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A bstract: M C M -41-typ e m esoporous silicas w ere m od ified  w ith  alum ina b y  the im pregnation , co ­

condensation, and tem plate ion-exchange (TIE) m ethods. The obtained m aterials w ere characterized 

w ith  resp ect to their chem ical com p osition  (IC P-O E S), textu ral p aram eters (low -tem p eratu re N 2 

sorp tion), structure (X RD ), and  surface acid ity  (N H 3 -TPD ) and tested  as catalysts o f m ethanol to 

d im ethyl ether (D M E) dehydration in a flow  m icroreactor system . The catalytic perform ance of the 

stud ied  m aterials w as analyzed  w ith  resp ect to their porous structure, as w ell as their d en sity  and 

the strength  o f their acid  sites. It w as show n that the perform ance o f the studied  catalysts depends 

o n  the con tribu tion  o f the surface exposed  a lum inu m  species, as w ell as their aggregation . For the 

m ost active catalyst, the study of its catalytic stability under rection conditions w as perform ed. It w as 

show n that the catalyst can be effectively  regenerated  b y  the incineration  o f carbon deposits under 

air flow  at 550 °C  for 1 h.

K eyw ord s: m eth anol to d im eth yl ether d ehyd ration ; M C M -41; alum ina; surface acid ity ; catalyst 

regeneration

1. Introduction

D im ethyl ether, D M E, is considered a clean and environm entally  friendly fuel that 
could be an alternative to d iesel fuel, ow ing to its h igh cetane num ber, low  autoignition 
tem perature, and reduced em issions. Since there is no C-C bond in the DME m olecule, 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 D M E production. The first one, called STD -syngas-to-dim ethyl 
ether, is based on the conversion of syngas (CO + H 2 ) to DME. In this case, the bifunctional 
catalyst, active in the syngas to m ethanol conversion, as w ell as in  the m ethanol to D M E 
d ehydration process, is used [3- 5 ]. In the second technology, the D M E production is 
split into tw o reactions, conducted separately. In the first reaction, syngas is converted 
to m ethanol, w hile in the second reaction, after purification, m ethanol is dehydrated to 
DME. The conversion of methanol to DME is called the M TD  (m ethanol-to-dim ethyl ether) 
process [6,7]. The M TD  process requires an acid ic solid catalyst, such as y -A ^ O 3 [8 ], 
zeolites [9 ], or m odified clay m inerals [10,11], as w ell as heteropolyacids [12,13]. Thus, the 
num ber of acid sites, as w ell as their relative strength, are crucial param eters determ ining 
the catalyst perform ance in the M TD  process. A cid sites that are too w eak are unable to 
properly activate m ethanol m olecules to be converted to D M E [14], w hile acid sites that 
are too strong m ay result in the rapid form ation of carbon deposits, thus decreasing the 
efficiency of the D M E form ation [15]. A high concentration of acidic sites can be obtained 
by  the deposition of additional com ponents, e.g., alum inum  [11], form ing such sites on 
h igh-surface area supports. M esoporous silica m aterials, am ong other porous m aterials 
such as M Xenes [16] and carbon nanotubes [17], belong to a group of porous m aterials
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w ith great, but still not fully used, potential. M esoporous silica m aterials, such as M CM -41, 
are excellent supports of the M TD  catalysts, due to their very h igh  surface area, uniform  
pore size in  the m esopore range, and relatively good therm al and hydrotherm al stability. 
A  large num ber of acid sites, catalytically  active in tine M TD  progess, can be form ed on 
a very  large surface area of such sfiica m aterials. O n the other hand, relatively large 
and uniform  porea result in a very  effecgive internal d iffusion of the reactants inside rhe 
pores. Therefore, tho overoll effüciency of D M E form ation in  the g reoence a f m esoporous 
silica, including M C M -41, ahould be very  high. H ow ever, due to lack of surface acidity, 
auch pure silica m esoporous m aterials do not exhibit any catalytie activity  in m ethanol 
dehydration (Supplem entary M aterials, Figure S a), end theeefore, such m oteriels muot tie 
m odified to create surfaco acid sites. The acid aites can be generated by  tho deposition of 
alum ina on a very large surface area of m esoporous silica m aterials, w hich should result 
in  rhg form ation of a iarge num ber of suoh acid sitos; these play a crucial catalytic role 
m  m ethanol-to-D M E dehydaation. The selection of an appropeiate alum inum  source and 
m ethod of deposition ir im portant for the generation o i acid sites ot suitable strength, 
as w ell as high surface d en sity  In addition to co-condensation and im p reg n ation  the 
template ion-exchange (TIE) method, based on the replacem tnt of alkylam m onium  cations 
in  freshlg prepared m esoporous silicea, (non-calcined) fon m etal cations, also seem s to be 
very  prom ising [ 18,19]. The TIE m ethod 'was succesrfulty  applied fo r  the deposition for 
various motals, including copper, iron, or magnesium , into M CM -41-type mesoporous tilica 
in  both cylindrical and spherical form s [oh,21]. To obtain  h igh dispersion of introduced 
metal species, the conditions regarding the TIE procedure, such as type of metal precursors, 
their concentrations [2 2 ], and the solvent used [08], are all very im portant.

The catalysts for the M TD process, based on mesoponous M CM -41-type silica material 
modified with aluminum by three different m ethods— co-condensation, im pregnation, and 
TIE— are presented, com pared, and discussed.

2. Results and Discussion

M CM -4o-type mesop orous ailica, modified with aluminum by tire im aregnation (IM P), 
co-condensation (CC)r ance tem plate ion-exahange (TIE) m ethods, w ere chiranterized wifh 
respect to their structure, texturee chem ical com position, and surface acidity  and tested 
as catalysts of m ethanol to D M E conversion. In the sam ple code XAÌ-M ET , X  ts eelated 
to the iotended alum inium  loadings (1, 2, or 3 w t.% i, w hile M E T  indicates the m ethod 
used for alum inum  deposition (IMP— im pregnation, CC— co-condensation, TIE— template 
ion-exchange).

