
SYNTHESIS OF MCM-48 FROM SILATRANE VIA SOL-GEL PROCESS
CHAPTER III

3.1 Abstract

High-quality cubic MCM-48 is successfully synthesized using a new silica 
source known as silatrane and cetyltrimethylammonium bromide (CTAB) as the 
structure-directing agent via sol-gel process. The effects of synthesis parameters, viz. 
crystallization temperature, crystallization time, surfactant concentration, quantity of 
NaOH, and silica source, on the product structure are investigated. The synthesized 
samples are characterized using X-ray diffractometer (XRD), N2 adsorption- 
desorption isotherms, and electron microscopy. Optimally, this product is 
synthesized from samples crystallized at 140°c for 16 h with a CTAB/SiÛ2 ratio of 
0.3 and NaOH/SiCb ratio of 0.5. The XRD result exhibits a well-resolved pattern, 
corresponding to the Ia3d space group of MCM-48. The BET surface area of this 
product is as high as 1,300 m2/g with a narrow pore-size distribution of 2.86 nm. The 
scanning electron microscopic (SEM) images also show the truncated octahedral 
shape and well-ordered pore system of MCM-48 particles.

(Keywords: MCM-48; Silatrane; Sol-gel process; Truncated octahedral shape)
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3.2 Introduction

Since 1992 after mesoporous molecular sieves in M41 ร family were 
discovered by Mobil’s group [1, 2], these materials have attracted remarkable 
attentions due to its high surface area, ordered pore structure array, and narrow pore 
size distribution [3], There are three categories of M41 ร divided by the different 
arrays, viz. hexagonal (MCM-41), cubic (MCM-48), and lamellar (MCM-50) [4, 5], 
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. The cubic MCM-48 indexed in the space 
group of Ia3d is the most interesting in terms of catalytic activity because it has a 
three-dimensional pore structure which reduces the diffusion limitations and avoids 
the pore-blocking of the catalysts [6 ],

Although MCM-48 is a more attractive candidate as a catalyst support or 
adsorbent than MCM-41, its success is curtailed by the lengthy reaction times and 
rigorous conditions required for its synthesis. The cubic MCM-48 is an intermediate 
during the transformation from hexagonal to lamellar phases; thus, the synthesis 
conditions must be carefully controlled. Silica sources are also found to affect the 
MCM-48 formation, as studied by Xu et al. [7], resulting in different silica 
structures. Therefore, most researchers have mainly focused on MCM-41 rather than 
MCM-48 [8-13]. Furthermore, a high surfactant amount and additives are required to 
obtain the cubic Ia3d MCM-48 mesoporous structure. To date, many researchers 
have tried to minimize the surfactant amount in many ways, using such means as 
organic additives [14, 15] or salts (i.e. NaF and 1ร่๒2ร0 4 ) [16, 17]. Generally, to 
obtain MCM-48, the most widely used raw materials are CTAB as a surfactant, 
NaOH as a catalyst, and tetraethylorthosilicate (TEOS) as a silica source, using 
conventional autoclave heating for several days. According to the materials safety 
data sheets (MSDS), however, TEOS presents significant handling problems due to 
such factors as high toxicity and moisture sensitivity. In this research, we introduce 
another source of silica known as silatrane. Silatrane can be easily synthesized from 
inexpensive and commercially available starting materials, namely, silicon dioxide
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and triethanolamine, in ethylene glycol solvent [18, 19]. One unique characteristic of 
silatrane is a moisture stability lasting up to several weeks, thus allowing for control 
of the hydrolysis rate during sol-gel processing.

In previous works, we successfully synthesized many microporous [20-23] 
and mesoporous [24-28] zeolites via sol-gel process, using moisture stable metal 
alkoxides for example silatrane, alumatrane, cerium glycolate, zirconium glycolate as 
the precursors. In this work, we systematically studied the effects of crystallization 
temperature, crystallization time, surfactant concentration, amount of NaOH, and 
silica source on the product structure to obtain the optimum synthesis conditions of 
MCM-48.

