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Table 11.1  Pore structure parameters of MCM-48 and Pd-MCM-48 

 

Sample
surface area 

(m2/g)

pore size 

(nm)

pore volume 

(cc/g) 

Pure MCM-48 1593 2.445 0.9736 

1%Pd-MCM-48 1535 2.167 0.8317 

2%Pd-MCM-48 1617 2.225 0.8991 

3%Pd-MCM-48 1579 2.326 0.9181 

4%Pd-MCM-48 1436 2.254 0.8497 

5%Pd-MCM-48 1401 2.431 0.7893 
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Table 11.2 XRF analysis of Pd-MCM-48 

 

Sample Si (%) O (%) Pd (%) 

1%Pd-MCM-48 38.759 61.233 0.008 

2%Pd-MCM-48 33.005 66.983 0.012 

3%Pd-MCM-48 39.873 60.104 0.023 

4%Pd-MCM-48 37.819 62.155 0.026 

5%Pd-MCM-48 36.785 63.187 0.028 
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Table 11.3  Microwave-assisted Suzuki reaction using various Pd-MCM-48  

  catalysts at 120 C for different reaction times 

 

Conversion (%) Time

(min) MCM-48 1% PdMCM-48 3% PdMCM-48 5% PdMCM-48 

10 0 0 2.1 ± 0.5 1.9 ± 1.6 

20 0 0 39.4 ± 2.9 42.3 ± 4.9 

30 0 0 17.0 ± 0.8 27.0 ± 1.7 
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CHAPTER XII 

CONCLUSIONS 

Conclusions

MCM-48, M-MCM-48, and M,M’-MCM-48 were successfully synthesized 

by a novel silica source known as silatrane and CTAB as a template under basic 

condition, with high surface area (up to 1,711 m2/g) and narrow pore-size 

distribution (2.02-2.86 nm). In this research, the amount of CTAB needed was lower 

than conventional requirement. The synthesized MCM-48, M-MCM-48, and M,M’-

MCM-48 indicated a well-ordered structure of MCM-48 with a truncated octahedral 

shape. The maximum ratios of M/Si incorporated into the MCM-48 without 

destroying the long-range ordered of parent structure were obtained. DR-UV results 

provided the upper limit of the metals incorporated into MCM-48 framework. The 

oxidation of styrene catalyzed by Ti- and Cr-MCM-48 provided %conversion higher 

than Ce-MCM-48. From their optimal conditions, the %conversion of styrene 

reached the maximum of 61.9, 96.6, and 5.1% for Ti-MCM-48-0.01, Cr-MCM-48-

0.005, and Ce-MCM-48-0.03, respectively. The kinetic study of Cr-MCM-48 

catalysts toward the oxidation of styrene showed the temperature, the amounts of 

oxidant and styrene greatly affected to the reaction rate. The rate equation from the 

two-stage mechanism, under a steady state assumption, was proposed to be the 

representative of this reaction. The optimal conditions for the synthesized Pd-MCM-

48 catalysts applied for microwave-assisted Suzuki reaction of phenylboronic acid 

with 1-bromo-4-fluorobenzene in presence of K2CO3 base using DMF solvent were 

performed at 120 C for 20 min reaction time, giving the highest conversion of 39.4 

and 42.3% when using 3 and 5%Pd-MCM-48, respectively. 
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ABSTRACT 

Ceria or cerium oxide, with high surface area and ordered structure, was prepared by 

the nanocasting method using MCM-48 porous material as a hard template. Optimal 

conditions were investigated to obtain ordered mesoporous ceria having high surface areas. 

A high surface area of 224.7 m2/g and ordered structure of synthesized cerium oxide was 

obtained with 50% weight ceria using 30 min stirring time at 100 C evaporation 

temperature of solvent. The mesoporous ceria was characterized using an X-ray 

diffractometer (XRD), X-ray fluorescence spectrometer (XRF), N2 adsorption/desorption, 

Transmission electron microscopy (TEM), Scanning electron microscopy (SEM), and 

Temperature-programmed reduction (TPR). The TPR results provided only surface reduction 

temperatures at 400 –600 C.
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1. INTRODUCTION 

 Cerium oxide or ceria (CeO2) has also been widely used for many applications, such 

as oxygen storage capacity [1] and environmental catalysis [2] but the most important 
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application of ceria is as a three-way catalysis promoter in catalytic converter, for the 

elimination of toxic auto-exhaust gases [3, 4-6]. Ceria has two characteristics [4] appropriate 

for use in three-way catalysts: (1) an oxidation state between Ce3+ and Ce4+, CeO2/Ce2O3,

under oxidizing and reducing conditions and (2) oxygen storage and release properties. 

The catalytic performance of cerium oxide can be increased by its structural 

properties, such as surface area and crystal shape. Ceria with mesoporous structure and high 

surface areas has been synthesized by nanocasting method with various templates, both soft 

and hard [7,8]. The hard templates have shown many advantages over the soft ones, 

especially for producing highly crystalline walls, predictability and controllability [4, 7]. 

Moreover, the hard templates can provide well-ordered structure of frameworks, leading to 

high surface areas of replica.

In this study, the ordered mesoporous ceria materials were synthesized via 

nanocasting process using MCM-48 directly synthesized from home-made silatrane as a hard 

template. Optimal conditions of the nanocasting method were investigated to obtain ordered 

mesoporous ceria having high surface areas. Physical and reduction properties were 

characterized using various techniques. 

2. Experimental 

2.1  Synthesis of ordered mesoporous ceria 

 The MCM-48, used as a silica hard template and synthesized following 

Wongkasemjit’s method [9], and inorganic cerium nitrate (50, 60, 70, and 80% weight of 

ceria) were dissolved in 5 ml of ethanol. After stirring (30 min, 1, 2, and 4h), the ethanol in 

the mixture was removed by evaporation in an oven (50 , 100 C) or at ambient temperature. 

The process was repeated to get the two and three filling cycles of ceria. The obtained 

powder was heated in a ceramic crucible at 550 C for 6 h to decompose the nitrate species. 

The silica hard template was removed by using 2M NaOH at 50 C three times, and the 

mixture was centrifuged to obtain the product. The product was washed by deionized water 
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and centrifuged until the washing was neutral and dried at 100 C. The products were 

characterized by XRD. The morphology of the products was characterized using SEM and 

TEM. Specific surface area, pore volume, and average pore size were determined using the 

Brunauer–Emmett–Teller (BET) method on a Quantasorb JR instrument. The element 

contents in products were analyzed by XRF. The reducibility of products was analyzed by 

TPR.

3. RESULTS AND DISCUSSION 

3.1 Nanocasting Process 

3.1.1 Effect of Cerium Oxide Percentage by Weight 

 The XRD pattern (Fig. 1(a)) of MCM-48 showed reflection peaks at {211}, {220}, 

{420}, and {332} corresponding to the Ia3d cubic structure, and consistent with our previous 

work [9]. The ordered mesoporous (MSP) ceria at 50 – 70% weight of cerium oxide (Fig. 

1(b)), which was the negative replica of the MCM-48 template, showed the same 

characteristic diffraction peaks at {211} and {220} as the silica template, whereas the 80% 

weight showed only one peak at {211}. These results suggested that the ceria replicas still 

retained some order from their template. The XRD pattern of the 50% weight of ceria 

showed higher intensity and sharper peaks than those of 60, 70, and 80% weight of ceria, 

respectively. This might be due to agglomeration of ceria in the pore channel of MCM-48 

from the higher ceria loading during the casting process as described by Liotta et al. [10]. 

