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Abstract 
Bifunctional catalysts based on SAPO-11 molecular sieves exhibit high selec-

tivity in the hydroisomerization of long-chain n-paraffins; however, their 

widespread application is constrained by moderate acidity and diffusion limi-
tations within the 1D channels. Herein, we propose a strategy to enhance cat-

alyst efficiency through the creation of a hierarchical structure and isomor-

phous substitution with magnesium (MAPSO-11). It was established that the 
use of aluminum isopropoxide promotes the formation of a hierarchical po-

rous architecture composed of aggregated nanocrystals. The influence of 

magnesium on the morphology was elucidated: at an optimal MgO/Al2O3 ratio 

of 0.1, primary crystals of minimal size (~50 nm) are formed, which ensures 
a maximized external surface area (SEXT= 93 m2/g) and secondary mesopore 

volume (Vmeso = 0.19 cm3/g). A further increase in magnesium content leads 

to crystal growth and a reduction in pore accessibility. TPD-NH3 results con-
firm that the introduction of Mg significantly enhances the total acidity and 
the concentration of strong acid sites compared to conventional SAPO-11. Cat-

alytic testing of Pt-containing systems in the hydroisomerization of n-
hexadecane demonstrated that the developed mesoporosity and enhanced 
acidity enable a shift of the temperature window for maximum isomer yield 
to a lower temperature range (20–30 °C below that of SAPO-11). The obtained 

results demonstrate an effective approach for tuning the activity of hierar-
chical molecular sieves through precise control of the magnesium content, 
opening new avenues for the development of low-temperature catalysts for 

the production of low-pour-point oils and fuels. 
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Key findings 
● Hierarchical MAPSO-11 with intercrystalline mesoporosity was synthesized template-free 

using aluminum isopropoxide and a nanosized sol SiO2. 

● The method formed 50–100 nm MAPSO-11 nanocrystals, reducing 1D diffusion channel 

lengths by 5–10 times. 

● Optimal magnesium substitution (MgO/Al2O3 = 0.1) synergistically increased strong 

Brønsted acid sites and external surface area.  

●Pt/MAPSO-11(0.1) achieved an 82% C16 isomer yield at 290 °C during n-hexadecane hy-

droisomerization, effectively suppressing hydrocracking. 
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1. Introduction 

Molecular sieves represent a cornerstone for the design of 

innovative catalytic systems and adsorption materials, 

owing to their unique textural and structural properties 

[1,2]. While conventional aluminosilicate zeolites have 

dominated industrial processes for decades, the last twen-

ty years have been marked by a growing interest in alumi-

nophosphate systems (AlPO4-n) and their isomorphously 

substituted derivatives (MeAPO-n, SAPO-n, MeAPSO-n). 

These materials combine extensive structural diversity 

with the ability for precise control of the nature and 

strength of acid sites, thereby opening new prospects for 

the design of catalysts tailored for specific chemical trans-

formations [3–6]. 

According to the pioneering work of Wilson S.T. and 

co-workers (Union Carbide, 1984) [7], AlPO4-n and their 

derivatives belong to the class of zeolite-like microporous 

materials with pore sizes ranging from 3.8 Å (SAPO-18) to 

12.7 Å (VPI-5) and diverse channel topologies, including 

one-dimensional (SAPO-11), two-dimensional (SAPO-40), 

and three-dimensional (SAPO-37) systems [7]. 

Among the large family of aluminophosphates, silicon-

substituted analogues (SAPO-n) have gained the most sig-

nificant practical importance. Large-scale industrial pro-

cesses have already been implemented based on these ma-

terials: for instance, a catalyst based on SAPO-34 has been 

developed for the conversion of methanol to light olefins 

(MTO) [8], while SAPO-11 has found application in pro-

cesses of isodewaxing of oils and diesel fractions [9]. 

Among these materials, the SAPO-11 molecular sieve 

(structure type AEL) is of particular interest due to the 

presence of a one-dimensional system of elliptical chan-

nels with dimensions of 4.0 × 6.5 Å and mild Brønsted 

acid sites (BAS). Catalysts based on molecular sieves with 

the AEL structure are recognized as among the most selec-

tive for the hydroisomerization of higher n-paraffins of 

the C7+ fraction [10–15]. Furthermore, recent studies have 

demonstrated the versatility of SAPO-11-based catalysts in 

sustainable fuel production, including the hydroprocessing 

of waste plastic pyrolysis oils to lubricant base feedstocks 

[16], the one-step hydrodeoxygenation–isomerization of 

triglycerides to renewable diesel and aviation fuels 

[14,17,18]. However, it is worth noting that the BAS in 

conventional SAPO-11 exhibit a lower strength compared 

to 1D-10R aluminosilicate zeolites (ZSM-23, ZSM-48) 

[7,13,19–21]. This limitation necessitates conducting the 

hydroisomerization process at elevated temperatures, 

which leads to undesirable energy consumption and a re-

duction in the overall catalyst lifetime. 

An effective strategy to overcome this limitation could 

involve the introduction of Mg into the crystal lattice of 

SAPO-n. It was previously shown [22] that the simultane-

ous isomorphous substitution of framework elements with 

Mg2+ and Si4+ ions (forming systems of the MAPSO-n type) 

allows for a dramatic modification of the acidic properties. 

Using the SAPO-5 structure as an example, it was demon-

strated that the introduction of magnesium provides an 

increase in the concentration of Brønsted acid sites by 

more than twofold – from 92 µmol/g (SAPO-5) to 230 

µmol/g (MAPSO-5). This effect, arising from the coexist-

ence of bridging ≡Mg-OH-P≡ and ≡Si-OH-Al≡ groups, leads 

to the formation of stronger acid sites. This not only en-

hances the overall activity in complex processes such as 

alkylation or hydroisomerization of paraffins but also en-

ables achieving an optimal balance between feedstock 

conversion and selectivity towards target products. 

A comparison of the catalytic properties of MgAPO-11 

and SAPO-11 in the hydroisomerization of n-decane and n-

dodecane [23–28] reveals the advantage of magnesium-

containing systems in this process. It has been established 

that the formation of bridging Brønsted acid sites of the 

≡Mg-OH-P≡ type provides a higher acid strength compared 

to the ≡Si-OH-Al≡ sites characteristic of SAPO-11. As a re-

sult, MgAPO-11 catalysts exhibit enhanced activity, ena-

bling the maximum isomer yield to be achieved at signifi-

cantly lower temperatures. 

Thus, MAPSO-n type materials are highly promising for 

the development of bifunctional catalysts for the hydroi-

somerization of heavy n-paraffin fractions. 

Another significant issue limiting the catalytic efficiency 

of materials with the AEL architecture (specifically, SAPO-

11) is diffusion limitations arising from their one-

dimensional microporous structure. Slow mass transfer of 

long-chain molecules within the micropores leads to a de-

crease in the rate of the main reaction and promotes un-

desirable secondary cracking side reactions. 

To date, a number of approaches have been proposed 

for the targeted control of the morphology and the crea-

tion of hierarchical (micro-mesoporous) SAPO-11 struc-

tures [29–33]. However, the vast majority of known syn-

thesis methods require the use of additional organic crys-

tal growth modifiers (CGM) or secondary pore-forming 

templates (surfactants, polymers) [29–33]. Alternative 

approaches are also being actively developed, such as the 

dry gel conversion (DGC) method [34] and crystallization 

in two-phase systems [33]. 

