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Abstract: MCM-41-type mesoporous silicas were modified with alumina by the impregnation, co-

condensation, and template ion-exchange (TIE) methods. The obtained materials were characterized 

with respect to their chemical composition (ICP-OES), textural parameters (low-temperature N2 

sorption), structure (XRD), and surface acidity (NH3-TPD) and tested as catalysts of methanol to 

dimethyl ether (DME) dehydration in a flow microreactor system. The catalytic performance of the 

studied materials was analyzed with respect to their porous structure, as well as their density and 

the strength of their acid sites. It was shown that the performance of the studied catalysts depends 

on the contribution of the surface exposed aluminum species, as well as their aggregation. For the 

most active catalyst, the study of its catalytic stability under rection conditions was performed. It 

was shown that the catalyst can be effectively regenerated by the incineration of carbon deposits 

under air flow at 550 °C for 1 h. 

Keywords: methanol to dimethyl ether dehydration; MCM-41; alumina; surface acidity;  

catalyst regeneration 

 

1. Introduction 

Dimethyl ether, DME, is considered a clean and environmentally friendly fuel that 

could be an alternative to diesel fuel, owing to its high cetane number, low autoignition 

temperature, and reduced emissions. Since there is no C-C bond in the DME molecule, the 

formation of carbon nanoparticles during its combustion is effectively limited. DME can be 

used in specially designed compression ignition diesel engines [1]. Moreover, DME fuel can 

be safely stored because the ether will not form explosive peroxide [2]. There are two main 

technologies used for the DME production. The first one, called STD-syngas-to-dimethyl 

ether, is based on the conversion of syngas (CO + H2) to DME. In this case, the bifunctional 

catalyst, active in the syngas to methanol conversion, as well as in the methanol to DME 

dehydration process, is used [3–5]. In the second technology, the DME production is split 

into two reactions, conducted separately. In the first reaction, syngas is converted to 

methanol, while in the second reaction, after purification, methanol is dehydrated to DME. 

The conversion of methanol to DME is called the MTD (methanol-to-dimethyl ether) 

process [6,7]. The MTD process requires an acidic solid catalyst, such as γ-Al2O3 [8], zeolites 

[9], or modified clay minerals [10,11], as well as heteropolyacids [12,13]. Thus, the number 

of acid sites, as well as their relative strength, are crucial parameters determining the catalyst 

performance in the MTD process. Acid sites that are too weak are unable to properly 

activate methanol molecules to be converted to DME [14], while acid sites that are too strong 

may result in the rapid formation of carbon deposits, thus decreasing the efficiency of the 

DME formation [15]. A high concentration of acidic sites can be obtained by the deposition 

of additional components, e.g., aluminum [11], forming such sites on high-surface area 
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supports. Mesoporous silica materials, among other porous materials such as MXenes [16] 

and carbon nanotubes [17], belong to a group of porous materials with great, but still not 

fully used, potential. Mesoporous silica materials, such as MCM-41, are excellent supports 

of the MTD catalysts, due to their very high surface area, uniform pore size in the mesopore 

range, and relatively good thermal and hydrothermal stability. A large number of acid sites, 

catalytically active in the MTD process, can be formed on a very large surface area of such 

silica materials. On the other hand, relatively large and uniform pores result in a very 

effective internal diffusion of the reactants inside the pores. Therefore, the overall efficiency 

of DME formation in the presence of mesoporous silica, including MCM-41, should be very 

high. However, due to lack of surface acidity, such pure silica mesoporous materials do not 

exhibit any catalytic activity in methanol dehydration (Supplementary Materials, Figure S1), 

and therefore, such materials must be modified to create surface acid sites. The acid sites 

can be generated by the deposition of alumina on a very large surface area of mesoporous 

silica materials, which should result in the formation of a large number of such acid sites; 

these play a crucial catalytic role in methanol-to-DME dehydration. The selection of an 

appropriate aluminum source and method of deposition is important for the generation of 

acid sites of suitable strength, as well as high surface density. In addition to co-condensation 

and impregnation, the template ion-exchange (TIE) method, based on the replacement of 

alkylammonium cations in freshly prepared mesoporous silica (non-calcined) for metal 

cations, also seems to be very promising [18,19]. The TIE method was successfully applied 

for the deposition for various metals, including copper, iron, or magnesium, into MCM-41-

type mesoporous silica in both cylindrical and spherical forms [20,21]. To obtain high 

dispersion of introduced metal species, the conditions regarding the TIE procedure, such as 

type of metal precursors, their concentrations [22], and the solvent used [18], are all very 

important. 