X-ray d iffiactogram s reeorded tor tine aamples w ith the highest content of alum inum  
deposited by different m ethods are show n in Figure 1 .

2 theta / °

Figu re 1. X -ray d iffractogram s of M CM -41 m odified w ith  alum inum  using d ifferent m ethods.



In the diffractogram  of all studied sam ples three reflections, (100), (110), and (200), 
characteristic of the hexagonal structure o f M C M -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 M CM-41 was obtained. There is a significant difference between 
the intensities of the reflections. The less intensive reflections noted in  the diffractogram  
of the sam ples obtained by  the co-condensation m ethod show  that the incorporation of 
heteroatom s into the silica w alls of M CM -41 decreased the pore ordering in this type of 
m esoporous silica. This effect has previously  been  reported in the literature [23 ]. There 
is a significant difference in  the intensity  of the reflections in  the diffractogram s of pure 
silica M CM -41 and the sam ples obtained by the im pregnation and TIE methods. In the case 
of the sam ple produced by  the im pregnation m ethod, prior to the alum inum  deposition, 
m esoporous silicas containing organic surfactants inside the pores w ere calcined (sam ple 
M C M -41, Figure 1). The incineration of such organic com pounds under calcination condi­
tions produced a large am ount of heat (exotherm ic process), w hich  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 num ber of organic surfactants was 
rem oved from  the pore system  of M C M -41 during the tem plate ion-exchange procedure. 
Therefore, the risk of the sam ple overheating, as w ell as the destruction of their porous 
structure, w as significantly lim ited. The reflections characteristic of A l2 Ü 3 phases-y-A l2 Ü 3 

(JCPDS 10-0425) and 6 -Al2 Ü 3 (JCPDS 00-016-0394) were not found in the diffractogram s of 
the studied samples (Figure 1, insert), showing that aluminum w as deposited into MCM-41 
in relatively highly dispersed form s.

The content of alum inum  in the sam ples is presented in Table 1. As can be seen, the 
real content of alum inum  in  the series of the sam ples obtained by  the co-condensation 
m ethod is significantly low er com pared to the intended alum inum  contents (1 , 2 , and 
3 w t.% ) in M CM -41. This effect can be explained by the low er reactivity of the alum inum  
source (AIP) in com parison to the silica source (TEÜS). The real alum inum  contents in the 
sam ples obtained by the im pregnation method are very close to the intended values, while 
in the silicas m odified w ith alum inum  using the TIE m ethod, the measured content of this 
m etal is slightly higher than the intended values.

T able 1. C hem ical com position, textural param eters, and surface concentration of acid sites.

Sam p le
Si/Al

[m o lm o l- 1 ]
A l C o n ten t* 

[w t.% ]
S BET 

[m 2 g - 1 ]
Pore V olum e 

[cm 3 g - 1 ]
C a

[p m o lg - 1 ]
C A /Al

[m o lm o l- 1 ]

M CM -41 - 0.00 1171 (± 5 9 ) 0 .87 (± 0 .0 5 ) - -

1A l-C C 83 0.52 1125 (± 5 6 ) 0.99 (± 0 .0 5 ) 39 (± 1 ) 0.20

2A l-CC 44 1.00 1123 (± 5 6 ) 0.96 (± 0 .0 5 ) 62 (± 2 ) 0.17

3A l-CC 28 1.43 1173 (± 5 9 ) 1.03 (± 0 .0 5 ) 69 (± 2 ) 0.13

1A l-IM P 44 0.97 1055 (± 5 3 ) 0.76 (± 0 .0 4 ) 63 (± 2 ) 0.18

2A l-IM P 21 1.92 1026 (± 5 1 ) 0.79 (± 0 .0 4 ) 100 (± 2 ) 0.14

3A l-IM P 15 2.88 997 (± 5 0 ) 0.76 (± 0 .0 4 ) 143 (± 4 ) 0.13

1Al-TIE 36 1.13 1128 (± 5 6 ) 0 .97 (± 0 .0 5 ) 141 (± 4 ) 0.34

2A l-TIE 18 2.50 1082 (± 5 4 ) 0.95 (± 0 .0 5 ) 243 (± 6 ) 0.26

3A l-TIE 13 3.21 1043 (± 5 2 ) 0.91 (± 0 .0 5 ) 379 (± 9 ) 0.32

Si/Al and Al content determined by the ICP-ÜES 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 exam ples of the nitrogen adsorption-desorption isotherm s recorded for the sam ­
ples w ith  the h ighest alum inum  content, deposited by  different m ethods, are presented 
in  Figure 2 . The isotherm s are classified according to the IUPAC standards as type IVb



(Figure 2 ) and are characteristic of M C M -41-type m esoporous m aterials [24,25]. A  steep 
increase in nitrogen uptake at a relative pressure of 0.115—0.35 is assigned to the capillary 
condensation of nitrogen inside the m esopores, w hile an increase in adsorbed volum e 
above p/p0 = 0.9 fs possibly related to the nitrogen condensation in the interparticle spaces. 
The teothemas do not exhibit hysteresis loops, indicating fiiat the adsorption process is 
vompletely reversible. The type of IVb isotherm , w ith no hysteresis loop, is characterisaics 
c f  m esoporous m ateria ls w ith pore diam eters below  a nm [215].

Figu re 2. N itrogen  ad sorp tion-d esorp tion  isotherm s o f M C M -41, m od ified  w ith  a lum inu m  by 

d ifferent m ethods, and for pure silica M C M -41.