3.3 Experimental

3.3.1 Synthesis of Silatrane
Following พ ongkasemjit’s synthetic method [29], silatrane was 

synthesized by mixing 0.1 mol fumed silica (99.8%, Sigma-Aldrich, St. Louis, MO), 
0.125 mol triethanolamine (TEA; QREC, New Zealand), and 100 ml ethylene glycol 
(EG; J.T. Baker, Philipsburg, NJ). The reaction was refluxed at 200°c under nitrogen 
atmosphere for 10 h in oil bath. The excess of EG was removed under vacuum at 
110°c to obtain a crude brown solid. The obtained product was purified by using 
acetronitrile (Labscan, Bangkok, Thailand) to remove any TEA and EG residues. 
The white silatrane product was vacuum-dried overnight before characterization by 
Fourier transform infrared absorption spectrometry (FT-IR, Bruker Optics 
EQUINOX55) at a resolution of 2 cm'1, and by thermogravimatric analysis (TGA, 
Perkin-Elmer instruments) using a heating rate of 10°c/min from room temperature 
to 650°c in a nitrogen atmosphere. The FT-IR bands observed were 3,000-3,700 cm'
1 (พ, vO-H), 2,860-2,986 cm' 1 (ร, vC-H), 1,244-1,275 cm' 1 (m, vC-N), 1,170-1,117 
cm ' 1 (bs, vSi-O), 1,093 cm' 1 (ร, vSi-O-C), 1,073 cm' 1 (ร, vC-O), 1,049 cm-1 (ร, vSi- 
O), 1,021 cm' 1 (ร, vC-O), 785 and 729 cm' 1 (ร, vSi-O-C), and 579 cm' 1 (พ, vN—»Si). 
TGA exhibited one sharp mass loss at 390°c and gave a 19% ceramic yield, 
corresponding to N(CH2CH2 0 )3S i-0 CH2CH2-N(CH 2CH20 H)2.
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3.3.2 Synthesis of MCM-48
To synthesize this material, CTAB (Sigma-Aldrich) was dissolved in 

a solution containing water and 2 M NaOH. The mixtures were vigorously stirred 
with slight heating to dissolve surfactant. Then, silatrane precursor was added, 
followed by stirring for 1 h. The molar composition of the gel was 1.0 
Si02:xCTAB:0.50NaOH:62.0H20, where 0.15 < X < 0.65. The resulting mixture was 
transferred to a Teflon-lined stainless steel autoclave and treated at 130-150°c for a 
certain time in a range of 12-24 h. The resulting solid product was collected by 
fdtration and dried overnight at ambient conditions. The removal of the surfactant 
was performed by calcination at 550°c for 6  h (Carbolite, CFS 1200, Hope Valley, 
UK) at a heating rate of 0.5°c/min to obtain mesoporous MCM-48. In this study, 
crystallization time and temperature, surfactant concentration, alkalinity, and silica 
source were varied.

3.3.3 Characterization
The mesoporous products were characterized using a Rigaku X-ray 

diffractometer (XRD, Tokyo, Japan) and CuKa radiation in the range of 2h = 2-8° at 
a scanning speed of l°c/min, 40 kv, and 30 mA. MCM-48 morphology was carried 
out by a field emission scanning electron microscope (FE-SEM, Hitachi/S-4800) and 
the samples shadowed with platinum. The order of mesopores was investigated using 
a transmission electron microscope (TEM, JEOL 201 OF). The surface area and 
average pore size were estimated by the Brunauer-Emmett-Teller (BET) method on a 
Quantasorb JR instrument (Mount Holly, NJ).

3.4 Results and Discussion

3.4.1 Effects of Crystallization Time and Temperature
The crystallization time and temperature are the important key factors 

in synthesizing MCM-48, due to a consecutive transformation of MCM-48 via 
hexagonal to cubic and lamellar phases. Thus, these studies were attempted at 130,



14

140, and 150°c for various times using a gel molar composition of 
SiO2:0.65CTAB:0.5NaOH:62H2O and silatrane as silica source.