Moreover, the intensity of the ordered mesoporous ceria exhibited lower intensity than the 

MCM-48, indicating less order of the replica than the template. The XRD pattern of 50% 

weight showed the sharpest diffraction peak and highest intensity, meaning that its replica 

was more crystalline and more ordered than the remains, and led to a high surface area 

(234.3 m2/g). The best ceria percentage to obtain a high surface area with maintaining MCM-

48 structure was 50%. 

3.1.2 Effect of Stirring Time of Mixture 
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 The obtained XRD patterns of all ordered mesoporous ceria, shown in Fig.1(c), 

exhibited diffraction peaks at {211} and {220}, as shown for MCM-48. The intensity of the 

peak at {211} decreased with an increase in stirring time, due to the larger amounts of the 

precursors that went inside the pore and agglomerated, resulting in the less ordered structure 

at 4 h stirring time [10, 11]. These results indicate that the ordered mesoporous ceria at 30 

min stirring time had the most ordered structure. Specific surface area results also decreased 

with an increase in the stirring time. A high surface area (246.6 m2/g) was obtained at 30 min 

stirring time. Thus, the obtained ceria at the longer stirring time became less ordered, 

resulting in a lower surface area. Thus, the appropriate stirring time was 30 min. 

3.1.3 Effect of Evaporated Temperature of Solvent 

 The effect of the evaporated temperature of solvent was studied because the 

precursor inside the pore void was expected to migrate and impregnate inside the pore during 

the evaporation of solvent [12]. The XRD patterns of the ordered mesoporous ceria are 

shown in Fig.1 (d), also giving the diffraction peaks at {211} and {220} although the sample 

obtained at ambient temperature showed less ordered than the others having nearly the same 

intensity. It can be concluded that the structure of the retained MCM-48 and the studied 

range of the temperature had no influence on the migration of the precursor inside the pore. 

The highest surface area (254 m2/g) was obtained from the sample evaporated at 100 C.

Such a result is probably due to the fact that the evaporation time at 100 C was the shortest 

(around 1 hour) while the evaporation time at ambient was the longest (2 days). At the longer 

evaporation time, the precursor had more opportunity to migrate inside the pore at the 

ambient temperature, causing the pore blocking and the distortion of the mesoporous 

structure, as indicated in the less-ordered XRD pattern [13]. The suitable evaporation 

temperature in this study, then, was at 100 C since it took the shortest time to evaporate the 

solvent out from the template while retaining the structure of the template and showing the 

highest surface area. 

3.1.4 Effect of Filling Cycle 
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In the nanocasting process, the precursor could not completely fill the vacancies of 

the template at the first filling cycle due to the volume contraction rate [7]. The XRD results 

(Fig.1 (e)) also exhibited the diffraction peaks at {211} and {220}, referring to the MCM-48 

structure, meaning that the structure of the template was still retained although the filling 

cycle was increased. The XRD peaks obtained from three filling cycles (Fig.1 (e)) exhibited 

the sharpest diffraction peaks at {211} and {220} when compared to the others. The sharpest 

peak was achieved at the three filling cycles, suggesting that it better duplicated the structure 

of the template than the others. In other words, it has a more ordered structure. This result 

confirmed that a repeated filling cycle can effectively increase the filling degree, as 

described by Sophie et al. [14].  

The N2 adsorption-desorption isotherms of the MCM-48 and ordered mesoporous 

ceria are shown in Fig. 2. The ordered mesoporous ceria were analyzed and it was found that 

the claasification of the synthesized ceria was a type IV isotherm with H3 hysteresis loop, 

IUPAC classification, corresponding to mesoporous materials with slit-like pores. The 

isotherms show the first step up at P/Po = 0.5-0.7, corresponding to the capillary 

condensation and the other step at P/Po = 0.9-1.0, reflecting the interparticle porosity [15]. 

 The structural parameters of various samples are summarized in Table 1. With the 

increased filling cycle, BET specific surface area and the pore volume decreased, meaning 

that ceria infiltrated the template pore [15]. The pore size of the ordered mesoporous ceria 

was in a range of 4.5–4.8 nm which was larger than the wall thickness of MCM-48 (1.53 

nm). This could indicate that the fillings of the pores overlapped in some region of the 

template [16]. As can be seen from Table 1, the highest surface area of the ordered 

mesoporous ceria obtained was 224.7 m2/g at one filling cycle. The other ceria products were 

still larger than the ceria powder (directly calcined ceria from the precursor at 550 C for 6 h). 

The XRF results (Table 1) confirmed small amount of Si remained in the ordered 

mesoporous ceria after removal of the template.
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 SEM images of ceria and ordered mesoporous ceria were shown in Fig. 3.  The 

ordered mesoporous ceria possessed spherical morphology, comprised of small, round 

crystalline structures of ceria. Interestingly, additional filling cycles resulted in a denser 

spherical morphology of the ordered mesoporous ceria (Fig. 3 (b)-(d)). The SEM results can 

be well related to the surface area results that the denser spherical morphology gave the 

lower surface area.

 To confirm the order of the mesoporous ceria structure, TEM was used to analyze. 

The mesoporous ceria (Fig. 3 (e), (f)) was well ordered after removal of the silica template.  

3.2. Temperature Programmed Reduction (TPR) 

TPR profiles of the ceria powder and the ordered mesoporous ceria are shown in Fig. 

4. Two groups of the reduction peaks were observed. The first peak at low temperature from 

350  to 650 C is related to the reduction of the surface-capping oxygen of CeO2 whereas the 

high temperature peak at 700 –850 C resulted from the reduction of the bulk-phase lattice 

oxygen [3, 5]. The highest intensity of the low-temperature peak (Fig.4 (a)) was observed on 

the ordered mesoporous ceria obtained at one filling cycle. Areas under the peak 

corresponded to the total gas consumption, implying that the ordered mesoporous ceria 

obtained from one filling cycle and having the highest surface area consumed the highest H2.

This is its advantage for use as a catalyst in three-way catalyst.  

 The redox equation of ceria is shown below [17]. The Ce3+/Ce4+ redox cycle 

provides not only unique redox properties, but also the ability to store and release oxygen via 

conversion between the Ce3+ and Ce4+ oxidation states [18], making it suitable to convert 

toxic auto-exhaust gases  to less harmful gases [19]. 

