
CHAPTER IV
SYNTHESIS AND CHARACTERIZATION OF M-MCM-48 (M = Cr, Ce) 

FROM SILATRANE VIA SOL-GEL PROCESS

4.1 Abstract

Metal (Chromium and Cerium) incorporated into MCM-48 framework is 
hydrothermally synthesized via sol-gel process without any additives and 
characterized by X-ray diffraction (XRD), N2 adsorption/desorption, Scanning 
electron microscopy (SEM), Transmission electron microscopy (TEM), Diffuse 
reflectance UV-vis spectroscopy (DR-UV), and Thermogravimetric analysis (TGA). 
Results indicate that the materials possess a long-range ordered structure, high 
surface area, and narrow pore size distribution. SEM images illustrate the edge- 
truncated octahedron morphology of Cr-MCM-48 while Ce-MCM-48 preserves the 
truncated octahedron of the MCM-48 parent material. TEM images show the Ia3d 
pore structure after loading metals. Spectroscopic data confirm the existence of 
metals in the framework and extra-framework. At low Cr content, Cr-MCM-48 
contains only Cr(VI) species while rich Cr content loading results in both the Cr(VI) 
and Cr(III) species. The hydrothermal stability of MCM-48 is enhanced by carefully 
incorporating metals into the parent material.

(Keywords: Sol-gel process; Cr-MCM-48; Ce-MCM-48; Hydrothermal stability)
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4.2 Introduction

Since the 1992 discovery of mesoporous molecular sieves in the M41 ร 
family by Mobil’s group [1. 2], these materials have attracted remarkable attention 
due to their high surface area, ordered pore structure array, and narrow pore size 
distribution [3]. Among them, MCM-48 is a more attractive candidate as a catalyst, 
catalyst support, adsorbent, or template for synthesis of advanced nanostructures, 
probably owing to its unique three-dimensional pore structure. However, these 
materials possess weak acidity and are deficient in necessary redox ability, thus 
exhibiting low activity when directly used as catalyst [4], To obtain materials with 
high catalytic performance, many attempts have been made to incorporate a hetero
element, such as C’r, Ti, Ce, or V, to the silicate framework so as to enhance the acid 
and/or redox properties of the materials [5], Among those hetero-atoms. Cr is 
attractive as a redox-active site for many chemical reactions. Consequently, in recent 
years many researchers have focused on the synthesis of Cr-containing mesoporous 
materials, including Cr-MCM-41 [6 , 7], Cr-MCM-48 [8 , 3, 9], Cr-MSU-1 [10, 11], 
and tested for selective oxidation reaction. Cerium (Ce) is also interesting in terms of 
catalytic applications since incorporation of Ce in the silica framework provides the 
Lewis and Bronsted acid sites which affect to the catalytic properties [12], Hence, 
many researches focused on the incorporation of Ce in mesoporous materials, such as 
Ce-KIT- 6  [12], Ce-MCM-48 [13. 14, 15], Ce-SBA-15 [16], and Ce-MCM-41 [17], 
Besides the catalytic properties, the incorporation of hetero-atoms can also enhance 
hydrothermal stability, as compared to the pure siliceous mesoporous materials found 
in many reports [3, 15], However, the synthesis of chromium or cerium-containing 
MCM-48 with highly ordered pore structure, high surface area as well as the 
truncated octahedron morphology using silatrane as silica source has not been 
reported.

In this study, we have expanded our previous work [18] by incorporating Cr 
and Ce into the MCM-48 framework. The synthesis of M-MCM-48 (where M = Cr 
and Ce) with various amounts of metals were investigated and characterized using 
powder XRD, N2 adsorption/desorption, SEM, TEM, DR-UV, and TGA. In addition,



40

the influence of metal-incorporated MCM-48 on a hydrothermal stability was 
studied.

4.3 Experimental

4.3.1 Materials
Cr-MCM-48 and Ce-MCM-48 mesoporous materials were 

synthesized hydrothermally, using fumed silica (SiC>2, 99.8%, Sigma-Aldrich, USA), 
triethanolamine (TEA, Carlo Erba, Italy), triethylenetetramine (TETA) (Facai, 
Thailand), ethylene glycol (EG, J.T. Baker, USA), acetronitrile (Labscan, Thailand), 
sodium hydroxide (NaOH, Labscan, Asia), cetyltrimethylammonium bromide 
(CTAB, Sigma-Aldish, Denmark), chromium(III)nitrate nonahydrate (Himedia, 
India), and cerium(IV) hydroxide (Sigma-Aldish, U.S.A.)

