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Abstract   

A series of magnesium containing mesoporous smectites incorporated with alkali hydroxide (NaOH, 

KOH or LiOH) has been prepared and employed for such base-catalyzed model reactions as 

transesterification of ethyl acetate with methanol, Knoevenagel condensation of benzaldehyde with ethyl 

cyanoacetate and one-pot synthesis of dimethyl carbonate (DMC) from propylene oxide, carbon dioxide 

and methanol. The effects of the quantity and kind of the incorporated alkali atoms on the catalytic 

properties of the smectites were investigated. Characterization of the smectites has shown that the 

incorporation of alkali atoms reduces their surface area and total pore volume but enhances the amount and 

strength of their basic sites. The product yield of the transesterification was increased with the content of 

alkali atoms incorporated. It has been suggested that the moderately basic sites are responsible for this 

reaction. The yield of the Knoevenagel reaction depends little on the alkali atom content. Increasing the 

content of alkali atoms causes the increase in the DMC yield of the one-pot synthesis and the decrease in 

the yield of methanolysis of propylene oxide, which is the side reaction of the one-pot synthesis. The 

incorporation of Li was less effective than Na and K for the one-pot reaction. The structures of basic sites 

over the alkali-incorporated smectites have been discussed. 

 

Keywords: Mesoporous materials; Alkali metal hydroxide; Transesterification; C–C bond formation; 

Carbon dioxide; Chemical fixation. 
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1. Introduction 

 

In conventional base-catalyzed organic syntheses, homogeneous catalysts such as alkali alkoxides 

and organic amines are used. However, they have drawbacks in catalyst-product separation and 

regeneration. Solid base catalysts are inexpensive and are more easily separable and recyclable than the 

homogeneous catalysts [1–5]. Hence, the use of solid base catalysts is desirable from the viewpoints of 

economy and green chemistry and is currently gaining much attention. However, little effort has been given 

to the study of solid base catalysts in contrast to extensive study of solid acid catalysts [1–5].  

Smectite is one of the layered clay minerals in which one layer consists of one octahedral sheet 

sandwiched by two tetrahedral sheets. The octahedral sheet contains divalent or trivalent cations such as 

Mg2+ and Al3+ surrounded by six oxygen atoms and the tetrahedral sheet contains Si4+ cations surrounded 

by four oxygen atoms. The tri-layers are negatively charged and are held together by electrostatic 

interaction with exchangeable cations in the interlayer region. Synthesized smectites are a new kind of 

mesoporous materials [6–10]. Compared with other mesoporous materials like MCM-41 [11] and FSM-16 

[12,13], these smectite-type materials can have wide variations in the chemical composition and porosity 

depending on precursors and synthesis conditions. It is possible to introduce various divalent or trivalent 

metal cations such as Mg, Co, Ni, Zn and Al into the octahedral sheet. This allows the acidic and basic 

properties of the smectites to be tunable. This flexible feature makes the synthesized smectites interesting 

catalysts to investigate. These smectite-like materials have proved to be efficient base and/or acid catalysts 

in several reactions [14–19] and to be catalyst supports that are superior to conventionally used ones like 

silica [16–21].  

As the first step of the synthesis of smectites, precursor materials are prepared by mixing aqueous 

solutions of raw materials (water glass and divalent or trivalent metal salt). Then, the slurries of the 

precursors and water are treated hydrothermally. By adding alkali compounds into the slurry before the 

hydrothermal treatment, alkali atoms can be introduced into smectites [9,22]. Recently, we have found that 

the incorporation of alkali atoms into the smectites makes them good catalysts for a few base catalyzed 

reactions relevant to chemical fixation of carbon dioxide to organic carbonate compounds [23–25]. 

However, alkali-incorporated smectites have not been studied sufficiently so far. Only a few papers 

covering the influence of alkali incorporation on the rheological properties of smectites in aqueous 
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suspensions [22,26] and on the pore structure [9] have been published.  

In the present study, a series of magnesium containing smectites into which various amounts of 

alkali hydroxides were incorporated were prepared and used for a few base-catalyzed model reactions. The 

model reactions selected were transesterification of ethyl acetate with methanol, Knoevenagel condensation 

of benzaldehyde with ethyl cyanoacetate and one-pot synthesis of dimethyl carbonate (DMC) from 

propylene oxide, carbon dioxide and methanol (Scheme 1). The effects of the quantity and kind of the 

incorporated alkali atoms on the catalytic properties of the smectites were investigated. The reaction results 

were discussed in connection with the basic properties of the catalysts that were determined by temperature 

programmed desorption of adsorbed carbon dioxide. 

 

Scheme 1 

 

 

2. Experimental 

 

2.1. Synthesis of smectite catalysts 

 Smectite catalysts were synthesized with a hydrothermal method in which water glass (SiO2 28%, 

Na2O 9%) was used as the starting material. Water glass (86 g) and sulfuric acid (1.7 mol) were dissolved 

in 400 cm3 of water. Magnesium chloride hydrate (61.6 g) was dissolved in 200 ml of water and then this 

solution was added to the previous water glass solution under stirring. The resulting solution was added 

dropwise to 400 cm3 of a 2 M NaOH solution. Si-Mg precipitates that formed was separated by filtration 

and washed with water. A slurry was prepared from the Si-Mg precipitates, an alkali hydroxide and water. 

