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Abstract Ceria-promoted sulfated zirconia (CeSZ) was

supported on mesoporous molecular sieve of pure-silica

MCM-41 (abbreviated as CeSZ/MCM-41). It was prepared

by direct impregnation of metal sulfate onto the as-synthe-

sized MCM-41, followed by solid state dispersion and

thermal decomposition. The resultant catalysts were char-

acterized by TG, XRD, nitrogen physisorption and TEM. It

was showed that the hollow tubular structure of MCM-41

was retained, even with ZrO2 loading as high as 60 wt.%.

Most of CeSZ was well dispersed on the interior surface of

the ordered mesopores, following a slight twist of the

channels. The catalytic activity of CeSZ/MCM-41 was

studied in the octadecanol oxidation. The improved perfor-

mance of CeO2-promoted catalysts was attributed to the high

dispersion of sulfated zirconia (SZ) and the introduction of

CeO2 enhancing the oxidation ability of catalysts by

retarding the transformation of zirconia from highly catalytic

active metastable tetragonal phase to monoclinic phase.

Keywords Sulfated zirconia � Mesoporous silica �
Ceria-promoted � Octadecanol oxidation

1 Introduction

Sulfated metal oxides, especially sulfated zirconia (SZ)

first reported in 1979 by Hino et al. [1], have attracted great

attention as superacid due to their highly catalytic activities

in the isomerization of alkanes at relatively low tempera-

ture. However, the relatively small surface area (100–

120 m2/g) and short life of these catalysts may heavily

limit their commercial application [2, 3]. Therefore, some

researchers studied transition metals supported on porous

materials, for instance, SiO2 [4–6] and Al2O3 [7]. Although

the catalytic activities of them can be improved properly,

the pore distribution of these supports is not uniform and

the surface area is <200–300 m2/g.

Recently, well-ordered mesoporous materials with highly

thermal stability (up to 800 �C), large surface area (around

1000 m2/g), uniform-sized pores (20–100Å) and small diffu-

sion hindrance, named as MCM-41 and MCM-48, were first

reported by scientists at Mobil [8, 9]. The silica walls of

mesoporous materials, however, usually lack of catalytic

acidic sites and have little application without modifying them.

More recently, a new composite material of SZ sup-

ported on mesoporous silica such as MCM-41, has been

reported by several research groups. For example, Xia et

al. [10] have used Zr(OPrn)4 as the starting zirconium

precursor to prepare SZ/MCM-41 by chemical liquid

deposition and hydrolysis of zirconium salt in the organic

solvent of n-hexane. Chen et al. [11] have prepared SZ

supported on siliceous hollow tubular MCM-41 mesopor-

ous molecular sieves by using a one-step incipient wetness

impregnation method with zirconium sulfate as the pre-

cursor. Sun et al. [12] have successfully synthesized SZ

supported on ordered mesoporous hexagonal materials by

dispersion of ZrOCl2 � 8H2O into the mesopores, followed

by the hydrolysis and sulfation. Wang et al. [13, 14] have

found that Al- and Ga-promoted SZ/MCM-41 has higher

catalytic activity in comparison with SZ/MCM-41, and the

addition of promoters helps to retard the phase transfor-

mation of ZrO2 from tetragonal phase to monoclinic phase.

Y. Guo (&)

School of Materials Science and Engineering, Harbin University

of Science and Technology, Harbin 150040, China

e-mail: gyk100@hrbust.edu.cn

Z. Dong

School of Materials Science and Engineering, Harbin Institute of

Technology, Harbin 150001, China

123

Catal Lett (2007) 119:120–125

DOI 10.1007/s10562-007-9208-4



In this work, the research focuses on the effect of ceria

promotion in the SZ/MCM-41. Ceria is a good stabilizing

agent [15–17] which can remarkably stabilize metastable

tetragonal zirconia, known to be an ideal crystalline phase

for catalytic activity [18–21]. We use direct impregnation

method to prepare ceria-promoted sulfated zirconia (CeSZ)

supported on as-synthesized MCM-41 whose retaining

surfactants serve as a scaffold in stabilizing the meso-

structure of CeSZ/MCM-41 during direct impregnation.

2 Experimental

2.1 Preparation of Catalysts

The MCM-41 sample was synthesized under hydrothermal

condition with the molar composition of 0.15C16TABr:1.0

TEOS:1.64NH3 � H2O:130 H2O. The gel was crystallized

in static condition at 100 �C for 72 h. Then the solid

product was filtered, washed with deionized water and fi-

nally dried in air at room temperarure. The as-synthesized

mesoporous material in powder form was suspended in an

ethanol solution of the desired amount of zirconium sulfate

and cerium sulfate mixture and stirred at 50 �C for 60 min,

then dried to remove the solvent. The solid sample was

heated at 450 �C for 5 h to decompose the remaining

surfactants and the solid-state dispersion of sulfates.