These methods allow for effective control over the 

crystal size and morphology of SAPO-11; however, they 

have several significant drawbacks. These include the high 

cost of organic additives, the complexity of removing them 

(which requires high-temperature calcination), the risk of 

product contamination, and the need to dispose of toxic 

mother liquors. DGC and two-phase crystallization meth-

ods are often associated with challenges when scaling up, 

such as the use of volatile organic solvents and the neces-

sity of additional purification steps. These challenges sig-

nificantly limit their industrial implementation and in-

crease the environmental burden. 

In this context, the development of a simple, readily 

scalable, and environmentally benign method for the hy-

drothermal synthesis of nanoscale SAPO-11 without the 
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use of costly and difficult-to-dispose-of secondary organic 

modifiers remains a scientific and practical challenge. 

Currently, there is a lack of information in the litera-

ture regarding methods for controlling the crystal mor-

phology and forming a hierarchical (micro-mesoporous) 

structure for magnesium-containing MAPSO-11 systems. 

We have previously shown [25,35–37] that the use of 

aluminum isopropoxide as an Al source and a highly reac-

tive SiO2 sol (particle size 1–4 nm) as a Si source enables 

the synthesis of hierarchical SAPO-11 without the use of 

costly crystal growth modifiers or surfactant-based meso-

porogens. It was established that the nanosized SiO2 sol 

plays a dual role at the initial stages of crystallization: it 

acts as a heteroatom that generates a negative lattice 

charge (necessary for the formation of BAS) and as a crys-

tal growth modifier that promotes the formation of na-

nosized intergrowths. The application of this approach 

allows achieving a significantly higher concentration of 

acid sites compared to the use of commercial silicon pre-

cursors. However, the synthesis mechanisms of hierar-

chical MAPSO-11 systems, as well as the influence of mag-

nesium content on their textural and catalytic properties 

in reactions involving long-chain C16+ paraffins, remain 

unexplored. 

Thus, the present work is devoted to the development 

of a scientifically grounded approach for the synthesis of 

MAPSO-11 molecular sieves with a hierarchical porous 

structure without the use of crystal growth modifiers and 

surfactants. Within the framework of the study, the influ-

ence of magnesium content on the crystal size, morpholo-

gy, and acidic properties was investigated, which made it 

possible to identify the conditions for the formation of 

hierarchical nanosized intergrowths with high accessibil-

ity of BAS. The catalytic efficiency of the obtained materi-

als was evaluated in the hydroisomerization of long-chain 

C16+ paraffins. The presented results reveal new opportu-

nities for the creation of energy-efficient catalysts based 

on molecular sieves with the AEL structure for the hydroi-

somerization of higher n-paraffins C16+, capable of provid-

ing a high yield of target isomers at reduced process tem-

peratures. 

2. Results 

It is known the acidic properties of MeAlPO-n type mo-

lecular sieves directly depend on the amount and nature of 

heteroatoms isomorphously incorporated into their crystal 

lattice [38,39]. In this regard, in the present study, a com-

parative analysis of the chemical composition of the initial 

reaction gels and the final crystallization products was 

carried out (Table 1). 

The elemental analysis data show that the silicon and 

magnesium content in the synthesized SAPO-11 and MAPO-

11 samples is lower than their initial concentration in the 

reaction gels. This is explained by kinetic and thermody-

namic limitations during the incorporation of heteroatoms 

(Si, Mg) into the aluminophosphate framework in the 

course of crystallization, as a result of which some of the 

elements remain in the mother liquor.  

A similar pattern is observed for the bimetallic MAPSO-

11 systems: regardless of the initial MgO/Al2O3 molar ra-

tio, the degree of incorporation of magnesium and silicon 

into the solid phase turns out to be incomplete. Remarka-

bly, the silicon content in the MAPSO-11 samples remains 

practically unchanged when varying the MgO/Al2O3 ratio. 

This suggests that the presence of magnesium in the reac-

tion medium during the crystallization stage does not ex-

ert a significant competitive influence on the process of 

silicon incorporation into the lattice. 

To confirm the phase purity and evaluate the structural 

characteristics of the synthesized materials, X-ray diffrac-

tion analysis was carried out. Figure 1 shows the powder 

diffraction patterns of the obtained molecular sieves; for 

comparison, the diffractogram of pure AlPO4-11 synthe-

sized under similar conditions is also provided. 

The diffraction patterns of all the studied samples con-

tain characteristic reflections corresponding to the AEL 

topology, indicating their high phase purity. Thus, it can 

be concluded that the use of aluminum isopropoxide as a 

precursor in combination with Si and Mg sources enables 

the successful formation of the target AEL structure. 

Moreover, the introduction of single heteroatoms (Si or 

Mg) leads to only a slight decrease in the crystallinity de-

gree compared to the unmodified framework: all synthe-

sized samples, with the exception of MAPSO-11(0.2), are 

highly crystalline (degree of crystallinity > 90%). 

However, for the MAPSO-11 sample series, a clear 

trend towards a decrease in the crystallinity degree was 

revealed with an increase in the initial magnesium content 

in the gel (growth of the MgO/Al2O3 ratio).  

 

Table 1 Phase and chemical composition of the synthesized molecular sieves with the AEL structure. 

Sample Chemical composition, Gel 
Al2O3•P2O5•MgO•SiO2 

Chemical composition, AEL 
Al2O3•P2O5•MgO•SiO2 

Phase DC a 

AlPO4-11 1.00:1.00:0.00:0.00 1.00:0.99:0.00:0.00 AEL 96 
MAPO-11 1.00:1.00:0.10:0.00 1.00:1.00:0.07:0.00 AEL 95 

SAPO-11 1.00:1.00:0.00:0.19 1.00:0.92:0.00:0.15 AEL 92 

MAPSO-11(0.05) 1.00:1.00:0.05:0.20 1.00:0.92:0.04:0.16 AEL 91 

MAPSO-11(0.1) 1.00:1.00:0.10:0.19 1.00:0.92:0.08:0.15 AEL 91 

MAPSO-11(0.2) 1.00:1.00:0.19:0.20 1.00:0.92:0.14:0.15 AEL 85 
a DC is the degree of crystallinity, %  
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Figure 1 XRD patterns of crystalline molecular sieves with the AEL structure: (a) AlPO4-11 sample; (b) MAPO-11 sample; (c) SAPO-11 

sample; (d) MAPSO-11(0.05) sample; (e) MAPSO-11(0.10) sample; (f) MAPSO-11(0.20) sample. 

This effect is due to the mechanism of isomorphous 

substitution: the incorporation of magnesium (Mg2+) into 

the aluminum (Al3+) positions of the aluminophosphate 

framework inevitably causes local lattice distortions and 

the generation of structural defects.  

An increase in the magnesium concentration at the 

stages of nucleation and crystal growth leads to the accu-

mulation of such defects in the framework, which contrib-

utes to partial amorphization of the material. Thus, upon 

reaching the maximum studied MgO/Al2O3 ratio of 0.2, the 

crystallinity of the target product did not exceed 85% 

Figure 2 presents SEM images of the synthesized mo-

lecular sieve samples with the AEL structure, differing in 

chemical composition. As can be seen from the presented 

micrographs, all samples consist of spherical aggregates 

(intergrowths) ranging in size from 2 to 3 μm. Moreover, 

variation in the chemical composition leads to changes not 

only in the size of the aggregates themselves but also in 

the morphology and dimensions of the primary crystals 

that form them. 