2 CeO2 + H2                             Ce2O3 + H2O

4. CONCLUSIONS 
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The ordered mesoporous ceria were successfully synthesized using mesoporous 

MCM-48 silica, as hard template via nanocasting method. The optimum conditions achieved 

were by using 50% weight of ceria, 30 min stirring time, 100 C evaporation temperature, 

and one filling cycle. The XRD and TEM results confirmed that the ordered mesoporous 

ceria retained ordering from MCM-48 while the XRF results confirmed the removal of silica 

template from the ordered mesoporous ceria. In comparison of the ordered mesoporous ceria 

with commercial ceria powder; the ordered mesoporous ceria exhibited a much larger 

surface area and also showed a larger area under the TPR peak, referred to the strong 

reduction of the surface-capping oxygen. 
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Figure 1 XRD patterns of (a) MCM-48 and the ordered mesoporous ceria resulted from 

various (b) ceria percentages by weight, (c) stirring times, (d) evaporation temperatures of  

solvent, and (e) filling cycles. 
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Figure 2 N2 adsorption-desorption isotherms and pore size distribution (inset) of (a) 

MCM-48 and the ordered mesoporous ceria resulted from (b) one, (c) two, and (d) three 

filling cycles. 
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Figure 3  SEM images of (a) ceria, and ordered mesoporous ceria resulted from (b) one, (c) 

two and (d) three filling cycles, and (e) and (f) TEM images of the synthesized ceria.  
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Figure 4 TPR profiles of the synthesized ceria resulted from (a) one, (b) two, and (c) three 

filling cycles (d) ceria powder. 
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Abstract

Cerium incorporated MCM-48 mesoporous materials were synthesized via sol-gel 

process using silatrane as a silica source and various cerium precursors containing different 

anionic counterions, viz. glycolate (C2H4O2
2-), hydroxide (HO-), fluoride (F-), sulfate (SO4

2-), 

and nitrate (NO3
-) ions. The effect of the anionic counter ion on the synthesis was 

systematically studied. The obtained products were characterized by x-ray diffraction 

(XRD), N2 physisorption, diffuse reflectance spectroscopy (DRUV-vis), x-ray fluorescence 

(XRF), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). 

It was found that the amounts of cerium glycolate and cerium hydroxide had no effect on the 

cubic phase of MCM-48 while the other cerium salts caused the cubic phase transformation 

to the hexagonal phase as increasing the content of the cerium salt since those counterions 

increased the silica condensation rate in the order of:  F-<SO4
2-< NO3

-.  

 

Keywords: Ce-MCM-48; Mesoporous materials; Sol-Gel process; Silatrane; Counterions. 
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1. Introduction 

The discovery of M41S family started the revolution in the mesoporous inorganic 

materials due to the attractive properties such as high surface area, ordered pore structure and 

narrow pore size distribution [1]. Among this family, the cubic MCM-48 material is the most 

interesting material because the interconnected pore channels and bi-gyroidal structure [2-3]. 

However, the cubic structure, the intermediate phase between the hexagonal phase of MCM-

41 and the lamella phase of MCM-50, is formed in a narrow range of the synthesis condition. 

Previously, our research group successfully synthesized MCM-48 using less CTAB amount 

and home-made silatrane as a silica source [4]. The home-made silatrane is more effective 

due to its high moisture stability, resulting in slower hydrolysis rate [4-5]. Thus, the same 

synthesis method for MCM-48 was also adapted for preparation of monometallic [6] and 

bimetallic [7] MCM-48 at the ambient temperature. In fact, there are many parameters 

affecting the structure of mesoporous silicas, such as geometry of surfactant, co-surfactant, 

concentration of surfactant, counterions, and charging density matching [8]. Srinivasu et al. 

[9] reported that counterions were the important key for cubic Fm3m mesoporous 

aluminosilicates (AlKIT-5) formation in term of anionic binding strength. Chao et al. [10] 

focused on the counterion effect on the formation of SBA-15 mesoporous silicas. They 

found that the high affinity of SO4
2- induced P123 rod-like micelles structure better than Cl- 

and NO3
-. Various counter anions provided different values of the surface packing parameter, 

g, leading to different formations of mesostructures [11]. Lin et al. [12] investigated that 

anions directly influenced on the binding interaction between surfactant and silicates. 

Fluoride anion binds tighter than chloride, sulfate, and nitrate anions. Wang et al. [13] 

proposed that the promoter sulfate anion improved the structure stability due to its high 

hydration energy. Nevertheless, the over-promoter obstructed the interaction between silicate 

anions and surfactant cations which leads to less order of MCM-48 formation. Zhao et al. 

[14] also studied factors influencing on the synthesis of Fe-MCM-48, and found that sulfate 
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anion was more favorable than nitrate and chloride anions for cubic structure formation. 

Mahoney et al. [15] observed that the interaction strengths between the anions and the 

surfactants, between Cr(H2O)6
3+ and the silicate species, the hydration energy, ionic radii, 

and charge density of anions are all important for the Cr-MCM-48 synthesis. The salt effect 

of cerium ion incorporated MCM-48 materials has been studied. Wang et al. [16] 

successfully synthesized Ce-MCM-48 with hydrothermal stability by the addition of sulfate 

anion and increasing the crystallization temperature to dehydrate hydrated silicates and 

surfactant and to accelerate the interaction between surfactant and silicate species. The 

presence of fluoride anion also enhanced the hydrothermal stability of Ce-MCM-48 to 

improve the degree of polymerization of silicates [17]. Therefore, in this work, we focused 

on how cerium counterions influenced on the cubic phase formation of Ce-MCM-48 by 

studying various cerium precursors containing different counterions, viz. glycolate, 

hydroxide, sulfate, fluoride, and nitrate anions. The amount of the cerium incorporated onto 

mesoporous silicates was also investigated.   

 

2. Materials and method 

2.1. Materials 

Fumed silica (99.8%, SiO2) from Sigma-Aldich, hexadecyltrimethyl ammonium 

bromide (CTAB) from Fluka, triethylenetetramine (TETA) from Facai, ethylene glycol (EG) 

from J.T. Baker, triethanolamine (TEA) from QREC, acetronitrile and sodium hydroxide 

(NaOH) from Labscan were used without purification. Cerium (IV) hydroxide (Ce(OH)4), 

cerium (IV) sulfate (Ce(SO4)2), ammonium cerium (IV) nitrate ((NH4)2Ce(NO3)6), and 

cerium (IV) fluoride (CeF4) from Aldrich were chosen as cerium precursors. 

2.2. Preparation of xCe-MCM-48; 0.01  x  0.09 

 The synthetic method of Wongkasemjit was applied for the synthesis of Ce-MCM-

48 [18]. The molar ratio composition of gel product was 1.0SiO2:0.3CTAB:0.5NaOH: 
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62.0H2O:xCe, where 0.01  x  0.09. Cerium precursors used in this work included cerium 

glycolate (Ce(C2H4O2)2); prepared according to ref [19], Ce(OH)4, Ce(SO4)2, 

(NH4)2Ce(NO3)6, and CeF4. The required amount of cerium precursor was dissolved in 

distilled water, followed by adding 2 M NaOH and CTAB, respectively. The mixture was 

continuously stirred and slightly heated at 50 ºC. Silatrane, synthesized following elsewhere 

[20], was added into the mixture and aged at room temperature for 1 h. The resulting product 

was transferred into teflon-lined stainless steel vessel and autoclaved at 140 ºC for 16 h. The 

product was recovered by filtration, washing with distilled water, and drying overnight at 

ambient temperature. The organic template was removed by calcination at 550 ºC for 6 h at a 

heating rate of 0.5 ºC/min. Pure MCM-48 was also synthesized with the same procedure for 

comparison.  

2.3. Characterization 

XRD patterns were obtained on a Rigaku X-ray diffractometer using CuK  radiation 

over the range of 2  = 2–6º. N2 adsorption/desorption isotherms were measured using a 

Quantasorb JR instrument. The specific surface area was calculated using the Brunauer–

Emmett–Teller (BET) method. The pore size was obtained using the Barrett-Joyner-Halenda 

(BJH) equation. DRUV-vis spectra were recorded from 200 to 800 nm on a Shimadzu UV-

2550. XRF was used to determine the actual cerium loading in the final product using a 

PANalytical AXIOS PW 4400. FE-SEM micrographs were recorded on a Hitachi S-4800. 

