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1 Abstract 
Amorphous aluminosilicates are known for their excellent performance in (bio)ethanol dehydration for 

ethylene production. Several studies showed that the homogeneous dispersion of Al in amorphous 

aluminosilicates is the key to obtain active and stable catalysts. However, ensuring a high dispersion of Al 

in the aluminosilicate matrix remains a complicated task. Here, the aerosol-assisted sol-gel (AASG) process 

is presented as a facile one-step and continuous production method towards highly homogeneous 

aluminosilicates. We systematically examine the effect of the aluminum loading (1–9 wt.% Al) in silica 

matrix incorporated via AASG technique on the catalytic activity during ethanol dehydration. Aluminum 

dispersion, chemical structure, textural properties, and acidic behavior were investigated by STEM-EDS, 

MAS NMR, XPS, nitrogen porosimetry, and infrared spectroscopy combined with pyridine adsorption. 

Aluminum content is shown to influence textural properties and acidity, and therefore strongly modify 

catalytic activity. The most active AASG-prepared aluminosilicate catalysts exhibited higher activity and 

on-stream stability if compared to commercial silica-alumina. It reached a similar performance to other 

amorphous aluminosilicates with highly homogeneous Al dispersion prepared via peculiar protocols.  

2 Introduction 
Ethylene is nowadays one of the major bulk chemicals in petrochemical industry. Applications cover the 

fabrication of other important products including polyethylene, ethylene oxide, and styrene. The 

worldwide ethylene production capacity reached 225.5 million metric tons in 2022.1 Consequently, a 

suitable industrial process including cost-effectiveness, environmental and ecological demands should be 

applied. Ethylene is mainly being produced via the energetically demanding steam cracking of 

hydrocarbons (typically operating at >800 °C),2 or the catalytic cracking (550–650 °C)3 or oxidative 

dehydrogenation of ethane (ODHE, 300–800 °C).4 To evade such highly energetical processes, ethanol 

dehydration could replace current methods and be more environmentally friendly. In particular, 
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bioethanol can be produced at large scale made from renewable bio-based streams;5 in this case, low 

carbon footprint is produced.6 Due to the energy barriers in ethanol dehydration, widely used alumina 

requires elevated activation temperatures (375 °C),7 approaching the energy requirements of ODHE.8 

Therefore, more active catalysts are being investigated to allow operating ethanol dehydration at 

moderate temperature. Heterogeneous catalysts based on vermiculites,9 silicoaluminophosphates,10,11 

alumina,9,12–14 MOFs,15,16 resins,17–19 heteropolyacids,20–22 mixed metal oxides,23–25 zeolites,26–30  and 

aluminosilicates have been explored recently in alcohol dehydration.31–38Some of the preparation methods 

and catalytic performance during ethanol dehydration are summarized in Table 1. 

.  

The marked acidic character of aluminosilicates confers their high dehydration ability. For example, macro-

mesocellular aluminosilicate monolithic foams prepared by alkaline sol-gel process based on High Internal 

Phase Emulsion exhibited higher amount of stronger acid sites than commercial aluminosilicate.38 Their 

acidity compared to that of commercial silica-alumina made them more active in ethanol dehydration. In 

typical crystalline acidic zeolites (e.g. H-ZSM-5, MOR), acid sites with excessive strength can cause coke 

formation and rapid catalyst deactivation.31,33,39–41 Previously studied, aluminosilicates prepared by 

non-hydrolytic sol-gel (NHSG) demonstrated to be an alternative to zeolites and co-precipitated 

silica-alumina catalyst. A catalyst prepared by NHSG (acetamide elimination route) provided high catalytic 

activity without extensive coking compared to zeolites.33 The outstanding long-term stability was ascribed 

to the intermediate acid sites strength: while zeolites possessed strong acid sites, NHSG prepared 

aluminosilicates exhibited medium acid strength. The success of NHSG preparation, however, is tempered 

by the complicated protocol (glovebox, dehydrated organic solvents).  



Table 1: Overview of catalysts applied to ethanol dehydration 

Material Preparation method Catalytic conditions 
XEtOH 

(%) 
Sethylene 

(%) 
Stabilitya ref. 

Amorphous 
aluminosilicate 

(SiAl(HIPE)) 

Sol–gel with an 
emulsion-based 

templating 

400 °C, 99.7 wt.% bioethanol,  
23.8 h−1 WHSV 

97 95 not studied 
38 
 

HZSM-5 zeolite Commercial sample 240 °C, 1 atm, absolute ethanol, 1.1 h−1 WHSV 100 100 

conversion 
drop by 20 
% after 15 

hb 

33 
 

Amorphous 
aluminosilicate (16Si-

1Al-Ac-T) 
Non-hydrolytic sol-gel  240 °C, 1 atm, absolute ethanol, 1.1 h−1 WHSV 86 55 

stable 
conversion 

for 15 hc 

33 

ZSM-5 zeolite  (Z11) 
Hydrothermal 
crystallization 

240 °C, 100 mmolEtOH h−1 gcat
−1 100 100 

conversion 
drop by 7.4 
% after 60 

h 

27 

ITQ zeolite   
(ITQ-6_30) 

Delaminated form of 
ferrierite 

225 °C, 100 mg catalyst, 3.3 vol%. EtOH, 20 mL 
min−1 He total flow rate 

100 100 not studied 
42 
 

Montmorillonite 
intercalated with mixed 

metal oxides (PCH-
Al(TIE1)) 

Intercalation, templated 
ion exchange  

250 °C, 1 atm, 100 g catalyst, 5.7 vol%. EtOH, 20 
mL min−1 He total flow rate 

~60 ~40 

conversion 
drop by 

3 % after 8 
h 

43 

Zeolite β (β-MW-Nano) Microwave synthesis  260 °C, 4 MPa, 1.78 h−1 WHSV 47.46 ~100 

conversion 
drop by ~8 
% after 10 

hd 

26 



MFI zeolite 
Sonochemical synthesis 

of MFI type zeolite 
250 °C, 2.0 h−1 WHSV 84 66 not studied 44 

ZSM-5 grafted with 
trifluoromethanesulfonic 

acid (H-ZSM-5/TFA) 
Grafting 200 °C, 10 wt.% EtOH in water, 1.1 h−1 WHSV 97.3 99.9 

 
stable for 
hundreds 

of h 

45 

γ-Al2O3 (A) Commercial sample 250 °C, 1 atm, 96 % EtOH, 1.43 h−1 WHSV 78.6 20.2 not studied 12 

Amorphous silica 
alumina (SA87) 

Commercial sample 250 °C, 1 atm, 96 % EtOH, 1.43 h−1 WHSV 67.5 35.1 not studied 12 