Thus, the AlPO4-11 sample is formed by spherical ag-

gregates (~1–2 μm) consisting of primary crystals in the 

form of elongated prisms (100–500 nm). The introduction 

of magnesium into the aluminophosphate lattice (MAPO-11 

sample) does not cause significant changes in the size of 

the secondary structures, nor in the morphology of the 

primary crystals: similar elongated prisms with sizes 

ranging from 100 to 500 nm are observed for this sample. 

 
Figure 2 SEM images of the samples: (a) AlPO4-11 sample; (b) MAPO-11 sample; (c) SAPO-11 sample; (d) MAPSO-11(0.05) sample; (e) 

MAPSO-11(0.10) sample; (f) MAPSO-11(0.20) sample. 
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In contrast, the introduction of silicon leads to notable 

structural transformations. The SAPO-11 sample is charac-

terized by the formation of larger spheroidal aggregates 

(2–3 μm) composed of nanocrystals in the form of thin 

plates and cubes with sizes of 50–100 nm, which form the 

hierarchical structure. As we have previously shown 

[25,35–37], the formation of hierarchical SAPO-11 is due to 

the use of aluminum isopropoxide and a highly reactive 

SiO2 sol with a particle size of 1–3 nm. This sol inhibits 

crystal growth, which makes it possible to obtain nano-

crystalline materials without the use of additional organic 

growth modifiers. 

The incorporation of magnesium into the silicoalumi-

nophosphate lattice at a MgO/ Al2O3 molar ratio of 0.05 in 

the reaction gel does not lead to a noticeable change in 

morphology. The MAPSO-11(0.05) sample consists of ag-

gregates comparable in size to SAPO-11, formed by nano-

crystals with a size of ~50 nm. However, a further in-

crease in the magnesium content (MgO/Al2O3 = 0.10) pro-

motes the coarsening of primary crystals to 50–100 nm 

while preserving their shape (cubes and plates). Finally, 

for the MAPSO-11(0.2) sample with the maximum magne-

sium content, aggregates similar in size to MAPSO-

11(0.05) and MAPSO-11(0.1) are observed, but formed 

from significantly larger primary crystals (100–200 nm) 

having the shape of elongated prisms. 

It should be emphasized that for molecular sieves with 

the AEL structure, possessing a one-dimensional channel 

system, preferential crystal growth in the [001] direction 

is typical. In this case, the pore mouths can be located on 

different crystallographic facets depending on the synthe-

sis conditions. This feature often leads to the formation of 

crystals with a high aspect ratio, which creates prerequi-

sites for the emergence of additional diffusion limitations. 

In this regard, for one-dimensional channel zeolite-like 

materials, it is critically important to establish the crystal-

lographic orientation of the facets: the determining influ-

ence on molecular diffusion is exerted not only by the ab-

solute size of the crystals but also by their morphology, on 

which the spatial accessibility of the pore mouths depends. 

Figure 3 presents TEM images and Fast Fourier Trans-

form (FFT) patterns for the synthesized series of molecu-

lar sieves. 

According to the TEM data, the crystals of unmodified 

aluminophosphate AlPO4-11 have the shape of elongated 

prisms with a length of ~200–300 nm, which is in good 

agreement with the SEM results (Figure 2).  

The FFT pattern for the selected region corresponds to 

diffraction from a single crystal with an interplanar spac-

ing d = 0.942 nm, which is close to the theoretical value 

for the (010) plane (d = 0.935 nm).  

Consequently, in AlPO4-11 crystals, the one-

dimensional 10-membered ring (10R) channels open onto 

the end surfaces (tips) of the elongated prism. For the 

MAPO-11 sample, similar results were obtained, confirm-

ing the localization of the 1D-10R channel mouths at the 

prism tips. In turn, analysis of TEM images (Figure 3) of 

individual flat and cubic nanocrystals on the periphery of 

the aggregate of the SAPO-11 sample revealed an inter-

planar spacing d = 1.32 nm. 

 

Figure 3 TEM images and SAED patterns of molecular sieve samples with the AEL structure: (a) AlPO4-11 sample; (b) MAPO-11 sample; 

(c) SAPO-11 sample; (d) MAPSO-11(0.05) sample; (e) MAPSO-11(0.10) sample; (f) MAPSO-11(0.20) sample. 
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Figure 4 Schematic representation of the localization of 1D-10R channels within the crystal volume of molecular sieve samples with the 
AEL structure: (a) AlPO4-11 sample; (b) MAPO-11 sample; (c) SAPO-11 sample; (d) MAPSO-11(0.05) sample; (e) MAPSO-11(0.10) sample; 

(f) MAPSO-11(0.20) sample. 

The proximity of this value to d = 1.34 nm for the (100) 

plane suggests that, in this case, the one-dimensional 

channels are localized on the broad surfaces (facets) of the 

plates and cubes. A similar pattern is observed for MAPSO-

11(0.05), where the 1D-10R channels also open onto the 

surface of the platy and cubic nanocrystals. 

For the MAPSO-11(0.1) sample, a diffraction pattern 

with an interplanar spacing d = 0.942 nm ((010) plane) is 

recorded at the edge of the aggregate. This indicates that 

the 1D-10R channels are once again oriented along the 

long axis of the prism. For the MAPSO-11(0.2) sample, 

even more elongated prisms with a similar interplanar 

spacing d = 0.942 nm ((010) plane) are observed, indicat-

ing the localization of the 1D-10R channel mouths at the 

prism tips, as in the case of MAPSO-11(0.1). 

Figure 4 presents simplified schematic diagrams of the 

morphology of the synthesized molecular sieves with the 

AEL structure, based on the results of a comprehensive 

analysis of SEM and TEM data (including SAED/FFT dif-

fraction). These schemes clearly illustrate the different 

spatial localization of the one-dimensional channels rela-

tive to the external surface of the crystals. 

A comparison of the average crystal sizes of the alumi-

nophosphate group (AlPO4-11 and MAPO-11) with their 

silicon-containing analogues (SAPO-11 and MAPSO-11) re-

veals significant structural differences. It becomes evident 

that the actual length of the one-dimensional 10-

membered ring (10R) channels in the nanosized samples 

(SAPO-11 and MAPSO-11) is approximately 5–10 times 

smaller than in the macrocrystalline samples (AlPO4-11 

and MAPO-11). Such a substantial reduction in the diffu-

sion path length suggests a significant improvement in 

intrachannel mass transfer, as well as an increase in the 

spatial accessibility of the internal acid sites for reactant 

molecules. 

Textural characteristics of the synthesized samples 

were analyzed by low-temperature nitrogen adsorption-

desorption. Figure 5 shows the corresponding isotherms 

and pore size distribution curves, while Table 2 summa-

rizes the porous structure parameters. 

For all studied samples, type IV isotherms according to 

the IUPAC classification with a pronounced hysteresis loop 

are observed, which is a characteristic feature of micro-

mesoporous materials. The broad pore size distribution in 

the range from 2 to 30 nm confirms the formation of a 

developed mesopore system. 