The results of the as-synthesized samples obtained at 17, 19, and 24 h 
showed that MCM-48 started to form at 130°c for 24 h (not shown). However, upon 
calcination, poor-resolved diffraction peaks were obtained probably due to either a 
too-low crystallization temperature or a too short crystallization time to form MCM- 
48 since all three samples showed the dominance of the hexagonal phase (MCM-41). 
When the crystallization temperature increased to 140°c, the samples that were 
heated for 16 h and above showed the diffraction (220) characteristic peak of MCM- 
48 (Fig. 3.1). However, the occurrence of mixed phase of the cubic and the lamellar 
phases was observed from the sample heated for 24 h, as shown in Fig. 3.1a. The 
results are in good agreement with those described by Kruk et al. [30],who also 
showed a significant difference of XRD patterns between a pure cubic MCM-48 and 
a mixed phase when they synthesized MCM-48 at 150°c for 1 day. They found that 
the (220) peak of MCM-48 overlapped with the (001) peak of the lamellar phase, 
resulting in a broad peak of (220), along with (211), (420), and (332) peaks of MCM- 
48, and a broad (002) peak of the lamellar phase. In addition, as crystallization time 
increased, the first dominant peak of (2 1 1 ) started to lose its intensity while the peaks 
of (001) and (002) increased, indicating that the lamellar phase of MCM-50 had 
begun to develop, as found by Roth [31], In contrast to the sample crystallized for 12 
h at 140°c, it showed a mixed phase between the hexagonal and the cubic phases, 
hinting at a relationship to the cubic phase (see Fig. 3.1a, 12 h). Furthermore, the 
structure was not strongly established, and it deteriorated considerably upon 
calicination, as shown by a poor-quality XRD pattern (Fig. 3.1b, 12 h). The results 
demonstrated that the samples synthesized at 140°c for 16 and 20 h were crystallized 
completely. The XRD patterns of the calcined samples synthesized for 16-24 h 
exhibited a significant increase in the intensity of peaks, indicating that an atomic 
reorganization occurred during the removal of the surfactant molecules in the 
calcination process, and the degree of ordering was enhanced [32, 33], Another 
attempt was performed at 150°c of the crystallization temperature for the desired
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length of time (17-24 h) and failed to obtain pure MCM-48. Instead, a mixed phase 
between the lamellar and the cubic phases was obtained (not shown).

The XRD patterns of the calcined samples, compared to the as- 
synthesized samples, were shifted to the higher value of 2 -theta, meaning that the 
contraction of the lattice occurred during the process of removing surfactant because 
of the condensation of silanol groups on the wall [34],

The samples synthesized for different periods of time were 
characterized further by N2-adsorption and desorption isotherms, as illustrated in Fig.
3.2. According to IUPAC classification, all samples showed a typical type IV 
isotherm, consisting of three stages. At low relative pressure of P/Po<0.2, the lines 
can be extrapolated to the origin due to monolayer adsorption of nitrogen on the 
walls of the mesopores. This confirms the absence of any detectable micropore 
filling at low partial pressure [33]. In the region of P/Po = 0.2-0.3, a steep in 
isotherms was observed, as a result of the capillary condensation in the mesopores, 
indicating a uniform pore-size distribution and a highly ordered pore structure. This 
can also be confirmed by calculating pore-size distribution with BJH method by 
using the desorption branch of isotherms, as given in Fig. 3.2 inset. The peak 
showing a very narrow pore-size distribution with a peak maximum of about 2.3 nm 
was observed. After the relative pressure P/Po~0.3, the isotherm was almost flat 
owing to multilayer adsorption on the outer surface of the particles, as can be seen in 
Fig. 3.2a [35, 36], Additionally, the absence of hysteresis loop in Fig. 3.2a was 
observed, which can be attributed to the small size of the particles [33], On the 
contrary, in Fig. 3.2b, c, the presence of a triangular hysteresis loop at relative 
pressure of 0.5-1 on the isotherms indicates the contamination with the lamellar 
phase after calcinations, leading to the lower surface area [30], as shown in Table 
3.1. In agreement with the study of Kruk et al. [30], they showed a decrease of 
surface area from 1,240 m2/g for a pure MCM-48-840 m2/g for a mixed lamellar 
phase. These results also agree with Sing et al. [37], who suggested that this type of 
hysteresis loop represented a slit-shaped pore or plate-like particle. In addition to the 
surface area, the pore volume also decreased with increased time, contributing to a 
collapsed lamellar phase upon calcinations [38], From these studies, it can be
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concluded that the crystallization temperature o f 140°c for 16 h is suitable for
synthesizing MCM-48, and an increase in crystallization temperature accelerated the
rate for crystallite formation while shortening the time.