Then the slurry was transferred into an autoclave and heated at 200 °C under autogenous water vapor for 3 

h. The product that formed was filtered and dried at 80 °C for 15 h. The chemical compositions of the 

smectite catalysts prepared were determined by an X-ray fluorescence method (Table 1). The smectites are 

designated as SM-Me, in which Me denotes the alkali metal incorporated into the sample. The samples of 

SM-Na were further numbered as SM-Na-1, SM-Na-2, etc. according to the order of the amount of Na 

atoms incorporated. 
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Table 1 

 

For comparison, MgO (Kishida Chemical Co.), 9.3 and 12.7 wt.% NaOH/SiO2 and 12.7 wt.% 

NaOH/MgO were used in a few experiments. The NaOH loaded catalysts were prepared by impregnation 

of either a porous silica gel (Aldrich Davisil grade 646) or MgO with aqueous solutions of NaOH. The 

catalyst was dried at 110°C in air for 16 h. The NaOH loadings of 9.3 and 12.7 wt.% are the same as those 

of SM-Na-2 and SM-Na-6, respectively, on the assumption that all sodium ions exist in the smectites in the 

form of NaOH.  

 

2.2. Characterization of catalysts 

 

X-ray powder diffraction (XRD) patterns of the smectite samples prepared were recorded on a 

JEOL JDX-8030 diffractometer using nickel filtered Cu-Kα radiation. The samples were scanned in the 

range of 2-70° with a step of 0.02°. BET surface area and pore size distribution were obtained from 

nitrogen adsorption-desorption isotherms at –196 °C with a Nova 1200 automatic physisorption instrument 

(Quantachrome Corporation). The samples were degassed at 100°C under vacuum for 30 min prior to the 

measurements.  

Basic properties of the catalysts were measured by temperature programmed desorption (TPD) of 

adsorbed CO2 using a conventional flow reactor. After a stream of 20 vol.% CO2–He mixture was passed 

over 0.2 g of a catalyst sample at room temperature for 20 min, gases in the reactor were flushed with a 

helium stream. Then the temperature was ramped at a heating rate of 10 K/min up to 900 °C. The effluent 

from the reactor was analyzed by mass spectrometry. 

 

2.3. Catalytic reactions 

 

   The transesterification of ethyl acetate with methanol was carried out in a 100 cm3 glass batch 

reactor attached with a water-cooled condenser. Ethyl acetate (10 mmol), methanol (5 cm3) and the catalyst 

(31 mg) were charged in the reactor and then the reaction mixture was refluxed for 30 min at 70 °C. After 

the reaction, the mixture was cooled by ice-water, separated from the solid catalyst by filtration and 
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analyzed using a gas chromatograph with a flame ionization detector. 

   For the Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate, the same glass 

reactor was employed. The reactor was charged with acetone (8 cm3), benzaldehyde (9.9 mmol), ethyl 

cyanoacetate (9.4 mmol) and the catalyst (0.31 g), and the reaction mixture was refluxed at 60 °C for 3 h, 

followed by the same procedures as described above.  

   The one-pot synthesis of DMC from propylene oxide, CO2 and methanol was carried out in a 50 

cm3 stainless steel high pressure reactor. The experimental setup used is shown elsewhere [27]. In a typical 

run, the reactor was charged with the catalyst (0.5 g), propylene oxide (28.6 mmol) and methanol (8 cm3), 

purged with CO2 several times at atmospheric pressure, and heated up to 150 °C. Then, liquid CO2 was 

further injected into the reactor up to 6 MPa under stirring. The mixture was stirred for 1 h and then 

analyzed in the above-mentioned manners.  

 

 

3. Results and discussion 

  

3. 1. Catalyst characterization 

 

3.1.1. Textural properties  

Figure 1 illustrates the XRD patterns of the smectite catalysts prepared. The typical peaks of 

smectite are observed at 2θ values of around 7, 20, 35 and 60 degrees (ASTM 9-31, 25-1385). The peaks of 

SM-Li are slightly sharper compared with those of the other smectites and are accompanied with several 

spikes, which are ascribable to the XRD peaks of lithium silicate, Li2SiO3 (ASTM 29-829). 

 

Figure 1 

 

Table 2 lists the BET surface areas, the total pore volumes and the average pore diameters of the 

smectite catalysts synthesized. Figure 2 shows the relationship between the BET surface area and the 

amount of alkali atoms for these samples. The BET surface area tends to decrease with the increasing 

amount of alkali atoms incorporated. The influence of the nature of the alkali atoms is insignificant. Similar 
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to this, the total pore volume also tends to decrease with the content of alkali atoms, as shown in Fig. 3. On 

the other hand, the average pore diameter does not change with the content of alkali atoms except for 

SM-Li (Table 2). SM-Li has a larger average pore diameter. Figure 4 depicts the pore size distribution 

curves of the smectite catalysts. For either SM-Na or SM-K, a maximum appears at around 3.5 nm, while a 

maximum is seen at 3.8 nm for SM-Li. When the content of sodium atoms is increased (SM-Na samples), 

the distribution curve becomes broader and the maximum peak height is decreased. 