Profiles of pore size d istribution (PSD) prove the h igh uniform ity of pore size in the 
studied sam ples (exam ples of PSD  profiles are presented in Figure 3 ). In the case of all 
studied sam ples, the m axim um  of PSD  is located at about 3 .3 -3 .6  nm . This m axim um  is 
significantly less intense for the sam ples obtained by the im pregnation method in com pari­
son to the sam ples produced by the co-condensation and TIE m ethods. In the case of the 
im pregnation method, it is possible that part of aluminum was deposited into the MCM-41 
pores in  the form  of sm all A l2 Ü 3 aggregates (in w hich  the size of crystallites is below  
the detection lim it of the XR D  m ethod). In  the sam ples obtained by  the co-condensation 
m ethod, alum ina species w ere incorporated into the silica w alls of M CM -41, w hile in the 
case of the TIE m ethod, alum inum  w as deposited in  the form  of a m uch better dispersed 
species, com pared to the im pregnation m ethod. Thus, in  the sam ples produced by the 
co-condensation and TIE m ethods, a decrease in the PSD profiles w as not observed.

The specific surface area (SBET) and pore volum e of the sam ples are com pared in 
Table 1. The sam ples obtained by the co-condensation m ethod w ere characterized by 
a surface area above 1100 m 2 g -1  and a pore volum e of about 1 cm 3 g - 1 . In  the case 
of the sam ples m odified w ith  alum inum  by the im pregnation and TIE  m ethods, their 
specific surface area and porosity gradually decreased w ith increasing aluminum loadings. 
This effect is attributed to the accum ulation of alum inum  species inside the pores of 
these m aterials.

The surface acidity of the sam ples was analysed using the method of the tem perature- 
program m ed desorption of am m onia (N H 3 -TPD ). A m m onia desorption profiles are pre­
sented in Figure 4, while the concentrations of surface acid sites in the samples are compared 
in  Table 1 (it w as assum ed that one am m onia m olecule w as bound to one acid site). Pure 
silica M CM -41 presented no surface acid ity  (results not show n); thus, the acid sites are 
related to the presence of alum inum  species in the sam ples. As it can be seen, for all series 
of the samples, the content of the surface acid sites increases w ith the increasing aluminum 
content (Table 1). The sam ples obtained by the co-condensation method presented the low ­
est acid sites concentrations. This is not surprising, considering the relatively low content 
of the introduced alum inum  species (Table 1). M oreover, in the case of these sam ples, a



portion of the alum inum  w as occluded inside the silica w alls and w as not exposed on the 
sam ple surface. The m olar ratio of acid site concentration to alum inum  content, presented 
in Table 1, is about 0.20 for the sample w ith the lowest aluminum loading, 1A1-CC, and this 
ratio decreased for the sam ples along w ith the increasing alum inum  contents. In the case 
of im pregnation m ethod, alum inum  species w ere deposited on the silica surface, w hich 
resulted in the increased concentration of acid sites in this series of sam ples in com parison 
to the catalysts obtained by  the co-condensation m ethod. O n the other hand, the ratio of 
acid  site concentration to alum inum  content in this series of sam ples is sim ilar, or even 
slightly lower, compared to the catalysts obtained by the co-condensation method. As was 
previously proposed, the im pregnation method possibly resulted in the deposition of more 
aggregated alum inum  species, thus decreasing the accessibility  of surface A l3+ cations. 
The sam ples obtained by  the TIE m ethod presented the highest acid site concentrations 
and the highest ratio of acid site concentration to alum inum  content (Table 1), indicating 
that the TIE m ethod results in the deposition of alum inum  in the form of highly dispersed 
surface species.

Figu re 3. Pore size d istribution (PSD) determ ined for M CM -41, m odified w ith alum inum  by different 

m ethods, and for pure silica M CM -41.

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 sam ple consists of at least tw o m axim a located at about 160 and 
290 °C and assigned to the presence of relatively w eaker and stronger acid sites (Figure 4A ). 
A n increase in  alum inum  loading, 2A l-C C  and 3A l-C C , resulted in  a shift of these peaks 
to about 185 and 315 ° C, indicating an increase in the strength of the acid sites. A  sim ilar 
am m onia desorption profile, w ith  m axim a at about 185 and 295 ° C, w as obtained for the 
1Al-IM P sam ple (Figure 4B). An increase in the alum inum  content, 2Al-IM P and 3Al-IMP, 
deposited by the im pregnation method resulted in desorption profiles with one asymmetric 
m axim um  at about 225 -245  ° C, w hich is possibly  a superposition of the peaks related to 
the w eaker and stronger acid sites. Sim ilar am m onia desorption profiles w ere noted for 
m esoporous silica m odified w ith  alum inum  using the TIE m ethod (Figure 4C ). The m ain 
maxim um  is located at 210-220 °C, w ith the shoulder at about 330 °C. A com parison of the 
am m onia desorption profiles obtained for the silica sam ples m odified w ith  alum inum  by 
the im pregnation (Figure 4B ) and TIE (Figure 4C ) m ethods show s only sm all differences 
in the acid strength of the different aggregated alum inum  species. O n the other hand, the 
deposition of alum inum  u sing  the T IE  m ethod resulted in m ore dispersed species and 
therefore, a h igher concentration of acid  sites com pared to the sam ples obtained by  the 
im pregnation m ethod.



Temperature / °C

Figu re 4. N H 3 -TPD  p rofiles of M CM -41 modified w ith alum inum  by co-condensation (A), im pregna­

tion (B) and TIE (C) m ethods.