3.4.2 Effect of Surfactant Concentration

The effect of CTAB concentration was investigated by preparing 
samples with different molar gel compositions of SiO2:xCTAB:0.5NaOH:62H2O, 
where 0.15 < X < 0.65. The study was carried out at 140°c for 16 h. Due to the 
environmental concerns, the surfactant amount should be minimized. In addition, 
when compared to higher ratios, the low surfactant/silicon ratio provides several 
advantages, such as increased wall thickness, improved stability of the entire 
mesostructure, and prevention of structural collapse during calcinations [15].

When the ratio of CTAB/SiC>2 was kept at 0.65, the cubic MCM-48 
was obtained. Similar results were reported for the system using the formula TEOS- 
0.5NaOH- 0.65CTACl-62H2O at 100°c for 3 days [6 ], The XRD patterns in Eig. 3.3 
show that the cubic MCM-48 can be obtained in the CTAB/SiC>2 ratio range of 0.2- 
0.65, whereas the hexagonal MCM-41-type mesoporous silica material was formed 
at the CTAB/Si0 2  ratio equal to 0.15.The formation of MCM-48 even at a low 
CTAB-to-SiÛ2 ratio can be explained using the surfactant packing parameter [15, 
36], g, determined by the following equation;

g = V/(aoL)

where V is the total volume of surfactant chains plus any co-solvent (organic 
molecules), ao is the effective headgroup area at the organic-inorganic interface, and 
L is the length of motional surfactant tail. Small values of g stabilize more curved 
surfaces, such as MCM-41, which has a g value between 1/3 and 1/2, while g = 1 
stabilizes layers and larger values stabilize structures with less curvature, such as 
MCM-48, having a g value between 1/2 and 2/3.
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When considering the sol-gel processing of the silatrane precursor, 
TEA molecules are generated in the mixture as a by-product via the hydrolysis 
reaction. The TEA molecules stay in the hydrophilic region of the surfactant 
molecules [39] due to the hydroxyl groups of the molecule, causing more effective 
polar head-group area of the CTA+ micelle, resulting in a decrease of ao. From the 
equation for calculating the parameter g, g is inversely proportional to ao, thus, a 
decrease of ao increases g, which is favorable for the cubic MCM-48 formation. This 
suggests that MCM-48 can be successfully synthesized with use of the silatrane 
precursor even if the concentration of CTAB is low, and there is no need to include 
other additives in the system.

From Fig. 3.3, the XRD pattern of using 0.3 mol CTAB exhibits a 
well-resolved secondary diffraction at above 3.5 degrees of 2-theta, indicating a 
highly long range order of this material, as compared to other ratios. Lysenko and 
coworkers [40] also synthesized MCM-48 with a CTAB/TEOS ratio of 0.3; but the 
reaction was performed at 100°c for 3 days. In our work, at the same ratio, a much 
shorter reaction time is required at a higher temperature. The N2-adsorption and 
desorption result also shows nice isotherms and pore-size distribution (see Fig. 3.4).