 

Table 2, Figure 2, Figure 3, Figure 4 

 

Torii et al. previously explained the pore structure of synthesized smectites by a model of 

“smectite-intercalated smectite”, in which small smectite fragments act as pillars between the layers [7,8]. 

The XRD peaks of SM-Li are slightly sharper than those of SM-Na and SM-K (Fig.1), indicating that the 

crystalline size of SM-Li is larger than those of SM-Na and SM-K. So, the sizes of the pillars in SM-Li 

should probably be longer, resulting in the larger pore size. A similar pillar model can explain the 

dependence of the BET surface and the total pore volume of the present SM-Na samples on the amount of 

sodium atoms incorporated. For the construction of the smectite-intercalated smectite structure, 

electrostatic repulsion between the smectite fragments is an important factor; as the Na content is increased, 

the repulsion should become weakened (shielded) and this would cause more close packing/stacking of the 

fragments, resulting in the decrease in the BET surface area. On the other hand, another factor is also 

significant for the pore volume. The sodium metals seem to be in the form of hydroxide and sodium 

hydroxide particles would be packed between the layers of smectite structure. So, SM-Na catalysts 

containing larger amounts of sodium atoms have smaller total pore volumes. 

 

3.1.2. Basic properties 

The smectite catalysts synthesized were examined by TPD of adsorbed CO2. Figure 5 shows the 

TPD spectra obtained. All the SM-Na catalysts show CO2 desorption peaks around 100 °C and 250 °C. 

With increasing Na content, the intensity of the peak at 250 °C increases and tends to level off at larger Ni 

contents. In addition to these two peaks, three peaks appear above 600 °C over SM-Na samples containing 

large amounts of Na and they grow with its content. CO2 TPD spectra obtained with SM-K and SM-Li are 

 

6



slightly different from those over SM-Na. SM-K and SM-Li show only one broad peak above 600°C and 

the latter catalyst also shows a peak at 480 °C, which is not observed over the other catalysts. Thus, the 

peak intensity and temperature are different among the catalysts, meaning that the strength and the number 

of basic sites vary with the composition of the catalysts. The peak at 100 °C is assigned to the desorption of 

CO2 physisorbed or adsorbed on weakly basic sites. Although conclusive definition is difficult at present, 

the peaks seen between 200 and 600 °C are tentatively assigned to the desorption of CO2 adsorbed on 

moderately basic sites, while the peaks above 600 °C are assigned to that of CO2 adsorbed on strongly 

basic sites. Figure 6 plots the amounts of these three basic sites against the content of sodium atoms. The 

amount of weakly basic sites shows a maximum at a sodium content of 1.8 atoms per a unit cell, but the 

difference due to the sodium content is small. On the other hand, the amounts of moderately and strongly 

basic sites vary in wider ranges with the sodium content than the weakly basic sites. The amount of 

moderately basic sites levels off at a sodium content of 1.8 atoms per a unit cell, and from this content level, 

the amount of strongly basic site starts to increase appreciably. The structures of basic sites have not been 

given at the present stage and will be discussed afterward.  

 

Figure 5 

Figure 6 

 

Figure 7 depicts a CO2 TPD profile of NaOH/SiO2 containing NaOH in the same quantity (12.7 

wt.%) as with SM-Na-6. Over NaOH/SiO2, two peaks of CO2 ascribable to the desorption of CO2 adsorbed 

on weakly and moderately basic sites are observed at slightly higher temperatures compared with the 

SM-Na catalysts. Above 600 °C, one broad peak at 680 °C is seen along with two sharp ones at 740 and 

760°C. There is no desorption around 800 °C where a strong peak appears over SM-Na-6. In the same way 

as for the cases of the smectite catalysts, the amounts of weakly, moderately and strongly basic sites were 

estimated from the TPD profile and these numbers were 28.6, 20.3 and 12.6% of those over SM-Na-6, 

respectively. Despite the same NaOH loading, NaOH/SiO2 has smaller amounts of basic sites. Simple 

impregnation of NaOH on silica is not efficient to generate basic sites.  

