the addition of Ce
improved the dispersion of Pd. In the present study, we believe
that the improved Pd dispersion and the high oxygen storage of
Ce enhanced the catalytic activity of the catalysts.
SEM and TEM Analysis. The SEM images for KL-NY

microspheres and the Pd−Pt(6:1)/Ce/KL-NY are shown in
Figure 3. The section morphologies were examined by cutting
out the microspheres to hemispheres. The section of the kaolin
microspheres [Figure 3b] showed a disordered stack of
particles. However, the surface of kaolin microspheres was
smooth [Figure 3a], as it was covered by silica sol. Unlike the
KL-NY, however, two phases were found on the Pd−Pt(6:1)/
Ce/KL-NY, as shown in Figure 3c. The PdO, PtO2, and CeO2

particles gathered on the surface of microspheres, forming a
smooth surface layer. To analyze the dispersion of the active
phase on the support surface, Pt, Pd, and Ce mapping using
SEM-EDS was made. In Figure 3d, the EDS images of Pd−
Pt(6:1)/Ce/KL-NY showed the signals of Pd, Ce, and O, and
no Pt signal was found because Pt loading was very low,
demonstrating the active components had successfully loaded
and were highly dispersed on the surface of KL-NY.
The TEM images of KL-NY and the supported catalysts are

shown in Figure 4. For KL-NY, NaY crystals were densely
packed on the surfaces of the kaolin. NaY crystals presented a
typical mesoporous structure with uniform distribution, and the
particle sizes were approximately 5−10 nm. After the addition
of Ce and precious metals, the particle sizes of KL-NY did not
change significantly, and the mesoporous system was
successfully replicated by the metal oxide and presented an
ordered framework.
The HRTEM image of the Pd−Pt(6:1)/Ce/KL-NY is shown

in Figure 5. The layers were obviously kept apart with the
highly ordered two-dimensional layered structure, obtaining
large pore structures, and the basal spacing between two
neighboring fringes was about 1.8 nm. On the surface of KL-
NY, CeO2 nanoparticles could be observed clearly and were
dispersed randomly, and the detected CeO2 particles sized in

Figure 4. TEM images of KL-NY: (a) KL-NY; (b) Ce/KL-NY; (c) Pd/Ce/KL-NY; (d) Pd−Pt (6:1) /Ce/KL-NY.
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the range of 6−8 nm. The EDS image of Pd−Pt(6:1)/Ce/KL-
NY showed the signals of Ce, demonstrating the successful
loading of CeO2 on mesoporous KL-NY. However, no Pd and
Pt signals were found.
Catalytic Activity and Stability Tests. The effects of REE

addition on the catalytic activity of Pd/KL-NY for deep
benzene oxidation are shown in Figure 6a. In the case of KL-
NY and Ce/KL-NY, the conversions were very low, 60% and
85%, respectively, at a reaction temperature of 450 °C. The
results indicated that by adding REE the catalytic activity of the
Pd catalysts (excluding Nd) can be significantly improved,
especially the ceria-modified Pd/KL-NY catalyst, which shows
the best performance. The temperature for the complete
conversion of benzene was approximately 270 °C. In ceria-
based catalysts, reducible ceria may also supply adsorbed
oxygen species, which can spill over from the support to the
metal particles, and reduced Ce3+ can be reoxidized by oxygen:

+ + * → + *+ − +2Ce O 2Ce O4 2 3

+ → ++ + −2Ce 1/2O 2Ce O3
2

4 2

* represents crystalline lattice.
Thus, during the reaction process, ceria could supply active

oxygen species to the metal oxide, greatly improving the
oxidation ability of PdO. The activity of the catalysts decreased
according to the following order: Pd/Ce/KL-NY > Pd/La/KL-
NY > Pd/Y/KL-NY > Pd/Pr/KL-NY > Pd/KL-NY, Pd/Nd/
KL-NY. Because the ceria-modified Pd catalyst indicated the
best activity, our research studied the effects of the second

noble metal (Pt) on the catalytic activity of Pd/Ce/KL-NY in
the benzene complete oxidation.
The effect of the Pd content (Pd/Pt = 1:3, 1:1, 3:1, 6:1, and

9:1) with approximately 0.2 wt % total metal loading on Pd−
Pt/Ce/KL-NY catalysts was examined in the deep oxidation of
benzene, as shown in Figure 6b. Pd−Pt bimetallic catalysts
displayed better conversion than monometal catalysts. Pd−Pt
bimetallic catalysts provided better conversion because of the
synergetic effect of Pt and Pd metal. Pd−Pt (6:1) catalysts
presented the greatest activity among Pd−Pt bimetallic
catalysts, and the temperature of the complete conversion of
benzene was approximately 230 °C. Although the activity of Pt
is superior to that of Pd in the oxidation of benzene in this
research, the activity of bimetallic catalysts with excess Pt
decreased.
Compared with other reported Pd−Pt loaded catalysts,47−51

our catalysts display great performance in benzene deep
oxidation, as shown in Table 2. Generally, the temperatures
are over 220 °C for 90% benzene conversion. Lambert et al.50

reported Pd/SiO2 catalyst study for benzene oxidation, and the
temperature for 90% benzene conversion was ∼197 °C.
However, the synthesis method for this catalyst is complicated,
and the gas hourly space velocity (GHSV) (∼800 h−1) was
much lower than that in our research. Results from our research
indicated that the KL-NY materials are very promising catalysts
for benzene oxidation.
Figure 7 shows the time course of the catalytic activities of

Pd/KL-NY, Pd/Ce/KL-NY, and Pd−Pt (6:1)/Ce/KL-NY in
the complete oxidation of benzene at 320 °C for 960 h. In the
beginning of the reaction, the activity of the Pd/KL-NY catalyst