TEM images were obtained using a JEOL JEM-2010 electron microscope. 

 

3. Results and discussion 

3.1. XRD 

The XRD patterns of all calcined samples synthesized using various counter anions 

(C2H4O2
2-, OH-, SO4

2-, F-, and NO3
-) are given in Fig. 1. Undoubtedly, at dilute solution 

(0.01Ce/Si), all counterions showed Ia3d MCM-48 cubic structure having four diffraction 
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peaks of {211}, {220}, {420}, and {332} planes. This is consistent to the work studied by 

Chao et al. [21] that low concentration condition would retard the self-assembling rates of 

surfactant and silica species to extend the equilibrium-assembly time. Thus, the effect of 

anionic counterions was not obvious at dilute synthetic condition. In general, mesoporous 

preparation was successful using sol-gel technique, consisting of hydrolysis and 

condensation reactions in the presence of acid or basic catalyst [22]. In this study, NaOH was 

used as catalyst to accelerate the hydrolysis reaction. According to the result in Fig. 1c-e, the 

presence of anionic counterions influenced the silica condensation rate which increased as 

follows: NO3
-> SO4

2-> F-.   

For the NO3
- system, as increasing anion content beyond 0.05 Ce/Si (Fig. 1e), the 

silica condensation rate was too fast [23] to arrange itself, giving the equilibrium structure 

difficult to form mesoporous structure. In addition, nitrate ions was bound with water 

molecules because of its low hydration energy (-71.6 kcal/mol) [24], causing nitrate ions 

more reactive in the solution. The silica condensation rate was also affected by SO4
2-. A 

proper amount of SO4
2- induces the dehydration reaction of anionic silicates and cationic 

surfactants and facilitates the formation of well-ordered MCM-48. High contents of SO4
2- 

ions in the system would obstruct the electronic interaction between CTAB and silicates, 

resulting in a change of surface curvature and transformation to hexagonal phase [13], as 

shown in Fig. 1c. When the amount of SO4
2- increased to 0.09 Ce/Si, the hexagonal phase 

was collapsed to wormhole structure, a worse order in meso-structure formation, because 

more anions obstructed the silicate oligomers to competitively adsorb on the micellar surface 

[12]. Therefore, the polymerization of the silicates was less effective at higher anion 

concentration [12]. Contrarily, F- counterions increased the silica condensation [25-26], see 

Fig. 1d, giving 2D-hexagonal p6mm structure, when the concentration was above 0.01Ce/Si 

without collapsing. The other word, the silica condensation rate was not as fast as NO3
- and 

SO4
2-, providing enough assembly time to form mesostructure. Our result was in agreement 
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with those obtained by Lin et al. [12] who also reported that F- was the most effective ion to 

form hexagonal phase. However, the excess F- also obstructed the interaction of surfactants 

and silicates [25].  

Interestingly, not only C2H4O2
2-, but also OH- anionic counterions performed very 

well the bicontinuous cubic Ia3d mesostructure, as shown in Fig. 1a-b. Generally, OH- from 

NaOH was used to catalyze the hydrolysis reaction in the basis condition. By using Ce(OH)4 

as a cerium precursor, OH- from this precursor was also promoted the silica hydrolysis as 

well.  In the presence of C2H4O2
2- generated from cerium glycolate, the ordered cubic 

mesostructure was also obtained. This result could be explained in term of the surfactant 

packing parameter, g = V/a0l [27], where V is the total volume of the surfactant tail, a0 is the 

effective area of the surfactant head group, and l is the length of the surfactant tail. The 

hydrophobic part of C2H4O2
2- would assemble with the hydrophobic region of micelles and 

increase the surfactant tail volume, resulting in a large g and thus easy cubic phase formation 

[28]. Hartmann et al. [29] successfully synthesized Al-MCM-48 using Al isopropoxide as an 

aluminium source because the hydrophobic part of isopropoxide anions aggregated with the 

hydrophobic region of surfactants and coincidently performed the same function as C2H4O2
2-. 

In addition, the hindrance C2H4O2
2- could interrupt the interaction between the surfactants 

and silica species at high concentration, as a result, the presence of C2H4O2
2-exhibited 

broader peaks than those obtained from the OH- system. These results could be implied that 

the formation of mesostructure is dependent on the interaction between the surfactants and 

silica species, the silica condensation rate, hydration energy, charge density, and the 

equilibrium of reaction [15, 21]. Among these anionic counterions studied C2H4O2
2- and OH- 

were the most suitable ones to form the cubic Ce-MCM-48 phase for the whole range of 

0.01–0.09 Ce/Si  

3.2. N2 adsorption/desorption 
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Figure 2 shows the isotherms and the pore size distribution (insets) of the cubic 

MCM-48 and Ce-MCM-48 samples using C2H4O2
2- and OH- as anionic counterions. The 

characteristics of the type IV mesoporous structure were obtained by a steep increase in the 

volume of adsorbed nitrogen at the region of P/P0 = 0.20–0.35. Figure 3a performed the 

isotherms of Ce-MCM-48 using SO4
2- counterion. All isotherms also demonstrated the type 

IV mesostructure. As the amount of SO4
2- increased, the adsorption isotherm curves were 

less steep and exhibited a H3 hysteresis loop at P/P0 over 0.80 due to the partial breakdown 

of the framework, generating the voids between the particles [30]. For the F- system, similar 

observation to the SO4
2- system was also observed, except no occurrence of the H3 hysteresis 

loop, see Fig. 3b. At 0.03 Ce/Si, SO4
2- and F- showed a low steep of the isotherm and broad 

peak of the pore size distribution since the cubic phase was transforming to less order of the 

hexagonal phase. When the contents of SO4
2- and F- were increased to 0.05 Ce/Si, the 

isotherm and the pore size distribution became more steep and narrow due to more order and 

uniform pore of hexagonal phase. The type IV mesophase also performed in NO3
- system, 

but the adsorption isotherm curve was lower steep as NO3
- increased because of the less 

order of the mesostructure. Moreover, these isotherms contained a H3 hysteresis loop at P/P0 

over 0.80 for 0.03–0.09 Ce/Si due to the interparticle voids [30]. This loop was bigger as the 

amorphous phase dominated. In addition, all isotherm curves slightly shifted toward higher 

relative pressures with the increases of anions and cerium incorporation, suggesting some 

disorder in the pore structure [31]. The structural properties of the calcined sample are listed 

in Tables 1–3. All Ce-MCM-48 samples prepared from various cerium precursors provided 

high surface area over 1000 m2/g. A decrease of surface area was observed from the samples 

with a lower order of mesophase using higher cerium precursor content. However, there was 

no significant change in pore volume, pore diameter, and wall thickness. 

3.3. DRUV 
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The DRUV spectra of MCM-48 and Ce-MCM-48 are presented in Fig. 4. The 

absorption band was absent for MCM-48 while Ce-MCM-48 exhibited a weak broad band 

around 200–300 nm and a more intense band at 320 nm due to the charge transfer of ligand 

to metal (O2- Ce4+) in different environments of Ce center [32]. It could be inferred that the 

absorption at 320 nm occurred from the presence of the tetra-coordinated Ce4+ species in the 

framework, and no extra-framework of the hexa-coordinated Ce4+ species was observed at 

405 nm [32-33]. Expectedly, all samples showed that the band intensity increased with the 

cerium content. It can be concluded that the tetra-coordinated Ce4+ species was highly 

dispersed into the MCM-48 framework.  