The catalysts for the MTD process, based on mesoporous MCM-41-type silica 

material modified with aluminum by three different methods—co-condensation, 

impregnation, and TIE—are presented, compared, and discussed. 

2. Results and Discussion 

MCM-41-type mesoporous silica, modified with aluminum by the impregnation (IMP), 

co-condensation (CC), and template ion-exchange (TIE) methods, were characterized with 

respect to their structure, texture, chemical composition, and surface acidity and tested as 

catalysts of methanol to DME conversion. In the sample code XAl-MET, X is related to the 

intended aluminium loadings (1, 2, or 3 wt.%), while MET indicates the method used for 

aluminum deposition (IMP—impregnation, CC—co-condensation, TIE—template ion-

exchange). 

X-ray diffractograms recorded for the samples with the highest content of aluminum 

deposited by different methods are shown in Figure 1. 
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Figure 1. X-ray diffractograms of MCM-41 modified with aluminum using different methods. 

In the diffractogram of all studied samples three reflections, (100), (110), and (200), 

characteristic of the hexagonal structure of MCM-41, are present (Figure 1). Thus, in the case 

of all samples, independent of the method used for their synthesis or modification, the 

porous structure typical of MCM-41 was obtained. There is a significant difference between 

the intensities of the reflections. The less intensive reflections noted in the diffractogram of 

the samples obtained by the co-condensation method show that the incorporation of 

heteroatoms into the silica walls of MCM-41 decreased the pore ordering in this type of 

mesoporous silica. This effect has previously been reported in the literature [23]. There is a 

significant difference in the intensity of the reflections in the diffractograms of pure silica 

MCM-41 and the samples obtained by the impregnation and TIE methods. In the case of the 

sample produced by the impregnation method, prior to the aluminum deposition, 

mesoporous silicas containing organic surfactants inside the pores were calcined (sample 

MCM-41, Figure 1). The incineration of such organic compounds under calcination 

conditions produced a large amount of heat (exothermic process), which could result in local 

overheating of the samples and partial distortion of the ordered porous structure. In the case 

of the samples modified by the TIE method a significant number of organic surfactants was 

removed from the pore system of MCM-41 during the template ion-exchange procedure. 

Therefore, the risk of the sample overheating, as well as the destruction of their porous 

structure, was significantly limited. The reflections characteristic of Al2O3 phases-γ-Al2O3 

(JCPDS 10-0425) and δ-Al2O3 (JCPDS 00-016-0394) were not found in the diffractograms of 

the studied samples (Figure 1, insert), showing that aluminum was deposited into MCM-41 

in relatively highly dispersed forms. 

The content of aluminum in the samples is presented in Table 1. As can be seen, the 

real content of aluminum in the series of the samples obtained by the co-condensation 

method is significantly lower compared to the intended aluminum contents (1, 2, and 3 

wt.%) in MCM-41. This effect can be explained by the lower reactivity of the aluminum 

source (AIP) in comparison to the silica source (TEOS). The real aluminum contents in the 

samples obtained by the impregnation method are very close to the intended values, while 

in the silicas modified with aluminum using the TIE method, the measured content of this 

metal is slightly higher than the intended values. 

Table 1. Chemical composition, textural parameters, and surface concentration of acid sites. 