From the obtained results, it can be seen that the sili-

con-containing molecular sieves are characterized by a 

larger mesopore volume (Vmeso) and external specific sur-

face area (SEXT) compared to the aluminophosphates 

AlPO4-11 and MAPO-11. This is due to the fact that the 

structure of these Si-containing materials is composed of 

nanocrystals of minimal size (50–100 nm). The void space 

between these nanoparticles forms intercrystalline meso-

porosity, and the small size of the primary crystals pro-

vides a developed external surface. 

For the MAPSO-11 series, increasing the magnesium 

content in the reaction gel leads to a regular decrease in 

mesopore volume and external surface area. As shown by 

SEM and TEM, this effect is directly related to the coarsen-

ing of primary crystals. Specifically, the crystals transition 

from nanoscale to larger forms. Thus, the MAPSO-11(0.05) 

sample, consisting of the smallest nanocrystals (~50 nm), 

possesses the maximum values of specific surface area and 

mesopore volume in this series. 

It is important to emphasize that the key role in the 

formation of such a hierarchical micro-mesoporous struc-

ture is played by the high reactivity of the aluminum pre-

cursor (aluminum isopropoxide) and the use of nanosized 

SiO2 sol. It is their application that promotes rapid nuclea-

tion and the formation of primary nanocrystals, whereas 

the use of conventional boehmite or coarse silicon sources 

typically leads to the formation of large micron-sized or 

submicron crystals [40–43]. 
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Figure 5 Nitrogen adsorption-desorption isotherms and pore size distributions for molecular sieve samples with the AEL structure:  

(a, aʹ) MAPO-11 sample; (b, bʹ) SAPO-11 sample; (c, cʹ) MAPSO-11(0.05) sample; (d, dʹ) MAPSO-11(0.10) sample; (e, eʹ) MAPSO-11(0.20) 

sample. 

Table 2 Porous structure parameters of the synthesized molecular 

sieve samples with the AEL structure. 

Sample SBET, 

m2/g 

SEXT,  

m2/g 

Vmicro, 

cm3/g 

Vmeso, 

cm3/g 

AlPO4-11 209 32 0.09 0.15 

MAPO-11 231 49 0.08 0.11 

SAPO-11 264 68 0.07 0.14 

MAPSO-11(0.05) 228 73 0.07 0.15 

MAPSO-11(0.10) 264 93 0.07 0.19 

MAPSO-11(0.20) 204 61 0.05 0.16 

SBET is the specific surface according to BET; SEXT is the external specific 

surface area; Vmicro is the specific volume of micropores; Vmeso is the 

specific volume of mesopores 

 

Thus, the results of the study demonstrate that the 

simultaneous use of highly reactive aluminum and silicon 

precursors represents an effective approach to the synthe-

sis of hierarchical molecular sieves. Moreover, varying the 

initial MgO/Al2O3 molar ratio serves as a convenient addi-

tional tool for fine-tuning the textural properties and po-

rous structure parameters of the target catalysts. 

It is known that the strength and concentration of 

Brønsted acid sites (BAS) in SAPO-n molecular sieves di-

rectly depend on the mechanism of silicon incorporation 

(substitution) into the aluminophosphate lattice [3]. For 

SAPO-n, two main mechanisms are generally accepted: 

SM2, which involves the isolated substitution of P+5 by Si+4 

with the formation of a Si(4Al) environment, and SM3, in 

which pairs of Al+3-P+5 are replaced by 2 Si+4, leading to 

the formation of "silicate islands" with Si(nSi, (4-n)Al) 

environments. The SM2 mechanism leads to the formation 

of the maximum number of BAS. In the case of the for-

mation of silicate islands (SM2+SM3 mechanism), BAS are 

generated only at their boundary with the aluminophos-

phate matrix, and these acid sites are presumed to possess 

greater strength [3,44]. 

To investigate the mechanisms of silicon incorporation 

in the synthesized MeAPSO-11 samples, 29Si MAS NMR 

spectroscopy was employed. Figure 6 presents the spectra, 

and Table 3 summarizes the results of their deconvolution. 

The spectra of all samples represent a broad resonance 

signal (from -80 to -120 ppm), which was deconvoluted 

into six Gaussian components. The signals at -91, -97, -

102, -106, and -112 ppm were assigned to silicon atoms in 

Si(4Al), Si(3Al, 1Si), Si(2Al, 2Si), Si(1Al, 3Si), and Si(4Si, 

0Al) environments, respectively, while the signal at -85 

ppm is associated with amorphous aluminosilicate frag-

ments [31,45–47]. 
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Figure 6 29Si MAS NMR spectra of Si-containing molecular sieve samples with the AEL structure: (a) SAPO-11 sample; (b) MAPSO-
11(0.05) sample; (c) MAPSO-11(0.1) sample; (d) MAPSO-11(0.2) sample. 

Table 3 Deconvolution results of the 29Si MAS NMR spectra for Si-containing molecular sieve samples with the AEL structure  

Sample 

Deconvolution, (%) 

−85 ppm 
Si (0Si, 4Al) 

−91 ppm 

Si (1Si, 3Al) 

−97 ppm 

Si (2Si,2Al) 

−102 ppm 

Si (3Si, 1Al), 

−107 ppm 

Si (4Si, 0Al), 

−112 ppm 

SAPO-11 27 37 19 9 6 2 

MAPSO -11(0.05) 19 37 19 11 9 5 

MAPSO -11(0.1) 18 38 17 14 8 5 

MAPSO -11(0.2) 15 25 20 17 12 11 

 

For the SAPO-11, MAPSO-11(0.05), and MAPSO-11(0.1) 

samples, signals in the range of –85 to –102 ppm predomi-

nate. This indicates primarily isolated incorporation of 

silicon into the crystal lattice. In contrast, the MAPSO-

11(0.2) sample shows signals mainly in the region of –106 

to –112 ppm, evidencing the prevalence of silicon in the 

form of silicate islands. This means that an increase in the 

magnesium content in the lattice leads to a change in the 

mechanism of silicon incorporation into the framework, 

and upon reaching a certain threshold concentration, it 

begins to hinder the isolated incorporation of silicon. This 

trend is explained by the fact that the incorporation of 

magnesium heteroatoms into the aluminophosphate 

framework is competitive in nature with respect to silicon 

and is strictly controlled by thermodynamic and electro-

static factors, which prevents further isolated incorpora-

tion of silicon. It is important to note that with an increase 

in the magnesium content, no decrease in the silicon con-

tent is observed; rather, the mechanism of its incorpora-

tion predominantly changes. 

The key characteristics of molecular sieves with the 

AEL structure that determine their catalytic activity are 

the nature and concentration of acid sites, as well as the 

specific one-dimensional pore system. The acidic proper-

ties of the synthesized molecular sieve samples were stud-

ied by temperature-programmed desorption of ammonia 

and IR spectroscopy of adsorbed pyridine (Figure 7, Table 

4). The obtained desorption profiles for all investigated 

materials are characterized by the presence of three broad 

regions corresponding to the removal of ammonia from 

acid sites of varying strength. The desorption peak maxi-

ma observed in the temperature regions around 200, 300, 

and 400 °C were assigned to weak, medium, and strong 

acid sites, respectively. 

The total content of acid sites varies significantly de-

pending on the elemental composition of the framework.  

