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In order to elucidate the effect of synthesis conditions of Al-MCM-41 on the characteristics of the 

resultant samples, A1-MCM-41 samples were synthesized through non-hydrothermal reactions under diverse 

conditions. The following conditions were found to be favorable to prepare Al-MCM-4 1 with well ordered 

2D-hexagonal structure from the reaction mixtures of lower Si/AI ratios: simultaneous addition of Si and Al 

sources into the solution containing both template of surfactant and anti.foaming agent, in neutral to acidic 

media (pH 3-7), at temperatures above Kraffi point of the surfactant, and under vigorous stirring. These 

conditions may be associated with assembly of aluminosilicate sources with uniform composition (i.e., 

constant Si/AI ratio) around the template micelles, promoting hydrolysis and/or condensation of 
aluminosilicate and fonuing Al-MCM-4 1 with highly-ordered structures. Relatively weak acid sites are 

mainly consisted of Al-MCM-4 1 and similar distributions of acid strength are observed for the samples with 

different Si/AI species. Dealkylation reactions of 1,3,5-inisopropylbenzene, which are well known to 

proceed on Bronsted acid sites are catalyzed more effectively on Al-MCM-4 1 samples than on HY-zeolites. 

This means that at least, a part of Al was incorporated into the silica framework of MCM-4 1 structwe as 

tetrahedrally coordinated species in Al-MCM-41 samples prepared in the present study. 

Key Words : Mesoporous aluminosilicate MCM-41, Non-hydrothermal synthesis, Preparation conditions, 

Acidity, Dealkylation of 1,3,5-triisopropylbenzene. 

1 , Introduction 

Mesoporous molecular sieve materials such as MCM-4 1 have 

attracted considerable attention because of their characteristics 

such as large channels in a hexagonal array, Iong-range order and 

surface area above 700 m2 g~1 . The incorporation of Al and 

transition metals within the silica framework has been studied to 

improve the acidity, catalyiic activity, and adsorption properties of 

the mesoporous silica molecular sieves. There are many reports for 

the synthesis of Al-incorporated MCM-41 (Al-MCM-41). 

Originally, Al-MCM-4 1 was prepared through hydrothennal 

reactions of aluminosilicate gels at various Si/AI ratios, with 

different Al or Si sources in the presence of quaternary ammonium 

surfactants in the temperatures ranging from 373 to 423 K1,2) 

Further studies on the hydrothermal synthesis clarified that some 

precise conditions such as the careful control of the reaction 

temperature as well as pH and an extensive reaction time are 

required to prepare well ordered A1-MCM-4 13-14) . In addition, 

extensive investigations for the preparation of Al-MCM-4 l 

revealed that room temperature synthesis was able to provide a 

convenient access to high-quality of Al-MCM-4 1 in a short period 

of time, although sources of Si and Al, and the order of addition 

of them into the surfactant solution, and pH of the reaction mixture 

were different depending on literatures9, Is-t7, 24) . Thus, effect of 

factors in room-temperature synthesis on the properties of Al-

MCM-4 1 has to be further elucidated. It is of great interest based 

on the concept of "Green Chemistry" that milder conditions and 

simplified procedures for the preparation of A1-MCM-41 are 

developed instead of conventional hydrothermal ones. In the 

present investigation, the non-hydrothermal synthesis of Al-MCM-

41 was studied under various conditions to clarify the effect of the 

adding order of Si and Al sources to the surfactant solution, pH of 

the reaction mixture, and the utilization of an anti-foarning agent 

on the properties of the resultant Al-MCM-4 1 . The acidity and the 

catalyiic activity of A1-MCM-41 for the dealkylation reactions of 

1 , 3, 5-inisopropylbenzene (TIPB) were also studied. 

2. Experlmental 

2.1 Materials 

The sources of aluminosilicate were sodium silicate powder 

(Kishida chemical), containing 50 - 55~~ Si02 , and sodium 

aluminate powder (Kanto chemical), containing 34-39~ Al203. 

The surfactant used to prepare the template was 
cetyltrimethylammonium bromide (Tokyo kasei kogyo). An anti-

foaming agent was non-ionic emulsifiers, ANTIFORM A 
emulsion (Sigma). Hydrochloric acid (35~6) was obtained from 

Nacalai tesque. TIPB was purchased from Tokyo kasei kogyo. 

These reagents were used without further purification. 
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Table 1 Characteristics of AL-MCM-4 1 sarnples prepared under various conditions 
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a) Methods of addition of Si and A1 sources to the template solution described in the text 

b) Si/AI atomic ratio offeed 

c) Anti foaming agent 

d) Specific surface area by BET method 

e) Basal spacing by XRD 

D Pore diameter bv_ DH method 

g) Pore volume by DH method 

h) Wall thickness detennined by w = (2dlo(lr3) - D 

2.2 Synthesis 

Al-MCM-41 samples were synthesized basically according to 

the literature described elsewhere'5) with some modifications. 