In our study, the pore volume and d spacing decreased as the 
surfactant/silicon ratio (x>0.35) increased, whereas the surface area increased (Table 
3.2). The trend was similar to the results obtained from Yu et al. [41] who varied a 
surfactant/silicon ratio from 0.1 to 0.25 at 110°c for 72 h. When surfactant/silicon 
ratio increased, there was no slit-shaped pores or plate-like particles of the solid, as 
observed from the disappearance of a hysteresis loop between P/Po = 0.4 and 1 in the 
adsorption-desorption isotherms (Fig. 3.2a) whereas the lower surfactant/silicon 
ratio provided a hysteresis loop, implying that the complementary inter-particles 
appeared in a mesoporous structure, leading to an increase of pore volume. 
Moreover, the decrease of the d  spacing with an increase in surfactant/silicon ratio 
was resulted from a thinner wall and a decreasing of pore size obtained when 
increasing the surfactant concentration to form liquid crystals [41]. Additionally, the 
d  spacing increased in the surfactant/silica ratio range of 0.25-0.35. These can be 
described in term of micelle formation. As the surfactant concentration increased
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from 0.25 to 0.35, the surfactants was more participated in the individual micelle 
leading to increasing the size of micelles as well as the d  spacing. However, as the 
surfactant concentration increased to a certain point (x>0.35), the excessive amount 
of surfactants led to the increasing number of micelles instead of increasing micelle 
size, resulting in the decreasing of d  spacing [42], However, conversely, the increase 
of the surface area with an increase in surfactant/silicon ratio can be described in 
terms of the smaller size of particles. According to the Scherrer equation, particle 
sizes of MCM-48 synthesized by using 0.3 and 0.65 mol of CTAB were found to be 
110.8 and 92.3 nm, respectively. In addition, as the surfactant concentration 
increased, the redundant surfactant could be adsorbed on the surface of particles of 
MCM-48 which reduced the surface tension and prevented the aggregation of 
particles evidenced indirectly by the disappearance of hysteresis loop. Therefore, the 
external surface area increased, resulting in the increase of the total surface area. In 
the range of 0.3 < X < 0.65, the surface areas of our samples were slightly different. 
When X was less than 0.3, the surface area and the intensity of XRD patterns (Fig 
3.3) decreased, resulting from too low surfactant concentration to form a well- 
ordered of MCM-48. Instead, MCM-41 was obtained at 0.15 surfactant/silica ratio, 
meaning that this concentration is not enough to form MCM-48.

3.4.3 Effect of The Alkalinity

Another important parameter examined was the alkalinity in the 
synthesis gel ascertained by NaOH concentration. To study this effect, the synthetic 
gel was prepared, using the formula of SiC>2 :0 . 3  CTAB:y NaOH:62 H2O, where 0.45 
< y < 0.55. The OH'/Si ratio was varied as 0.45, 0.5, and 0.55. Figure 3.5a shows 
XRD patterns of MCM-48 with various amounts of NaOH. All these samples 
revealed a well-resolved pattern of the Ia3d cubic MCM-48. However, as shown in 
Fig. 3.5b, although all samples illustrate the capillary condensation step at P/Po of 
0.2-0.3 belonging to MCM-48, the samples prepared from using the NaOH 
concentration above 0.45 seem to have the lamellar phase mixing with MCM-48, as 
indicated by the presence of the hysteresis loop, which is consistent with the study of
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Kruk et al. [30]. This suggests that a high concentration of alkali probably drives the 
reaction to go further to the lamellar phase, as also suggested by Behrens et al. [43], 
Moreover, the pore size and the pore volume decreased with an increase in the OH' 
/Si ratio (see Table 3.3), consistent with the results obtained by Collart et al. [44] 
who synthesized MCM-48 using a molar gel composition of Si:xOH‘: 
100H20:0.1GEM 16-12-16, where X = 0.2 and 0.26 at 130°c for 3 days, and found 
that a reduction of the OH’/Si ratio increased the pore diameter of the calcined 
MCM-48 samples. As a conclusion and in agreement with Behrens et al. [43], the 
formation of the lamellar phase of MCM-50 was encouraged by using higher 
synthesis temperatures, higher basicities of the synthesis solutions, and longer 
reaction times.