The lowest value of the total acid site concentration is 

characteristic of the MAPO-11 sample. The SAPO-11 sample 

with a fixed SiO2/Al2O3 molar ratio demonstrates a higher 

total acid site content. Further simultaneous incorporation 

of magnesium in the MAPSO-11 series samples, with a 

fixed silicon content and varying magnesium amounts, 

promotes an even more substantial increase in the total 

acid site concentration. The maximum value of the total 

acid site content is observed for the MAPSO-11 sample 

with an MgO/Al2O3 molar ratio of 0.05, whereas the sam-

ples with ratios of 0.1 and 0.2 demonstrate somewhat 

lower total acid site concentrations. 

The formation of acid sites in the studied materials oc-

curs as a result of the incorporation of silicon and magne-

sium atoms into the aluminophosphate crystal lattice. Up-

on isomorphous substitution of phosphorus atoms by sili-

con and aluminum atoms by magnesium, a local charge 

imbalance arises, which is compensated by protons that 

act as Brønsted acid sites. In the MAPO-11 sample, acid 

sites are formed exclusively due to the incorporation of 
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magnesium. In the SAPO-11 sample, acidity is caused by 

the substitution of phosphorus atoms by silicon. In the 

MAPSO-11 sample series, the silicon content is fixed at a 

SiO2/Al2O3 ratio of 0.2, while the amount of magnesium 

varies from 0.05 to 0.2 in terms of the MgO/Al2O3 molar 

ratio. The higher acid site content in the MAPSO-11 sam-

ples compared to MAPO-11 and SAPO-11 is explained by the 

simultaneous presence of both types of substitution, which 

leads to an additive effect in the formation of acid sites. 

The MAPSO-11(0.05) sample demonstrates the maxi-

mum total amount of acid sites, which may indicate that 

the limit for magnesium incorporation into the crystal 

lattice has been reached. In the case of the MAPSO-11 sam-

ple with an MgO/Al2O3  molar ratio of 0.2, a limitation on 

the incorporation of magnesium into the framework struc-

ture is probably observed. Excess magnesium is incorpo-

rated into the crystal lattice less efficiently during the syn-

thesis process, which may lead to the formation of extra-

framework magnesium species or secondary phases that 

do not contribute to the acidity of the material. This ex-

plains the slight decrease in the total acid site content for 

the sample with the highest magnesium content 

(MgO/Al2O3 = 0.2) compared to the samples with a lower 

MgO/Al2O3 ratio. 

 
Figure 7 Temperature-programmed desorption of ammonia (TPD-

NH3) profiles and IR spectra of adsorbed pyridine (IR-Py) for acid 

molecular sieves with the AEL structure: (a) MAPO-11 sample; (b) 
SAPO-11 sample; (c) MAPSO-11(0.05) sample; (d) MAPSO-11(0.10) 

sample; (e) MAPSO-11(0.20) sample. 

The distribution of acid sites by strength also exhibits a 

dependence on the sample composition. The SAPO-11 sam-

ple possesses the lowest concentration of strong acid sites, 

whereas the introduction of magnesium into the MAPO-11 

structure leads to an increase in the number of strong 

sites. The highest values of strong acid site concentration 

are achieved for the MAPSO-11 series samples with an 

MgO/Al2O3 molar ratio of 0.1. The strength of the acid 

sites, estimated from the temperature of the ammonia 

desorption peak maximum, correlates with the data on the 

concentration of strong acid sites. The lowest desorption 

temperature is characteristic of the SAPO-11 sample (378 

°C), while the maximum value is observed for the MAPSO-

11(0.1) sample (397 °C). The obtained results are con-

sistent with literature data indicating that the substitution 

of aluminum atoms by magnesium leads to the formation 

of stronger acid sites compared to the substitution of 

phosphorus atoms by silicon [24,48], which is due to dif-

ferences in ionic radii and electronegativity. Magnesium 

fits better into the framework structure, providing greater 

polarizability of the oxygen bonds and flexibility of the T–

OH–T angles. 

To distinguish between different types of acid sites, the 

acidic properties of the molecular sieves were investigated 

by FTIR spectroscopy of adsorbed pyridine. The spectra 

exhibit absorption bands corresponding to pyridine inter-

acting with Brønsted and Lewis acid sites [49]. Bands at 

1638 and 1546 cm-1 are attributed to pyridinium ions, con-

firming the presence of Brønsted acid sites (BAS), while 

bands in the regions of 1612–1623 and 1449–1454 cm-1 cor-

respond to pyridine coordinatively bonded to Lewis acid 

sites (LAS). A band at 1490 cm-1, arising from contribu-

tions of both BAS and LAS, is observed in all samples. The 

precise positions of the LAS-related bands depend on the 

composition: for the Mg-containing MAPO-11 sample, they 

appear at 1612 and 1449 cm-1; for the Si-containing SAPO-

11 sample, they shift to 1623 and 1454 cm-1; and for 

MAPSO-11 series, a composite pattern with bands at 1623, 

1615, and 1451 cm-1 is recorded, reflecting the simultane-

ous presence of both substitution types. 

The lowest BAS concentration is observed for the pure-

ly Mg-substituted MAPO-11 sample (49 μmol/g), whereas 

the introduction of silicon in SAPO-11 raises this value to 

91 μmol/g. Co-substitution in the MAPSO-11 series further 

enhances Brønsted acidity, reaching a maximum of 109 

μmol/g for the sample with an MgO/Al2O3 ratio of 0.05. At 

higher magnesium loadings, the BAS concentration gradu-

ally decreases to 106 μmol/g for MAPSO-11(0.2) and 99 

μmol/g for MAPSO-11(0.1), which aligns with the proposed 

limit of efficient magnesium incorporation into the 

framework. SAPO-11 exhibits the lowest LAS concentration 

(19 μmol/g), which increases across the MAPSO-11 series 

to 28, 40, and 63 μmol/g for MgO/Al2O3 ratios of 0.05, 0.1, 

and 0.2, respectively. The purely magnesium-containing 

MAPO-11 sample shows the highest LAS concentration (64 

μmol/g).

https://doi.org/10.15826/chimtech.9774


Chimica Techno Acta 2026, vol. 13(2), No. 9774 ARTICLE 

 10 of 16 DOI: 10.15826/chimtech.9774  

Table 4 Concentrations of acid sites for molecular sieves with the AEL structure according to TPD-NH3 data. 

Sample Acidity by NH3 TPD, μmol/g Acidity by IR-Py, μmol/g 

Weaka Moderateb Strongc ∑ BASd LASd 

MAPO-11(0.1MgO) 99 93 51 243 49 64 

SAPO-11 185 145 23 353 91 19 

MAPSO-11(0.05) 327 220 83 630 106 28 

MAPSO-11(0.1) 295 205 103 603 109 40 

MAPSO-11(0.2) 219 190 97 506 99 63 
a The amount of ammonia desorbed in the range of 100-250 ° C. 
b The amount of ammonia desorbed in the range of 250-400 °C. 
c The amount of ammonia desorbed in the range of 400-600 ° C. 
d BAS is the Brønsted acid sites and LAS is the Lewis acid sites. 

 

These findings corroborate the NH3-TPD data and con-

firm that isomorphous substitution of phosphorus by sili-

con predominantly generates Brønsted sites, whereas 

magnesium incorporation favors the formation of Lewis 

sites, likely due to the generation of framework defects or 

extra-framework magnesium species.  