3.4. XRF 

The actual amount of all cerium incorporated MCM-48 is given in Tables 1–3. All 

final products had lower cerium content than the synthesis gel. It was suggested that during 

the washing process, some of cerium ions were eliminated due to the existence of soluble 

cerium hydroxide, consistent to the work studied by Mahoney and coworker [15].  

3.5. SEM 

The morphology of the calcined samples is shown in Fig. 5. The truncated 

octahedral shape was obtained for MCM-48 and Ce-MCM-48 using C2H4O2
2- and OH- 

counterions. For the F-, SO4
2- and NO3

- systems, the morphology was more distorted from 

pure MCM-48 since these anions affect to the fast condensation rate of silica, causing the 

{100} surface to grow faster than the {111} surface [34]. The presence of NO3
- provided the 

fastest condensation, as discussed in the XRD results, therefore the growth ratio of the {100} 

over {111} surface was the highest, exhibiting the cubic shape of the morphology (Fig. 5f) 

instead of the truncated octahedral shape because the {111} surface was hardly seen. The F- 

and SO4
2- systems showed bigger areas of the {111} surface (Fig. 5d-e) due to a slower 

condensation rate, thus the more truncated octahedral shape was observed.   

3.6. TEM 
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Figure 6 shows the TEM image of Ce-MCM-48 using C2H4O2
2- as an anionic 

precursor. The image clearly indicates not only the projection along [432] direction, but also 

the well-ordered crystalline [32]. The TEM result also informs that the introduction of Ce 

does not destroy the silica framework.  

 

4. Conclusions  

The presence of OH- and C2H4O2
2- from cerium salts allowed the cubic phase to 

form while the others, F-, SO4
2- and NO3

-, could not maintain the MCM-48 structure at the 

concentrated solution. The factor that influences the phase formation was dependent of the 

amounts of the surfactants and the silica species, the silica condensation rate, hydration 

energy, charge density, and the equilibrium of the reaction. The obtained cubic phase 

products also gave a high surface area over 1000 m2/g with narrow pore size distribution and 

a high Ce dispersion into the MCM-48 framework. 
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Fig. 1. XRD patterns of Ce-MCM-48 obtained from various cerium precursors: (a) 

Ce(C2H4O2)2; (b) Ce(OH)4; (c) Ce(SO4)2; (d) CeF4 and (e) Ce(NO3)4  
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Fig. 2. Nitrogen adsorption-desorption isotherms of Ce-MCM-48 obtained from various 

concentrations of cerium precursor using:  (a) C2H4O2
2- and (b) OH- counterions. 
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Fig. 3. Nitrogen adsorption-desorption isotherms of Ce-MCM-48 obtained from various 

concentrations of cerium precursor using: (a) SO4
2-; (b) F-

 and (c) NO3
- counterions. 
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Fig. 4. DRUV-vis spectra of Ce-MCM-48 obtained from various concentrations of cerium 

precursor using: (a) C2H4O2
2-; (b) OH-; (c) SO4

2-; (d) F-
 and NO3

- counterions 
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Fig. 5. FE-SEM images of (a) MCM-48 and 0.01Ce-MCM-48 obtained from cerium 

precursors containing:  (b) C2H4O2
2-; (c) OH-; (d) SO4

2-; (e) F-
 and (f) NO3

-  
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Fig. 6. TEM image of 0.01CeMCM-48 using C2H4O2
2- as an anionic precursor along the 

(432) direction. 
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Abstract

A series of bimetallic Fe-Ti-MCM-48 materials were successfully 

synthesized via sol-gel method using cetyltrimethylammonium bromide (CTAB) as a 

template, silatrane, iron (III) chloride and titanium (IV) isopropoxide as silica, iron 

and titanium sources, respectively. The samples were characterized by X-ray 

diffraction (XRD), N2 physisorption, diffuse reflectance UV-vis spectra (DRUV), X-

ray fluorescence (XRF), transmission electron microscopy (TEM) and scanning 

electron microscope (SEM). The results indicated that high specific surface area was 

obtained. As increase metal content, the mesoporous order and surface area 

decreased.  The synthesized Fe-Ti-MCM-48 with 0.01Fe/Si and 0.01Ti/Si ratio still 

retained a cubic structure after hydrothermal treatment at 100 ºC for 72 h.   

Keywords: Fe-Ti-MCM-48, Bimetallic materials, Mesoporous materials, Silatrane, 

Sol-gel process, Hydrothermal stability. 
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Introduction 

The cubic MCM-48, a main member in M41S family discovered by Mobil 

group [1], performs three-dimensional pore channel that can avoid pore blocking and 

provide faster reactants diffusion than one-dimensional pore system of MCM-41 [2-

4]. Due to tunable pore diameter, well-defined structure, and large surface area, 

MCM-48 has been used in many applications, such as catalyst, catalyst support, 

adsorbent, sensor, and template, for the synthesis of advanced nanostructures [5-9]. 

However, pure silica porous material is inert for catalytic applications because of its 

lack of active sites. In order to create the active sites, the metal ions such as Fe, Ce, 

Cr, V and Ti have been used to modify the MCM-48 silica framework [10-12]. 

Among the metals, iron containing mesoporous silica gave a good catalytic 

performance for the selective oxidation processes, such as Friedel–Crafts [13], 

styrene epoxidation [14], Fischer-Tropsch [15], and phenol hydroxylation [16-17]. 

Titanium substituted mesoporous silicates also have excellent ability in 

photocatalytic activity [18-19], styrene epoxidation [14], toluene oxidation [20], and 

phenol hydroxylation [21]. However, in this case the structure of Ti-MCM-41 

collapsed under mild conditions for phenol hydroxylation with H2O2 [21]. Xiao et al. 

[22] found that an ordered mesoporous titanasilicate retained the structure after 

treatments in boiling water for 120 h. Chen et al. [23] studied on Ti-substituted 

MCM-41 with various treatments and reported that the structural stability can be 

improved by Ti incorporation. Galacho et al. [24] also demonstrated that Ti-MCM-

41 maintained the structure after 12 h in boiling water and the hydrothermal stability 

of titanium substituted samples increased as increase titanium content. The 

incorporation multi-components of metal atoms can modify silica surface that might 
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create new properties and improve catalytic activity, selectivity, acidity, 

hydrophobicity, and stability of the single-component catalysts [25-27]. Wang et al. 

[27] studied the liquid-phase epoxidation of styrene, and found that bimetallic Zr-Ti-

MCM-41 had high catalytic activity and selectivity over single metal Zr-MCM-41 or 

Ti-MCM-41. MCM-41 incorporated with copper and titanium was first synthesized 

by Kong et al. [28] who indicated that Cu-Ti-MCM-41 had relatively high thermal 

stability. Wang et al. [29] found that Ti-containing Cr-modified MCM-48 

photocatalysts had the photocatalytic performance for decomposition of H2S under 

visible light with 92% efficiency for H2S removal. The reduction of NO with NH3 

using Fe-Mo-SBA-15 as a catalyst performed higher catalytic activity than 

monometallic modified SBA-15 [30]. Bimetallic V-Fe-SBA-15 [31] and Ce-Fe-

SBA-15 [32] were used for hydroxylation of phenol. An appropriate metals mol ratio 

(V/Fe and Ce/Fe) in SBA-15 would enhance the catalytic performance [31-32]. 