4.3.2 Synthesis of M-MCM-48 (M = Cr.Ce)
The Cr-containing MCM-48 materials were synthesized using our 

previously published method [18], CTAB, used as a structure-directing agent, was 
dissolved in a solution containing water and 2M NaOH. The mixture was stirred 
continuously with slight heating to dissolve CTAB. Our homemade silatrane, used as 
a silica source and prepared according to Wongkasemjit’s synthetic method [19], was 
added into the CTAB mixture, followed by adding a required amount of 0.3M 
chromium nitrate solution under continuous stirring for 1 h. The molar composition 
of the gel was 1.0 S i02:0.3CTAB:0.50NaOH:62.0H20:xCr, where 0.005 < X < 0.1. 
The process of synthesizing Ce-MCM-48 was similar to that of Cr-MCM-48, except 
the metal precursor. In this case, we used homemade cerium glycolate synthesized 
according to a procedure described elsewhere [20]. After the silatrane was added to 
the solution, a required amount of cerium glycolate was added into the solution under 
continuous stirring for 1 h. The molar composition of the gel was 1.0 
S i02:0.3CTAB:0.50NaOH:62.0H20:yCe, where 0.01 < y < 0.09. The resulting 
mixture was transferred to a Teflon-lined stainless steel autoclave and treated at 140 
°c  for 16 h. The resulting solid product was collected by filtration and dried 
overnight at ambient conditions. The removal of all organics was performed by
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calcination at 550 °c for 6  h (Carbolite, CFS 1200, Hope Valley, U.K.) at a heating 
rate of 0.5 °c/min to obtain mesoporous M-MCM-48. All of the obtained Cr-MCM- 
48 samples varied in color from yellow to green, depending on the amount of Cr, 
while the color of the obtained Ce-MCM-48 was only yellow. The samples prepared 
were denoted as Cr-MCM-48-(x) and Ce-MCM-48-(y), where X and y were the ratios 
of Cr/Si and Ce/Si in the solution, respectively. The metal-free MCM-48 was 
synthesized with the same procedure to compare.

4.3.3 Characterization
The M-MCM-48 products were characterized using an XRD (Rigaku, 

Japan) and CuKa radiation in the range of 29 = 2°-60° at a scanning speed of 1 
°c/min, 40 kv, and 30 mA. The morphology of products was carried out by a field 
emission scanning electron microscope (FE-SEM, Hitachi/S-4800). The order of 
mesopores was investigated using a TEM (JEOL 201 OF). The specific surface area 
and average pore size were estimated by the Brunauer-Emmett-Teller (BET) method 
on a Quantasorb JR instrument (Mount Holly, NJ). DRUV spectra of samples were 
recorded from 200 to 800 nm on a Shimadzu UV-2550 spectrophotometer using 
BaSC>4 as a reference. Thermogravimetric analysis of materials was carried out on 
Perkin-Elmer instruments using a heating rate of 10 °c/min from room temperature 
to 650 °c in a nitrogen atmosphere.

4.3.4 Hydrothermal Stability Test
Following the method of Jun et al. [21], o .lg  of a calcined sample in 

100 mL of distilled water was boiled in a round-bottom flask connected with a reflux 
condenser for 12 h. The sample was recovered by filtration and drying in air 
overnight for further characterization. Then, the XRD pattern was obtained and 
compared with the same sample before the heat treatment to determine the 
hydrothermal stability.
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4.4 Results and Discussion