To evaluate the catalytic efficiency of the synthesized 

materials, Pt-containing (0.5 wt.%) catalysts based on 

acid molecular sieves were prepared by wetness impreg-

nation with an H2PtCl6  solution. Hydrogen chemisorption 

measurements revealed Pt dispersion values in a relatively 

narrow range of 25–31% across the catalyst series: 25% 

for Pt/MAPO-11, 26% for Pt/SAPO-11, 27% for Pt/MAPSO-

11(0.05), 29% for Pt/MAPSO-11(0.1), and 31% for 

Pt/MAPSO-11(0.2). According to previous studies, a plati-

num content of 0.5 wt.% is sufficient to provide a high 

dehydrogenation-hydrogenation function, as a result of 

which the acid-catalyzed transformation of hydrocarbons 

on the support becomes the rate-limiting step of the hy-

droisomerization process [50]. 

Catalytic tests (Figure 8, Table 5) revealed that the 

primary reaction products consist of mono- and dimethyl-

branched C16 alkane isomers. The monomethyl fraction 

comprises a broad distribution of methylpentadecanes, 

specifically 2-, 3-, 4-, 5-, 6-, 7-, and 8-methylpentadecanes, 

along with 2- and 3-ethyltetradecanes. Additionally, a 

wide variety of dimethyltetradecane isomers are formed. 

Common trends were observed for all catalysts samples: 

with increasing temperature, the conversion of n-

hexadecane increased, but the selectivity towards isomers 

decreased due to enhanced side reactions of hydrocrack-

ing. At low conversions, monomethyl-branched isomers 

dominate, consistent with pore mouth and key-lock selec-

tivity (PMKLS) that favors less bulky transition states at 

the AEL channel entrances [51].  As conversion increases, 

these primary monomethyl intermediates undergo sec-

ondary isomerization, leading to a progressive rise in di-

methyltetradecane concentrations. The accumulation of 

multi-branched species shifts the free-energy minimum 

toward β-scission pathways, making hydrocracking kinet-

ically dominant at maximum conversion and ultimately 

reducing isomer selectivity. 

The most effective in the studied series proved to be 

the Pt/MAPSO-11(0.1) sample, which demonstrated the 

most activity and selectivity with a maximum isomer yield 

of about 82%. The unique catalytic properties of this sam-

ple are determined by three key factors: a high concentra-

tion of strong BAS, an optimal primary nanocrystal size 

(50–100 nm), and a developed secondary mesoporous 

structure. The hierarchical pore system facilitates the 

transport of bulky reactant and product molecules, criti-

cally reducing the residence time of branched carbocation-

ic intermediates in the microporous channels, while the 

strong acid sites enable isomerization to proceed at re-

duced temperatures. Collectively, this effectively sup-

presses β-scission (hydrocracking) reactions, which lead 

to the formation of undesirable light hydrocarbons. 

Pt/MAPSO-11(0.05), despite exhibiting a comparable 

nanocrystalline size (50–100 nm), yielded 78% isomers 

due to its lower acid site density, reduced specific surface 

area, and diminished mesopore volume. Pt/SAPO-11 dis-

played the lowest activity, a consequence of its minimal 

concentration of strong acid sites, yet maintained a rela-

tively high maximum yield (80%) owing to favorable crys-

tal dimensions (50-100 нм). 

Table 5 Results of n-C16 hydroisomerization at 3.0 MPa, 290 °C, WHSV 2.0 h-1, and H2/n-C16 =10 

 Pt/MAPO-11 Pt/SAPO-11 Pt/MAPSO-11 (0.05) Pt/MAPSO-11(0.1) Pt/MAPSO-11 (0.2) 

Conversion, wt. % 89.6 62.8 92.5 97.4 98.3 

S∑a, % 78.8 93.2 86.7 84.6 78.2 

SMBa, % 30.8 77.5 50.7 44.9 23.8 

SMTBa, % 48.0 15.7 36.0 39.7 54.4 

3-mC15, wt. % 5.7 13.2 8.9 8.0 4.4 
2-mC15, wt. % 5.4 13.3 8.1 7.1 4.4 

4-mC15, wt. % 5.7 9.9 8.2 7.5 4.5 

5-mC15, wt. % 8.1 12.5 8.4 6.3 4.5 

∑6–8-mC15, wt. % 14.2 34.3 25.0 24.1 12.6 
MTB-C16

b, wt. % 60.9 16.8 41.5 47.0 69.6 
a S∑, SMB, and SMTB correspond to the selectivity of total C16H34 isomers, monobranched C16H34 isomers, and multibranched C16H34 isomers respectively 
b MTB-C16 denotes the multi-branched i-C16 isomers. 
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Figure 8. Results of n-hexadecane hydroisomerization over Pt-containing molecular sieve samples with the AEL structure. 

Table 6 Catalytic performance comparison of different catalysts in hydroisomerization of n-hexadecane. 

Catalyst Conditions n-C16 conversion, % i-C16 yield, % Ref. 

Pt/MAPSO-11(0.1) 290 °C, 2.0 h−1, 3.0 MPa, H2/n-C16 molar ratio of 10 97 82 This work 

Pt/SAPO-11-S1 340 °C, 8 h−1, 2 MPa 90 87 [52] 

Pt/SAPO-11 340 °C, 1.0h−1, 1.5 MPa H2/n-C16 volume ratio of 1000 82 71 [53] 

Pt/SAPO-11-S 295 °C, 1.0 h–1, 6 MPa, H2/n-C16 molar ratio of 15 86 80 [54] 
Pt (EG)/SAPO-11 300 °C, H2/n-C16 molar ratio of 44 35 33 [55] 

 

Conversely, Pt/MAPO-11, characterized by significantly 

larger primary crystals (100–500 nm) and a moderate acid 

site concentration, showed intermediate activity but the 

lowest maximum isomer yield (70%), as diffusion limita-

tions promote hydrocracking. 

The sample with an excessive magnesium content, 

Pt/MAPSO-11(0.2), exhibited a noticeable decrease in both 

activity and selectivity. As was shown in the sections de-

voted to physicochemical properties, this is explained by 

the formation of the largest primary crystals (100–200 

nm) and a decrease in the overall crystallinity degree of 

the framework, which weakens the molecular sieving ef-

fect. 

Furthermore, the coarsening of crystals to microcrys-

talline dimensions inevitably enhances diffusion limita-

tions, which proportionally increases the contact time of 

molecules with the acid sites and stimulates the occur-

rence of side hydrocracking reactions. The maximum iso-

C16 yield achieved over the Pt/MAPSO-11(0.1) catalyst is 

close to, and in some cases exceeds, the values reported in 

the literature for analogous bifunctional systems (Table 

6), while being obtained at a relatively lower reaction 

temperature (290 °C). 