Sample 
Si/Al 

[mol·mol−1] 

Al Content* 

[wt.%] 

SBET 

[m2·g−1] 

Pore Volume 

[cm3·g−1] 

CA  

[µmol·g−1] 

CA/Al 

[mol·mol−1] 

MCM-41 - 0.00 1171 (±59) 0.87 (±0.05) - - 

1Al-CC 83 0.52  1125 (±56) 0.99 (±0.05) 39 (±1) 0.20 

2Al-CC 44 1.00 1123 (±56) 0.96 (±0.05) 62 (±2) 0.17 

3Al-CC 28 1.43 1173 (±59) 1.03 (±0.05) 69 (±2) 0.13 

1Al-IMP 44 0.97 1055 (±53) 0.76 (±0.04) 63 (±2) 0.18 

2Al-IMP 21 1.92 1026 (±51) 0.79 (±0.04) 100 (±2) 0.14 

3Al-IMP 15 2.88 997 (±50) 0.76 (±0.04) 143 (±4) 0.13 

1Al-TIE 36 1.13 1128 (±56) 0.97 (±0.05) 141 (±4) 0.34 

2Al-TIE 18 2.50 1082 (±54) 0.95 (±0.05) 243 (±6) 0.26 

3Al-TIE 13 3.21 1043 (±52) 0.91 (±0.05) 379 (±9) 0.32 

Si/Al and Al content determined by the ICP-OES method; specific surface area (SBET) and pore 

volume determined by low-temperature nitrogen sorption. CA—surface concentration of acid sites, 

determined by the NH3-TPD method; MCM-41—calcinated sample used for preparation of the 

catalysts by the impregnation and TIE methods; *—experimental error is about ±0.01 wt.%. 

The examples of the nitrogen adsorption-desorption isotherms recorded for the 

samples with the highest aluminum content, deposited by different methods, are 

presented in Figure 2. The isotherms are classified according to the IUPAC standards as 
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type IVb (Figure 2) and are characteristic of MCM-41-type mesoporous materials [24,25]. 

A steep increase in nitrogen uptake at a relative pressure of 0.15–0.35 is assigned to the 

capillary condensation of nitrogen inside the mesopores, while an increase in adsorbed 

volume above p/p0 = 0.9 is possibly related to the nitrogen condensation in the interparticle 

spaces. The isotherms do not exhibit hysteresis loops, indicating that the adsorption pro-

cess is completely reversible. The type of IVb isotherm, with no hysteresis loop, is charac-

teristics of mesoporous materials with pore diameters below 4 nm [25]. 

Profiles of pore size distribution (PSD) prove the high uniformity of pore size in the 

studied samples (examples of PSD profiles are presented in Figure 3). In the case of all stud-

ied samples, the maximum of PSD is located at about 3.3–3.6 nm. This maximum is signifi-

cantly less intense for the samples obtained by the impregnation method in comparison to 

the samples produced by the co-condensation and TIE methods. In the case of the impreg-

nation method, it is possible that part of aluminum was deposited into the MCM-41 pores 

in the form of small Al2O3 aggregates (in which the size of crystallites is below the detection 

limit of the XRD method). In the samples obtained by the co-condensation method, alumina 

species were incorporated into the silica walls of MCM-41, while in the case of the TIE 

method, aluminum was deposited in the form of a much better dispersed species, compared 

to the impregnation method. Thus, in the samples produced by the co-condensation and 

TIE methods, a decrease in the PSD profiles was not observed. 

 

Figure 2. Nitrogen adsorption-desorption isotherms of MCM-41, modified with aluminum by dif-

ferent methods, and for pure silica MCM-41. 
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Figure 3. Pore size distribution (PSD) determined for MCM-41, modified with aluminum by differ-

ent methods, and for pure silica MCM-41. 

The specific surface area (SBET) and pore volume of the samples are compared in Table 

1. The samples obtained by the co-condensation method were characterized by a surface 

area above 1100 m2·g−1 and a pore volume of about 1 cm3·g−1. In the case of the samples 

modified with aluminum by the impregnation and TIE methods, their specific surface area 

and porosity gradually decreased with increasing aluminum loadings. This effect is at-

tributed to the accumulation of aluminum species inside the pores of these materials. 