4.4.1 XRD
According to Table 1, unit cell parameter and d-spacing of the as- 

synthesized samples slightly increased with an increase in Cr/Si ratio, indicating that 
Cr had slightly or no influence on the silica framework [6 ], This can be explained in 
terms of the incorporation of a larger cation, such as Cr(III) (0.76 A) in the 
tetrahedral geometry of Si (0.40 Â), as a consequence of the expansion of the unit 
cell. However, the small expansion in ao and higher d values were noticed, which 
could imply that the chromium species was fdled in the pores, in agreement with 
those described by Sakthivel and Selvam [6 ], Nevertheless, the structure of MCM-48 
was preserved after loading of Cr, as can be noticed in the XRD patterns in Fig. 
4.1(a). Furthermore, the as-synthesized samples were pale green in color and 
changed to yellow after calcination. This could suggest that the trivalent chromium 
ions in octahedral geometry were changed to the higher valent chromium ions, viz., 
chromate and/or polychromate ions, in the tetrahedral environment [6 ], These results 
were consistent with the decrease in ao values of calcined samples in Table 4.2, 
which may be attributed to the short double bond Cr=0 in Cr2 0 3  or Cr2 0 5 . As 
mentioned earlier, it is also indicated that the calcined samples were composed 
mostly of Cr(VI) or Cr(V) species, as compared to a lower valent [22], However, the 
structural alteration was obtained in increasing the Cr/Si ratio higher than 0.01 (not 
shown). This might be a result of the high Cr content affecting the surfactant-silicate 
interaction which was involved in the assembly of the surfactant and silicate species 
[23], Similar to the work of Shao et al., the less-ordered structure at high Cr content 
was obtained due to the lower peak intensity and unresolved patterns, probably due 
to the partially collapsed structure [3j. Interestingly, for the first time, we found in 
our case that the structure was changed from MCM-48 to MCM-41 as Cr content 
increased.

Fig. 4.1(b) exhibited the XRD patterns of calcined Cr-MCM-48 
samples over the range of 10°-60°. The addition of small diffraction peaks at 20 = 
24.5°, 33.6°, 36.2°, and 54.8° belonging to the hexagonal phase of Cr20 3  was 
detected at a Cr/Si ratio above 0.05 [11], It is indicated that all Cr/Si ratios below
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0.05 resulted in Cr incorporated into MCM-48 framework. Additionally, there was 
no & 2O3 metal oxide diffraction peaks at high-angle XRD patterns of the samples 
having the Cr/Si ratio in the range of 0.005-0.03, implying that the Cr atoms were 
indeed in the framework of MCM-48 structure [24],

Considering the XRD patterns of calcined Ce-MCM-48, all samples 
provided a well-resolved XRD pattern of MCM-48 even at high Ce loadings. It could 
be inferred that the incorporation of cerium in the silica framework did not change 
the cubic la id  pore structure. Moreover, the secondary peaks (20 = 3°-6°) were 
obviously seen in all samples, as shown in Fig. 4.2(a). It could be pointed out that the 
long-range order of the MCM-48 structure was obtained [25], As compared to the 
study of Shao et al. [15], who synthesized the long-range ordered Ce-MCM-48 by 
the aid of fluoride ions with 0 . 1  molar ratio, our results were obtained with no 
addition of any ions. The unit cell parameters and the d-spacing of both as 
synthesized and calcined Ce-MCM-48 were shown in Tables 4.1 and 4.2, 
respectively.

The XRD patterns of the calcined Ce-MCM-48 materials, over the 
range of 10°-60°, are demonstrated in Fig. 4.2(b). The MCM-48 provided the pattern 
corresponding to the amorphous-like nature of silica [26], No additional peaks 
appeared for all the materials prepared with the Ce/Si ratios in the range of 0.01- 
0.03. Even over the Ce/Si range of 0.05-0.09, only a few weak broad peaks could 
barely be noticed around the 2 theta of 28.55°, 47.47° and 56.33°, corresponding to 
the ( 1 1 1 ), (2 2 0 ) and (311) planes, respectively, for the main characteristic lines of 
ceria (CeCb) structure. These results indicate that the fine, small particles of ceria 
might be formed within MCM-48, as described by Khalil [27], He synthesized Ce- 
containing MCM-41 prepared via a direct and non-hydrothermal method with 5% 
and 10% (พ/พ) of CeCh/silica and found that the cerium inserted into the framework 
of MCM-41 and/or the formation of finely divided ceria nanoparticles on the wall of 
MCM-41 was obtained. The intensity of ceria-characteristic peaks gradually 
increased with an increase in the Ce content, meaning that the amount of CeCb in the 
channel or in the extra-framework increased, as also reported by Wangcheng et al.
[13], Additionally, they obtained low intense diffractions of the secondary peaks 
even at low Ce content (Ce/Si = 0.02), implying that there was no long-range ordered
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structure. In contrast to our work, the highly ordered structure was sustained even at 
high Ce loadings. This might be a result from the presence of the by-products, EG 
and TEA, generated from the hydrolysis of cerium glycolate and silatrane precursors, 
respectively. Both EG and TEA were able to enhance the ordering of MCM-48 
structure, as discussed elsewhere [18],