3.4.4 Effect of Silica Source

We also performed the same reaction conditions with a traditional 
silica source such as TEOS instead of the silatrane precursor, and found that the 
crystalline phase of MCM-48 could not be obtained. This result can be explained in 
terms of the property of the material itself. TEOS is very sensitive to the reaction so 
it can be hydrolyzed very quickly, as compared to the moisture-stable silatrane. 
Consequently, the addition of ethanol is usually required for the synthesis of MCM- 
48 in the TEOS system to retard the hydrolysis reaction and also to increase a 
surfactant packing parameter, as described elsewhere [45, 47], Moreover, the longer 
crystallization time is needed for the phase transformation from hexagonal to cubic 
phases; thus, the MCM-48 could not be obtained within 16 h. In contrast to the 
synthesis of MCM-48 using the silatrane precursor, the TEA molecules, the by­
product after the hydrolysis process, can improve a surfactant packing parameter, as 
discussed earlier. Moreover, there is no need to add ethanol into the system since the 
hydrolysis rate of the silatrane is not as fast as the TEOS. It could be inferred that the 
silatrane is a good candidate as a silica source for the synthesis of high quality 
MCM-48 with a lower surfactant/silica ratio for a shorter crystallization time.
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3.4.5 Electron Microscopic Results of MCM-48 Samples

3.4.5.1 Field Emission Scanning Electron Microscopy

The samples synthesized in this work were examined by FE- 
SEM to investigate their morphology. The images in Fig. 3.6 are the sample 
synthesized with a molar gel composition of SiO2:0.3CTAB:0.5NaOH:62H2O at 140 
°c  for 16 h, and exhibit the truncated octahedral shape of aggregated MCM-48 
particles, consistent with the results observed by Diaz et al. [45] and Alfredsson et 
al. [46], Diaz et al. obtained this shape when they synthesized with 
SiO2:0.65CTAB:0.5NaOH:120H2O:4.7EtOH at 140°c for 20 h, and after prolonging 
the reaction time to 48 h, the lettuce-like morphology, corresponding to lamellar 
phase of MCM-50, was obtained; whereas, Alfredsson et al. synthesized the 
truncated octahedral shape of MCM-48 using TEOS:0.65CTACl:0.5NaOH:62H2O at 
95°c for 3 days.

In our case, as CTAB concentration increased from 0.3 (Fig. 
3.6) to 0.65 (Fig. 3.7) mol, FE-SEM images of the synthesized MCM-48 did not 
show only the truncated octahedral shape, as did those prepared from 0.3 mol CTAB. 
The image obtained from the mixture heated for 24 h crystallization time (Fig. 3.7a) 
shows an especially mixed morphology of the truncated octahedral shape and the 
lettuce-like morphology. It can be inferred that the molar ratio of CTAB to S i0 2 

indeed affects the MCM-48 formation. These results are consistent with the N2- 
adsorption and desorption isotherms of the calcined samples prepared at 140°c for 
various times (see Fig. 3.2b, c). On the contrary, the lettuce-like morphology 
disappeared in the sample prepared with the CTAB/Si02 ratio equal to 0.3, 
suggesting that a lamellar phase (MCM-50) required a higher surfactant-to-silica 
ratio and a longer synthesis time.

3.4.5.2 Transmission Electron Microscopy

Figure 3.8 shows the TEM images o f the MCM-48 sample
synthesized with a molar gel composition o f SiO2:0.3CTAB:0.5NaOFI:62H2O at
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140°c for 16 h. Figure 3.8a shows the pore structure along the cubic [100] direction 
with a uniform channel system, consistent with the reports from Xu et al. [33] and 
Schumacher et al. [Al]. Nonetheless, the [111] direction, see Fig. 3.8b, exhibits a 
well-defined hexagonal arrangement [33] and continuous channels running through 
the structure [48],