Sodium silicate (42 - 50 mmol of Si) dissolved in 9.4 ml of 

distilled water and sodium aluminate (1.0 - 8.3 mmol of Al) 

dissolved in 9.4 ml of distilled water were added to the aqueous 

solution of the surfactant (6.0 mmol of the surfactant in I OO ml of 

distilled water) at 3 1 3 K with various agitation modes. Molar ratio 

of surfactanV(Si + A1) was fixed to 0.12. The pH of the reaction 

mixture (pH 3 - I l) was adjusted with diluted hydrochloric acid. 

The acid was basically poured into the aqueous solution of the 

surfactant before adding Si and Al sources. HCI was also added to 

the solution which was under addition of Si and A1 sources into the 

surfactant solution, if necessary. The reaction mixture was aged 

under stirring at 3 13 - 323 K or at ambient temperature for 3 h to 

prepare the solid product. The obtained solid product was filtrated 

and washed with an excess amount of distilled water. The solid 

product was dried at 383 K for 1 6 h and calcined at 823 K for 6 h 

to prepare Al-MCM-4 1 . The most important modification in the 

synthesis of Al-MCM-4 1 samples was the method of addition of Si 

and AI sources into the solution of the surfactant. Both sources 

were added dropwise to the template solution by using individual 

burettes made of polyethylene. Four types of additions were 

employed in the present study. In type [1] , 9.4 ml of Al-source 

was added into the surfactant solution before equal volume of Si-

source was titrated. In type [2] , 9.4 ml of Si-source was firstly 

mixed with the solution of the surfactant followed by the addition 

of equal volume of Al-source. In type [3] , I .O ml of A1-source and 

1 .Oml of Si-source were added one after the other into the 

template solution, and that was repeated until total volume of each 

source reached 9.4 ml. Sources of Si and A1 were added 

simultaneously to the surfactant solution which contains an 

appropriate amount of the anti-foaming agent if necessary in type 

[4] . 

2.3 Analysis 

Powder X-ray diffraction patterns were obtained by a Rigaku 

RAD-C system. Adsorption isotherms of N2 at 77 K were 

measured on a Japan Bell BELSORP 1 8 automated sorption 

apparatus. Dead volume was deterrnined by using helium gas 

(purity 99.99~). Chemical analysis of samples was performed by 

a Horiba energy dispersive X-ray analyzer EMAX-2770WR. 

Acidity and acid strength of the samples were measured by means 

ofNH3 temperature programmed desorption (NH3-TPD). Samples 

were pretreated at 523 K for 2 h under vacuum, then preadsorbed 

NH3 at 373 K under 5.7xl03 Pa for 45 min, and evacuated at 373 K 

for 45 min to remove physically adsorbed NH3. The samples were 

then subjected to the TPD operation with a ramping rate of I O K 

min~1. The amount of desorbed NH3 Was recorded on a ULVAC 

quadrupole mass analyzer MSQ- 1 50A. 

2.4 Catalytic dealkylation of TIPB 

The dealkylation reactions of TIPB were carried out using a 

conventional fixed bed flow type reaction system at 5 1 3 - 533 K 

under atmospheric pressure with WHSV of 4.2 - 25.3 h-*. A1-

MCM-4 1 and other catalysts were activated in situ at 623 K for 2 

h in a stream of helium. The reaction products were analyzed by 

a Shimazu GC-14 gas chromatograph equipped with FID and 

using a MEGABORE DB-1 column. 

3. Results and discussion 

3.1 Effect of synthesis conditions 

Effect of adding order of Si and Al sources : Four types of 

different methods were investigated to elucidate the effect of 

adding order of AI and Si sources into the solution of the 

surfactant on the characteristics of A1-MCM-4 1 samples. 

Characteristics of the samples prepared under various conditions 

were listed in Table I . XRD patterns, adsorption isotherms and 

pore size distributions of the samples were depicted in Figures I -

3. The Dollimore-Heal method was used to calculate the pore size 
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distribution, since this method considers the thickness of 

multilayer adsorption and provides similar evaluation to that of the 

BJH method2',2'). The sample (No. 8) prepared by type [4] 

preparation gave larger specific surface area, pore volume and 

rather intense (lOO) XRD peak as well as a narrow pore size 

distribution in mesopore region than those obtained from type [ I I , 

[2] , and [3] preparations, i.e. samples Nos. 2, 3, and 4, 

respectively. Adsorption isothenns showed the character of type 

rv in BDDT classification, which is a typical one for MCM-4 1 . 
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Namely, a steep rising in the amount of adsorption was observed 

at relative pressures of 0.2 - 0.3, which indicated capillary 

condensation of nitrogen in the mesopores of approximately 2 - 3 

nm diameter. The degree of stepwise increase of adsorption 

depended on the adding order of Si and Al sources into the 

surfactant solution. The degree of the rising was found to decrease 

as follows: type [4] > type L2] > type [3] > type [1]. 