4.4.2 Hydrothermal Stability Test
The XRD patterns (not shown) of the calcined MCM-48 after 

refluxing in boiling water for 1 2  h indeed lost its mesoporous-ordered structure, as 
described by Shao et al. [15]. Generally, the hydrolysis rate of Si-O-Si bonds is quite 
fast, resulting in the collapsed structure, if the pore walls of the materials are thin or 
have less polymerization [3], However, the XRD pattern of calcined Cr-MCM-48 
samples (not shown) exhibited a partly maintained mesoporous structure when 
compared to the complete loss of peaks in the MCM-48. This could imply that the 
incorporation of Cr to the structure was able to enhance the hydrothermal stability of 
MCM-48, as explained in terms of the higher resistance to water attack of the Si-O- 
Cr bonds compared to the Si-O-Si bonds [15], A similar effect was found by Xia et 
al. [28, 29] who incorporated A1 into mesoporous materials.

In contrast to the calcined Ce-MCM-48 materials with all Ce/Si ratios, 
after refluxing the samples in boiling water for 1 2  h, the results showed that most of 
the samples could not preserve the structure of MCM-48 (XRD patterns not shown), 
excluding 0.01 Ce/Si ratio. A structure of Ce-MCM-48-(0.01) was not completely 
lost, as compared to others. A similar observation was found in the work of Shao et 
al. [15], who explained in terms of the formation of Si-O-Ce bonds, which possessed 
more resistance to water attack than the Si-O-Si bonds, and high Ce contents could 
not efficiently enhance this property. They, thus, suggested that the structure 
ordering was considerably destroyed at the high Ce contents, leading to the decrease 
of hydrothermal stability.

4.4.3 N? Adsorption and Desorption Isotherms
The N2 adsorption and desorption isotherms in Fig. 4.3 were typical 

type IV isotherms in the IUPAC classification. The isotherms exhibited a sharp curve
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in the region of P/Po = 0.3-0.4, indicating a uniform pore size and highly ordered 
pore structure. These results were in harmony with the XRD patterns (Fig. 4.1a), 
showing a well-resolved secondary diffraction above 3.5 degrees of 2-theta, 
corresponding to a highly long-range order of these materials. Furthermore, 
according to Figs. 4.3 and 4.4, there is no hysteresis loop in the isotherms due to the 
absent of the capillary condensation in the materials with the pore diameter in the 
range of 2.27-2.47 ran. In addition, the inflection became less sharp with an increase 
in the amount of Cr in the materials, meaning that the well-ordered mesoporous 
structure could be destroyed by increasing the Cr content. Similar results were 
obtained by incorporation of Cr into MCM-41 [24], Table 4.2 presents the 
characteristics of materials, viz., surface area, pore volume, and pore diameter. 
Interestingly, Cr-MCM-48-(0.005) and Cr-MCM-48-(0.01) have extremely high 
surface areas of 1,511 and 1,477 m2/g, respectively, and a very narrow pore size 
distribution with a pore size of 2.27 and 2.30 nm, respectively. A decrease in the 
surface area with an increase in the Cr content was similar to the Cr-MCM-48 
synthesized by Shao et al. [3], using a molar composition of the final gel mixture of 
1.0TEOS:0.65CTAB:0.5NaOH:62H2O:xCr(NO3)3.9H2O where X = 0.005-0.04; or 
similar to Ga- or Al-containing MCM-41 [30, 31].