Finally, the solid was calcined at a desired temperature

for 3 h in static air. In order to investigate the effect

of ceria, ZrO2 content was kept at 60 wt.% on every

support.

2.2 Characterization

XRD patterns of the samples were obtained on an X¢ Pert

Philips instrument with Cu Ka radiation at 50 kV and

35 mA. The TGA data was collected with a TGA/SDTA

851 analyzer. The surface area and pore size distribution

measurements were carried out on a Quantachrome auto-

mated adsorption instrument using nitrogen as analytic gas.

TEM observation was performed on a Philips CM20

microscope operating at 200 kV. Sulfur content in the

catalysts was measured by a chemical method. The sulfated

was turned into BaSO4 and determined by a gravimetric

method.

2.3 Catalytic Experiments

For the oxidation of the octadecanol, which is a model

reaction for characterizing the catalytic activity of these

superacid catalysts, approximately 0.3 g of power catalyst

was placed in a glass flask with four necks for a stirring

rod, a thermometer, a feed funnel and a reflux condenser,

respectively, before 20 g of pure octadecanol was intro-

duced into the flask using an oil bath as the heater. The

reaction was carried out in the range of 130–140 �C for 5 h

under vigorous stirring. The alcohol conversion and cor-

responding carboxylic acid yield were detected by a hy-

droxyl-value quantitative analysis method and a standard

titration procedure, respectively.

3 Results and Discussion

3.1 Thermal Decomposition Analysis

Figure 1 shows the TG profile taken in air of the precursor

of CeSZ/MCM-41, in comparison with those of as-syn-

thesized MCM-41 and Ce(SO4)2 � 4H2O. Curve (a) shows

that most of the surfactant decomposed at around 200–

400 �C. Curve (b) shows that the crystal water and the

structure water of Ce(SO4)2 � 4H2O were removed at the

temperature range of 100–450 �C and 450–750 �C,

respectively, and after 750 �C Ce(SO4)2 began to decom-

pose. According to the curve (c), there were several weight

loss steps. In comparison with the other two profiles, the

weight loss at temperature lower than 400 �C is mainly due

to the decomposition of surfactant in light of minute

quantity of Ce(SO4)2 � 4H2O. The weight loss occurred at

temperature higher than 600 �C is primarily due to the

decomposition of Zr(SO4)2 which decomposes at around

650–700 �C [22]. TG analysis shows that the complete

decomposition of cerium sulfate occurs at relatively higher

temperature, ca. 900 �C. Therefore, CeO2 may play an

important role in preserving sulfate on the catalyst surface.
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Fig. 1 TG analysis of (a) as-synthesized MCM-41, (b) Ce(SO4)2 � 4

H2O and (c) the precursor of CeSZ/MCM-41 with 60 wt.% ZrO2 and

3.4 wt.% CeO2
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3.2 X-ray Diffraction

Figure 2 shows the XRD patterns of the CeSZ/MCM-41

composites with 60 wt.% ZrO2 and different CeO2 con-

tents calcined at 700 �C for 3 h. All the samples show a

diffraction peak assigned to (100) reflection in the low 2h
region, which indicates that the ordered mesoporous

structure is preserved on CeSZ/MCM-41. At high 2h
ranges, all the patterns show the peaks at 30�, 50� and

60�, indicating the presence of tetragonal zirconia nano-

crystalline phase. The peaks at 28� can be indexed as

monoclinic zirconia. It has been reported by many

researchers that sulfated ZrO2 of metastable tetragonal

phase has higher catalytic activity than the monoclinic

phase [18–21]. Huang et al. [23] have found that both

tetragonal and monoclinic zirconia phases can be ob-

served for the samples of high ZrO2 contents (above

50 wt.%). However, the CeSZ/MCM-41 sample with

3.4 wt.% CeO2 only shows the peaks of tetragonal zir-

conia. It is known that CeO2 is an excellent stabilizer

which can retard the transformation of ZrO2 from

tetragonal phase to monoclinic phase. Since the small

peaks of ZrO2 are observed in the region of 20–70�, most

of the CeSZ was highly dispersed on the interior surface

of MCM-41 at a high loading of 60 wt.% ZrO2. Figure 3

shows the XRD patterns of CeSZ/MCM-41 with

3.4 wt.%CeO2 after different heating treatment. The pure

tetragonal zirconia phase was obtained only when the

calcination temperature was at 700 �C.