MFI zeolite (H-MFI 
(280)) 

Commercial sample CBV 
28014  

250 °C, 1 atm, 96 % EtOH, 1.43 h−1 WHSV ~80 ~30 not studied 
31 
 

H-FER zeolite (H-FER) 
Commercial sample CP 

914C  
300 °C, 1 atm, 96 % EtOH, 1.43 h−1 WHSV 100 99.9 

stable for 
405 min 

31 

Hierarchical H-ZSM-5 
zeolite (Hie-HZSM-5-

F2.50] 
Hydrothermal synthesis 300 °C, 99.5% EtOH, 0.72 h−1 WHSV 99.8 ~95 

stable for 
48 h 

28 

asome of the catalyst deactivation were studied at full conversion, thus the catalyst could be more active46 
b240 °C, 1 atm, absolute ethanol, 2.34 h−1 WHSV33 
c275 °C, 1 atm, absolute ethanol, 17.5 h−1 WHSV33 
d340 °C, 6.5 MPa, WHSV 1.78 h−1 



NHSG47,48 shares some benefits of mixed oxides preparation with the aerosol-assisted sol-gel technique.49 

Both methods enable the synthesis of amorphous, porous materials with controllable composition and 

highly homogeneous structures at the atomic scale.50,51 This homogeneity results from the method's 

protocol.52 Briefly, in the aerosol-assisted sol-gel method, hydrolysis forms a colloidal suspension of small 

particles prior to their polycondensation, gelation, aging, and drying. The four latter steps are completed 

within seconds during the processing of the aerosol droplets, and therefore the system tends to reach a 

metastable state resulting in materials with statistically distributed composition.53 Moreover, the 

aerosol-assisted sol-gel process is easily scalable to industrial levels and does not produce solid waste. It 

also allows synthesis from readily available, inexpensive precursors, enhancing the technique's versatility 

and efficiency. 

Aerosol-assisted sol-gel preparation of aluminosilicates has been reported in a handful of scholarly 

publications. The sol-gel pre-hydrolysis can be performed in either acidic (HCl54) or basic 

(tetrapropylammonium hydroxide55,56) media and with various templating agents (F12755,56, 

hexadecyltrimethylammonium bromide54). Usually, tetraethyl orthosilicate (TEOS) serves as precursor 

while aluminum precursor differs (e.g. aluminum tri-sec-butoxide55,56, aluminum isopropoxide or 

aluminum chloride54). On the one hand, using aluminum isopropoxide in both traditional hydrolytic and 

aerosol-assisted sol-gel methods resulted in a higher aluminum incorporation compared to incorporated 

silicon as the rate of acid hydrolysis of aluminum precursor is faster. It led to the higher Al/Si ratios than 

nominal.54,57 Therefore, the real ratio is challenging to control in the case of using aluminum isopropoxide. 

On the other hand, application of aqueous aluminum chloride in aerosol-assisted sol-gel provided a good 

Al dispersion as inferred from an agreement between Al/Si ratio in bulk and surface layer.54 The 

aerosol-assisted sol-gel method is highly adjustable in terms of operating conditions, and this translates 

into tunable materials properties such as pore size and acidity.56 This feature makes AASG-made 

aluminosilicates promising candidates for various catalytic applications. Their application even extends 

beyond this study when aluminosilicates are doped with other metals using the aerosol strategy (e.g. in 

Mo- and W-catalyzed olefin metathesis58,59).  

In this paper, we have synthetized aluminosilicate catalysts starting from TEOS and aluminum nitrate 

nonahydrate by means of the aerosol-assisted sol-gel technique. Aluminum nitrate nonahydrate offers a 

promising alternative precursor for aluminosilicates synthesis due to its cost-effectiveness, hydrophilic 

character that facilitates controlled hydrolysis for homogeneous products, lower toxicity, and ease of 

storage and handling during AASG process. This previously unused starting chemical during AASG synthesis 

could positively contribute to the synthesis process, making it safer and more efficient compared to 

traditional precursors such as alkoxides. Additionally, to the best of our knowledge, AASG-prepared 

aluminosilicate catalysts have not yet been applied to ethanol dehydration, and they could significantly 

impact the development of previously prepared aluminosilicate catalysts that have been characterized by 

low activity, rapid deactivation, or challenging scale-up. 

We discuss the impact of the aluminum content in the siliceous matrix on textural properties, aluminum 

dispersion, and acidity. From this detailed characterization we elucidate the catalytic behavior of these 

porous aluminosilicates in ethanol dehydration. Notably, the catalytic performance of low-loaded 

aluminosilicates was higher than that of commercial silica-alumina. This research forms the foundation for 

further studies, highlighting the importance of well-characterized aluminosilicates prepared by industrially 

scalable technique. The omnipresent application of aluminosilicate-based materials underscore the 



importance of herein synthesized samples for extended applications in heterogeneous catalysis and 

related fields (i.e., adsorption, separation processes, gas storage).60–64 

3 Experimental section 
Instrumentation, spectroscopic data, and data obtained during catalytic experiments can be found in 

Supplementary Materials. 

3.1 Catalysts synthesis 

A series of aluminosilicates with varying Al/Si ratio was prepared by aerosol-assisted sol-gel technique 

(Figure S1) according to the following recipe (Table 2). Typically, TEOS (TCI Chemicals, >97.0 %) was 

dissolved in diluted hydrochloric acid (20 g, 0.01 mol L–1, Roth, 37 wt.%). In the second Erlenmeyer flask, 

amphiphilic block copolymer Pluronic F-127 (3.88 g, Sigma Aldrich, ≃ 12600 g mol–1) was dissolved in 

absolute ethanol (45 g, VWR, >99.8 v/v%) and distilled water (8 g). TEOS, diluted hydrochloric acid, 

Pluronic F-127, distilled water, and absolute ethanol were weighted using balance VWR® Science 

Education Precision Balances, while aluminum nitrate nonahydrate was weighted using analytical balances 

(A&D Company, Limited) with precision of 0.1 mg. Precise amounts of chemicals used for each sample are 

summarized in Table S1. Both mixtures were stirred overnight to obtain homogeneous solutions. Then, 

the former solution was added to the solution of Pluronic F-127 and after a minute of stirring, 

corresponding amount of aluminum nitrate nonahydrate (Table 2, ACS reagent, ≥98%) was directly added 

to the solution. Prior to atomization in a TSI aerosol generator (model 9306, 30 psi of air), the solution was 

stirred for 30 min. The aerosol droplets are processed in a horizontal tubular furnace set at 450 °C. Dried 

powder was collected on a cellulose nitrate filter. To remove the template, recovered powder was calcined 

under static air: (i) heating to 350 °C (heating ramp 1 °C min–1) and 3 hours of dwelling (ii) heating to 550 °C 

(heating ramp 1 °C min–1) and 3 hours of dwelling. Samples were labeled as SiAlX where X corresponds to 

the nominal aluminum weight percent (Table 2). For comparison pure silica was prepared in the same way 

without addition of any aluminum precursor. Benchmark sample (commercial silica-alumina support grade 

135, SACS, with ca. 6.5 nominal Al wt.% was obtained from Merck and used as received. Washing was 

applied as an alternative template removal method. In such case, the sample (0.602 g) was heated in EtOH 

(30 mL) at 70 °C for 40 hours followed by filtration over Büchner funnel (0.55 mm filtration paper). The 

washed powder was recovered after drying at 110 °C.  