The conversion of m ethanol to D M E in the catalyst, in the absence or presence of 
pure s ilica M CM -41, w as not observed (Supplem entary M aterials, Figure S1) . However, at 
temperatures above 300 °C, methanol was parfially converted into CO, CH4, and form alde­
hyde. The results of the catalytic studies regarding tire; reaction of m ethanol to dim ethyl 
ether (DME) conversion in the presence of M CM-41 modified w ith aluminum are shown in 
Figure 5 . As c an be seen, fhe catalytic a ctivity of the studied sam ples depends on the aurface 
concentration ot the acid sites generated by  the deposition of alum inum  species. The cata­
lysts obtained by the co-condensation m ethod presented relatively low  activity; however, 
an increase in the aluminium loading in the sam ples resulted in their catalytic activation in 
the reaction of m ethanol to D M E dehydration (Figure 5A ). The catalyst obtained by  the 
im pregnation m ethod w ere found to be m ore active com pared to the sam ples produced 
by  the co-condensation m ethod. It can be seen that the activity  of the catalysts of this 
series increases with the increase in alum inum  loading (Figure 5B). D ue to thermodynamic 
lim itations (see the dashed line in Figure 5C ), the com plete m ethanol to D M E conversion 
w as n ot achieved at h igher tem peratures [26]. The series of the catalysts obtained by  the 
TIE m ethod presented the highest activity  regarding m ethanol dehydration (Figure 5C ); 
however, also in this case, the content of deposited aluminum determined the catalytic per­
form ance of the sam ples. Thus, it could be concluded that the surface concentration of the 
acid sites generated by the presence of alum inum  in the sam ples determines their catalytic 
perform ance in the studied reaction. A lum inum  w as deposited on the surface of M CM -41 
in  the form  of d ifferently aggregated species. In  the case of the catalysts obtained by the 
im pregnation m ethod, a significant contribution of sm all, aggregated alum inum  species 
could be expected, w hile the application of the TIE m ethod resulted in  the deposition of



additional dispersed alum inum  species. To com pare the average activity of the active sites 
present in the catalysts, the turnover frequency (TOF) values for the reaction conducted at 
250 °C w ere determ ined (Figure 5). It w as assum ed that each acid site, determ ined by the 
N H 3 -TPD  m easurem ents (Table 1), played a role in the catalytically  active site. As it can 
be seen (Figure 5 B), the active sites in  the catalysts obtained by the im pregnation m ethod 
are m ore catalytically  active in  com parison to the active sites in  the catalysts produced 
by  the TIE  m ethod (Figure 5C ). Thus, it could be supposed that the acid sites associated 
w ith the aggregated alum inum  species are more efficient in m ethanol conversion than the 
highly dispersed alum inum  species. However, the TOF values decreased w ith  increasing 
alum inum  loading (Figure 5B,C), w hich could lead to the opposite conclusion. Thus, the 
problem  of alum inum  species aggregation and its role in m ethanol dehydration seem s to 
be m uch m ore com plex, 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 tem peratures of 325 and 350 °C, small amounts of form aldehyde 
(FA), carbon m onoxide, and m ethane w ere detected. For the m ost active catalyst, 3Al-TIE, 
the selectivity  to side products (FA + C O  + C H 4 ) w as 1.2% at 325 °C  and 3.6%  at 350 °C. 
For the other studied catalysts, the selectivity to side products w as lower than for 3Al-TIE.

Fig u re 5. R esults of the catalytic tests in  the reaction  o f m ethanol to D M E d eh yd ration  in  the 

presence od M CM -41 m odified  w ith  a lum inu m  b y  the co-cond ensation  (A), im p regnation  (B), and 

TIE (C) m ethods.



The stability of the m ost active catalyst, 3A1-TIE, under reaction conditions w as verified 
by  subsequent catalytic runs. The standard catalytic test w as perform ed. A fter reaching 
350 °C , the reactor w as cooled dow n to 100 °C  under a flow  of pure helium . Then, the 
flow of helium  w as changed to the flow of the reaction m ixture, and the next catalytic run 
w as initiated. This procedure w as repeated four tim as. As it can Ice sean in F ig u re 6 A , 
the m ethenol conversion profile fos the seaond run is shifted in the direction of higher 
tem peratures by  an increase of about 10-15  °C  in com parison to the conversion profile 
obtained tor the first run. The results of tha subsequent catalytic cycles (runs 3 enee 4) are 
■very similar to the mathanol conversion pirofile obtained in the second cycle. This indicates 
thae the m o stin ten se  catalyst deactivetion occurs for the fresh catalyst. The catalyst after 
four catalytic runs w as black (Figure 7C ,D ), clearly  show ing the form ation of carbon 
deposits under the reaction conditions. To verify  the content and stability of the carbon 
e aposits foemed under tha reactien conditions, the cetalyst sample after four catalytic runs 
was anseyzed using the thermogravimetric method undar a flow o f air (Fipjure 7). The drop) 
in  m ass in the low -fem perature range is associated w ith  the rem oval of w ater physically 
absorbed on the cahalyst surface, w hile the step in the TG  profile at 4150-650 °C  is related 
to tha burning of the carbon deposits form ed on the catalyst under reaction conditions 
(Figure 7A ). The D TG  profile, presanted in Figure 7B, show s tha m arim u m  efficiency of 
w ater rem oval, as w ell as carbon deposit: incineration. A nother series ot catalytic runs for 
the 3A l-TIE  catalysts is presented in  Figure 6 B . In  this case, after each catalytic run, the 
reactor w as heated to 550 °C , and then the catalyst sam ple w as treated u nder a flow  of 
air for 1 h  . Subsequently, the reactor w as c ooled to 100 ° C, and the next cateflytic run w as 
conducted. This procedure w as repeated 3 timas (R g u re óB). As can be seen, the methanol 
conversion profiles obtam ed for all runs ara -very sim ilar, ind iceting  that the procedure 
applied for the cetalyst regeneration i s effective. The deactivation effect is observed only 
tfte t the girst catalytic run, and it ìs net very significant (Figure 6 A). In the sulisequent ru ts , 
no significata changes in the catalyst activity ware observe. Thus, a more econom icel mode 
of the M TD process w ith the uae at the studied catalyst could be em ployed by conducting 
the process w ithou t regeneration cycles. O f course, this proposal requires verification by  
additional studies.

Temperature / X  Temperature / °C

Figu re 6 . R esu lts o f the subsequ ent cataly tic tests in  the reaction  o t m eth anol to D M E dehyUra- 

tion  in  the presence o f the 3A l-T IE  catalyst: (if)  runs w ithou t caSalyst regeneration , (B) tu n s w ith  

catalyst regeneration.