Figure 5. HRTEM image and EDS of Pd−Pt (6:1)/Ce/KL-NY.
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was similar to that of Pd/Ce/KL-NY and Pd−Pt (6:1)/Ce/KL-
NY catalysts, but the activity decreased gradually over time. A
slow decrease in the conversion was observed in the Pd/Ce/
KL-NY catalyst after 480 h. However, the Pd−Pt (6:1)/Ce/KL-
NY catalyst maintained the same high activity for 960 h. We
confirmed that the addition of Pt and Ce to the Pd/KL-NY
catalyst increased the catalytic activity and prevented catalyst
deactivation.
H2-TPR Analysis. Figure 8a displays the TPR profiles

associated with Pd/KL-NY, Pd/Ce/KL-NY, and Pd−Pt(6:1)/

Ce/KL-NY catalysts between 0 and 300 °C. Blank experiments
were performed using bare supports under the same conditions,
and no H2 consumption was observed. Also in Figure 8a the
Pd/KL-NY and Pd/Ce/KL-NY catalysts displayed two positive
peaks in the range of 0−150 °C, while the Pd−Pt (6:1)/Ce/
KL-NY catalyst exhibited three peaks. The two positive peaks
between 50 and 150 °C can be attributed to the two-step
reduction of PdO,52−54 which can be explained as below:

+ → +2PdO H Pd O H O2 2 2

+ → +Pd O H 2Pd H O2 2 2

For the Pd−Pt (6:1)/Ce/KL-NY catalyst, the reduction peak
at 21.1 °C was attributed to the PtOx reduction. Compared to
Pd/KL-NY, it is easier to reduce Pd/Ce/KL-NY, as evidenced
in the profile. The lower temperature peaks may be caused by
the hydrogen consumption by PdOx of smaller crystal sizes and
higher dispersion on the KL-NY surface. Because of the
addition of Pt into Pd/Ce/KL-NY, the peaks systematically
shifted to lower temperatures, indicating that Pd oxides with
smaller crystal sizes and higher dispersion were easier to reduce
and that Pt and Ce can improve the redox property of Pd
oxides. Thus, because of the interaction between the three
oxides, Pd oxides were easier to reduce, which increased the
lattice oxygen liability and promoted the oxidation activity. For
benzene oxidation, the reduction temperatures of PdO in the
catalysts were in good agreement with catalytic activities
mentioned before and are ordered as follows: Pd−Pt (6:1)/Ce/

Figure 6. (a) Influence of the addition of rare earth into Pd/KL-NY
for benzene complete oxidation. (b) Influence of the addition of Pt
into Pd/Ce/KL-NY for benzene complete oxidation.

Table 2. Summary of Pd−Pt Catalysts that Are Known for Benzene Oxidation

reaction conditions

catalysts Pd−Pt (wt %) GHSV (h−1) benzene (ppm) T90 (°C)

Pd/V2O5/Al2O3
47 0.80 30 000 482 270

Pd/ZSM-548 0.27 20 000 1000 244
Pd−Pt/γ-Al2O3

49 2.0−0.3 15 000 1000 225
Pd/SiO2

50 1.55 800 2550 197
Pd/Ce-Lap51 0.30 20 000 1050 250
Pd−Pt(6:1)/Ce/KL-NY [our work] 0.17−0.03 20 000 1000 205

Figure 7. Evolution of benzene conversion as a function of the time-
on-stream for the catalysts (space velocity: 20 000 h−1; benzene: 1000
ppm; reaction temperature: 320 °C).
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KL-NY < Pd/Ce/KL-NY < Pd/KL-NY. That is, PdO was more
active at lower reduction temperatures, resulting in higher
oxidation activity.
Figure 8b shows the H2-TPR profiles of the catalysts between

300 and 900 °C. Similar to the reported results, the TPR profile
of Ce/KL-NY showed two reduction peaks at 571.9 and 753.8
°C.55,56 These two peaks were attributed to the reduction of
surface and bulk lattice oxygen, respectively. After the addition
of Pd and Pt, the two peaks systematically shifted to lower
temperatures because the addition of Pd and Pt improved the
oxidation properties of ceria. Furthermore, the peak attributed
to the surface oxygen reduction was split into two peaks; thus,
the addition of a small amount of precious metals promoted the
dispersion of ceria on the KL-NY support.
In summary, adding Ce and Pt enhanced the oxidation

properties of Pd catalysts, and the interactions between
precious metals and ceria improved the dispersion and
oxidation properties of ceria. These results are consistent

with the observed catalytic activities for the complete oxidation
of benzene.

■ CONCLUSION

In this paper, a series of KL-NY-based Pd catalysts with and
without rare earth metals and Pt were obtained by the
impregnation method. The studied additives greatly affected
the activity of Pd/KL-NY for benzene deep combustion. Pt−Pd
bimetallic catalysts were superior to the monometallic Pd
catalysts, and the addition of rare earth metals (especially Ce)
greatly enhanced the activity of Pd. Pd−Pt (6:1) catalysts
presented the greatest activity among Pd−Pt bimetallic
catalysts, and the temperature of the complete conversion of
benzene was approximately 230 °C. And the Pd−Pt (6:1)/Ce/
KL-NY catalyst maintained the 100% benzene conversion for
960 h. The catalysts have a framework-confined micro-
mesoporous composite structure, and the mesoporous system
was successfully replicated by the metal oxide and presented an
ordered framework. Adding Ce and Pt enhanced the oxidation
properties of Pd catalysts, and the most important factors in
maintaining activity and stability were the high dispersion of
PdO and CeO2 on KL-NY, the optimal ratio of Pt and Pd and
the strong interaction between ceria and precious metals.
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