Table 2: Synthesis parameters of aluminosilicates prepared by aerosol-assisted sol-gel method 

sample 
c(Al) 

(wt.%) 
m(TEOS) (g) n(Si) (mol) 

m(Al(NO3)3∙9H2O) 
(g) 

nAl 
(mmol) 

nAl/nSi nAl/nSi 

nominal ICP-OES 

SiO2 0 12.033 57.76 0 0 0 0 

SiAl1 1 12.007 57.63 0.4869 1.3 0.022 0.023 

SiAl3 3 12.022 57.71 1.4893 4.0 0.069 0.071 

SiAl5 5 12.007 57.63 2.5334 6.8 0.117 0.122 

SiAl7 7 12.026 57.73 3.6251 9.7 0.168 0.175 

SiAl9 9 12.024 57.72 4.7591 12.7 0.220 0.227 

 



3.2 Adsorption of trimethyl phosphine oxide (TMPO) 

The adsorption of trimethyl phosphine oxide (TMPO) was used for determination of acid sites in 

aluminosilicates and deeper elucidation of aluminum distribution over silicate matrix.33  

Selected samples (SiAl1, SiAl3, SiAl9, and SACS) were degassed at 350 °C under a vacuum (~10–3 Torr) 

overnight. TMPO (abcr, 95 %) dissolved in dry dichloromethane (0.2525; 0.2641 or 0.4113 wt.%) was 

directly added to the sample under dry nitrogen atmosphere to ensure the ratio nTMPO : nAl  = 1.2 for SiAl1 

and nTMPO : nAl = 1.0 for SiAl3, SiAl9, and SACS. The mixture was stirred overnight at room temperature, 

and the volatiles were removed via distillation at 150 °C under dynamic vacuum overnight. Solid products 

denoted as SiAl1+TMPO, SiAl3+TMPO, SiAl9+TMPO, and SACS+TMPO were analyzed by magic angle 

spinning nuclear magnetic resonance spectroscopy (MAS NMR). 

3.3 Ethanol dehydration: 

The air-exposed catalysts (0.189 g, sieved 0.2–0.4 mm particle size range; around 15–16 wt.% of moisture 

determined by ICP-OES) were loaded in a fixed bed vertical stainless-steel reactor (ID = 60 mm). The void 

space of the reactor was filled with glass beads (0.5−1 mm) to achieve a homogeneous distribution of the 

reaction mixture. The catalytic tests were carried out at atmospheric pressure, WHSV = 1.1 h−1. Catalytic 

testing was carried out by injecting 0.208 g h−1 of absolute ethanol utilizing NE-300 syringe pump. Ethanol 

with 5 mol% of pentane (internal standard) was fed in a 40 mL min−1 flow of N2 (4.05 mol% of absolute 

ethanol (VWR, > 99.8 %) in the mixture of N2, absolute ethanol, and pentane (Roth, >99 %)). One dose of 

catalyst was subjected to sequential temperature variations from 170 to 310 °C by steps of 35 °C during a 

single catalytic run.  Effluent gases (4 injections at each temperature within 60 min) were analyzed in line 

on a Varian 3800 gas chromatograph equipped with a flame ionization detector (FID) and a Restek Rt-U-

BOND (30 m long, internal diameter 0.32 mm, film thickness 10 µm). The oven temperature was 

programmed as follows: initially set to 110 °C for 6 minutes, followed by a ramping rate of 10 °C min−1 to 

reach 150 °C and a dwell time of 4 minutes. 1 minute is required to cool down.  

Catalyst stability over fresh catalysts (SiAl1, SiAl3, SACS) was performed at 240 °C for 48 h keeping the 

same conditions. For SiAl3, to account for the relatively high activity, the catalyst amount was lowered to 

0.147 g (sieved, 0.2–0.4 mm particle size range) instead of 0.189 g to ensure reliable comparison at iso-

conversion (i.e., WHSV reached 1.4 h–1 in this experiment).  

An additional experiment was conducted to elucidate the catalyst regeneration process. Fresh SiAl3 

(0.147 g, particle size 0.2–0.4 mm) was subjected to 48 hours on stream under the same conditions as the 

stability test (WHSW = 1.4 h⁻¹). After 48 hours, the feed of the reaction mixture was stopped, and the 

catalyst was purged with nitrogen for 20 min to remove residual ethanol vapors. Subsequently, the furnace 

temperature was increased up to 550 °C (with heating ramp 1 °C min–1), and additionally an oxygen flow 

(10 NmL min⁻¹) was applied. After a temperature reached 550 °C, the furnace temperature was lowered 

to 240 °C, the oxygen flow was stopped, and the reaction mixture was re-introduced. 

 

Ethanol conversion (XEtOH) was calculated as: 

XEtOH = 100·(nEtOH,in – nEtOH, out)/nEtOH,in  



Selectivity to product i (Si) was calculated as: 

Si = 100·n/(νi·nEtOH,in – nEtOH,out) 

Yields (Yi) were calculated as: 

Yi = Si·XEtOH/100 

where n is a molar flow of compound and νi is the ratio of stoichiometric reaction coefficients. 

4 Results and discussion 

4.1 Synthesis and textural properties 

Aerosol-assisted sol-gel synthesis was applied for the preparation of aluminosilicates with various 

aluminum content. Addition of aluminum precursor -  nonahydrate aluminum nitrate - before spray-drying 

allows an immediate incorporation of metal into a silica structure like in the case of tin65 or gallium66 

silicates. We have chosen mildly acidic conditions for the prehydrolysis of precursors, included 

pore-generating agent Pluronic F-127, and varied aluminum content from 1 wt.% to 9 wt.% keeping other 

synthetic parameters and process conditions constant. 