In the case of the calcined Ce-MCM-48 materials, the results revealed 
a decrease in surface area from 1,571 and 1,062 m2/g as the Si/Ce ratio was increased 
from 0.01 to 0.09 (see Table 4.2), similar to the incorporation of Cr. Generally, an 
increase of the pore wall thickness is known to increase hydrothermal stability [ 2 1  ]. 
In our case, both Cr- and Ce- incorporated MCM-48, providing a thicker wall 
thickness, should give a positive effect to the hydrothermal stability. The materials 
also possessed the long plateau at higher relative pressure (see Figs. 4.3 and 4.4), 
implying that there was no pore filling after P/Po = 0.3, relating to wider mesopores
[27], Furthermore, the pore volume also decreased with an increase in the metal 
content, resulting in irregularity of mesopores, as described by Prabhu et al. [12]. 
Due to the steep of the capillary step in all samples, a narrow pore size distribution 
with diameters of 2.41-2.47 nm was thus achieved.

In general, the unit cell parameter (ao) and the d-spacing should 
increase with an increase in the amount of heteroatoms into the silicate framework
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[13, 24], Many authors suggested that the M -0 bond distance was longer than the 
Si-0 one, leading to an increase in those parameters, as a result, knowing the 
presence of metal atoms in the framework of porous materials. In our case, the a<3 

and the d-spacing decreased as metals were introduced into the materials, meaning 
that our results were not in agreement with those suggested elsewhere, but they were 
consistent with the study of Liu et al. [10]. They synthesized Cr-MSU-1, and the 
results showed that the d-spacing of the Cr-MSU-1 was not always larger than that of 
MSU-1. According to the explanation of Liu et al. [10], the higher degree of 
freedom of the system and the larger Cr-0 bond, compared to the Si-0 bond, should 
both contribute to the slight difference in the repeat distance in pure MSU-1 and Cr- 
MSU-1. This explanation could be supported by Arnold et al. [32] who synthesized 
V-MCM-41 and postulated that the bond distance and bond angle in mesoporous 
metallosilicate materials had a higher degree of freedom, as compared to the 
crystalline materials. They also suggested that MCM-41 was not a crystalline 
material and an alteration of repeat distance could not be directly compared with 
those crystalline materials.

4.4.4 DR-UV -Vis Spectroscopy
Generally, this technique is a very sensitive tool for characterizing 

metal ion coordination of metal containing zeolites to provide valuable information 
about the presence of metal ions in the framework and/or extra-framework [27]. Fig.
4.5 depicts the DR-UV-Vis spectra of calcined Cr-MCM-48 and Ce-MCM-48 with 
different Cr and Ce contents, respectively. All the spectra of the calcined Cr-MCM- 
48 with different Cr/Si ratios showed two bands around 260 and 350 nm. These 
absorption bands are generally assigned to o  —> Cr (VI) charge transfers of the 
chromate species [3], The Cr(VI) polychromates at around 440 nm also existed in the 
materials. Moreover, the two typical bands of octahedral Cr(III) at 445 and 595 nm 
were found in the spectra of the calcined Cr-MCM-48(x) where 0.05 < x < 0.1, 
consistent with the wide angle XRD results shown in Fig. 4.1(a). Hence, only Cr (VI) 
chromate was found in Cr-MCM-48 samples with low Cr loading, but the samples 
synthesized at higher Cr loading contained both Cr (VI) chromate and Cr (III)
species.
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As for Ce-MCM-48 samples, in general, the position of ligand-to- 
metal charge-transfer (O2' —> Ce4+) spectra depends on the ligand field symmetry 
surrounding the Ce center, and the electronic transitions from oxygen to a 
tetracoordinated Ce4+ require higher energy than a hexacoordinated one [15]. 
According to the spectra in Fig. 4.5, there was a weak broad absorption band at 200- 
300 nm and an intense band at around 350 nm, appearing for all Ce/Si ratios, and the 
increasing band intensities were found with an increase in the Ce content. Therefore, 
the absorption bands at those positions related to the presence of Ce4+ species with 
tetracoordination in the samples. Additionally, there was no absorption band at a 
higher wavelength (405 nm) corresponding to the hexacoordinated Ce4+ of CeC>2, as 
described in Wangcheng’s work [13], It could be concluded that much a higher 
amount of the tetracoordinated Ce in Ce-MCM-48 was present in the MCM-48 
framework than those reported elsewhere [13, 15].