Popova et al. [33] reported that titanium- and iron- modified MCM-41 achieved 

higher catalytic activity, compared to monosubstituted material for toluene oxidation. 

Fe-Ti incorporated-SBA-15 and MCM-41 were synthesized for hydroxylation of 

styrene with H2O2 [26] and the conversion of styrene was controlled by metal 

content. Iron and titanium have the ability to catalyze in the same reactions of phenol 

hydroxylation [16-17, 21] and styrene epoxidation [14], incorporation these two 

metal atoms into mesoporous silica might thus enhance the catalytic activity over the 

monometallic material. Up till now, there are few published reports on bimetallic 

MCM-48 due to its difficulty to prepare [29].  

In this work, Fe-Ti-MCM-48 with different Fe/Si and Ti/Si mol ratios was 

synthesized under hydrothermal condition via sol-gel process. The hydrothermal 
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stability was also studied to determine the destruction of catalyst structure that might 

decrease the catalytic ability.  

 

Materials and methods 

Materials 

 Fumed silica (99.8%, SiO2) and iron (III) chloride hexahydrate (FeCl3 6H2O) 

from Sigma-Aldich, titanium (IV) isopropoxide (Ti(OCH(CH3)2) 4) from Acros 

Organics, hexadecyltrimethyl ammonium bromide (CTAB) from Fluka, ethylene 

glycol (EG) from J.T. Baker, triethanolamine (TEA) from QREC, acetronitrile and 

sodium hydroxide (NaOH) from Labscan were used without purification. 

Preparation of Bimetallic materials  

 xFe-yTi-MCM-48 were synthesized, following Wongkasemjit’s method [34]. 

The molar ratio composition of the obtained gel was 1.0SiO2:0.3CTAB: 

0.5NaOH:62.0H2O:xFe:yTi, where 0.01  x, y  0.09. Firstly, FeCl3 6H2O was 

dissolved in distilled water, followed by adding 2 M NaOH and CTAB. The mixture 

was continuously stirred and slightly heated at 50 ºC. The desired amount of 

silatrane, prepared according to the method reported in the literature [35], was added 

into the solution. Then the required amount of Ti(OCH(CH3)2)4 was added dropwise 

into the mixture and stirred for 1 h. The resulting mixture was transferred into a 

teflon-lined stainless steel vessel and autoclaved at 140 ºC for 16 h. The powder 

product was washed and filtered with distilled water. After drying, the organic 

template was removed by calcination at 550 ºC for 6 h with a heating rate of 0.5 

ºC/min. Pure MCM-48, Fe-MCM-48 and Ti-MCM-48 were prepared using the same 

procedure. 

Characterization 
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 The powder X-ray diffraction (XRD) patterns were recorded on a Rigaku X-

ray diffractometer with CuK  radiation over the range of 2  = 2-6º. N2 adsorption 

and desorption isotherms were measured using by a Quantasorb JR instrument using 

the Brunauer–Emmett–Teller (BET) method. The diffuse reflectance UV-visible 

(DRUV-vis) analysis of samples was carried out by a Shimadzu UV-2550. X-ray 

fluorescence (XRF) was observed on a PANalytical AXIOS PW 4400. The 

morphology was determined by using field emission- scanning electron microscope 

(FE-SEM) with a Hitachi S-4800 model. Transmission electron microscopy (TEM) 

was investigated the microstructure using a JEOL JEM-2010. 

Hydrothermal stability test 

 Following the method by Jiang et al. [36], 0.1 g of calcined sample was added 

into a teflon-lined stainless steel vessel containing 50 ml distilled water and treated at 

100 ºC for different times (12, 24, 36, 48, and 72 h). The sample was recovered by 

filtration and dried overnight at ambient temperature. The treatment product was 

characterized by XRD.  

 

Results and discussion 

 XRD 

Figure 1 shows the XRD patterns of MCM-48, Fe-MCM-48, Ti-MCM-48 and 

Fe-Ti-MCM-48. All samples exhibited the intense {211} peak and weak {220}, 

{420}, and {332} peaks which suggest the Ia3d cubic phase of MCM-48 

mesoporous materials [34]. Comparing with pure MCM-48, XRD patterns of metal 

incorporated MCM-48 slightly shifted to higher angle with a decrease in the peak 

strength, implying that the different sizes of metal, the radii of Fe3+ (Paulling radius 

= 64 pm) and Ti4+ (Paulling radius = 60 pm) were larger than Si4+ (Paulling radius = 
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42 pm), causing the geometric distortion from the ideal tetrahedral coordination [37]. 

The synthesis of Fe-MCM-48 with Fe/Si ratio beyond 0.01 was not successful due to 

the imbalance of charge matching, as explained in elsewhere [38]. Therefore, 

bimetallic xFe-yTi-MCM-48 only when x = 0.01 and 0.01  y  0.09 was obtained the 

cubic structure. On the other hand, Ti-MCM-48 was successfully synthesized using 

Ti(OCH(CH3)2)4 as titanium precursor that generated isopropoxide anion. According 

to the surfactant-packing parameter (g); g = V/a0l where V is the volume of the 

hydrocarbon chain of surfactant monomer, a0 is the effective head group area of the 

cationic ammonium and l is the apparent length of the hydrophobic tail of the 

surfactant, the hydrophobic part of isopropoxide anion combined with the 

hydrocarbon region of the surfactant to result in an increase in V [39]. Thus, 

following the surfactant-packing parameter equation, a large g value was also 

obtained as well. Besides, Mahoney et al. [40] suggested that the cubic formation 

was favorable of high curvature surface and large g because of the imbalance of 

charge distribution. Between titanium and iron precursors, isoproproxide anion was 

more effective precursor than chloride anion to form MCM-48. In addition, it was 

also found that the peak shifted to lower angle as the content of titanium increased 

for Ti-MCM-48. The reason was explained by Gao et al. [31] that more titanium 

incorporated and large size of titanium would enlarge the structure [31]. The XRD 

pattern clearly exhibited that bimetallic Fe-Ti-MCM-48 can be prepared at various Ti 

contents with 0.01 Fe/Si. The change in the relative intensities and the obvious shift 

to higher angle of the bimetallic products suggested that TiO2 nanocrystal was 

present on the internal pore wall of MCM-48 [41].  The wide angle XRD pattern of 

Fe-Ti-MCM-48 is shown in Fig. 2. The broad peak at 23º referred to the amorphous 

SiO2. Two peaks at 2  values of 28º and 42º were also observed, corresponding 
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toTiO2 anatase {101} and {004} crystal planes, respectively [42-43]. In addition, the 

peak at 28º increased as the titanium content increased, but this peak was obscurely 

seen due to overlapping with the amorphous silica peak. Thus, the broad 

characteristic peaks of anatase phase can be implied that the trace amount of titanium 

nanocrystal was formed.  