The AASG process usually produces spherical microparticles, as a reminiscence of the spherical aerosol 
droplets that are processed.54,65,67 Accordingly, spherical aluminosilicate particles with sizes in the 40 to 
4000 nm range (Figure S2) were observed by scanning electron microscopy (SEM) for all aluminum 
loadings after calcination (Figure 1). Infrared (IR) spectroscopy (Figure 2) confirmed the presence of 
aluminosilicate network thanks to the typical vibration band at 1050–1038 cm–1 with a shoulder at 
1090 cm–1 corresponding to the asymmetric stretching vibration of Si–O–Si/Al bonds. Both absorption 
bands shifted to lower frequencies with increasing aluminum content, as classically observed in the case 
of zeolites (though the shift is more marked in the case of zeolites, 950–1090 cm−1).68 The intensity of the 
absorption band at 940 cm–1 slightly increases as the aluminum content increases. The latter band comes 
from the Si–OH stretching vibration. Its increase in intensity is related to the presence of a higher amount 
of Si–O–Al bonds and thus more silanol (bridging) SiO(H)Al groups.69 No significant vibrations around 
3000 cm–1 are visible (ν C–H) meaning that organic templating agent was successfully removed during 
calcination. 

 

Figure 1: Scanning electron microscopy micrograph of SiAl1 (left) and SiAl7 (right) 
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Figure 2: ATR-infrared spectra of aluminosilicates 

The sample texture was investigated by nitrogen physisorption. Owing to the adopted sacrificial template, 

this aerosol-assisted sol-gel method is known to yield highly mesoporous materials with relatively uniform 

pores, which is a pivotal property of materials used in catalysis.70 However, the isotherms of calcined 

samples (Figure 3) change dramatically with varying aluminum content. Samples with a lower aluminum 

contents (up to 5 wt.%) feature type IV isotherms with a H2 hysteresis loop (indicating the presence of 

open mesopores) typical for AASG prepared metallosilicates as shown elsewhere.65,71 Samples with 7 and 

9 wt.% Al show very low nitrogen uptakes indicating low porosity. Presence of mesopores in SiAl1, SiAl3, 

and SiAl5 is confirmed by Barrett-Joyner-Halenda (BJH) pore size distribution (Figure 3) which is narrow 

and only one pore size maximum appeared. With increasing aluminum content, the most abundant pore 

size is shifted to lower values, from 7.3 nm for pure silica down to 4.6 nm for SiAl3 and SiAl5.  

While pure silica exhibited a specific surface area of 370 m2 g–1 (similarly elsewhere71) with total pore 

volume reaching 0.52 cm3 g–1, the addition of aluminum reduced the specific surface area and shrinked 

pore volume gradually down to 190 m2 g–1  and 0.19 cm3 g–1 for SiAl5, respectively. The decreasing porosity 

for sol-gel derived and coprecipitated silica-alumina (0–10 Al wt.%) was reported elsewhere.72 The 

micropore content was influenced by the aluminum loading as well: the highest micropore content based 

on pore volume was observed for SiAl1 (34 %) and decreased with Al content down to 30 % for SiAl5. 

Micropore surface area increased with increasing aluminum content. Interestingly, the pure silica stood 

out from these trends with only 9.3 % micropore volume and 24 % micropore surface area showing a 

dramatic impact of even a low Al content on textural properties.  

Strikingly, the porous structure completely collapsed for aluminosilicates with higher loadings as already 

indicated by the isotherms shape (SiAl7 and SiAl9, Table 3). Specific surface areas dropped down to 18 

and 29 m2 g–1 for SiAl7 and SiAl9 and the total pore volumes also markedly shrunk down to 0.029 and 

0.046 cm3 g–1, respectively). These drastic changes in textural parameters clearly point to a (partial) 

structural collapse of the ordered materials.73 

Ethanol washing was applied to SiAl7 instead of calcination to verify if the pore collapse can be avoided. 

Ca. 46 % of the starting mass of non-calcined SiAl7 was removed by alcohol washing. The percentage 

roughly corresponds to the Pluronic F-127 amount used for the synthesis and therefore most of the organic 

polymer appears to be effectively washed out. TG-DSC of as-synthesized SiAl7 confirmed similar mass loss 

up to 1000 °C (42.4 %, Figure S3). For the SiAl7-washed sample, nitrogen physisorption isotherms 



resembled those of SiAl3 and SiAl5 (Figure 3) and the specific surface area reached 319 m2 g–1 and total 

pore volume reached 0.32 cm3 g–1. The mesopore size distribution and the micropore content were also 

very similar to samples SiAl1, SiAl3, and SiAl5. Therefore, we ascribe the pore collapse observed in SiAl7 

and SiAl9 to the combination of higher Al loadings (possibly many strained Si–O–Al bonds) with the 

calcination process. The calcination process may trigger the metal migration.58 On the one hand, X-ray 

diffraction analysis of calcined SiAl9 provided only amorphous character of silica matrix and thus 

crystalline aluminum (or silicon) oxide phases were not formed (X-ray diffractogram shown in Figure S4). 

On the other hand, separation of alumina-rich and silica-rich amorphous phases in SiAl7 and SiAl9 cannot 

be excluded by X-ray analysis and therefore aluminum dispersion should be explored in more detail (see 

below). 

In the end, our proposed protocol for preparation of porous aluminosilicate structure out of aluminum 

nitrate nonahydrate by aerosol-assisted sol-gel process can be considered as versatile for both low and 

high aluminum loadings. Al incorporation perfectly fits with nominal loadings and porous structure can be 

maintained. 
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Figure 3: Adsorption desorption isotherms of aluminosilicates (left) and BJH adsorption: pore size distribution (right) of AASG 
prepared aluminosilicates 

Table 3: Overview of porosity properties over aluminosilicates compared with pure silica 

sample Al wt.% 
SABET  

(m2 g–1) 

aVtotal  

(cm3 g–1) 

D  

(nm) 

Vmicro/Vtotal  

(%) 
SAmicro/SAtotal 

(%) 

SiO2 0 370 0.52 7.1 9.3 24 

SiAl1 1 350 0.32 5.2 34 58 

SiAl3 3 220 0.21 5.8 33 59 

SiAl5 5 190 0.19 7.3 30 56 

SiAl7 7 18 0.03 18 6.1 29 

SiAl9 9 29 0.04 21 3.0 23 

SiAl7-washed 7 319 0.32 5.5 30 58 
atotal pore volume at p/p0 = 0.98 



4.2 Aluminium dispersion and acidity 

AASG usually provides a good metal dispersion through the silica matrix due to quick steps of sol-gel 

process completed within seconds (a phenomenon that has been denoted as “kinetic quenching”).51,71 We 

have performed Scanning Transmission Electron Microscopy with Energy Dispersive X-ray Spectroscopy 

(STEM-EDS), compared aluminum content in bulk (by Inductively Coupled Plasma Atomic Emission 

Spectroscopy, ICP-OES) and surface layer (by X-ray photoelectron spectroscopy, XPS), and collected 27Al 

MAS NMR spectra to elucidate aluminum dispersion over the material.  