3. Materials and methods 

3.1. Synthesis of molecular sieves with the AEL 

structure 

Molecular sieves of the AEL structure type were synthe-

sized by hydrothermal crystallization. The molar composi-

tion of the initial gel corresponded to the following ratio: 

1.0Al2O3: 1.0P2O5:xMgO:ySiO2:1.0DPA:40H2O, where the 

parameter x was varied at 0.05, 0.1, or 0.2, and y was set 

to 0.2 for the silicon-containing systems. The following 

precursors were employed: orthophosphoric acid (H3PO4, 

85%, Reakhim) as the phosphorus source, aluminum iso-

propoxide (Al(OPr)3, 98%, Acros Organics) as the alumi-

num source, and diisopropylamine (DIPA, C6H15N, 99%, 

Acros Organics) serving as the structure-directing agent 

(template). Silicon was introduced into the system in the 

form of a silica sol (SiO2), which was preliminarily pre-

pared by the sol-gel method and characterized by an aver-

age particle size of approximately 3 nm [56]. The source of 

magnesium was magnesium nitrate hexahydrate 

(Mg(NO3)2*6H2O, 99%, Acros Organics). 
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A typical synthesis procedure included the following 

steps. At the first stage, 10.0 g of orthophosphoric acid 

was diluted with 15.0 g of distilled water, after which 4.4 

g of diisopropylamine was introduced into the solution 

under intensive stirring, maintaining the homogenization 

of the suspension for 1 h. Then, 17.7 g of aluminum iso-

propoxide was added portionwise to the resulting mixture, 

with continuous stirring maintained. Upon achieving ho-

mogeneity of the aluminophosphate gel, calculated 

amounts of silicon and/or magnesium precursors were 

introduced into the reaction medium, depending on the 

desired composition of the target product. The mixture 

was additionally stirred for 1 h and then subjected to pre-

liminary aging at a temperature of 50 °C for 24 h. This 

stage was critically important for suppressing the for-

mation of the concomitant non-porous tridymite phase. 

The gel prepared in this manner was transferred into a 

steel autoclave equipped with a Teflon liner, where hydro-

thermal crystallization was carried out at 200 °C for 24 h. 

Upon completion of the crystallization process, the au-

toclave was cooled to room temperature. The formed solid 

product was separated by centrifugation and subjected to 

repeated washing with distilled water until the washings 

reached a neutral pH. The purified precipitate was dried at 

90 °C for 24 h. Depending on the chemical composition of 

the initial gel, the synthesized materials were classified as 

MAPO-11, SAPO-11, and a series of MAPSO-11(x), where the 

value in parentheses reflects the specified MgO/Al2O3 mo-

lar ratio in the reaction mixture. 

3.2. Physicochemical characterization methods 

The chemical composition of the reaction gels and synthe-

sized materials was determined by X-ray fluorescence 

analysis (XRF) using a Shimadzu EDX-7000P spectrometer 

with the fundamental parameters method. 

The phase composition of uncalcined samples was in-

vestigated by X-ray diffraction (XRD) on a Shimadzu XRD-

7000 powder diffractometer using CuKα radiation (λ = 

1.5406 Å). Diffraction patterns were recorded in the 2θ 

angle range from 5° to 40° with a scanning rate of 1°/min. 

Identification of crystalline phases was performed by 

comparing the obtained data with the PDF-2 database. The 

crystallinity degree of the samples was assessed using 

Shimadzu XRD Crystallinity software as the ratio of the 

total integral intensity of the characteristic diffraction 

peaks to the intensity of the amorphous halo in the angu-

lar range of 20–30° on the 2θ scale. 

Morphology and crystal sizes were studied using scan-

ning electron microscopy (SEM) on a Hitachi Regulus 

SU8220 field-emission electron microscope. Image regis-

tration was performed in secondary electron detection 

mode at an accelerating voltage of 2 kV. 

For a more detailed analysis of the microstructure (us-

ing the SAPO-11 system as an example), transmission elec-

tron microscopy (TEM) and high-resolution TEM (HRTEM) 

were employed. The investigations were carried out on 

Hitachi HT7700 (accelerating voltage 100 kV) and Thermo 

Fisher Scientific ThemisZ (200 kV) microscopes. The in-

terplanar spacings were calculated based on the analysis 

of micrographs using the Fast Fourier Transform (FFT) 

algorithm. 

The local coordination environment of silicon atoms 

was investigated by magic angle spinning nuclear magnet-

ic resonance spectroscopy on 29Si nuclei (29Si MAS NMR). 

The spectra were recorded on a Bruker Avance-400 spec-

trometer (magnetic field induction 9.4 T) at a resonance 

frequency of 79.49 MHz using a 4-mm H/X MAS probe. To 

enhance the sensitivity of the method, cross-polarization 

(CP/MAS) was employed with a RAMP pulse sequence 

(amplitude variation on protons from 70 to 100%) at a 

contact time of 3 ms. Heteronuclear dipole-dipole interac-

tions were suppressed using SW-TPPM proton decoupling. 

The duration of the 90° radiofrequency pulse for 1H was 

2.5 μs, and the relaxation delay was 10 s. Spectra were 

obtained by accumulating from 8000 to 13000 free induc-

tion decays at a rotor spinning rate of 8 kHz. The chemical 

shift scale was calibrated with respect to an external 

standard — tetramethylsilane (0 ppm). Deconvolution of 

complex spectral contours was performed using the Dmfit 

software package. 

Textural characteristics of the porous materials were 

determined by low-temperature (77 K) physical adsorption 

of nitrogen using an Altamira Instruments QUICK-200 

automatic analyzer. Preliminarily, the samples were sub-

jected to oxidative thermal treatment in air at 600 °C for 6 

h. The specific surface area was calculated by the mul-

tipoint Brunauer–Emmett–Teller (BET) method. The mi-

cropore volume was estimated using the t-plot method, 

while the mesopore size distribution was calculated within 

the framework of the Barrett–Joyner–Halenda (BJH) model 

based on the desorption branch of the isotherm. 

The acidic properties of the catalysts were studied in 

detail by temperature-programmed desorption of ammo-

nia (TPD-NH3) and infrared spectroscopy of adsorbed pyr-

idine. The total acidity and the distribution of acid sites by 

strength were evaluated using TPD-NH3 on an Altamira 

AMI-400TPx chemisorption analyzer. Before analysis, the 

samples were calcined in a helium flow at 600 °C for 4 h. 

Saturation of the surface with ammonia was carried out 

from a gas mixture (10 vol.% NH3 in He) at 100 °C for 30 

min, followed by purging with pure helium at the same 

temperature to remove physically adsorbed molecules. 

Desorption was recorded with a thermal conductivity de-

tector in the temperature range from 100 to 600 °C at a 

linear heating rate of 10 °C/min. 

Quantitative differentiation of Brønsted (BAS) and 

Lewis (LAS) acid sites was performed using a Bruker Ver-

tex-70V FTIR spectrometer equipped with a DTGS detector 

in the spectral range of 4000–400 cm-1 with an optical 

resolution of 4 cm-1. Samples, pressed into self-supporting 

wafers (diameter 20 mm, mass 15–20 mg), were placed in 

a specialized vacuum thermal cell with CaF2 windows and 
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evacuated under vacuum (10-3 mbar) at 450 °C for 1 h. 

Adsorption of pyridine vapor was carried out at 150 °C for 

30 minutes, after which the excess reagent was evacuated 

at the same temperature for 30 minutes. The concentra-

tions of BAS and LAS were calculated by integrating the 

areas of the characteristic absorption bands corresponding 

to the pyridinium ion (PyH+, ~1545 cm-1) and coordinative-

ly bound pyridine (PyL, ~1449-1454 cm-1), using standard-

ized molar extinction coefficients [49]. 