The surface acidity of the samples was analysed using the method of the tempera-

ture-programmed desorption of ammonia (NH3-TPD). Ammonia desorption profiles are 

presented in Figure 4, while the concentrations of surface acid sites in the samples are 

compared in Table 1 (it was assumed that one ammonia molecule was bound to one acid 

site). Pure silica MCM-41 presented no surface acidity (results not shown); thus, the acid 

sites are related to the presence of aluminum species in the samples. As it can be seen, for 

all series of the samples, the content of the surface acid sites increases with the increasing 

aluminum content (Table 1). The samples obtained by the co-condensation method pre-

sented the lowest acid sites concentrations. This is not surprising, considering the rela-

tively low content of the introduced aluminum species (Table 1). Moreover, in the case of 

these samples, a portion of the aluminum was occluded inside the silica walls and was 

not exposed on the sample surface. The molar ratio of acid site concentration to aluminum 

content, presented in Table 1, is about 0.20 for the sample with the lowest aluminum load-

ing, 1Al-CC, and this ratio decreased for the samples along with the increasing aluminum 

contents. In the case of impregnation method, aluminum species were deposited on the 

silica surface, which resulted in the increased concentration of acid sites in this series of 

samples in comparison to the catalysts obtained by the co-condensation method. On the 

other hand, the ratio of acid site concentration to aluminum content in this series of sam-

ples is similar, or even slightly lower, compared to the catalysts obtained by the co-con-

densation method. As was previously proposed, the impregnation method possibly re-

sulted in the deposition of more aggregated aluminum species, thus decreasing the acces-

sibility of surface Al3+ cations. The samples obtained by the TIE method presented the 

highest acid site concentrations and the highest ratio of acid site concentration to alumi-

num content (Table 1), indicating that the TIE method results in the deposition of alumi-

num in the form of highly dispersed surface species. 

Ammonia desorption profiles are spread out along the temperature range of 70–620 

°C, indicating the presence of acid sites of various strengths (Figure 4). The desorption 

profile obtained for the 1Al-CC sample consists of at least two maxima located at about 

160 and 290 °C and assigned to the presence of relatively weaker and stronger acid sites 

(Figure 4A). An increase in aluminum loading, 2Al-CC and 3Al-CC, resulted in a shift of 

these peaks to about 185 and 315 °C, indicating an increase in the strength of the acid sites. 

A similar ammonia desorption profile, with maxima at about 185 and 295 °C, was ob-

tained for the 1Al-IMP sample (Figure 4B). An increase in the aluminum content, 2Al-IMP 

and 3Al-IMP, deposited by the impregnation method resulted in desorption profiles with 

one asymmetric maximum at about 225–245 °C, which is possibly a superposition of the 

peaks related to the weaker and stronger acid sites. Similar ammonia desorption profiles 

were noted for mesoporous silica modified with aluminum using the TIE method (Figure 

4C). The main maximum is located at 210–220 °C, with the shoulder at about 330 °C. A 

comparison of the ammonia desorption profiles obtained for the silica samples modified 

with aluminum by the impregnation (Figure 4B) and TIE (Figure 4C) methods shows only 

small differences in the acid strength of the different aggregated aluminum species. On 

the other hand, the deposition of aluminum using the TIE method resulted in more dis-

persed species and therefore, a higher concentration of acid sites compared to the samples 

obtained by the impregnation method. 
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Figure 4. NH3-TPD profiles of MCM-41 modified with aluminum by co-condensation (A), impreg-

nation (B) and TIE (C) methods. 

The conversion of methanol to DME in the catalyst, in the absence or presence of pure 

silica MCM-41, was not observed (Supplementary Materials, Figure S1). However, at tem-

peratures above 300 °C, methanol was partially converted into CO, CH4, and formalde-

hyde. The results of the catalytic studies regarding the reaction of methanol to dimethyl 

ether (DME) conversion in the presence of MCM-41 modified with aluminum are shown 

in Figure 5. As can be seen, the catalytic activity of the studied samples depends on the 

surface concentration of the acid sites generated by the deposition of aluminum species. 