4.4.5 TGA
Weight losses for all synthesized samples were observed in the TGA 

plots (Fig. 4.6a). All Cr-MCM-48 samples revealed typical weight loss patterns, as 
reported elsewhere [33, 34], It could be divided into three stages: the first stage 
attributed to the loss of physisorbed water below 1 0 0 °c, the second one belonged to 
the removal of organic components at a temperature below 350°c and the last one at 
350-600°c corresponded to the removal of carbon residues. Furthermore, the 
different features on the TGA curves of the Cr-MCM-48 and the pure MCM-48, 
might indicate the interaction between the incorporated Cr component and the 
surfactant molecules [34], Similar observation was also reported by Kawi et al., who 
synthesized MCM-48 supported Cr by introduction of chromium chloride during gel 
preparation of hydrothermal synthesis of MCM-48.

TGA curves of the synthesized Ce-MCM-48 in all Ce/Si ratios 
provided weight loss patterns similar to the pure MCM-48 as illustrated in Fig. 4.6b. 
The weight loss steps occurred through the temperature range, as described above.



48

4.4.6 FE-SEM
When more chromium was loaded in the MCM-48 supported with a 

Cr content of 0.005 and 0.01 mol, it was the first time we were able to observe the 
morphology change of calcined samples from the truncated octahedron of MCM-48 
(see Fig. 4.7a) to the edge-truncated octahedron [35], implying that the chromium 
incorporated in MCM-48 affected the morphology of material, as shown in Fig. 4.7b, 
c. Our results were consistent with the study of Jha et al. [23], who obtained 
differences in the morphology of samples after incorporating various metals into 
MCM-41. The M-MCM-41 (M = Ti, V, Cr) showed spongy, flower-like, and 
agglomerated structures, respectively. These might be attributed to the presence of 
foreign ions in the synthesis gel, changing the surfactant-silicate interactions affected 
by the nature of metal source used [23]. These results are also in good agreement 
with those obtained by Parvulescu et al. [36], They noticed that the morphological 
structure of MCM-41 surface could be modified by various metal ions. Furthermore, 
the enlargement of our samples (see Fig. 4.7d) revealed the primary particles of 
around 20 nm agglomerating to bigger edge-truncated octahedral particles in Fig. 
4.7a and b. Similar observation was found in the calcined Ce-MCM-48 samples with 
all Ce/Si ratios, but the parent truncated octahedral MCM-48 still remained, as 
shown in Fig. 4.8.

4.4.7 TEM
TEM images of the calcined Cr-MCM-48-(0.005) with the incident 

direction along [100] and [432] (Fig. 4.9a, b) were similar to the study of Alfredsson 
and Anderson [37], demonstrating that the pore structure along this direction was a 
uniform channel system. From Fig. 4.9c, d, TEM images of the calcined Cr-MCM- 
48-(0.01) with the incident along [100] and [100] projection not only exhibited a 
uniform pore structure, but also reflected the structure of the pore channel. All TEM 
images agreed well with the XRJD results given in Fig. 4.1a.

Fig. 4.10 illustrates the TEM images of Ce-MCM-48-(y), where y= 
0.01, 0.05, 0.09 with the incident direction along [531], [100] and [111], 
respectively. They all indicated the la id  symmetry, as reported elsewhere [38, 18], 
These results can confirm that the introduction of Ce does not damage the silica
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4.5 Conclusions

In summary, the chromium- and cerium-incorporated MCM-48 were 
successfully synthesized by hydrothermal technique. They retained not only a long- 
range ordered structure of materials, but also their high surface area with a narrow 
pore size distribution after the incorporation of metal. The spectroscopic 
characterizations confirmed that Cr-MCM-48 contained Cr(VI) species at a low Cr 
content while both of the Cr(VI) and Cr(III) species existed in the rich Cr content. 
Ce-MCM-48 with all Ce contents showed the presence of Ce4+ tetracoordination in 
the framework in DRUV while the wide-angle XRD results indicated the existence 
of CeC>2 crystallites in the extra-framework at high Ce content. The morphology of 
metal-MCM-48 depended on the metal incorporated, in which the Cr-MCM-48 
provided the edge-truncated octahedron morphology whereas the Ce-MCM-48 
preserved the parent material shape. The hydrothermal stability for both metal- 
incorporated MCM-48 materials relied on the amount of metal loading.
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framework, and the pore structure is still maintained the cubic Ia3d symmetry even at
a high Ce content. Besides, the long-range ordered structures were obtained,
confirming the XRD patterns in Fig. 4.2a.
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Table 4.1 The unit cell parameter (ao, calculated by ao = d2 ii(6 ) l/2) and the d spacing
o f all synthesized samples with different chromium and cerium contents