Simultaneous addition of Si and Al sources into the solution of 

the surfactant which is similar to type [4] in the present study was 

*' *') applied to the room-temperature synthesis = and hydrothermal 

synthesis9). This type of method seems to produce Al-MCM-4 1 

with ordered structure compared with other methods adopted in 

the room temperature" *"'*) as well as the hydrothermal"+-8, *") 

preparations of Al-MCM-41 samples. Therefore, these results 

indicate that both sources of Si and Al should be added into the 

solution of surfactant (template) keeping the value of Si/AI ratio 

constant during the synthesis, in order to prepare Al-MCM-4 1 

samples of highly ordered structure. 

Effect of agitation : As shown in Table I and Figures I - 3, 

comparing the characteristics of No. 4 and No. 8 with those of 

No. 5, it is noted that a vigorous stirring is essential for the 

samples to have characters such as large specific surface area, 

large pore volume, well ordered 2D-hexagonal structure, and sharp 

distributions in mesopore region. This result suggests that one of 

the most important points is to maintain the local homogeneity of 

template and inorganic species such as silicate and aluminate ions. 

Effect of pH : XRD patterns, adsorption isotherms, and pore size 

distributions of the samples synthesized under different pH ranges 

were shown in Figures 4 - 6. In comparison with No. 8 produced 

under basic media, both No. 6 and No. 7 which were prepared 

under neutral to acidic conditions gave large specific surface areas 

and rather sharp diffraction peaks, indicating that the reactions in 

neutral to acidic media are favorable for the formation of the Al-

MCM-41 samples with well ordered structures. These results are 

in agreement with those reported by Yu et al.2*) who prepared the 

aluminosilicate mesoporous materials in the pH range of 5 - 6. 
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Lower pH may enhance the kinetics of silica polymerization2'). It 

was reported, however, that strong acidic conditions such as pH 

below 3 result in the dissolution of aluminum from the samples*=) 

As described later, Figure I I shows that S~AI ratios of the 

samples produced in the basic and neutral media are smaller than 
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those of the reactants, while those of the sample and the reactant 

solution in the acidic media are similar. These results indicate that 

equilibrium between Al-MCM-4 1 phase and the solution of the 

reactants is affected by pH and that the solubility of Si in basic 

media is rather high in comparison with those in neutral and acidic 

media, which is probably due to the decrease in regularity of the 

structure for the resultant Al-MCM-41 samples in the basic media. 

Effect of aging temperature : Comparison of the characteristics 

of sample No. 10 with those ofNo. 7 suggests that the effect ofthe 

aging temperature is not significant. This implies that during the 

dropwise addition of Al and Si sources into the solution of the 

template, temperature of the reaction mixture should be kept above 

Kraffi point of the surfactant to assemble sources of 
aluminosilicate and templates, i.e., rod-like micelles into nucleuses 

of Al-MCM-4 1 . It also may be suggested that the aging 

temperature is not necessarily higher than Krafft point, provided 

the temperature of the solution is kept above Krafft point during 

addition of Al/Si sources into the surfactant solution. 

Effect of anti-foaming agent : Effect of the anti-foaming agent 

was not significant for the samples prepared under higher Si/Al 

ratio (Si/AI = 30), comparing sample No. 9 with sample No. lO. 

In contrast, samples synthesized under lower Si/AI ratios using the 

anti-foaming agent showed typical characters of MCM-4 1 , i.e., 

2D-hexagonal structure, type rv isotherm, and sharp distribution in 

mesopore region, while those produced under similar conditions 

without the anti-foaming agent did not give any typical features of 

MCM-41. These results support that the anti-foaming agent 

apparently acted as a promoter to produce Al-MCM-4 1 with 

regularly ordered 2D-hexagonal structures under relatively lower 

Si/AI ratios. This effect of the anti-foaming agent was also 

reported in hydrothermal synthesis of Al-MCM-41*+) . It is 

considered that the anti-foaming agents suppress the fornration of 

bubbles and foam and decrease the population of them during 

vigorous agitations, contributing to keep the homogeneity of the 

reaction mixtures. 
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Effect of Si/AI ratio : As shown in Table I and Figures 7 - 9, 

specific surface area, pore volume, and intensity as well as 

sharpness of (lOO) peaks appeared in XRD patterns of the 

Al-MCM-41 samples decreased as the Si/AI ratios of the reaction 
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solutions decreased. Significant rise in isothenns at higher relative 

pressures was also noticed for the samples of smaller Si/AI ratios 

as shown in Figure 8. These tendencies were also reported in the 

literatures4, 6, Io, 15) . It is considered that these features reflect the 

deterioration of the structural regularity for the resultant Al-MCM-

41 samples with lower SVAI ratios. 