Figu re 7. T herm ogravim etric (TG) analysis o f the 3A1-TIE sam ple after four cataly tic runs. (A) TG 

profile, (B) D TG  profile, (C) p hotograp hs o f fresh and  (D) used  (after 4  catalytic runs) 3A l-TIE  

catalysts.

3. Materials and Methods
3.1. Synthesis o f  Silica M CM -41

The procedure used for the synthesis of M C M -41-type m esoporous silica w as pre­
sented in our previous paper [27]. C etyltrim ethylam m onium  chloride (CTM A C l, Sigm a- 
A ldrich, Sit. Louis, M O, U SA ), used as poro us structure d irecting agent, and tin aqueous 
solution of am m onia (N H 3 H 2 O, Avantor/PO CH , G liw ice, Poland) w ere introduced into 
distilled water. The obtained mixture was stirre d at room temperature ( RT) for 30 min, and 
then tetraethyl orthosilicate (TEOS, Sigma-Aldrich), used as a silica source, w as added drop- 
w ise. The obtained slurry, w ith  the m olar ratio of 1 TEO S: 0.16 C TM A Cl: 2 . 76 N H 3 H 2 O: 
140.13 H 2 O, w as stirred for 1 h  at RT and then separated lay filtration. "The obtained solid 
product w as washed w ith distilled water and dried overnight at 60 0 C. The obtained sample 
of the M CM -41 precursor is denoted as M CM -41(P).

3.2. Deposition o f  A lum inum  by the Im pregnation M ethod

The first series of the catalysts w as obtained by  the incip ient w etness im pregnation 
m ethod. The M C M -41(P) sam ple w as calcined under an air atm osphere at 550 0 C for 
8  h  (w ith the linear tem perature increased from  RT to 550 0 C of 1 0 C m in - 1 ) to rem ove 
organic surfactants of the pore system  of M CM -41. In the next step, the sorption capacity 
of M CM -41 w as determ ined by soaking of the m esoporous silica sam ples in distilled 
water. Considering the sorption capacity of M CM-41 and the intended aluminum loadings 
in  the catalysts, the silica sam ples w ere soaked w ith  the aqueous solutions of A l(N O 3)3  

(H oneyw ell, Charlotte, N C, U SA ), w ith volum e and concentrations corresponding to the 
introduction of 0.084, 0.168, and 0.251 g of Al(N O 3 )3  per 1 g of dried M CM-41 silica, which 
should result in the sam ples containing, 1 ,2 , and 3 w t.%  of alum inum , respectively. The 
obtained samples were dried at 60 0C overnight and calcined in an air atmosphere at 550 0C 
for 8  h (with the linear temperature increase rate of 1 0 C-m in- 1 ). The catalysts of this series 
w ith the intended alum inum  loading of 1, 2, and 3 wt.%  are denoted as 1Al-IMP, 2Al-IMP, 
and 3Al-IMP, respectively.



3.3. Deposition o f  A lum inum  by Template Ion-Exchange (TIE) M ethod

A total of 1 g of M CM -41(P) was dispersed in 50 mL of methanol solution of Al(N O 3)3  

and intensively stirred under reflux at 70 0 C for 3 h. To obtain sam ples w ith  the intended 
final alum inum  loadings of 1 ,2 , and 3 w t.% , the m ethanol solutions (50 cm 3), containing 
0 .048 ,0 .097  and 0.142 g of Al(N O 3 ) 3 (Honeywell), respectively, w ere used for 1 g of freshly 
prepared M CM -41 (non-calcined). The concentrations of the solutions used w ere deter­
m ined considering that freshly synthetized M CM -41 contains 42 w t.%  of organic m atter 
(determ ined by the therm ogravim etric m ethod). The obtained sam ples w ere w ashed w ith 
pure m ethanol, dried at 60 0 C  overnight, and calcined in  an  air atm osphere at 550 °C  
for 8  h (w ith the linear tem perature increase of 1 0 C m in - 1 ) to rem ove residual surfac­
tants from  the pore system  of the m esoporous silica. The catalysts of this series w ith  the 
intended alum inum  content of 1, 2, and 3 w t.%  are denoted as 1A l-TIE, 2A l-TIE, and 
3A l-TIE, respectively.

3.4. Synthesis ofA l-M C M -41 by the Co-Condensation M ethod

The third series of the catalysts w as obtained by the co-condensation m ethod. In the 
first step, hexadecyltrim ethylam m onium  bromide (CTAB, Sigma-Aldrich), used as a porous 
structure directing agent, w as introduced into the m ixture of distilled w ater and aqueous 
solution of am m onia (A vantor/PO CH ) and intensively  stirred at room  tem perature for 
30 min. Then, the m ixture of alum inum  isopropoxide (AIP, Sigm a-Aldrich) and tetraethyl 
orthosilicate (TEO S, Sigm a-A ldrich), used as alum inum  and silicon sources, respectively, 
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 m ixture w as intensively  stirred at RT for 1 h, and then the resultant slurry 
w as filtered, w ashed w ith distilled w ater (to obtain pH = 7), and dried at 60 0C overnight. 
Finally, the sam ples w ere calcined at 550 0C for 6  h under an air atm osphere. The catalysts 
of this series, w ith  the intended alum inum  content of 1, 2, and 3 w t.% , are denoted as 
1Al-CC, 2Al-CC, and 3A l-CC, respectively.

3.5. Catalyst Characterization

The alum inum  and silicon contents of the sam ples w ere determ ined by the induc­
tively  coupled plasm a optical em ission spectrom etry m ethod (ICP-O ES) using an iC A P 
7000 instrum ent (Therm o Scientific, W altham , M A , U SA ). Prior to the analysis, the solid 
sam ples were dissolved in a solution containing 6  mL HNO 3 (67-69% ), 2 mL HCl (30%), and 
2 mL HF (47-51% ) at 190 0C using a m icrow ave digestion system , Ethos Easy (M ilestone, 
Sorisole, Italy).