 

Figure 7 
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3.2. Catalytic performance 

 
3.2.1. Transesterification of ethyl acetate with methanol 

Transesterification of ester with alcohol is one of the important reactions for the synthesis of fine 

chemicals and it can be catalyzed by bases. Transesterification of ethyl acetate with methanol was carried 

out to investigate the properties of the smectite samples as base catalysts. Figure 8 plots the yield of methyl 

acetate (MA) against the amount of alkali atoms incorporated. The MA yield increases with the content of 

alkali atoms. As shown above, the numbers of basic sites increase with the content of alkali atoms. So, the 

relationship between the catalytic activity observed and the number of basic sites estimated from the peak 

area in the TPD runs was examined. The activity is correlated well with the amount of moderately basic 

sites, as shown in Fig. 9. No good correlation was seen with the amounts of either weakly or strongly basic 

sites or with the total amount of basic sites. In Fig. 9, the MA yield obtained with 12.7 wt.% NaOH/SiO2 is 

also plotted as a closed circle against the amount of moderately basic sites over the catalyst. This catalyst 

has nearly the same amount of moderately basic sites as SM-Na-1 and gives a similar yield to that over 

SM-Na-1. These findings strongly suggest that the moderately basic sites present on the smectite catalysts 

are responsible for the transesterification reaction. A similar conclusion was previously drawn for the 

transesterification of ethylene carbonate and methanol to produce DMC and ethylene glycol [24,27,28], 

which is relevant to the one-pot synthesis of DMC described below. 

 

Figure 8, Figure 9 

 

  

3.2.2 Knoevenagel reaction of benzaldehyde and ethyl cyanoacetate 

Konoevenagel condensation is one of C–C bond forming reactions and is widely used for the 

synthesis of valuable chemicals. The smectite catalysts were also employed for the Knoevenagel 

condensation of benzaldehyde and ethyl cyanoacetate to ethyl cyanocinnamate (ECC). Figure 10 shows the 

relationship between the ECC yield and the amount of alkali atoms incorporated. The differences in the 

yield for different contents of alkali atoms are not substantial. The yields obtained with S-K and S-Li are 

respectively higher and lower than those of S-Na catalysts; however, the differences among the catalysts 
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are marginal. For comparison, pure SiO2 (Davisil 646) and 9.3 and 12.7 wt.% NaOH/SiO2 catalysts were 

employed for the reaction under the same conditions. The pure silica gave a very low ECC yield of 7.2 %. 

On the other hand, NaOH/SiO2 catalysts gave the ECC yields comparable to those of the smectite catalysts 

and the yield did not depend on the loading of NaOH, similar to Fig. 10. The ECC yields obtained with 9.3 

and 12.7 wt.% NaOH/SiO2 catalysts were 64.6 and 67.0%, respectively.  

 

Figure 10 

  

Climent et al. carried out the Knoevenagel reactions of benzaldehyde with malononitrile, ethyl 

cyanoacetate and diethyl malonate by using three different solid base catalysts [29]. Based on the reaction 

results and the order of acidity of the molecules containing active methylenic groups, they concluded that 

moderately basic sites are responsible for the reaction of benzaldehyde and ethyl cyanoacetate. Although 

we examined the relationship of the ECC yield with the amount of a single group of weakly, moderately or 

strongly basic sites and with the amount of combined groups of two or three of these sites of different 

strength, no good correlation was found. The reason why the catalytic activity for Knoevenagel 

condensation depends little on the content of alkali atoms is not clear at present (Fig. 10). However, one 

possible explanation is given here. As shown above, the increase in the amount of alkali atoms incorporated 

enhances the basicity of smectite, which can raise the activity of smectite; on the other hand, it reduces the 

BET surface area and the total pore volume, which can lower the activity. These opposite effects of the 

alkali incorporation may result in the independence of the Knoevenagel condensation activity regarding the 

content of alkali atoms. 

For comparison, the Knoevenagel reaction was also carried out with MgO. The ECC yield 

obtained was 44.9%. The activity of MgO for the reaction is lower than those of the present smectite 

catalysts. Corma et al. reported the same Knoevenagel condensation using alkali-exchanged zeolites and 

showed that the alkaline X zeolites have several times higher activities than the alkaline Y zeolites [30]. 

Although the reaction conditions they employed were very different from those in the present study, 

according to the kinetic parameters that they determined over the zeolites, the alkaline X zeolites should 

give the ECC yields of about 75% under the conditions employed in the present study. Thus, the activities 

of the alkaline X zeolites are comparable with the present smectite catalysts.  
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3.2.3 One-pot synthesis of DMC from propylene oxide, CO2 and methanol 

The last base-catalyzed reaction examined is the one-pot synthesis of dimethyl carbonate (DMC) 

from propylene oxide (PO), CO2 and methanol, which is one of the reactions for chemical fixation of CO2. 

This reaction is the integration of two reactions, CO2 cycloaddition to PO, producing propylene carbonate 

(PC), and transesterification of PC with methanol to produce DMC and propylene glycol (PG) (Scheme 2). 

If it proceeds effectively, preliminary synthesis and separation of cyclic carbonate can be avoided, leading 

to more economical processes for the DMC synthesis from CO2. So, several research groups including ours 

have recently studied this reaction extensively [25,27,31–37]. When the smectite catalysts were used for the 

one-pot reaction, DMC and PG were formed along with the intermediate of PC. In addition to these 

products, however, 1-methoxy-2-propanol (1-MP) and 2-methoxy-1-propanol (2-MP) were produced as 

by-products via the methanolysis of PO (Scheme 3). The product distribution was observed to change by 

the composition of smectite catalysts. 