3.2 Acidic property 

Profiles of NH3-TPD for A1-MCM-4 1 samples with different 

S~AI ratios were presented in Figure I O. Distributions and 

strengths of acid for individual samples seem to be almost similar, 

indicating that the locations of A1 incorporated in the samples 

which directly affect the properties of the solid acids, are resemble 

and independent of the S~AI ratios. Acidity of the samples 

calculated from the NH3-TPD profiles increased as the decrease in 

S~Al ratios as shown in Figure I I . Relatively weak acid sites are 

mainly consisted of the Al-MCM-41 samples. This feature of the 

Al-MCM-41 samples is quite different from that of HY-zeolites, 

which has a large amount of strong and weak acid sites. 
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3.3 Dealkylation reactions of TIPB 

Dealkylation reactions of TIPB were carried out to investigate 

activity and surface properties of the samples synthesized. 

Dealkylation reactions of TIPB were chosen as test reactions since 

these reactions were well known to proceed on Bronsted acid sites, 

and requires reaction spaces of mesopores larger than those of Y-

zeolites because of bulkiness of reactant molecule*8, '=, '6) 

Effect of contact time on selectivity at 527 K using A1-MCM-41 

(No. 1 1) as a catalyst was shown in Figure 12. Selectivity to 

diisopropylbenzenes (DIPB) extrapolated to the initial reaction 

time is almost I OO~, indicating that DIPB is the initial reaction 

product and isopropylbenzene (IPB) and benzene (B) are 

produced consecutively in the succeeding reactions. Effect of 

conversion on the yield of the products was depicted in Figure 1 3. 

Plots of yield of each product and conversion of TIPB observed 

through the reactions at 523 K Iay on the straight lines passing 

through the origin, regardless the Si/AI ratios of the catalysts. This 

may reflect the similarity of acidic characters of the catalysts even 

if the SVAI ratios of the catalysts are quite different. These 

tendencies were also observed for the reactions at other 

temperatures. The apparent activation energy of the reaction 

ranged from 22 to 47 kl mol-1. Dealkylation reactions of TIPB did 

not proceed on active alumina under the similar conditions as 

expected. Therefore, in every Al-MCM-4 1 catalyst, it is concluded 

that some Al species were incorporated into siliceous framework 

of AI-MCM-4 1 as tetrahedrally coordinated Al species, which 
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directly lead to create Bronsted acid sitesl9, 20) that are responsible 

for the dealkylation reactions of TIPB. Comparison of catalyiic 

activities of various catalysts was shown in Figure 14. This figure 

was based on conversion per unit area and acidity per unit area. 

Activities of MCM-41 and Al-MCM-4 1 of various Si/AI ratios 

increase linearly with the increase in acidity of the relevant 

catalysts. In contrast, activity of HY-zeolite was not high and 

stayed in the range of Al-MCM-41 catalysts despite that HY-

zeolite had a large amount of stronger acid sites. This may reflect 

the fact that the size of TIBP is too large to diffuse into the internal 

spaces of micropores of HY-zeolitelg' 25, 26), although TIPB mole-

100 

cules easily diffuse into mesopores of Al-MCM-41. It also means 

that only external surfaces of HY-zeolite are utilized, while 

internal surfaces of mesoporous Al-MCM-4 1 are available for the 

reactions of TIPB, which may cause relatively high activity of Al-

MCM-4 1 . 

4. Conclusion 
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Results reported in the present work indicate that in the 

synthesis of Al-MCM-4 1 with lower Si/AI ratios through non-

hydrothermal reactions, following conditions are important for the 

formation of the samples which have typical characters of well 

ordered 2D-hexagonal structure: simultaneous addition of Si and 

Al sources into the solution containing both template of the 

surfactant and the anti-foaming agent in neutral to acidic media 

(pH 3 - 7), at temperatures above Krafft point of the surfactant, 

and under vigorous agitations. These conditions may be associated 

with assembly of aluminosilicate sources with uniform 

composition (i.e., constant Si/AI ratio) around the template 

micelles, promoting hydrolysis and/or condensation of 

aluminosilicate and forming Al-MCM-41 with highly ordered 

structures. Relatively weak acid sites are mainly consisted of Al-

MCM-4 1 and similar distributions of acid strength are observed 

for the samples with different S~Al species. Dealkylation reactions 

of TIPB, which are known to proceed on Bronsted acid sites are 

catalyzed more effectively on Al-MCM-41 samples than on HY-

zeolites. This means that at least, a part of Al was incorporated 

into the silica framework of MCM-4 1 structure as tetrahedrally 

coordinated species in Al-MCM-41 samples prepared in the 

present work. 
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