First, STEM-EDS was measured for the sake of analysis of metal distribution over two chosen 

aluminosilicates – SiAl1 and SiAl7 as representatives of one with low Al content (porosity retained) and 

one with high Al content (pore structure collapsed), respectively. SiAl7-washed was analyzed as well for 

comparison (Figure 4). The aluminum distribution was always homogeneous and no clusters in the form 

of separate alumina-rich domains were observed.  



 

Figure 4: STEM-EDS micrographs of SiAl1, SiAl7-washed, SiAl7 (numbers below the color scale bar represents number of counts) 

 

Second, considering the Al bulk concentration in the siliceous matrix, elemental analysis (ICP-OES) 

confirmed the full Al incorporation: the nominal and bulk Al/Si ratios were in excellent agreement (Table 

4). The surface molar Al/Si ratio (XPS), however, was somewhat lower than the bulk ratio for all samples. 

Yet, the bulk and surface molar Al/Si ratios (Figure 5) followed each other relatively closely. Therefore, it 

may corroborate that the aluminum inserted in the silicate structure was well-dispersed.  

High resolution XPS spectra of Al 2p provided further insight into aluminum speciation in silica. Data are 

summarized in Table S2. The Al binding energy was in the 75.0–75.6 eV range, which is clearly higher than 

the binding energy of Al 2p in pure Al2O3 (74.1 eV). This corroborates the incorporation of Al atoms in the 

silica matrix of aerosol-made aluminosilicates, where Al atoms are mostly bonded (via oxo bridges) to 

more electronegative silicon atoms.74 In fact, Al 2p binding energy of AASG-prepared aluminosilicates 
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closely resembled binding energy of commercial zeolite HZSM-5 (75.2 eV, see Supplementary materials, 

Table S1), further confirming the insertion of Al species in the silica matrix. Finally, the carbon contribution 

in the form of C–(C,H), C–O, O–C–O, and O=C–O in the spectra only coming from the adventitious carbon 

confirmed the complete removal of the templating agent as indicated already by IR spectroscopy (Figure 

2) and nitrogen physisorption (Figure 3). The nC/Si ratio is slightly increasing with aluminum content (Table 

4) except for SiAl7-washed where carbon content was double (Table S2) compared to SiAl7. The trend of 

increasing  adventitious carbon content with increasing aluminum concentration in alumina-silica 

materials was already observed elsewhere.75 

 

Table 4: Elemental analysis determined by XPS and ICP-OES compared to nominal values 

sample 
Bulk – nominal 

synthesis 
Bulk – ICP-OES Surface – XPS Surface – STEM-EDS 

nAl/nSi nAl/nSi nAl/nSi nO/nSi
* nC/nSi nAl/nSi 

SiO2 – – – – – – 

SiAl1 0.022 0.023 0.018 3.1 0.15 0.033 

SiAl3 0.069 0.071 0.020 3.1 0.20 – 

SiAl5 0.12 0.12 0.098 2.8 0.16 – 

SiAl7 0.17 0.18 0.13 2.8 0.26 0.21 

SiAl7-washed 0.17 – 0.14 2.8 0.56 0.20 

SiAl9 0.22 0.23 0.19 3.4 0.29 – 

SACS ~0.15 ~0.13 0.16 2.9 0.28 – 
*oxygen attached to carbon (CO bonds) included 

 

 

Figure 5: Atomic Al/Si ratio over nominal concentration of Al in SiO2 determined by nominal ratio, ICP-OES, and XPS 

Third, 29Si cross polarization (CP) MAS NMR and 27Al MAS NMR spectroscopy (Figure S5 and Figure 6A) 

were used to elucidate the nature of silicon and aluminum species in the silica matrix and further support 



previous conclusions about aluminum dispersion. Silicon was present in the form of Q4, Q3, and Q2 

tetrahedra, as expected (Figure S5).72,76 Incorporation of aluminum atoms in the silica matrix via 

AASGgenerated mostly tetrahedral AlO4 sites. The presence of five-coordinated and six-coordinated 

aluminum species was more pronounced in the case of SiAl7 and SiAl9, i.e. the samples with higher Al 

loadings. It appears, that calcination triggered AlO5 and AlO6 formation, especially in the case of high Al 

loadings as: (i) as-synthesized SiAl1 exhibited visually similar fraction of different Al coordination as 

calcined SiAl1 (Figure S6, left), (ii) SiAl7-washed possessed lower fraction of AlO6 and AlO5 compared to 

calcined SiAl7 (Figure S6, right). Noteworthy, higher AlO5 and AlO6 species content was also observed at 

higher Al loadings (e.g. 13 wt.% Al2O3) in aluminosilicates presented elsewhere.77,78  

There are several possible explanations for the pronounced AlO6 formation in samples with higher Al 

loadings. First, it can result from the higher amount of coordinating water causing the transformation of 

well-incorporated four-coordinated Al atoms into six-coordinated ones.79,80 Second, six-coordinated atoms 

can also be established due to high calcination temperatures (as discussed above) leading to Al diffusion 

and Al oxide oligomers formation (clustering): separate alumina phase – extraframework aluminum 

species are created.60,78,81 Considering the fact, that the aerosol-assisted sol-gel technique is deemed to 

provide high dispersion of metals58,59,65,70 into the materials, we aimed to verify preliminary results from 

STEM-EDS and XPS and confirm the formation of well-inserted aluminum atoms in the position of silicon 

creating tetrahedral coordination. Thus, we have investigated chosen samples, specifically SiAl1, SiAl3, 

SiAl9 and SACS (for comparison), by 27Al MAS NMR after sample degassing and adsorption of trimethyl 

phosphine oxide (TMPO; kinetic diameter = 0.55 nm)82 (Figure 6B). Noticeably, only 

tetrahedrally-coordinated Al atoms with a chemical shift of 50 ppm are observed in the spectra of 

SiAl1+TMPO and SiAl3+TMPO. As there is not even a small indication of octahedrally-coordinated 

aluminum atoms, the presence of AlO6 species (as in the Figure 6A) appears only when it is exposed to air 

probably via water molecules coordination (as suggested above). Thus, extraframework aluminum species 

are excluded in SiAl1 and SiAl3. For Al highly loaded sample - SiAl9+TMPO – the broad signals in 27Al MAS 

NMR spectra prevent clear identification of Al coordination. The absence of phosphorus signals in the 31P 

MAS NMR spectra (Figure 6C) confirms that TMPO does not coordinate to Al sites, leading to asymmetric 

Al environments and large quadrupole splitting in 27Al MAS NMR spectrum (Figure 6B). Similar behavior 

has already been reported earlier.83,84 For SACS+TMPO, besides the mostly abundant 

tetrahedrally-coordinated aluminum atoms, a signal at 38 ppm and a broad baseline feature hiding 

possible signals of penta/hexacoordinated Al atoms appeared.  A chemical shift of 34 ppm was linked to 

extraframework species in non-hydrated zeolite Y,85 and prior studies on metal dispersion of SACS further 

support the presence of alumina-rich domains.33 

  



 

Figure 6: (A) 27Al MAS NMR spectra of calcined aluminosilicates, (B) 27Al MAS NMR spectra of aluminosilicates after exposure to 
TMPO, (C) 31P MAS NMR spectra after adsorption of TMPO onto degassed aluminosilicates. Asterisks denote spinning side bands.  