N2 adsorption-desorption 

The isotherms and the pore size distribution of MCM-48 and Fe-Ti-MCM-48 

samples are shown in Fig. 3. All adsorption isotherms were type IV, typical of 

mesoporous materials that exhibit the sharp capillary condensation steps at relative 

pressure of 0.20  p/p0  0.35. As a result, the capillary condensation of bimetallic 

MCM-48 became less steep when the amount of Ti increased, indicating a broader 

pore size distribution. Thus, as more Ti incorporated into the structure, the structure 

was less ordered, as can be seen from the XRD patterns in Fig. 1. The structure 

parameters of the samples are given in Table 1. The average pore sizes of the 

obtained samples were 2–3 nm. Also, the uniform narrow pore size distribution was 

demonstrated. Fe-MCM-48 performed large pore volume and slim wall thickness 

similar to those reported by Das and co-workers [44]. All Ti-MCM-48 samples had 

higher wall thickness than siliceous MCM-48 due to the incorporation of Ti into 

MCM-48 framework. The specific surface area of Ti-MCM-48 and Fe-Ti-MCM-48 

decreased as the metal content increased since there was some destruction of the 

metallic MCM-48 in agreement with the XRD results [45]. Nevertheless, all samples 

resulted in high surface area. 

DRUV

The DRUV spectra (Fig. 4a-b) were analyzed to characterize the coordination 

circumstance of metal ion coordination. There was no absorption band observed for 
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MCM-48. For Fe-MCM-48 (Fig. 4a), a broad band between 200 and 350 nm 

centered at 220 nm, was assigned to the charge transfer transitions involving isolated 

Fe3+ in tetrahedral geometry [46]. Ti-MCM-48 in Fig. 4a also showed one intense 

peak at 210 nm which referred to the ligand metal charge transfer between O2- and 

Ti4+ in tetrahedral framework coordination [47], and the intensity increased as 

increasing the amount of Ti content. The Fe-Ti-MCM-48 samples exhibited a broad 

absorption at 200–300 nm, as shown in Fig. 4b, which attributed to the charge 

transfer transitions between tetrahedral oxygen ligand and the central Ti4+ and Fe3+ 

that overlapped at the same wavelength position. However, the presence of the band 

at around 500 nm demonstrated some M-O-M clusters existence of isolated Ti sites 

[26], corresponding to nanocrystalline TiO2, which is in good agreement with XRD 

wide angle.  

XRF

The XRF results indicated the actual amounts of Fe and Ti introduced into 

MCM-48. The metal contents in the final product had lower amount than those in the 

gel, as shown in Table 1, due to the solubility of Fe and Ti precursors in the medium.    

SEM

Figure 5 shows the SEM micrographs of pure MCM-48, Fe-MCM-48, Ti-

MCM-48, and Fe-Ti-MCM-48. The truncated octahedral shape of MCM-48 was 

shown in Fig. 5a. Fe-MCM-48 and Ti-MCM-48 morphologies shown in Fig. 5b-c 

had some distortion from the pure MCM-48 due to the larger size of Fe and Ti, as 

discussed above. Because of the existence of both Fe and Ti, bimetallic Fe-Ti-MCM-

48 exhibited even more distortion in the structure. Moreover, the bimetallic crystal 

size decreased as the amount of Ti increased since the more ions generated many 

nuclei and resulted in more small growing crystal [48-49]. 
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TEM

The structural order of 0.01Fe0.01TiMCM-48 observed by TEM indicated 

the projection along (100) direction [34], see Fig. 6a-b, showing the highly ordered 

cubic structure with uniform mesopores. Fortunately, the introduction of Fe and Ti 

atoms did not destruct the mesoporous structure. 

1. Hydrothermal stability 

Figure 7 presents the XRD patterns of 0.01Fe0.01Ti-MCM-48 sample 

after hydrothermal treatment at 100 ºC for 0, 12, 24, 36, 48, and 72. It was shown 

that 0.01Fe0.01Ti-MCM-48 has the characteristic peaks of {211} and {220} after 12 

h treatment, but the diffraction peaks of {420} and {322} were not seen due to the 

distortion of the structure from the incorporation of Fe and Ti, making the sample 

less order. However, the diffraction peaks of {211} and {220} retained for 48 h 

treatment while the {211} peak still maintained after 72 h treatment. For 0.01Fe 

(0.03-0.07)Ti-MCM-48 and (0.03-0.09)Ti-MCM-48, the characteristic peaks 

disappeared after 12 h treatment (not shown) because the more amounts of the metal 

incorporated resulted in the more distortion, leading to easier destruction. The XRD 

patterns of pure MCM-48 and 0.01Fe-MCM-48 collapsed after 48 h treatment 

whereas the peak of 0.01Ti-MCM-48 disappeared after 24 h treatment. In addition, 

they lost the diffraction {220} peak after the 12 h treatment. It revealed that the Fe-

O-Si bonds and Ti-O-Si bonds have low resistance for water attack [46]. For MCM-

48, the water molecule caused the hydrolysis of Si-O-Si bonds, resulting in the poor 

silica wall which led to the collapse of the silicate structure [50]. Of all synthesized 

bimetallic MCM-48, the most hydrothermal stable one is 0.01Fe0.01Ti-MCM-48. It 

could be suggested that the existence of extraframework titanium shielded the 

siloxane bonds (Si-O-Si) and obstructed the interaction with water molecules which 
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enhanced the stability in boiling water [24]. Nevertheless, Fe-Ti-MCM-48 with 

0.01Fe/Si and 0.03-0.07 Ti/Si showed the deterioration stability. There are two 

possible reasons supporting this situation. The first one is from both high amount of 

tinatium and two different types of metal atoms incorporated in the structure, 

resulting in the distortion and easier destruction. The other reason is from the 

extraframework of titania blocking the pore of MCM-48, causing the partially wall 

breakage and a decrease in surface area [29].  

 

Conclusions

A series of iron and titanium incorporated MCM-48 mesoporous materials 

with high surface area were successfully synthesized from silatrane via sol-gel 

method. High iron content is unfavorable for the Fe-MCM-48 formation while Ti-

MCM-48 resulted in the cubic structure. The introduction of iron and titanium ions 

led to a decrease of Fe-Ti-MCM-48 surface area generated the extraframework. The 

resulting 0.01Fe0.01Ti-MCM-48 mesoporous molecular sieve has highly 

hydrothermal stability suitable for many applications. 
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Figure 1  Small angle XRD patterns of MCM-48, Fe-MCM-48, Ti-MCM-48,  

  and Fe-Ti-MCM-48 
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Figure 2  Wide angle XRD patterns of 0.01Fe0.01Ti-MCM-48, 0.01Fe0.03Ti- 

  MCM-48, 0.01Fe0.05Ti-MCM-48 and 0.01Fe0.07Ti-MCM-48 
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Figure 3  Nitrogen adsorption-desorption isotherms of MCM-48 and Fe-Ti- 

  MCM-48 
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Figure 4   DRUV-vis spectra of samples: (a) MCM-48, Fe-MCM-48 and Ti- 

   MCM-48; (b) Fe-Ti-MCM-48 
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Figure 5  FE-SEM images of samples: (a) MCM-48; (b) 0.01Fe-MCM-48; (c)  

  0.01Ti-MCM-48; (d) 0.01Fe0.01Ti-MCM-48; (e) 0.01Fe0.03Ti- 

  MCM-48; (f) 0.01Fe0.05Ti-MCM-48, and (g) 0.01Fe0.07Ti-MCM-48 
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Figure 6  TEM images of 0.01Fe0.01TiMCM-48 along the (100) direction 
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Figure 7  XRD patterns of 0.01Fe0.01Ti-MCM-48 after hydrothermal treatment  

  at 100 ºC for different times (0, 12, 24, 36, 48 and 72 h)
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MCM-48-Polybenzoxazine mixed matrix membranes for CO2/CH4
separation
 

Nuttheewan Kittisarunlerd, Thanyalak Chaisuwan, Apanee Luengnaruemitr, and Sujitra Wongkasemjit* 

The Petroleum and Petrochemical College and National Center of Excellence for Petroleum, Petrochemicals and 
Advanced Materials, Chulalongkorn University, Phayathai Road, Soi Chula 12, Patumwan, Bangkok 10330 
Thailand.