The diffraction patterns of the sam ples w ere recorded using a Bru ker D 2  Phaser 
diffractom eter (Bruker, Billerica, M A, USA). The m easurem ents were performed in the low 
2 0  angle range of 1 -7 0 and the h igh  2 0  angle range of 3 0 -5 0 0, w ith  a step of 0 .020. The 
counting times of 5 s per step and 1 s per step w ere used for the low-angle and high-angle 
m easurem ents, respectively.

Textural param eters, specific surface area, and pore volum e of the Al-modified M CM - 
41 samples were determined by N 2 -sorption at - 1 9 6  0 C using a 3Flex v.1.00 (Micromeritics, 
N orcross, GA, USA ) autom ated gas adsorption system . Prior to the analysis, the sam ples 
w ere outgassed under vacuum  at 350 0C for 24 h. Their specific surface area (SBET) w as 
determ ined using the BET m odel, w hile the pore size distribution (PSD ) profiles w ere 
determ ined by the analysis of the adsorption branch of the isotherm  using the BJH model. 
The pore volum e (V t) w as estim ated by  m eans of the total am ount of adsorbed N 2 at the 
relative p/p0 pressure of 0.98.

The surface acid ity  of the sam ples w as analyzed by  the tem perature-program m ed 
desorption of ammonia (NH3 -TPD) method. The m easurem ents were perform ed in a flow 
quartz m icroreactor system  connected directly to a quadrupole m ass spectrom eter (QM S, 
PREVAC, Rogów, Poland) used as detector. The flow  rate and com position of the gas 
mixture was adjusted and controlled by mass flow controllers (Brooks Instrument, Hatfield,



PA, U SA ). The catalyst sam ple (50 m g) w as placed into m icroreactor and outgassed in  a 
flow  of pure helium  at 550 0C for 30 m in. Then, the m icroreactor w as cooled to 70 0 C, 
and the sam ple w as saturated in a flow  of gas m ixture containing 1  vol.%  N H 3 diluted 
in  helium  (flow  rate of 20 m L m in - 1 ) for about 2 h. Then, to rem ove the physiosorbed 
form s of am m onia from  the sam ples, the m icroreactor w as purged in a helium  flow  until 
a constant base line level (m/z = 16) w as attained. A m m onia desorption w as carried out 
w ith a linear heating rate of 10 0 C -m in - 1  under a flow of pure helium  (20 m L-m in- 1 ). The 
calibration of the QM S detector w ith a commercial mixture allowed for the recalculation of 
the detector signal into the rate of am m onia desorption.

The m ost active catalyst after the catalytic runs w as therm ogravim etry (TG) ana­
lyzed. The TG  m easurem ent w as obtained w ith  the using TG A /D SC  3+ (M ettler Toledo, 
Greifensee, Switzerland). The TG and D TG profiles w ere obtained under a flow of synthetic 
air (80 m L m in - 1 ), w ith  the linear tem perature increase of 2 0 0 m in - 1  in  the tem perature 
range of 30-1100 0 C.

3.6. Catalytic Studies

The M CM -41 sam ples m odified w ith  alum ina w ere tested regarding the role of the 
catalysts for m ethanol dehydration to d im ethyl ether (D M E). Prior to the catalytic tests, 
the catalyst pow der w as pressed, crushed, and then sieved to obtain  the grain  fraction 
of 250-315 pm. The catalyst sam ple (100 m g) w as placed in  a flow  fixed-bed quartz 
microreactor on a quartz wool plug and outgassed in a flow of pure helium  (20 m L-m in- 1 ) 
at 550 0C for 50 min. The catalytic test w as carried out in the tem perature range of 125-350 
0C w ith a heating rate of 10 0 C-m in - 1  using a gas mixture containing an alcohol (3.9 vol. % 
of m ethanol determ ined by their volatility  at 0  0 C, w hich w as the saturation tem perature) 
diluted in helium  w ith the total flow rate of 20 mL- m in- 1 . The concentrations of reactants 
w ere analyzed using a gas chrom atograph (SRI 8610C, SRI Instrum ents, Earl St. Torrance, 
CA, USA) equipped w ith a m ethanizer and an FID detector. The operating tem perature of 
the chrom atography colum n (Merck, St. Louis, M O, USA) w as 1 2 0  0C.

4. Conclusions

Three series of M TD  catalysts obtained by  the deposition of alum inum  species onto 
M C M -41-type m esoporous silica w ere prepared. The catalysts obtained by  the tem plate 
ion-exchange m ethod (TIE) presented significantly better catalytic activity  for m ethanol 
to D M E dehydrogenation com paring to the sam ples produced by  the im pregnation and 
co-condensation m ethods. O n the other hand, the analysis o f catalytic activity  related 
to catalytic centers (TO F values) show ed a higher activity  for such sites in the catalysts 
obtained by  the im pregnation m ethod. Thus, aggregated alum inum  species possibly 
present a higher activity in the m ethanol to DME conversion than do the highly dispersed 
alum inum  species. The overall reaction efficiency in the case of the catalysts obtained 
by  the TIE m ethod w as explained by  m ore effective deposition of the highly  dispersed 
alum inum  species on the surface o f the M CM -41 support by  TIE m ethod, yield ing a 
higher surface concentration of acid sites than in the case of the catalysts produced by the 
im pregnation and co-condensation methods. Under the conditions of the catalytic test, the 
form ation of carbon deposits, w hich decreased the catalytic activity of the catalysts, w as 
observed (for the 3A l-TIE-shift o f the conversion profile, the tem peratures increased by 
about 10-15 0 C). The m ost intensive deactivation of the catalysts occurred for the fresh 
sam ples (first catalytic cycle). The treatm ent of the catalysts under a flow  of air a t 550 0C 
resulted in their com plete regeneration.