The catalysts obtained by the co-condensation method presented relatively low activity; 

however, an increase in the aluminium loading in the samples resulted in their catalytic 

activation in the reaction of methanol to DME dehydration (Figure 5A). The catalyst ob-

tained by the impregnation method were found to be more active compared to the sam-

ples produced by the co-condensation method. It can be seen that the activity of the cata-

lysts of this series increases with the increase in aluminum loading (Figure 5B). Due to 

thermodynamic limitations (see the dashed line in Figure 5C), the complete methanol to 

DME conversion was not achieved at higher temperatures [26]. The series of the catalysts 

obtained by the TIE method presented the highest activity regarding methanol dehydra-

tion (Figure 5C); however, also in this case, the content of deposited aluminum deter-

mined the catalytic performance of the samples. Thus, it could be concluded that the sur-

face concentration of the acid sites generated by the presence of aluminum in the samples 

determines their catalytic performance in the studied reaction. Aluminum was deposited 

on the surface of MCM-41 in the form of differently aggregated species. In the case of the 

catalysts obtained by the impregnation method, a significant contribution of small, aggre-

gated aluminum species could be expected, while the application of the TIE method 
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resulted in the deposition of additional dispersed aluminum species. To compare the av-

erage activity of the active sites present in the catalysts, the turnover frequency (TOF) val-

ues for the reaction conducted at 250 °C were determined (Figure 5). It was assumed that 

each acid site, determined by the NH3-TPD measurements (Table 1), played a role in the 

catalytically active site. As it can be seen (Figure 5B), the active sites in the catalysts ob-

tained by the impregnation method are more catalytically active in comparison to the ac-

tive sites in the catalysts produced by the TIE method (Figure 5C). Thus, it could be sup-

posed that the acid sites associated with the aggregated aluminum species are more effi-

cient in methanol conversion than the highly dispersed aluminum species. However, the 

TOF values decreased with increasing aluminum loading (Figure 5B,C), which could lead 

to the opposite conclusion. Thus, the problem of aluminum species aggregation and its 

role in methanol dehydration seems to be much more complex, thus requiring additional 

study. The selectivity of the reaction to DME at temperatures below 325 °C for all studied 

catalysts is 100% (no side products were detected). For the tests at temperatures of 325 

and 350 °C, small amounts of formaldehyde (FA), carbon monoxide, and methane were 

detected. For the most active catalyst, 3Al-TIE, the selectivity to side products (FA + CO + 

CH4) was 1.2% at 325 °C and 3.6% at 350 °C. For the other studied catalysts, the selectivity 

to side products was lower than for 3Al-TIE. 

 

 

Figure 5. Results of the catalytic tests in the reaction of methanol to DME dehydration in the pres-

ence of MCM-41 modified with aluminum by the co-condensation (A), impregnation (B), and TIE 

(C) methods. 
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The stability of the most active catalyst, 3Al-TIE, under reaction conditions was ver-

ified by subsequent catalytic runs. The standard catalytic test was performed. After reach-

ing 350 °C, the reactor was cooled down to 100 °C under a flow of pure helium. Then, the 

flow of helium was changed to the flow of the reaction mixture, and the next catalytic run 

was initiated. This procedure was repeated four times. As it can be seen in Figure 6A, the 

methanol conversion profile for the second run is shifted in the direction of higher tem-

peratures by an increase of about 10–15 °C in comparison to the conversion profile ob-

tained for the first run. The results of the subsequent catalytic cycles (runs 3 and 4) are 

very similar to the methanol conversion profile obtained in the second cycle. This indi-

cates that the most intense catalyst deactivation occurs for the fresh catalyst. The catalyst 

after four catalytic runs was black (Figure 7C,D), clearly showing the formation of carbon 

deposits under the reaction conditions. To verify the content and stability of the carbon 

deposits formed under the reaction conditions, the catalyst sample after four catalytic runs 

was analyzed using the thermogravimetric method under a flow of air (Figure 7). The 

drop in mass in the low-temperature range is associated with the removal of water phys-

ically absorbed on the catalyst surface, while the step in the TG profile at 450–650 °C is 