Additionally, to evaluate the platinum dispersion and 

the average size of metal particles in the pre-reduced cata-

lysts, pulse hydrogen chemisorption was performed on an 

Altamira AMI-400TPx setup, assuming an adsorption stoi-

chiometry of H/Pt = 1. 

3.3. Preparation and characterization of bifunc-

tional catalysts 

To form bifunctional catalytic systems based on acid mo-

lecular sieves with the AEL structure, the synthesized sup-

ports were preliminarily subjected to oxidative thermal 

treatment in air at 600 °C for 6 h. Introduction of the me-

tallic function to obtain catalysts with a composition of 0.5 

wt.% Pt/SAPO-11 was carried out by incipient wetness 

impregnation of the support. An aqueous solution of chlo-

roplatinic acid (H2PtCl6·6H2O) was used as the precursor 

of the active component. Upon completion of impregna-

tion, the wet samples were dried at 100 °C for 24 h, fol-

lowed by calcination in an air flow at 550 °C for 5 h for 

complete thermal decomposition of the platinum complex. 

The final stage of preparation consisted of catalyst activa-

tion, which was performed by their reduction in a dynamic 

hydrogen flow at 400 °C for 5 h immediately prior to the 

start of catalytic testing. 

3.4. Catalytic testing in the n-hexadecane hydroi-

somerization reaction 

The catalytic properties of the synthesized bifunctional 

systems were studied in the model reaction of n-

hexadecane (C16H34, 98%) hydroisomerization. The pro-

cess was carried out in a flow catalytic unit with a fixed 

catalyst bed in a stainless steel reactor at an operating 

pressure of 3.0 MPa. The tests were conducted in the tem-

perature range from 270 to 340 °C. The flow rate of hexa-

decane was 0.1 ml/min. During the experiments, a con-

stant hydrogen-to-hydrocarbon molar ratio (H2/C16H34) of 

10 was maintained, while the weight hourly space velocity 

(WHSV) of the feed was 2 h-1. Prior to data acquisition at 

each temperature, the system was allowed to stabilize for 

3 h to ensure steady-state conditions. Steady state was 

confirmed when the variation in n-hexadecane conversion 

was within ±1% over two consecutive analyses (interval: 

30 min). 

The analysis of the liquid reaction mixture composition 

was performed using a Chromatek-Crystal 5000 gas 

chromatograph equipped with a flame ionization detector 

(FID) and a capillary column (50 m × 0.2 mm) containing 

cross-linked dimethylpolysiloxane as the stationary phase. 

Gaseous products were analyzed using a Meta-Chrom 

Crystallux-4000M chromatograph equipped with a ther-

mal conductivity detector and a capillary column (50 m × 

0.32 mm) with a Al2O3/KCl phase. The main catalytic per-

formance indicators, including the total conversion of n-

hexadecane, the selectivity towards target products, and 

the yield of isomeric hydrocarbons, were quantitatively 

calculated based on the mathematical processing of the 

areas of the corresponding chromatographic peaks. 

4. Limitations 

This section outlines encountered difficulties and potential 

solutions. Despite successfully developing a template-free 

synthesis for hierarchical MAPSO-11 molecular sieves, sev-

eral limitations remain: 

- Incomplete Heteroatom incorporation and crystallini-

ty Loss: Magnesium and silicon incorporation into the 

framework is incomplete due to kinetic and thermodynam-

ic limitations. Moreover, increasing the initial MgO/Al2O3 

ratio to 0.2 causes lattice distortions, partial amorphiza-

tion (crystallinity drops to 85%), and decreased catalytic 

performance due to crystal coarsening. Possible Solution: 

future studies should fine-tune hydrothermal crystalliza-

tion parameters (e.g., pH, time, temperature) or explore 

alternative precursors to maximize incorporation efficien-

cy while preserving structural integrity and nanoscale 

morphology. 

- Dependence on specific precursors: forming the hier-

archical micro-mesoporous structure heavily relies on 

highly reactive aluminum isopropoxide and a specific na-

nosized SiO2 sol (~3 nm). While avoiding costly organic 

templates, procuring these precursors might present eco-

nomic and logistical challenges for large-scale industrial 

manufacturing. Possible solution: future research could 

evaluate substituting these chemicals with more cost-

effective, commercially available alternatives that main-

tain crystal growth inhibition, or optimize the sol-gel 

preparation step for easier scaling. 

- Use of a model reaction feedstock: Catalytic efficiency 

was evaluated using pure n-hexadecane. While providing 

fundamental insights into hydroisomerization, real indus-

trial feedstocks for isodewaxing contain complex heavy 

hydrocarbon mixtures and potential catalytic poisons (e.g., 

sulfur or nitrogen compounds). Possible Solution: To facil-

itate industrial implementation, future testing should use 

real petroleum feedstocks under industrially relevant con-

ditions to comprehensively assess the catalyst's long-term 

stability, deactivation rates, and regenerability. 

5. Conclusions 

In the present work, an efficient and environmentally be-

nign method for the hydrothermal synthesis of hierar-

chical bifunctional Pt/MAPSO-11 molecular sieves with the 
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AEL structure type has been proposed. An important ad-

vantage of this approach is the complete avoidance of ex-

pensive secondary pore-forming templates and organic 

crystal growth modifiers, which significantly reduces the 

environmental burden of the process. 

Based on a comprehensive set of physicochemical char-

acterization methods, it has been established that the use 

of a highly reactive aluminum precursor (isopropoxide) in 

combination with nanosized SiO2 sol acts as a key factor in 

inhibiting crystal growth. This enables the formation of 

primary MAPSO-11 nanocrystals of 50–100 nm in size (in 

the form of plates and cubes) with developed intercrystal-

line mesoporosity. As a result, the effective length of the 

one-dimensional 10-membered ring diffusion channels is 

reduced by a factor of 5–10 compared to conventional mi-

crocrystalline samples, which radically improves the 

transport characteristics of the synthesized material. 

Furthermore, along with targeted morphological con-

trol, the isomorphous substitution of framework atoms by 

magnesium and silicon exerts a synergistic effect on the 

acidic properties. While silicon generates predominantly 

acid sites of moderate strength, the introduction of mag-

nesium (up to the attainment of the optimal MgO/Al2O3 

molar ratio of 0.1) leads to the formation of a high concen-

tration of strong Brønsted acid sites. 

Catalytic testing of the synthesized materials in the 

model reaction of n-hexadecane hydroisomerization fully 

confirmed the effectiveness of the proposed approach. The 

best performance was demonstrated by the Pt/MAPSO-

11(0.1) bifunctional catalyst, which enabled achieving a 

maximum yield of target C16 isomers of approximately 

82% at a reduced temperature (290 °C). 

Such high catalytic efficiency is due to a comprehen-

sive synergistic effect. Strong Brønsted acid sites ensure 

that the isomerization reaction proceeds at lower temper-

atures, reducing energy consumption, while the hierar-

chical nanocrystalline structure minimizes intradiffusion 

limitations. The reduced residence time of bulky branched 

intermediates within the pore system effectively prevents 

the occurrence of secondary side hydrocracking reactions. 

Thus, the developed approach to the synthesis of na-

nosized Pt/MAPSO-11 represents a promising strategy for 

the design of highly efficient and selective industrial cata-

lysts for isodewaxing processes aimed at producing low-

pour-point winter fuels and oils. 
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