Su p p lem en tary  M ateria ls : The fo llow ing supp orting  in form ation  can  be d ow nload ed  at: https: 
//w w w .m dpi.com /article/10.3390/catal12111324/s1, Figure S1: Results o f m ethanol conversion in 
an em pty reactor and in the presence of pure silica M CM -41.

https://www.mdpi.com/article/10.3390/catal12111324/s1
https://www.mdpi.com/article/10.3390/catal12111324/s1


A u thor C o n trib u tio n s: Conceptualization, L.C.; methodology, N .S., A.K., Z.P. and L.C.; investigation, 
N .S ., A .K . and  Z.P.; data curation , L .C .; w riting— original d raft preparation , L .C .; w riting— review  
and  editing, L .C .; v isu alization , N .S. and  L .C .; sup erv ision , L .C .; pro ject ad m inistration , L .C . A ll 
authors have read and agreed to the published version of the m anuscript.

F u nd in g : This research w as funded by  the N ational Science Center (Poland), grant num ber 2018/31/ 
B/ST5/00143.

D ata A v ailab ility  S tatem en t: Experim ental data w ill be available for the request.

C on flicts o f In terest: The authors declare no conflict o f interest.

References
1. Putrasari, Y.; Lim , O. D im ethyl E ther as the N ext G eneration Fuel to Control N itrogen O xides and Particulate M atter Em issions 

from  Internal C om bustion Engines: A Review. A C S O m ega  2022, 7, 32 -3 7 . [CrossR ef] [PubM ed ]
2. A zizi, Z.; Rezaeim anesh, M .; Tohidian, T.; Rahim pour, M .R. D im ethyl Ether: A Review  of Technologies and Production Challenges. 

Chem. Eng. Process. Process Intensif. 2014, 8 2 ,150-172. [C rossR ef]
3. Tokay, K .C .; D ogu, T.; D ogu, G. D im ethyl ether synthesis over alum ina based  catalysts. Chem . Eng. J. 2012, 184, 278-285 . 

[C rossR ef]
4. A bu-D ahrieh , J.; Rooney, D.; G oguet, A .; Saih , Y. A ctiv ity  and  d eactivation  stud ies for d irect d im eth yl ether synth esis using 

C uO -Z nO -A l2O 3 w ith  N H 4 -Z SM -5 , H ZSM -5 or gam m a-A l2O 3 . Chem. Eng. J. 2 0 1 2 ,203, 201-211 . [CrossR ef]
5. Frazao, C .J.R .; W alther, T. Syngas and M ethanol-Based Biorefinery Concepts. Chem. Ing. Tech. 2020, 9 2 ,1680-1699. [CrossR ef]
6 . Stiefel, M .; A hm ad , R .; A rnold , U .; D öring, M . D irect synth esis o f d im eth yl ether from  carbon-m on oxid e-rich  synth esis gas: 

Influence of dehydration catalysts and operating conditions. Fuel Process. Technol. 2011, 9 2 ,1466-1474. [CrossR ef]
7. A lam olhoda, A.; K azem eini, M .; Zaherian, A.; Zakerinasab, M .R. Reaction kinetics determ ination and neural netw orks m odeling 

o f m ethanol dehydration over nano Y -A L O 3 catalyst. J. Ind. Eng. Chem. 2 0 1 2 ,18, 2059-2068 . [C rossR ef]
8 . K ipnis, M .A .; Sam okhin, P.V.; Volnina, E .A .; Lin, G.I. Surface reactions of dim ethyl ether on Y -A L O 3 : 1. A dsorption and therm al 

effects. Kinet. Catal. 2014, 55, 456-462 . [CrossR ef]
9. Palcic, A .; C atizzone, E. A pplication  o f nanosized  zeolites in m ethanol conversion processes: A short review. Curr. Opin. Green  

Sustain. Chem. 2021, 2 7 , 100393. [C rossR ef]
10. M arosz, M .; K ow alczyk, A .; G il, B.; C hm ielarz, L. A cid -treated  C lay  M inerals as C atalysts for D ehydration  o f M ethanol and 

Ethanol. Clays Clay M iner. 2020, 68, 23 -2 7 . [CrossR ef]
11. Chm ielarz, L.; Kow alczyk, A.; Skoczek, M .; Rutkow ska, M .; Gil, B.; N atkański, P.; Radko, M .; M otak, M .; D ebek, R.; Ryczkow ski, J. 

Porous clay  h eterostructures intercalated  w ith  m u lticom p onent p illars as catalysts for d eh yd ration  o f alcohols. A ppl. C lay Sci. 
2 0 1 8 ,1 6 0 ,116-125. [C rossR ef]

12. Schnee, J.; G aigneaux, E .M . L ifetim e of the H 3P W 12O 40 heterop olyacid  in  the m eth anol-to-D M E  process: A  q u estio n  o f pre­
treatm ent. Appl. Catal. A  Gen. 2017, 5 3 8 ,174-180 . [CrossR ef]

13. O grod ow icz, N .; Lalik , E .; M icek-Iln icka, A. A lcohols d eh yd ration  in  heterogen eou s system — FT IR  m ethod  d evelopm ent for 
quantitative determ ination of catalytic param eters. M ol. Catal. 2019, 4 6 9 ,1 -9 . [CrossR ef]

14. P einad o, C .; L iuzzi, D.; L adera-G allard o, R .M .; Retuerto , M .; O jeda, M .; P ena, M .A .; R o jas, S. E ffects o f su p p ort and reaction  
pressure for the synthesis o f d im ethyl ether over heteropolyacid  catalysts. Sci. Rep. 2 0 2 0 ,10, 8551. [C rossR ef] [PubM ed ]

15. H assanpour, S.; Yaripour, F.; Taghizadeh, M. Perform ance of m odified H -ZSM -5 zeolite for dehydration of m ethanol to dim ethyl 
ether. Fuel Process. Technol. 2010, 9 1 ,1212-1221. [C rossR ef]