3.3 Physico-Chemical Properties of the Samples

Figure 4 shows the N2 adsorption–desorption isotherms

and pore size distribution of CeSZ/MCM-41 in comparison

with those of pristine MCM-41. The isotherm for MCM-41

has a type IV shape. Upon supporting CeSZ on MCM-41 to

form CeSZ/MCM-41, the N2 adsorption amount decreased

and the respective steps shift to lower values of P/P0. The

average pore diameter of MCM-41 decreased from 3.6 nm

to 2.8 nm when the CeSZ was introduced. It is also

noticeable that the pore size distribution still remains nar-

row for CeSZ/MCM-41. These results imply that the CeSZ

was dispersed on the inner surface of MCM-41. Table 1

shows the surface areas, total pore volumes and sulfur

contents of series CeSZ/MCM-41 samples. It is noticed

that the surface area and pore volume decrease with the

deposition of SZ-modified samples in comparison with that

of pure silica-based MCM-41. However, the surface areas

of various CeSZ/MCM-41 samples are still larger than

those of the traditional SZ (around 100–120 m2/g). Both

CeO2 contents and calcination temperatures affect the

surface area. For CeSZ/MCM-41 with 3.4 wt.% CeO2, the

surface areas increase from 364 m2/g upon 660 �C calci-

nation to 480 m2/g at 720 �C. The increase in the surface

area is due to the decomposition of sulfate in the internal

mesopores to form SZ. These results can be explained in

connection with the change in XRD patterns of CeSZ/

MCM-41 calcined at different temperatures. It can also be

seen that the sulfur content decreases with the calcination

temperature because more SO3 should be released when the

sample is calcined at higher temperature. On the other

hand, it is found that the sulfur content increases with the
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Fig. 2 XRD patterns of the composites of CeSZ/MCM-41 with

60 wt.% ZrO2 and different CeO2 contents calcined at 700 �C for 3 h

in air
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Fig. 3 XRD patterns of the composites of CesSZ/MCM-41 with

3.4 wt% CeO2 content calcined at different temperatures for 3 h in air
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addition of CeO2. Therefore, CeO2 probably plays an

important role in preserving sulfate on the catalyst surface.

3.4 TEM Analysis

Figure 5a shows the TEM image of the sample MCM-41.

From the TEM micrograph of MCM-41, well-ordered

channels with one-dimensional parallel arrangement and

continuous walls are clearly observed. However, some

sulfate particles with around 10 nm did not decompose and

located outside the mesopores when they were supported

on MCM-41, as shown in Figure 5b. It is clear that the

sizes of those particles on the external surface exceeded the

sum of the mesopore diameter and the wall thickness.

Notably, the mesoporous silica framework was slightly

disordered with the introduction of foreign particles and

some mesopores were even blocked. Figure 5c is a TEM

image of the sample CeSZ/MCM-41 with 3.4 wt.% CeO2

calcined at 720 �C for 3 h. The TEM photograph shows

that sulfate particles in the internal mesopores decomposed

completely, forming CeSZ components and attaching to the

internal surface of channels. Due to the introduction of

foreign particles, the average pore size of MCM-41 de-

creases from 3.6 nm to 2.8 nm, following an increase in the

wall thickness. On the other hand, there is a slight decline

in the parallelism of channels and some mesopores are

partially blocked, indicating that 60 wt.% ZrO2 should be

very close to the dispersion threshold of zirconia sulfate on

MCM-41. Although the use of elevated temperature can

result in the formation of large CeSZ particles outside the

mesopores, the dispersed particles inside the channels of

MCM-41 are still very small. In other words, mesoporous

structure of MCM-41 plays a very important role in pre-

venting the formation of large CeSZ agglomerates, avoid-

ing the choke of mesopores.

3.5 Catalytic Activity in Octadecanol Oxidation

Figure 6 shows the effect of the CeO2 content on the cat-

alytic activity of CeSZ/MCM-41 catalysts calcined at

700 �C. Both the octadecanol conversion and correspond-

ing carboxylic acid yield increased with the CeO2 content

up to 3.4 wt.%, and then decrease as the CeO2 content was

further increased. The optimal activity, a 99% of selectivity

to octadecanoic acid, was observed when the CeO2 content

reached about 3.4 wt.% in the CeSZ/MCM-41 sample.

Further increasing the CeO2 content decreased the catalytic

activity, although CeO2 is usually used as a promoter
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Fig. 4 Nitrogen adsorption-

desorption isotherms and pore

size distribution curves of (a)

MCM-41 and (b) CeSZ/MCM-

41 with 3.4 wt.% CeO2 content

Table 1 Physico-chemical

properties of the catalysts and

support

Catalysts Calc. temperature

(�C)

CeO2 content

(wt.%)

Sulfur content

(wt.%)

BET S. A.