 

The samples acidity can be probed by adsorption of trimethyl phosphine oxide and analyzed by 31P MAS 

NMR spectroscopy (Figure 6C). Besides SiAl9 where no phosphorus signal was evident in the spectra (see 

discussion above), SiAl1 and SiAl3 showed three distinguished peaks with chemical shifts 47, 67, and 

90 ppm (Figure 6C) suggesting the presence of acid sites with different strengths. While the signal at 

47 ppm represents physisorbed TMPO,86 signals shifted downfield, i.e. 67 and 90 ppm, are related to 
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chemisorbed TMPO. The former one could originate from the interaction of silanol groups on the surface 

with TMPO molecules,32 while the latter are tentatively ascribed to strong acid sites. Interestingly, the 

discerned chemical shifts in AASG aluminosilicates are similar to TMPO adsorbed on zeolites. The signals 

at 67, 86 and 63 ppm were observed in H-ZSM-5 after TMPO adsorption and related to internal and 

external acid sites in H-ZSM-5 zeolites.87 Signal at higher chemical shift (86 ppm) has been reported as a 

threshold for superacidity.88  In comparison, commercial SACS exhibited signal at 67 ppm suggesting the 

presence of silanol groups but no signals at a higher chemical shift indicating the presence of only weak 

acid sites in SACS. In other words, aerosol-made aluminosilicate (with low Al loading) clearly exhibits much 

stronger acid sites as compared to the commercial benchmark obtained by coprecipitation (in agreement 

with IR spectroscopy combined with adsorption of pyridine, see below).  

Pyridine (kinetic diameter = 0.54 nm) was used for acid site analysis by infrared spectroscopy (IR-py). First, 

the OH region of dehydrated samples prior to the adsorption of pyridine is depicted in Figure 7A (dark 

lines). Stretching vibration of isolated SiOH groups at 3742 cm–1 is visible in all samples degassed at 350 °C.  

After pyridine adsorption, absorption band for stretching vibration of SiOH groups (Figure 7A, light lines) 

decreased in intensity apparently due to pyridine chemisorption.89 Only the samples with higher Al loading 

after the desorption of pyridine at 150 °C provided very similar intensity of stretching SiOH band as only 

degassed at 350 °C, suggesting limited amount of acidic OH groups interacting with pyridine. 

Nevertheless, all aluminosilicates provided absorption bands confirming presence of acid sites, typically 

detected in the region between 1700 and 1350 cm–1. Usually, both Brønsted and Lewis acid sites are found 

in amorphous aluminosilicates.33,90,91 Here, in the case of samples with higher aluminum loadings (SiAl5, 

SiAl7, and SiAl9) the number of Brønsted acid sites is negligible and should be evaluated cautiously (Figure 

7B). Lewis acidity was also very low for these samples, reaching up to 35 µmol g–1 for SiAl7. On the other 

hand, the total amount of acid sites (Brønsted and Lewis, Figure 7C, Figure 7D and Table 5) after desorption 

at 150 °C for SiAl1 and SiAl3 was more than doubled compared to SiAl7, namely 73 and 113 µmol g–1, 

respectively (Figure S7). 

  



 

Figure 7: Infrared spectra of (A) OH region of degassed aluminosilicates at 350 °C (dark lines) and after desorption of pyridine at 
150 °C (light lines), (B) SiAl5, SiAl7, and SiAl9 after desorption of pyridine at 150 °C, (C and D) SiAl1 and SiAl3 degassed at 350 °C 
and after desorption of pyridine at 150, 250, and 350 °C 

The strength of acid sites was evaluated as the fraction of acid sites probed by pyridine and retained after 

desorption at 350 °C (Table 5). While SiAl1 retained less than 50 % of its acid sites, indicating relatively 

mild acidity, other samples with higher aluminum loadings maintained over 60 %, demonstrating stronger 

acidity. The weakest acid sites were exhibited by SACS (only 33 % retained after pyridine desorption at 

350 °C).33 The similar character of acid sites was observed by TMPO analysis (similar pretreatment 

conditions) where signal at 67 ppm in 31P MAS NMR spectra (Figure 6C) suggested the presence of weak 

acid sites (e.g., silanol groups). 
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Table 5: Nature, amount, strength of acid sites in aluminosilicates determined by IR-py 

sample 
B/L after desorption Total acid sites after desorption (µmol g–1) 

Acid sites after 
desorption (%) 

150 °C 250 °C 350 °C 150 °C 250 °C 350 °C 250 °C 350 °C 

SiAl1 1.3 1.6 0 73 67 36 91 49 

SiAl3 0.64 0.63 0 113 88 72 78 64 

SiAl5 0 0 0 21 13 16 62 74 

SiAl7 0 0 0 35 34 30 96 85 

SiAl9 0 0 0 17 16 12 98 71 

SACS33 0.24 0.40 0.054 138 42 46 31 33 

 

4.3 Catalytic activity in ethanol dehydration 

Calcined silica and aluminosilicates were tested in the ethanol dehydration reaction, in a fixed bed flow 

reactor in the 205–310 °C range, with a WHSV = 1.1 h–1 (Figure 8 and Table S3). Undoped silica showed 

negligible conversion at 275 °C and 310 °C producing only traces of butadiene and diethyl ether. 

Aluminosilicate samples led to the production of two major products: ethylene and diethyl ether. While 

diethyl ether was produced at lower temperatures, ethylene was favored at higher temperatures. At the 

higher temperatures (mainly 275 and 310 °C), a small amount of butadiene was detected with all samples 

and with SiAl3 and SiAl5 propylene was detected as well. The carbon balance based on all compounds 

was always close to 100 %. 