related to the burning of the carbon deposits formed on the catalyst under reaction condi-

tions (Figure 7A). The DTG profile, presented in Figure 7B, shows the maximum efficiency 

of water removal, as well as carbon deposit incineration. Another series of catalytic runs 

for the 3Al-TIE catalysts is presented in Figure 6B. In this case, after each catalytic run, the 

reactor was heated to 550 °C, and then the catalyst sample was treated under a flow of air 

for 1 h. Subsequently, the reactor was cooled to 100 °C, and the next catalytic run was 

conducted. This procedure was repeated 3 times (Figure 6B). As can be seen, the methanol 

conversion profiles obtained for all runs are very similar, indicating that the procedure 

applied for the catalyst regeneration is effective. The deactivation effect is observed only 

after the first catalytic run, and it is not very significant (Figure 6A). In the subsequent 

runs, no significant changes in the catalyst activity were observe. Thus, a more economical 

mode of the MTD process with the use of the studied catalyst could be employed by con-

ducting the process without regeneration cycles. Of course, this proposal requires verifi-

cation by additional studies. 

 

Figure 6. Results of the subsequent catalytic tests in the reaction of methanol to DME dehydration 

in the presence of the 3Al-TIE catalyst: (A) runs without catalyst regeneration, (B) runs with catalyst 

regeneration. 
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Figure 7. Thermogravimetric (TG) analysis of the 3Al-TIE sample after four catalytic runs. (A) TG 

profile, (B) DTG profile, (C) photographs of fresh and (D) used (after 4 catalytic runs) 3Al-TIE cata-

lysts. 

3. Materials and Methods 

3.1. Synthesis of Silica MCM-41 

The procedure used for the synthesis of MCM-41-type mesoporous silica was pre-

sented in our previous paper [27]. Cetyltrimethylammonium chloride (CTMACl, Sigma-

Aldrich, St. Louis, MO, USA), used as porous structure directing agent, and an aqueous 

solution of ammonia (NH3·H2O, Avantor/POCH, Gliwice, Poland) were introduced into 

distilled water. The obtained mixture was stirred at room temperature (RT) for 30 min, 

and then tetraethyl orthosilicate (TEOS, Sigma-Aldrich), used as a silica source, was added 

dropwise. The obtained slurry, with the molar ratio of 1 TEOS: 0.16 CTMACl: 2.76 

NH3·H2O: 140.13 H2O, was stirred for 1 h at RT and then separated by filtration. The ob-

tained solid product was washed with distilled water and dried overnight at 60 °C. The 

obtained sample of the MCM-41 precursor is denoted as MCM-41(P). 

3.2. Deposition of Aluminum by the Impregnation Method 

The first series of the catalysts was obtained by the incipient wetness impregnation 

method. The MCM-41(P) sample was calcined under an air atmosphere at 550 °C for 8 h 

(with the linear temperature increased from RT to 550 °C of 1 °C·min−1) to remove organic 

surfactants of the pore system of MCM-41. In the next step, the sorption capacity of MCM-

41 was determined by soaking of the mesoporous silica samples in distilled water. Con-

sidering the sorption capacity of MCM-41 and the intended aluminum loadings in the 

catalysts, the silica samples were soaked with the aqueous solutions of Al(NO3)3 (Honey-

well, Charlotte, NC, USA), with volume and concentrations corresponding to the intro-

duction of 0.084, 0.168, and 0.251 g of Al(NO3)3 per 1 g of dried MCM-41 silica, which 

should result in the samples containing, 1, 2, and 3 wt.% of aluminum, respectively. The 

obtained samples were dried at 60 °C overnight and calcined in an air atmosphere at 550 

°C for 8 h (with the linear temperature increase rate of 1 °C·min−1). The catalysts of this 

series with the intended aluminum loading of 1, 2, and 3 wt.% are denoted as 1Al-IMP, 

2Al-IMP, and 3Al-IMP, respectively. 
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3.3. Deposition of Aluminum by Template Ion-Exchange (TIE) Method 