 

Scheme 2, Scheme 3 

 

Figure 11 plots the yields of DMC and PC against the content of alkali atoms. The yield of DMC 

increases with the content of alkali atoms except SM-Li, which gives a lower DMC yield than expected 

from its alkali content. The same tendency was also observed for the formation of PG (not shown in Fig. 

11). The yield of PC does not depend on the alkali amount so much. In contrast to the DMC formation, the 

yields of 1-MP and 2-MP tend to decrease with increasing amounts of alkali atoms (Fig. 12). The exception 

was again SM-Li. Similar to the cases of the other reactions, the relationships between the DMC yield and 

the amounts of basic sites were examined. Figure 13 shows that the DMC yield is well correlated with the 

sum of the amounts of moderately and strongly basic sites, suggesting that these basic sites are responsible 

for the one-pot synthesis. 

 

Figure 11, Figure 12, Figure 13 

 

Table 3 compares the catalytic performance of the one-pot reaction and the amounts of 

moderately and strongly basic sites among 12.7 wt.% NaOH/SiO2, SM-Na-1 and SM-Na-6. NaOH/SiO2 
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gives almost the same DMC yield with SM-Na-1, while the former catalyst gives slightly smaller 1-MP and 

2-MP yields. This suggests again that moderately and strongly basic sites are responsible for the one-pot 

synthesis, because the total amounts of the basic sites over these catalysts are comparable. It is also seen 

that this NaOH/SiO2 catalyst is much less effective for the reaction than SM-Na-6 in spite of the same 

NaOH loading because of lower amounts of basic sites. 

 

Table 3 

 

The one-pot reaction was carried out for various periods of reaction time using SM-Na-6. For 

comparison, similar experiments were also conducted for the transesterification of PC and methanol in the 

presence of dense CO2 (Scheme 2b). Figure 14 illustrates the variations of the DMC yield with time for 

both reactions. The DMC yield of the one-pot reaction increases for the initial 5 h, but the yield remains 

unchanged after 5 h. A similar trend of the DMC yield is observed for the transesterification, but the yield 

does not change after a shorter period of 2 h. When these reactions were carried out with the doubled 

amount of the catalyst for 5 h, the DMC yields were not different from those in Fig. 14. It has been reported 

that the transesterification of ethylene carbonate with methanol to produce DMC and ethylene glycol is a 

reversible reaction and hence limited by thermodynamic equilibrium [25]. This limitation would also occur 

in the transesterification of PC and methanol. So, it can be concluded that the DMC yield of the one-pot 

reaction, which involves the transesterification step, is also limited by the equilibrium.  

 

Figure 14 

 

Figure 14 also shows that the time to reach to the constant DMC yield is different for different 

reactions. The time for the transesterification of PC (2 h) is shorter than that for the one-pot reaction (5 h), 

suggesting that the transesterification reaches to its equilibrium faster than the one-pot reaction. In separate 

runs, the cycloaddition of CO2 to PO was carried out at the same substrate/catalyst ratio but in the absence 

of methanol. When the reaction was carried out for 1 h, the yield of PC observed (4 %) was much lower 

than that in the total yield of PC and DMC in the one-pot reaction (36 %). On the basis of these results, it 

can be concluded that the CO2 cycloaddition to PO is the rate-determining step for the one-pot reaction. Li 
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et al. [36] conducted the same one-pot reaction by using a KOH loaded molecular sieve and proposed that 

the step of the CO2 addition was promoted by methanol. Similar promotional effects of methanol may also 

exist in the present catalyst system. 

Previously, it was suggested that both moderately and strongly basic sites are active for the CO2 

cycloaddition to PO and that the latter are more effective than the former [23,27]. On the other hand, 

moderately basic sites of solid base catalysts were suggested to be active sites for the transesterification of 

cyclic carbonate with methanol [23,27,28]. This is coincident with the present results of the 

transesterification between ethyl acetate and methanol described in the foregoing section. As discussed 

above, the step of CO2 cycloaddition should be the rate-determining step for the one-pot reaction. So, the 

DMC yield of the one-pot reaction depends on the sum of the amounts of moderately and strongly basic 

sites, as indicated by Fig. 13. 

Hattori et al. previously reported that alcoholysis of PO was catalyzed by both solid acid and base 

catalysts [38]. It was also shown that synthetic smectites may have both acidic and basic sites [14,15]. So, 

one can assume that, when the content of alkali atoms in smectite was increased, its acid sites were 

deactivated by alkali hydroxide, which could result in the lower yields of 1-MP and 2-MP. However, this is 

excluded because Hattori et al. also showed that base and acid catalysts gave different product distribution 

patterns for alcoholysis [38]. The base catalyst produces a larger amount of 1-alkoxy-2-propanol, while the 

solid acid catalyst gives a larger amount of 2-alkoxy-1-propanol. As shown in Fig. 12, the yield of 1-MP is 

always higher than that of 2-MP and the ratio of 1-MP/2-MP is practically constant, strongly suggesting 

that the methanolysis of PO proceeds over the basic sites of synthetic smectites examined. Probably, more 

strongly basic sites should be more selective for the one-pot reaction than for the methanolysis, resulting in 

the lower yields of 1-MP and 2-MP over the smectites having larger amounts of strongly basic sites. 