Sample
M/Si

(M=Cr,Ce)
(mol)

ao
(nm)

d-spacing
(nm)

MCM-48 00 9.45 3.86

Cr-MCM-48 0.005 9.49 3.88

Cr-MCM-48 0 . 0 1 9.66 3.94

Ce-MCM-48-(0.01) 0 . 0 1 9.53 3.89

Ce-MCM-48-(0.03) 0.03 9.58 3.91

Ce-MCM-48-(0.05) 0.05 9.79 4.00

Ce-MCM-48-(0.07) 0.07 9.71 3.96

Ce-MCM-48-(0.09) 0.09 9.75 3.98
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Table 4.2 The characteristics of the calcined samples with a molar gel composition 
of 1.0SiO2:0.3CTAB:0.50NaOH:62.0H2O:xCr or yCe, where 0 < X < 0.01 and 
0  < y  < 0  .09 (ao was calculated by d2 ii(6 ) l/2 and wall thickness was calculated by 
ao/3.0919 -  pore diameter/2)

Sample Sbet
(m2/g)

Pore
volume
(cm3/g)

Pore
diameter

(nm)
ao

(nm)
d-spacing

(nm)

Wall
thickness

(nm)
MCM-48 1,711 1.14 2.67 8 . 6 6 3.53 1.47

Cr-MCM-48-(0.005) 1,511 0 . 8 6 2.27 8.42 3.44 1.60

Cr-MCM-48-(0.01 ) 1,477 0.85 2.30 8.45 3.45 1.59

Ce-MCM-48-(0.01) 1,581 0.95 2.41 8.39 3.42 1.51

Ce-MCM-48-(0.03) 1,286 0.78 2.42 8.49 3.46 1.54

Ce-MCM-48-(0.05) 1,183 0.72 2.44 8.45 3.45 1.51

Ce-MCM-48-(0.07) 1,028 0.62 2.41 8.59 3.51 1.58

Ce-MCM-48-(0.09) 1,062 0 . 6 6 2.47 8.52 3.48 1.52
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Figure 4.1 The XRD patterns o f the calcined Cr-MCM-48 samples with different Cr
contents over the range o f (a) 2  theta = 2 ° - 8 ° and (b) 2  theta = 10°-60°.
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Figure 4.2 The XRD patterns of the calcined Ce-MCM-48 samples with different 
Ce contents over the range of (a) 2 theta = 2°-8° and (b) 2 theta = 10°-60°.
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Figure 4.3 The N2 adsorption and desorption isotherms and tire BJH pore-size 
distributions (calculated from desorption branch of isotherm) of calcined Cr-MCM- 
48 with different Cr/Si ratios of (a) 0, (b) 0.005 and (c) 0.01.
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(b)
Figure 4.4 (a) The N2 adsorption and desorption isotherms and (b) the BJH pore-
size distributions (calculated from desorption branch o f isotherm) o f calcined Ce-
MCM-48 with different Ce/Si ratios.
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Figure 4.5 DR-UV-Vis spectra o f calcined Cr-MCM-48 and Ce-MCM-48 with
different Cr/Si and Ce/Si ratios.



Figure 4.6 TGA plots of (a) Cr-MCM-48 and (b) Ce-MCM-48.
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(d)

Figure 4.7 SEM images of (a) MCM-48 (x35000), (b) Cr-MCM-48 (0.005, 
X40000), (c) Cr-MCM-48 (0.01, X40000), and (d) Cr-MCM-48 (0.005, X200000).
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(c) (d)

(e)

Figure 4.8 SEM images of Ce-MCM-48 with the Ce/Si ratio, y, of (a) 0.01, (b) 0.03,
(c) 0.05, (d) 0.07, and (e) 0.09.
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Figure 4.9 TEM images of Cr-MCM-48 (0.005) with incident direction along (a) 
[100] and (b) [432]; and Cr-MCM-48-(0.01) with incident direction along (c) [100] 
and (d) projection of [ 1 0 0 ],
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Figure 4.10 TEM images with incident direction along (a) [531], (b) [100] and (c) 
[111] ofCe-MCM-48-(0.01, 0.05 and 0.09), respectively.
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