3.5 Conclusions

A novel silica source known as silatrane has been successfully used for 
synthesis of MCM-48 with high surface area and narrow pore-size distribution. 
XRD, SEM, and TEM indicate a well-ordered structure of MCM-48 with a truncated 
octahedral shape. The results also show that all synthesis parameters studied have a 
considerable effect on the synthesis of MCM-48. The optimum synthesis condition 
for synthesizing MCM-48 is as follows; SiCUOBCTAB: 0.5NaOH:62H2O at 140°c 
for 16 h. The lower amount of CTAB is needed due to the TEA molecules generated 
from the silatrane precursor, causing higher surfactant packing parameter of micelle 
which is preferable for the cubic phase.
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Table 3.1 The characteristics of the calcined samples prepared at 140 °c with 
different crystallization time (16h, 20, and 24 h) using molar gel composition of 
SiO2:0.65CTAB:0.5NaOH:62H2O

Crystallization
time
(h)

S b e t

(m2/g)
Pore size 

(nm)

Pore
volume
(cm3/g)

Unit cell 
a0 (nm)

Wall
thickness

(nm)
16 1365 2.3 0.78 8.62 1.65
20 1148 2 . 6 0.75 8.69 1.51
24 921 2.9 0 . 6 8 8.59 1 31
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Table 3.2 The characteristics o f the calcined samples synthesized with the different
C TA B /Si02 ratios

Amount of 
CTAB X 

mol
S b e t

(m2/g)
Pore size 

(nm)

Pore
volume
(cm3/g)

d spacing 
(nm)

X =  0.65 1365 2.28 0.78 3.52
X =  0.55 1168 2.85 0.83 3.55
X = 0.40 1291 2.76 0.89 3.67
X = 0.35 1258 2.99 0.94 3.70
X = 0.30 1288 2 . 8 6 0.92 3.71
X = 0.25 720 2.41 0.44 3.58
X = 0.20 817 2.39 0.5 3.59
X = 0.15 - - - 3.52
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Table 3.3 The effect of the alkalinity on the physical characteristics of a calcined 
MCM-48

Alkalinity
0.45 0.50 0.55

Pore diameter 29.8 À 28.6 À 25.6 À
Pore volume 0.96 cm3/g 0.92 cm3/g 0.87 cm3/g

Wall thickness 13.3 À 15.1 À 14.3 Â



30

Figure 3.1 XRD-patterns o f (a) the as-synthesized samples and (b) the calcined
samples prepared at 140 ๐c  for 12,16, 20 and 24 h.
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Relative pressure

Figure 3.2 N 2-adsorption and desorption isotherms of the calcined samples prepared 
at 140 ๐c  for 16, (b) 20, and (c) 24 h. The inset shows the BJH pore size distribution 
of calcined sample (a) calculated from the desorption branch of isotherm.
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Figure 3.3 XRD-patterns o f the calcined samples prepared at 140 ๐c  for 16 h with
molar gel composition o f SiO2:xCTAB:0.5NaOH:62H2O, where 0.15 < X < 0.65.
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Figure 3.4 N2-adsorption and desorption isotherms and pore size distribution (inset) 
of the calcined samples prepared at 140 °c for 16 h with molar gel composition of 
SiO2:0.3CTAB:0.5NaOH:62H2O.
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Figure 3.5 (a) XRD-patterns and (b) N2-adsorption and desorption isotherms of the 
calcined samples prepared at 140 °c for 16 h with molar gel composition of 
SiO2:0.3CTAB:yNaOH:62H2O, where y is a 0.45, b 0.5, and c 0.55.
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Figure 3.6 (a-c) FE-SEM images of MCM-48 synthesized with a molar gel 
composition of SiO2:0.3CTAB:0.5NaOH:62H2O at 140 °c  for 16 h. (d) Schematic 
representation of the gyroid surface according to space group la id  divides a regular 
truncated octahedron in two, cutting six of the eight hexagonal faces [44].
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Figure 3.7 FE-SEM images of MCM-48 synthesized with a molar gel composition 
of SiO2:0.65CTAB:0.5NaOH:62H2O at 140 °c for (a) 24, (b) 20, (c) 16 (x5000), and 
(d) 16 h(xlOOOO).
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Figure 3.8 TEM images of MCM-48 synthesized with a molar gel composition of 
SiO2 :0.3CTAB:0.5NaOH: 62H20  at 140 °c for 16 h with incident direction along (a) 
[ 1 1 0 ] and (b) [ 1 1 1 ].
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