As shown above, the DMC yield with the present smectite catalysts is not so high because of the 

reaction equilibrium and the side reaction of methanolysis. Particularly, the side reaction is the serious 

problem to be resolved. Jiang and Yang [33] have reported that a K2CO3–KCl loaded MgO catalyst is 

selective for the one-pot reaction. The selectivity for the methanolysis observed with this catalyst was 

below 7%. On the other hand, we reported that pure MgO gave the methanolysis selectivity of 52% [27]. 

These results suggest that using a combination of alkali hydroxide and other alkali salts for the smectite 

synthesis may make the smectite catalysts more efficient. To obtain such catalysts, further experiments are 
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still required. 

 

3.3 Feachures of basic sites  

As illustrated in Fig. 5, SM-Na catalysts show five CO2 TPD peaks around 100, 250, 670, 730 

and 800 °C. For convenience, the first, the second and the other three peaks are assigned to the desorption 

peaks of CO2 adsorbed on weakly, moderately and strongly basic sites, respectively. The amounts of these 

three basic sites change by the content of Na atoms in different modes, as shown in Fig. 6. The amount of 

weakly basic sites depends less on the Na content compared with the moderately and strongly basic sites. 

Furthermore, in CO2 TPD profiles over pure silica and pure MgO, CO2 desorption peaks around 100 °C 

were also observed. The weakly basic sites may be the surfaces of the smectite layer that are free from 

alkali atoms. Figure 15 depicts a CO2 TPD profiles of 12.7 wt.% NaOH/MgO. A large amount of CO2 

evolution occurs above 600 °C over this sample and it still increases at temperatures up to 900 °C. This 

strongly suggests that there is some interaction between NaOH and MgO, since no desorption of CO2 was 

observed above 600 °C over pure MgO [27]. Probably, there should be a similar interaction between NaOH 

and SiO2 over NaOH/SiO2, resulting in the desorption peaks above 600 °C over this catalyst (Fig. 7). Thus, 

it can be concluded that the strongly basic sites of the smectite catalysts involve alkali hydroxide particles 

interacting with the layers of the smectites. On the other hand, the amount of moderately basic sites levels 

off at a sodium content of 1.8 atoms per a unit cell, where the amount of strongly basic site starts to 

increase appreciably (Fig. 6). This suggests that the Na atoms involved in the moderately basic sites exist in 

a different form from those in the strongly basic sites. Although the conclusive definition is difficult at the 

present stage, the moderately basic sites may involve NaOH particles not interacting at all with the layers 

of the smectites or interacting with them less strongly.  

 

Figure 15 

 

 Incorporation of lithium into smectite is less effective than sodium and potassium for the catalytic 

activity for the one-pot synthesis. SM-Li shows no CO2 desorption peak above 700 °C, where two or one 

desorption peak are/is observed over SM-Na and SM-K. The interaction of lithium atoms discussed above 

may be weaker than those of sodium and potassium. In addition, lithium atoms are exchangeable with the 
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metal cations occupying the octahedral sites [14]. Furthermore, SM-Li showed the XRD peaks assigned to 

lithium silicate (Fig. 1). Thus, lithium atoms in these forms may be inactive for the reaction. 

As shown above the present smectite catalysts may be used for other base catalyzed reactions. 

The activity may further been improved by optimizing preparation conditions and using different metal 

cations to be incorporated. Changes in the preparation conditions would modify their textural properties, 

which in turn would change their catalytic performance. Also, incorporation of different metal cations in 

the octahedral sheet and/or the interlayer could cause enhancement in their catalytic performance. Those 

aspects have not been studied in detail for the alkali incorporated smectite catalysts, which are open for 

further work.  

 

 

4. Conclusions 

 

In the present study, a series of mesoporous smectites incorporated with alkali hydroxides has 

been prepared. The incorporation induces the reduction in the surface area and the total pore volume; 

however, it enhances the amount and strength of basic sites, resulting in higher catalytic activity for the 

selected model reactions. The reaction results, in combination with the results of CO2 TPD, reveal that the 

activity for the transesterification is mostly determined by the amount of moderately basic sites, while that 

for the one-pot synthesis of DMC is determined by the total amount of both moderately and strongly basic 

sites. The side-reaction of the one-pot synthesis, methanolysis of the epoxide, can be retarded by increasing 

the content of alkali atoms. The activity for the Knoevenagel reaction depends little on the content of alkali 

atoms. The present results demonstrate that the smectite catalysts that incorporate alkali metal cations 

would be applicable to other base-catalyzed reactions and the activity may be tuned by changing the 

catalyst composition. 
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 Table 1 Composition of smectite catalysts prepared 

Catalyst Number of atoms per unit cell 

 Si Mg Na K Li 

(a) SM-Na-1 8.0 5.67 0.84 0 0 

(b) SM-Na-2 8.0 5.88 1.51 0 0 

(c) SM-Na-3 8.0 5.89 1.80 0 0 

(d) SM-Na-4 8.0 6.09 2.25 0 0 

(e) SM-Na-5 8.0 6.13 2.45 0 0 

(f) SM-Na-6 8.0 6.82 2.64 0 0 

(g) SM-K 8.0 6.09 0.47 1.7 0 

(h) SM-Li 8.0 5.41 0.47 0 2.56 
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Table 2 Textural properties of smectite catalysts prepared 