A total of 1 g of MCM-41(P) was dispersed in 50 mL of methanol solution of Al(NO3)3 

and intensively stirred under reflux at 70 °C for 3 h. To obtain samples with the intended 

final aluminum loadings of 1, 2, and 3 wt.%, the methanol solutions (50 cm3), containing 

0.048, 0.097 and 0.142 g of Al(NO3)3 (Honeywell), respectively, were used for 1 g of freshly 

prepared MCM-41 (non-calcined). The concentrations of the solutions used were deter-

mined considering that freshly synthetized MCM-41 contains 42 wt.% of organic matter 

(determined by the thermogravimetric method). The obtained samples were washed with 

pure methanol, dried at 60 °C overnight, and calcined in an air atmosphere at 550 °C for 

8 h (with the linear temperature increase of 1 °C·min−1) to remove residual surfactants 

from the pore system of the mesoporous silica. The catalysts of this series with the in-

tended aluminum content of 1, 2, and 3 wt.% are denoted as 1Al-TIE, 2Al-TIE, and 3Al-

TIE, respectively. 

3.4. Synthesis of Al-MCM-41 by the Co-Condensation Method 

The third series of the catalysts was obtained by the co-condensation method. In the 

first step, hexadecyltrimethylammonium bromide (CTAB, Sigma-Aldrich), used as a po-

rous structure directing agent, was introduced into the mixture of distilled water and 

aqueous solution of ammonia (Avantor/POCH) and intensively stirred at room tempera-

ture for 30 min. Then, the mixture of aluminum isopropoxide (AIP, Sigma-Aldrich) and 

tetraethyl orthosilicate (TEOS, Sigma-Aldrich), used as aluminum and silicon sources, re-

spectively, were added to the reaction mixture dropwise. The molar AIP/TEOS ratios were 

1/43, 1/21, and 1/13.7 to obtain the intended aluminum content of 1, 2, and 3 wt.% in the 

final samples. The reaction mixture was intensively stirred at RT for 1 h, and then the 

resultant slurry was filtered, washed with distilled water (to obtain pH = 7), and dried at 

60 °C overnight. Finally, the samples were calcined at 550 °C for 6 h under an air atmos-

phere. The catalysts of this series, with the intended aluminum content of 1, 2, and 3 wt.%, 

are denoted as 1Al-CC, 2Al-CC, and 3Al-CC, respectively. 

3.5. Catalyst Characterization 

The aluminum and silicon contents of the samples were determined by the induc-

tively coupled plasma optical emission spectrometry method (ICP-OES) using an iCAP 

7000 instrument (Thermo Scientific, Waltham, MA, USA). Prior to the analysis, the solid 

samples were dissolved in a solution containing 6 mL HNO3 (67–69%), 2 mL HCl (30%), 

and 2 mL HF (47–51%) at 190 °C using a microwave digestion system, Ethos Easy (Mile-

stone, Sorisole, Italy). 

The diffraction patterns of the samples were recorded using a Bruker D2 Phaser dif-

fractometer (Bruker, Billerica, MA, USA). The measurements were performed in the low 

2 Θ angle range of 1–7° and the high 2 Θ angle range of 30–50°, with a step of 0.02°. The 

counting times of 5 s per step and 1 s per step were used for the low-angle and high-angle 

measurements, respectively. 

Textural parameters, specific surface area, and pore volume of the Al-modified 

MCM-41 samples were determined by N2-sorption at −196 °C using a 3Flex v.1.00 (Mi-

cromeritics, Norcross, GA, USA) automated gas adsorption system. Prior to the analysis, 

the samples were outgassed under vacuum at 350 °C for 24 h. Their specific surface area 

(SBET) was determined using the BET model, while the pore size distribution (PSD) profiles 

were determined by the analysis of the adsorption branch of the isotherm using the BJH 

model. The pore volume (VT) was estimated by means of the total amount of adsorbed N2 

at the relative p/p0 pressure of 0.98. 