(m2/g)

Pore volume

(mL/g)

SZ/MCM-41 700 0.0 0.76 425 0.41

CeSZ/MCM-41 700 1.7 1.03 438 0.42

CeSZ/MCM-41 700 3.4 1.53 447 0.46

CeSZ/MCM-41 700 5.1 2.01 441 0.44

CeSZ/MCM-41 700 6.8 2.62 435 0.42

CeSZ/MCM-41 660 3.4 1.97 364 0.35

CeSZ/MCM-41 680 3.4 1.73 402 0.40

CeSZ/MCM-41 720 3.4 1.39 480 0.49

MCM-41 700 – – 1054 1.13
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retarding the phase transformation of ZrO2 from highly

catalytic active metastable tetragonal phase to monoclinic

phase. The appearance of an optimal CeO2 loading on the

catalytic activity implies that excess amount of CeO2 can not

means a more amount of tetragonal ZrO2 with highly cata-

lytic activity, and that it may cover the zirconia surface and

reduce the catalytically active sites. These results indicate

that the amount of tetragonal ZrO2 in the CeSZ/MCM-41

catalysts plays a very important role in catalizing octadeca-

nol to corresponding octadecanoic acid .On the other hand,

the catalytic activity of CeSZ/MCM-41 after reaction can be

restored by thermal treatment at 450 �C in air.

Figure 7 shows the effect of calcination temperature on

the catalytic activity of CeSZ/MCM-41 with 3.4 wt.%

CeO2. The catalytic activity of the samples increased with

the final calcination temperature up to 700 �C, and then

decreased at higher temperature. The result is reasonable

because more amount of sulfate zirconium decomposed at

higher temperature according to the reaction Zr(SO4)2 fi
ZrO2 + 2SO3, following an decrease in the sulfur content

of the CeSZ/MCM-41 catalysts. The optimal activity was

obtained when the CeSZ/MCM-41 sample was calcined at

about 700 �C. Since the sulfur content decreases as the

Fig. 5 High-resolution

transmission electron

micrographs of (a) MCM-41;

CeSZ/MCM-41 with 3.4 wt.%

CeO2 calcined at (b) 660 �C and

(c) 720 �C for 3 h
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Fig. 6 Catalytic activity of catalysts calcined at 700 �C at constant

ZrO2 content 50 wt.% with various CeO2 content
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Fig. 7 Effect of calcination temperature on the catalytic activity of

CeSZ/MCM-41 with 60 wt.% ZrO2 and 3.4 wt.% CeO2
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calcination temperature increases, the 700 �C calcination

temperature for optimal catalytic activity is probably a

compromise between the sulfur content and the amount of

tetragonal ZrO2 phase.

Previously, Tsukuma et al. had associated the increase

in tetragonal ZrO2 of ZrO2-CeO2 system with the increased

amount of CeO2 [15–17]. However, the amount of tetrag-

onal ZrO2 in the CeSZ/MCM-41 samples does not increase

strictly with the CeO2 content, as shown in Figure 2.

Therefore, to some extent, the mesoporous structure of

MCM-41 is responsible for the relative quantity of tetrag-

onal and monoclinic ZrO2 phases. Canton et al. had

attributed the increased catalytic activity of Al2O3-pro-

moted SZ to the reduction in particle size of ZrO2 [24].

Here we also reach the high dispersion of ZrO2 through

using the mesopores of MCM-41 as confined space. Fi-

nally, we note that Wang et al. had related the increase in

oxidation ability of Ga2O3-doped SZ/MCM-41 with the

enhancement effect of Ga2O3 [13, 14]. In our case, this is

expected since a proper amount of CeO2 can retard the

phase transformation of ZrO2 from tetragonal phase to

monoclinic phase.

4 Conclusion

In this work, CeSZ was successfully dispersed in the

channels of silicon-based mesoporous MCM-41. The

mesoporus framework was slightly disordered because of

CeSZ particles supported on MCM-41. On the other hand,

under high ZrO2 loading, some CeSZ clusters were dis-

persed outside the channels of MCM-41. The proper

addition of Ceria increased the amount of tetragonal zir-

conia with high catalytic behavior and product selectivity

for octadecanoic acid. The optimal Ceria loading in these

catalysts calcined at 700 �C is around 3.4 wt.% and only

leads to the formation of tetragonal zirconia. The improved

catalysis performance of CeO2-promoted SZ/MCM-41 is

attributed to the reasons that the mesopores of MCM-41 are

conducive to a better dispersion of sulfated tetragonal

ZrO2, and that CeO2 can prevent the transformation of

tetragonal sulfated ZrO2 into monoclinic ZrO2.
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