Catalyst SBET (m2/g) Vpore (cm3/g) dav (nm) 

(a) SM-Na-1 695 0.440 2.53 

(b) SM-Na-2 392 0.242 2.46 

(c) SM-Na-3 379 0.233 2.46 

(d) SM-Na-4 173 0.107 2.47 

(e) SM-Na-5 200 0.124 2.48 

(f) SM-Na-6 107 0.067 2.52 

(g) SM-K 190 0.126 2.65 

(h) SM-Li 118 0.124 4.22 

a SBET, Vpore and dav denote BET surface area, total pore volume and average pore diameter, respectively. 
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Table 3 The one-pot synthesis of DMC and the amounts of moderately and strongly basic sites over 12.7 

wt.% NaOH/SiO2 and SM-Na catalysts. 

Catalyst Yield (%) Amount of sites (μmol/g) 

 DMC PC 1-MP 2-MP Moderate base Strong base 

NaOH/SiO2 9 15 39 20 40 28 

SM-Na-1 8 13 42 25 37 9 

SM-Na-6 24 18 26 13 199 223 

Reaction conditions: catalyst, 0.5 g; propylene oxide, 28.6 mmol; methanol, 8 cm3; CO2, 6 MPa; 

temperature, 150 °C; time, 3 h. 
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Captions for schemes and figures 

 

Scheme 1. Base-catalyzed model reactions studied: (a) transesterification of ethyl acetate with methanol, 

(b) Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate and (c) the one-pot synthesis of 

dimethyl carbonate from propylene oxide, carbon dioxide and methanol. 

 

Scheme 2. Two reactions involved in the one-pot synthesis of DMC: (a) Cycloaddition of CO2 to propylene 

oxide and (b) Transesterification of propylene carbonate with methanol. 

 

Scheme 3. Methanolysis of propylene oxide. 

 

Fig. 1. XRD patterns of smectite samples synthesized. (a) SM-Na-1; (b) SM-Na-2; (c) SM-Na-3; (d) 

Sm-Na-4; (e) SM-Na-5; (f) SM-Na-6; (g) SM-K; (h) SM-Li. 

 

Fig. 2. Relationship between BET surface area and the quantity of alkali atoms incorporated for smectite 

samples synthesized. 

 

Fig. 3. Relationship between the total pore volume and the quantity of alkali atoms incorporated for 

smectite samples synthesized. 

 

Fig. 4. Pore size distribution curves of smectite samples synthesized. The letters denote the same samples 

as given in Tables 1 and 2 and Fig. 1. 

 

Fig. 5. CO2 TPD profiles over smectite samples synthesized. The letters denote the same samples as given 

in Tables 1 and 2 and Fig. 1. 

 

Fig. 6. Changes of the amounts of basic sites with the content of sodium. (   ) weakly, (   ) moderately 

and (   ) strongly basic sites 
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Fig. 7. CO2 TPD profile over 12.7 wt.% NaOH/SiO2. 
 

Fig. 8. Influence of the amount of alkali atoms incorporated on the activity of smectite catalysts for the 

transesterification of ethyl acetate with methanol. Reaction conditions: catalyst, 31 mg; ethyl acetate, 10 

mmol; methanol, 5 cm3; temperature, 70 °C; time, 30 min. 

 

Fig. 9. Relationship between the transesterification activity and the amount of moderately basic sites for the 

smectite samples synthesized and 12.7 wt.% NaOH/SiO2. (   ), SM-Na; (   ), SM-K; (   ), SM-Li; (   ), 

NaOH/SiO2. 

 

Fig. 10. Influence of the amount of alkali atoms incorporated on the activity of smectite catalysts prepared 

for Knoevenagel condensation of benzaldehyde and ethyl cyanoacetate. Reaction conditions: catalyst, 310 

mg; benzaldehyde, 9.9 mmol; ethyl cyanoacetate, 9.4 mmol; acetone, 8 cm3; temperature, 60 °C; time, 3 h. 

 

Fig. 11. Influence of the amount of alkali atoms incorporated on the yields of DMC and PC in the one-pot 

DMC synthesis. Circle, square and lozenge symbols represent the DMC and PC yields obtained with 

SM-Na, SM-K and SM-Li, respectively. Reaction conditions: catalyst, 0.5 g; propylene oxide, 28.6 mmol; 

methanol, 8 cm3; CO2, 6 MPa; temperature, 150 °C; time, 1 h. 

 

Fig. 12. Influence of the amount of alkali atoms incorporated on the yields of 1-MP and 2-MP in the 

one-pot DMC synthesis. Circle, square and lozenge symbols represent the 1-MP and 2-MP yields obtained 

with SM-Na, SM-K and SM-Li, respectively. The reaction conditions are the same as those given for Fig. 

11. 