The surface acidity of the samples was analyzed by the temperature-programmed 

desorption of ammonia (NH3-TPD) method. The measurements were performed in a flow 

quartz microreactor system connected directly to a quadrupole mass spectrometer (QMS, 

PREVAC, Rogów, Poland) used as detector. The flow rate and composition of the gas 
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mixture was adjusted and controlled by mass flow controllers (Brooks Instrument, Hat-

field, PA, USA). The catalyst sample (50 mg) was placed into microreactor and outgassed 

in a flow of pure helium at 550 °C for 30 min. Then, the microreactor was cooled to 70 °C, 

and the sample was saturated in a flow of gas mixture containing 1 vol.% NH3 diluted in 

helium (flow rate of 20 mL·min−1) for about 2 h. Then, to remove the physiosorbed forms 

of ammonia from the samples, the microreactor was purged in a helium flow until a con-

stant base line level (m/z = 16) was attained. Ammonia desorption was carried out with a 

linear heating rate of 10 °C·min−1 under a flow of pure helium (20 mL·min−1). The calibra-

tion of the QMS detector with a commercial mixture allowed for the recalculation of the 

detector signal into the rate of ammonia desorption. 

The most active catalyst after the catalytic runs was thermogravimetry (TG) ana-

lyzed. The TG measurement was obtained with the using TGA/DSC 3+ (Mettler Toledo, 

Greifensee, Switzerland). The TG and DTG profiles were obtained under a flow of syn-

thetic air (80 mL·min−1), with the linear temperature increase of 20°·min−1 in the tempera-

ture range of 30–1100 °C. 

3.6. Catalytic Studies 

The MCM-41 samples modified with alumina were tested regarding the role of the 

catalysts for methanol dehydration to dimethyl ether (DME). Prior to the catalytic tests, 

the catalyst powder was pressed, crushed, and then sieved to obtain the grain fraction of 

250–315 μm. The catalyst sample (100 mg) was placed in a flow fixed-bed quartz microre-

actor on a quartz wool plug and outgassed in a flow of pure helium (20 mL·min−1) at 550 

°C for 50 min. The catalytic test was carried out in the temperature range of 125–350 °C 

with a heating rate of 10 °C·min−1 using a gas mixture containing an alcohol (3.9 vol. % of 

methanol determined by their volatility at 0 °C, which was the saturation temperature) 

diluted in helium with the total flow rate of 20 mL· min−1. The concentrations of reactants 

were analyzed using a gas chromatograph (SRI 8610C, SRI Instruments, Earl St. Torrance, 

CA, USA) equipped with a methanizer and an FID detector. The operating temperature 

of the chromatography column (Merck, St. Louis, MO, USA) was 120 °C. 

4. Conclusions 

Three series of MTD catalysts obtained by the deposition of aluminum species onto 

MCM-41-type mesoporous silica were prepared. The catalysts obtained by the template 

ion-exchange method (TIE) presented significantly better catalytic activity for methanol 

to DME dehydrogenation comparing to the samples produced by the impregnation and 

co-condensation methods. On the other hand, the analysis of catalytic activity related to 

catalytic centers (TOF values) showed a higher activity for such sites in the catalysts ob-

tained by the impregnation method. Thus, aggregated aluminum species possibly present 

a higher activity in the methanol to DME conversion than do the highly dispersed alumi-

num species. The overall reaction efficiency in the case of the catalysts obtained by the TIE 

method was explained by more effective deposition of the highly dispersed aluminum 

species on the surface of the MCM-41 support by TIE method, yielding a higher surface 

concentration of acid sites than in the case of the catalysts produced by the impregnation 

and co-condensation methods. Under the conditions of the catalytic test, the formation of 

carbon deposits, which decreased the catalytic activity of the catalysts, was observed (for 

the 3Al-TIE-shift of the conversion profile, the temperatures increased by about 10–15 °C). 

The most intensive deactivation of the catalysts occurred for the fresh samples (first cata-

lytic cycle). The treatment of the catalysts under a flow of air at 550 °C resulted in their 

complete regeneration. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/catal12111324/s1, Figure S1: Results of methanol conversion 

in an empty reactor and in the presence of pure silica MCM-41. 
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