Ethanol conversion (Figure 8) was mediocre over samples with higher aluminum loadings, reaching up to 

59 %, 43 %, and 56 % for SiAl5, SiAl7, SiAl9 at 310 °C, respectively. Higher conversions were achieved by 

the commercial silica-alumina support converting 73 % ethanol at 275 °C. However, at the same 

temperature of 275 °C 88 % and 100 % conversions were reached over SiAl1 and SiAl3, respectively. At the 

temperature of only 240 °C SiAl1 and SiAl3 already exhibited high conversion (65 % and 85 %, 

respectively).  

Unlike the calcined SiAl7 which was virtually inactive, SiAl7-washed performed very well converting 

ethanol out of 50 % and 100 % at 205 and 240 °C, respectively (Figure 8). This amplifies the power of 

aerosol spray-drying preparation. 

Selectivity to ethylene (Figure S8) over benchmark SACS reached 38 % at 275 °C. Similar or lower 

selectivities were achieved by highly Al loaded samples. Imposingly, samples with low loadings (SiAl1 and 

SiAl3) yielded ethylene with selectivity of 98 % at the same temperature. High selectivity was also 

observed with SiAl3 at 240 °C, reaching 81 %.  Remarkably, selectivity to ethylene was pronounced in the 

case of SiAl7-washed where selectivity to ethylene was kept to 88 and 100 % at 240 and 275 °C, 

respectively. A more appropriate46 comparison of selectivity to ethylene at iso-conversion is presented in 

the “Stability” section (vide infra).  

Among all tested catalysts, ethylene yield over SACS and the higher Al-loaded samples (SiAl5, SiAl7, and 

SiAl9) at 240 °C displayed ethylene yields below 11 % (Figure 8) while SiAl1 reached 27 %. In comparison, 

SiAl3 emerges as the most promising calcined catalyst, achieving a 70% yield at 240 °C. Besides, 



SiAl7-washed stands out with an exceptional 88 % yield at 240 °C (Figure 8), showcasing its remarkable 

potential. 

This result clearly demonstrates the superior performance of SiAl3 and highlights SiAl7-washed as a 

breakthrough solution, underscoring the importance of template-washing strategies for preserving 

texture, acidity, and therefore catalytic activity. 

  

Figure 8: Ethanol conversion (left) and ethylene yield (right) over AASG prepared aluminosilicates and SACS during ethanol 
dehydration 

These significant differences in catalytic activity can be attributed to both: (i) acid site amount, (ii) acid site 

strength (Table 5) determined by infrared spectroscopy combined with pyridine adsorption. First, SiAl1 

and SiAl3 had at least twice the number of acid sites (73 and 113 µmol g–1, respectively) reaching the 

highest ethylene yield compared to nearly catalytically inactive high Al-loading samples with minimal 

acidity (17 to 35 μmol g–1). Second, while the relatively strong acid site of SiAl3 (64 % acid sites remained 

after desorption at 350 °C) outcompeted all prepared catalysts, many weak acid sites (138 μmol g–1 

retaining only 33 % at 350 °C) of commercial benchmark dropped behind with ethylene yield.  

An apparent turnover frequency (TOF) was evaluated at 240 °C (Figure 9) considering the active sites as 

being the total number of acid sites retained after pyridine desorption at 150 °C (Table 5). TOF of 

commercial silica-alumina support SACS reached 94 h–1. The efficiency of SACS acid sites was poor as the 

conversion was low and acid site concentration was high. Similar TOF values (56 and 81 h–1) were reached 

by SiAl7 and SiAl9, respectively. Higher TOF was reached by SiAl5 (140 h–1) and SiAl3 (179 h–1). 

Unequivocally, TOF for SiAl1 reached the highest value, i.e. 492 mol ethanol converted per mol acid site 

per h, five times higher than commercial SACS and even two times higher than NHSG-prepared 

post-modified hybrid aluminosilicate catalysts under similar conditions (245 h–1).32  
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Figure 9: Turnover frequency evaluated at 240 °C for different aluminosilicate catalysts 

 

4.4 Stability test and catalyst regeneration 

The most active calcined catalysts (SiAl1, SiAl3, SACS) were selected for stability tests – 48 hours 

time-one-stream (TOS). It should be noted that the stability test herein was examined for a relatively long 

time compared to other studies.31,33,35 Stability tests proceeded at 240 °C at iso-conversion of around 65 % 

(adjusting WHSV by changing the catalyst amount or the flow of ethanol mixture). At the onset of 

deactivation (similar conversions, Figure 10), the selectivity among samples can be evaluated (Figure 10). 

Ethylene selectivity over SACS reached 12 %. In contrast, the selectivity of AASG-prepared catalysts 

significantly outperformed the commercial SACS, achieving values at least 3.8 times higher — 56 % for 

SiAl3 and 46 % for SiAl1. Interestingly, selectivity was stable during TOS for SiAl1 and SiAl3, while it 

increased for SACS. Nevertheless, the selectivity to ethylene over SACS after 15 h TOS was still markedly 

lower (~26 %) in comparison to aluminosilicate samples prepared by AASG (SiAl1 and SiAl3). 

Evaluating catalytic performance, commercial SACS showed a decline in ethanol conversion from 65 % to 

48 % after 15 hours. Practically the same deactivation in time (17 % after 15 hours) was followed by SiAl3. 

On the other hand, SiAl1 was much more stable, revealing a drop in conversion by only 16 % after 48 hours 

(Figure 10). Overall, SiAl3 and SiAl1 produced very good ethylene yields over time (Figure S9).  
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Figure 10: Stability test (ethanol conversion on the left, selectivity to ethylene on the right) over selected aluminosilicates 

 

To better understand the deactivation phenomena, aluminosilicate catalysts prepared via aerosol-assisted 

sol-gel (AASG) were characterized after 48 hours on stream. The particles retained their spherical 

morphology and comparable size distribution according to SEM (Figure S10). The aluminum distribution 

remained homogeneous for both samples after catalysis according to STEM-EDS (Figure S11) excluding the 

high extent of aluminum oxide segregation. Moreover, 27Al MAS NMR of hydrated samples after catalysis 

showed that the aluminum coordination was only slightly modified (possibly due to water adsorption 

during ethanol dehydration) but majority of aluminum remains four-coordinated similar to the fresh 

sample (Figure S12).  

However, the color change of the AASG-prepared catalysts was visible (Figure S13). Whereas freshly 

calcined catalysts SiAl1 and SiAl3 were white after the synthesis, the color of spent SiAl1 and spent SiAl3 

after 48 hours on stream darkened. The darker color of SiAl3 suggests higher coke deposition on the 

surface of SiAl3 catalysts. The presence of coke on the catalyst surface was confirmed by TG-DSC. While at 

the temperature below 200 °C, water and ethanol can be desorbed,92 the mass loss at the higher 

temperature can be attributed to the carbon species combustion. The weight change of spent SiAl3 from 

200 °C up to 1000 °C was 10.27 %. On the other hand, mass change of spent SiAl1 between the 

temperature range of 200 °C and 1000 °C was only 4.67 % (Figure S14, Table S4). The main weight loss in 

the case of spent SiAl3 occurs between 400 °C and 650 °C, indicating one species of coke located in the 

same type of pores. 