 

Fig. 13. Relationship between the DMC yield and the amounts of moderately and strongly basic sites. 

Circle, square and lozenge symbols represent the DMC yields obtained with SM-Na, SM-K and SM-Li, 

respectively. The reaction conditions are the same as those given for Fig. 11. 
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Fig. 14. Variations of the DMC yield with time for the one-pot synthesis of DMC (   ) and the 

transesterification of PC with methanol (   ). Reaction conditions: SM-Na-6, 0.5 g; propylene oxide, 28.6; 

propylene carbonate, 28.6 mmol; methanol, 8 cm3; CO2, 8 MPa; temperature, 150 °C. 

 

Fig. 15. CO2 TPD profile over 12.7 wt.% NaOH/MgO.  
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Scheme 1. Base-catalyzed model reactions studied. (a) transesterification of ethyl acetate with methanol, 

(b) Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate and (c) the one-pot synthesis of 

dimethyl carbonate from propylene oxide, carbon dioxide and methanol. 
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Scheme 2. Two reactions involved in the one-pot synthesis of DMC. (a) Cycloaddition of CO2 to propylene 

oxide. (b) Transesterification of propylene carbonate with methanol. 
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Scheme 3. Methanolysis of propylene oxide. 

 

 

25



 

 

 

10 20 30 40 50 60 70

In
te

ns
ity

(a
.u

.)

(a)

(b)
(c)

(d)

(e)

(f)

(g)

(h)

 
2θ (degree)  

 

Fig. 1. XRD patterns of smectite samples synthesized. (a) SM-Na-1; (b) SM-Na-2; (c) SM-Na-3; (d) 

Sm-Na-4; (e) SM-Na-5; (f) SM-Na-6; (g) SM-K; (h) SM-Li. 
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Fig. 2. Relationship between BET surface area and the quantity of alkali atoms incorporated for smectite 

samples synthesized. 
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Fig. 3. Relationship between the total pore volume and the quantity of alkali atoms incorporated for 

smectite samples synthesized. 
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Fig. 4. Pore size distribution curves of smectite samples synthesized. The alphabets denote the same 

samples as given in Tables 1 and 2 and Fig. 1. 
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Fig. 5. CO2 TPD profiles over smectite samples synthesized. The alphabets denote the same samples as 

given in Tables 1 and 2 and Fig. 1. 
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Fig. 6. Changes of the amounts of basic sites with the content of sodium. (   ) weakly, (   ) moderately 

and (   ) strongly basic sites 
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Fig. 7. CO2 TPD profile over 12.7 wt.% NaOH/SiO2. 
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Fig. 8. Influence of the amount of alkali atoms incorporated on the activity of smectite catalysts for the 

transesterification of ethyl acetate with methanol. Reaction conditions: catalyst, 31 mg; ethyl acetate, 10 

mmol; methanol, 5 cm3; temperature, 70 °C; time, 30 min. 
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Fig. 9. Relationship between the transesterification activity and the amount of moderately basic sites for the 

smectite samples synthesized and 12.7 wt.% NaOH/SiO2. (   ), SM-Na; (   ), SM-K; (   ), SM-Li; (   ), 

NaOH/SiO2. 
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Fig. 10. Influence of the amount of alkali atoms incorporated on the activity of smectite catalysts prepared 

for Knoevenagel condensation of benzaldehyde and ethyl cyanoacetate. Reaction conditions: catalyst, 310 

mg; benzaldehyde, 9.9 mmol; ethyl cyanoacetate, 9.4 mmol; acetone, 8 cm3; temperature, 60 °C; time, 3 h. 
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Fig. 11. Influence of the amount of alkali atoms incorporated on the yields of DMC and PC in the one-pot 

DMC synthesis. Circle, square and lozenge symbols represent the DMC and PC yields obtained with 

SM-Na, SM-K and SM-Li, respectively. Reaction conditions: catalyst, 0.5 g; propylene oxide, 28.6 mmol; 

methanol, 8 cm3; CO2, 6 MPa; temperature, 150°C; time, 1 h. 
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Fig. 12. Influence of the amount of alkali atoms incorporated on the yields of 1-MP and 2-MP in the 

one-pot DMC synthesis. Circle, square and lozenge symbols represent the 1-MP and 2-MP yields obtained 

with SM-Na, SM-K and SM-Li, respectively. The reaction conditions were the same as given for Fig. 11. 
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Fig. 13. Relationship between the DMC yield and the amounts of moderately and strongly basic sites. 

Circle, square and lozenge symbols represent the DMC yields obtained with SM-Na, SM-K and SM-Li, 

respectively. The reaction conditions were the same as given for Fig. 11. 
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Fig. 14. Variations of the DMC yield with time for the one-pot synthesis of DMC (   ) and the 

transesterification of PC with methanol (   ). Reaction conditions: SM-Na-6, 0.5 g; propylene oxide, 28.6; 

propylene carbonate, 28.6 mmol; methanol, 8 cm3; CO2, 8 MPa; temperature, 150°C. 
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Fig. 15. CO2 TPD profile over 12.7 wt.% NaOH/MgO. 
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