 
 

INTRODUCTION 

The existence of carbon dioxide in natural gas decreases the heat value of natural gas remarkably. 
Furthermore, in a moist environment, it may produce carbonic acid, which corrodes not only the equipment, but also 
the pipes in the transportation. Therefore, removal of carbon dioxide from natural gas is an important topic. 
Membrane is one of the attractive techniques for gas separation. In this study, mesoporous MCM-48 synthesized 
from silatrane via sol–gel process was added to polybenzoxazine (PBZ) to fabricate mixed matrix membranes 
(MMMs) for improving performance of the CO2/CH4 gas separation. 
 

EXPERIMENTAL 

Synthesis of MCM-48: CTAB was dissolved in a solution containing water and 2 M NaOH. The mixtures were 
vigorously stirred with slightly heating to dissolve surfactant. Silatrane precursor was then added, followed by stirring 
for 1 h. The mixture was transferred to a Teflon-lined stainless steel autoclave and heated at 140 C for 16 h. The 
resulting solid product was collected by filtration and dried overnight at ambient conditions. The surfactant was 
removed by calcination at 550 C for 6 h to obtain mesoporous MCM-48. 

Preparation of Polybenzoxazine Membranes: The benzoxazine precursor was synthesized mixing 
bisphenol–A (BPA, C15H16O2), formaldehyde (CH2O), and 1,6–hexadiamine (hda, C6H16N2) in 1,4–dioxane as 
solvent. The mixture was heated and stirred continuously until viscous liquid was obtained and cast onto a glass 
plate wrapped with aluminum foil. The thickness of the membrane was approximately 300 μm. The membrane was 
dried at room temperature in air for one day. Finally, the membrane was placed in an air-circulating oven at 110 C 
for 24 h. 

Preparation of Mixed Matrix Membranes (MMMs): Various contents of MCM-48 were dispersed in 1,4–
dioxane and stirred for 3 h. before sonicating for 15 min to improve the dispersion of particles in the solution. Then, 
approximately 15 (w/w) of the total amount of polybenzoxazine was added into the MCM-48 solution. The mixture 
was stirred to enhance its homogeneity. After the remaining polybenzoxazine was added, the final mixture was 
further stirred continuously for 2 day before the casting. 

Gas Permeation Measurements: The single–component gas permeation (CH4 and CO2) experiments of all 
membranes were carried out at 25 °C in sequences using a gas permeation testing unit in which the membrane was 
placed on a metal plate. The area of the membrane in contact with the gas was 44.2 cm2. The pressure difference 
across the membrane was maintained at 25 psi.  

 
RESULTS AND DISCUSSION 

 

Figure 1 shows 1H-NMR spectrum of polybenzoxazine precursors to confirm the synthesis process. 

 

 
 

Figure 1 1H-NMR spectrum of 
polybenzoxazine precursors
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Figure 2 shows SEM micrograph for a cross-section morphology of polybenzoxazine membrane filled with 10 

wt.% of MCM-48 loading. 

 

 
 

Figure 2 SEM micrograph of a cross-section of MMM with 10 wt.% of MCM-48 loading 
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Synthesis and characterization of Ce-MCM-48 from silatrane via sol–gel 
process

Rujirat Longloilert a, Thanyalak Chaisuwan a,b,    

Apanee Luengnaruemitchai a,b, Sujitra Wongkasemjit a,b 

a)The Petroleum and Petrochemical College, Chulalongkorn University 

b)Center of Excellence on Petrochemical and Materials Technology 

 Cerium incorporated into MCM-48 framework are hydrothermally 
synthesized via sol–gel process without any additives and characterized by X-ray 
diffraction, N2 adsorption/desorption, Scanning electron microscopy (SEM), 
Transmission electron microscopy (TEM), Diffuse re ectance UV–vis spectroscopy, 
and Thermogravimetric analysis. Results indicate that the materials possess a long-
range ordered structure, high speci c surface area, and narrow pore size 
distribution. SEM images illustrate the truncated octahedron morphology which 
preserves the shape of the MCM-48 parent material. TEM images show the pore 
network of Ia3d symmetry after loading metal. Spectroscopic data con rm the 
existence of metals in the framework and extra-framework. The hydrothermal 
stability of MCM-48 is enhanced by carefully incorporating metal into the parent 
material. 

SEM image of Ce-MCM-48 with the 0.01Ce/Si ratio
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Synthesis of Ordered Mesoporous Ceria Using MCM-48 as Template 

Chonnikarn Deeprasertkula, Sujitra Wongkasemjita,b,*, Thanyalak Chaisuwana,b

a)The Petroleum and Petrochemical College, Chulalongkorn University 
b) Center of Excellence on Petrochemical and Materials Technology 

The catalytic performance of a catalyst can be increased by their structural 
properties, such as surface area, their crystal shape. In this study, ceria or cerium 
oxide with high surface area and ordered structure is prepared by nanocasting 
method using MCM-48 porous material, as a template. Optimal conditions of the 
nanocasting method are investigated to obtain ordered mesoporous ceria having 
high surface areas. The high surface area of 224.7 m2/g and the ordered structure of 
the synthesized cerium oxide are obtained at 50% weight of ceria using 30 min 
stirring time at 100 C evaporated temperature. The resulting ordered mesoporous 
ceria is characterized using X-ray diffractometer (XRD), X-ray fluorescence 
spectrometer (XRF), N2 adsorption/desorption, Transmission electron microscopy 
(TEM), Scanning electron microscopy (SEM), and Temperature programmed 
reduction (TPR). 

 

TPR profiles of ordered mesoporous ceria having different surface areas,(a)224.7 
m2/g, (b)207.9 m2/g, (c)192.0 m2/g, (d) 77.1 m2/g of ceria powder obtained without 
using nanocasting method. 
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MCM-48, mesoporous material in M41S family, has attracted 

considerable interest owing to its periodic framework of regular mesopores, large 

surface area, good thermal stability, and 3-dimensional pore structure. All these 

properties are potentially advantageous for catalytic applications. In this work, 

palladium is used as a metal promoter loaded on the synthesized MCM-48 

catalyst support synthesized from silatrane for Suzuki reaction to produce 

biphenyls via microwave technique. Pd-MCM-48 is synthesized via impregnation 

approach. The synthesized catalyst is characterized by X-ray diffraction (XRD), 

X-ray fluorescence (XRF), Temperature- programmed reduction method (TPR) 

and Transmission electron microscopy (TEM). The effects of Pd contents and 

reaction time are studied at 120 °C temperature and the product is characterized 

by gas chromatography-mass spectrometry (GC-MS). The result shows that 

5%Pd-MCM-48 with 20 min reaction time gives the best result of ~41% yields.

 
Wide-angle XRD patterns of a) 1, b) 3, and c) 5%Pd-MCM-48 
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