Pore clogging with carbonaceous species is also supported by nitrogen porosimetry (Figure S15, Table S5). 

While spent catalyst SiAl3 completely lost its hysteresis loop, SiAl1 still preserves the mesoporous 

structure. Thus, the changes in textural properties were much more pronounced in the case of SiAl3. 

Specific surface area dropped from 220 m2 g–1 down to 50 m2 g-1 (–77 %) whereas specific surface area of 

SiAl1 slightly decreased – from 350 m2 g–1 down to 300   m2 g-1 (–14 %).  

Finally, the coke nature was identified with 13C CP MAS NMR performed on spent SiAl3 catalyst (Figure 

S16). Besides residual reactants and products adsorbed on the catalyst’s surface (ethanol and diethylether) 

with chemical shift of around 18 and 62 ppm, other signals appeared in the range of 21–50 ppm suggesting 



the presence of alkanes11 or oligomerized olefins.93 No other carbonaceous species (aromatics, esters, 

alkenes, carboxylates) were detected.  

The characterization of spent catalysts identified coking as the main source of deactivation. Moreover, it 

takes place to significantly higher extent in SiAl3 in comparison to SiAl1. It can be suggested that this 

observation is related to the acid site strength. SiAl3 contains a higher proportion of stronger acid sites 

(Table 5) and promotes coking to a higher extent. A similar conclusion has already been suggested when 

comparing mildly acidic amorphous aluminosilicates prepared by NHSG and zeolite HZSM-5.33 

Importantly, strongly acidic zeolites are known to produce stable carbonaceous deposits  based on 

aromatics (e.g., poly-substituted benzenes),27 while alkanes and oligomerized olefins were observed in 

spent SiAl3. Thus, oxidative treatment of SiAl3 after 48 hours on stream was performed at 550 °C to 

remove the carbonaceous deposit in the pores, rejuvenate the catalyst, and thus confirm the coke 

formation as the major contributor of deactivation. After 48 h on stream, ethanol conversion dropped 

down to 28 % and subsequent catalyst regeneration in oxygen flow restored the catalytic activity up to 

48 % (Figure S17). Even though catalytic activity did not reach the original ethanol conversion (i.e., 65 %), 

it demonstrates successful regeneration of catalytic activity and suggests the carbon deposition as a major 

contributor of deactivation. The non-complete activity recovery could be assigned to the decrease of 

specific surface area after additional calcination treatment (observed for re-calcined fresh catalyst; Figure 

S18 and Table S6) or incomplete coke removal. Finally, a decrease of selectivity to ethylene after 

regeneration has been observed (Figure S17). 

All in all, SiAl1 is thought to possess an ideal acid site strength – not too weak as SACS, not too strong as 

SiAl3. The presence of medium acid strength to avoid coking has been already described.33 A comparison 

of the catalysts synthesized in this study with state-of-the-art catalysts is valuable for evaluation. 

Comparing selectivity of purely inorganic spray-dried SiAl3 with  NHSG-prepared 16Si-1Al-Ac-T33 at 

conversion of 85 % (at the same temperature of 240 °C), aerosol-made SiAl3 exhibited 80 % selectivity 

towards ethylene compared to 55 % for aluminosilicate catalyst 16Si-1Al-Ac-T prepared by water-free 

sol-gel (noteworthy, SiAl3 and 16Si-1Al-Ac-T contain very similar Al loading). However, considering NHSG-

prepared hybrid aluminosilicates, the ethylene selectivity was significantly amplified by incorporation of 

methylsilyl groups.34 This idea opens new possibilities for future research, particularly in exploring 

aerosol-assisted sol-gel synthesis to prepare hybrid materials and assess their catalytic performance in 

ethanol dehydration. Previous research has demonstrated that other one-pot prepared hybrid 

metallosilicates offer a superior alternative for purely inorganic materials in specific catalytic reactions,94–

96 not only in the terms of activity32 but also long-term stability.37 

 

5 Conclusion 
We demonstrate that the aerosol-assisted sol-gel (AASG) method is a powerful, one-step strategy for 

producing aluminosilicate catalysts with excellent features for ethanol dehydration. One decisive feature 

of the aerosol synthesis is that the aluminum incorporation and distribution in the aluminosilicate 

materials was complete and homogeneous as confirmed by ICP-OES and STEM-EDS analyses with only 

4-coordinated Al atoms determined by 27Al MAS NMR after degassing and adsorption of TMPO. The 



resulting aluminosilicates exhibit high surface areas, up to 350 m² g⁻¹, and a well-preserved porous 

structure at low Al loadings. 

Crucially, the collapse of porosity observed at higher Al loadings (7–9 wt.%) during calcination is not an 

intrinsic limitation of AASG. Instead, we show that washing the template (Pluronic F-127) with ethanol, 

rather than removing it through calcination, successfully prevents pore collapse and maintains 

mesoporous material with enhanced catalytic activity. Ethanol washed SiAl7-washed, for instance, 

achieved an ethylene yield of 88 % at 240 °C, surpassing the performance of calcined SiAl7 and SiAl9. 

Impressively, aerosol-made catalysts with low loadings (SiAl1, SiAl3) exhibited at least three times higher 

ethylene yield in ethanol dehydration than a commercial aluminosilicate catalyst (SACS). While ethylene 

yield over SACS reached 28 % at 275 °C, ethylene yield over SiAl1 and SiAl3 was already 88 % and 100 % 

at 275 °C, respectively. 

Moreover, SiAl1 revealed 5-times higher TOF compared to commercial silica-alumina (492 and 94 mol 

EtOH per mol acid site per hour for SiAl1 and SACS, respectively). This outstanding catalytic activity of 

SiAl1 can be attributed to the well-dispersed acid sites over the silica matrix and much more efficient 

catalytic sites. 

The time-on-stream stability over SiAl1, SiAl3, and SACS was tested. SiAl3 and SACS deactivate fast – 30% 

loss in ethanol conversion. On the other hand, ethanol conversion was much more stable over SiAl1 after 

48 hours. These results indicate the importance of mildly acidic nature of SiAl1 as determined by pyridine 

probe. 

The proposed synthetic methodology benefits from the ease of industrial scale-up, enabling cost-effective 

catalyst production from basic and readily available precursors. Thus, it makes AASG highly competitive 

for industrial applications in catalyst production, with significant potential for improving the process for 

ethylene production. 
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