16. Pogorielov, M .; Sm yrnova, K .; K yrylenko, S.; G ogotsi, O .; Z ahorod na, V.; Pogrebn jak , A. M X enes— A  N ew  C lass o f Tw o­
D im ensional M aterials: Structure, Properties and Potential A pplications. N anom aterials 2 0 2 1 ,1 1 , 3412. [C rossR ef]

17. Pogrebnjak, A .D .; Postolnyi, B.; M archenko, T.; Rudenko, P.; M archenko, S. Enhancem ent of M echanical, E lectrical, and Chem ical 
P roperties o f P olycarbon ate-based  C ore-shell C om posites b y  M od ification  w ith  S ingle-w alled  C arbon  N anotubes. H igh  Temp. 
M ater. Process. Int. Q. High-Technol. P lasm a Process. 2021, 25, 53 -64 . [C rossR ef]

18. K ow alczyk, A.; Sw ies, A.; Gil, B.; Rutkow ska, M .; P iw ow arska, Z.; Borcuch, A.; M ichalik, M .; Chm ielarz, L. Effective catalysts for 
the low -tem perature N H 3-SC R process based on M CM -41 m odified w ith  copper by  tem plate ion-exchange (TIE) m ethod. Appl. 
Catal. B Environ. 2 0 1 8 ,237, 927-937 . [C rossR ef]

19. C hm ielarz, L .; Rutkow ska, M .; K ow alczyk, A. A dvances in Functionalization  o f Inorganic Porous M aterials for Environm ental 
C atalysis. Adv. Inorg. Chem. 2018, 72, 323-383.

20. C hm ielarz, L.; Jankow ska, A. M esoporous silica-based catalysts for selective catalytic reduction of N O x w ith  am m onia— Recent 
advances. Adv. Inorg. Chem. 2022, 79, 205-242 .

21. Jank ow sk a, A .; C h łop ek , A .; K ow alczyk, A .; R u tkow ska, M .; M ozgaw a, W.; M ichalik , M .; Liu , S.; C h m ielarz , L. Enhanced  
catalytic perform ance in low -tem perature N H 3 -SCR process o f spherical M CM -41 m odified  w ith  C u by  tem plate ion-exchange 
and am m onia treatm ent. M icroporous M esoporous M ater. 2021, 3 1 5 ,110920. [C rossR ef]

22. Jank ow sk a, A .; K ow alczyk, A .; R u tkow ska, M .; M ichalik , M .; C hm ielarz, L. Spherical A l-M C M -41 D oped w ith  C opp er by  
M odified TIE M ethod as Effective C atalyst for Low -Tem perature N H 3-SCR. M olecules  2021, 2 6 ,1807. [C rossR ef] [PubM ed ]

http://doi.org/10.1021/acsomega.1c03885
http://www.ncbi.nlm.nih.gov/pubmed/35036675
http://doi.org/10.1016/j.cep.2014.06.007
http://doi.org/10.1016/j.cej.2011.12.034
http://doi.org/10.1016/j.cej.2012.07.011
http://doi.org/10.1002/cite.202000108
http://doi.org/10.1016/j.fuproc.2011.03.007
http://doi.org/10.1016/j.jiec.2012.05.027
http://doi.org/10.1134/S0023158414040107
http://doi.org/10.1016/j.cogsc.2020.100393
http://doi.org/10.1007/s42860-019-00051-y
http://doi.org/10.1016/j.clay.2017.12.015
http://doi.org/10.1016/j.apcata.2017.03.034
http://doi.org/10.1016/j.mcat.2019.03.001
http://doi.org/10.1038/s41598-020-65296-3
http://www.ncbi.nlm.nih.gov/pubmed/32444653
http://doi.org/10.1016/j.fuproc.2010.03.035
http://doi.org/10.3390/nano11123412
http://doi.org/10.1615/HighTempMatProc.2021038861
http://doi.org/10.1016/j.apcatb.2018.06.052
http://doi.org/10.1016/j.micromeso.2021.110920
http://doi.org/10.3390/molecules26061807
http://www.ncbi.nlm.nih.gov/pubmed/33806925


23. M end ez, F.J.; B astard o-G onzalez, E .; B etancou rt, P.; Paiva, L.; Brito , J.L . N iM o/ M C M -41 catalysts for the h y drotreatm ent of 
polychlorinated  biphenyls. Catal. Lett. 2 0 1 3 ,143, 93 -100 . [CrossR ef]

24. L eofanti, G .; Padovan, M .; Tozzola, G .; Venturelli, B. Surface area and  pore texture o f catalysts. Catal. Today  1998, 41, 207-219 . 
[C rossR ef]

25. Thom m es, M .; K aneko, K.; N eim ark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W . Physisorption of gases, 
w ith  special reference to the ev alu ation  o f surface area and  pore size d istribution  (IU PAC Technical Report). P ure Appl. Chem. 
2015, 8 7 ,1051-1069. [CrossR ef]

26. Diep, B.T.; W ainw right, M .S. Therm odynam ic equilibrium  constants for the m ethanol-dim ethyl ether-w ater system . J. Chem. Eng. 
D ata 1987, 32, 330-333 . [C rossR ef]

27. K ow alczyk, A .; Piw ow arska, Z.; M acina, D.; K ustrow ski, P.; Rokiciüska, A.; M ichalik, M .; Chm ielarz, L. M CM -41 m odified w ith 
iron by  tem plate ion-exchange m ethod as effective catalyst for D eN O x and N H 3 -SCO processes. Chem. Eng. J. 2016, 2 9 5 ,167-180. 
[C rossR ef]

http://doi.org/10.1007/s10562-012-0933-y
http://doi.org/10.1016/S0920-5861(98)00050-9
http://doi.org/10.1515/pac-2014-1117
http://doi.org/10.1021/je00049a015
http://doi.org/10.1016/j.cej.2016.03.049

