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Abstract

Aluminum-doped mesoporous silica materials SBA-15, MCM-41, and MCM-48 were
synthesized by direct incorporation and then investigated for gas-phase oligomerization of
propylene at temperatures 433-503K and 5 atm pressure. The synthesis method aimed to create
aluminum-based active centers suitable for catalytic processes. The resulting samples were
characterized using X-ray diffraction (XRD), nitrogen adsorption—desorption (BET), Fourier
transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). Results
indicated that aluminum incorporated during synthesis is homogeneously distributed within the
silica framework, and the synthesized materials possess unique structural characteristics,
including a large specific surface area, high pore volume, and tunable pore sizes within the
mesoporous range of 2 to 50 nm. Catalytic tests showed that propylene conversion and
productivity increase with temperature following Arrhenius behavior (Ea, app = 39 — 55
kJ/mol), while flow rate experiments indicated negligible external diffusion limitations. Time-
on-stream analysis revealed progressive deactivation due to pore blocking by heavier oligomers.
Among the studied catalysts, AI-SBA-15 exhibited the highest conversion, superior selectivity
toward heavier products (C10-C12+) and improved stability, highlighting the critical role of
pore size and connectivity in controlling activity and selectivity during propylene
oligomerization.

Keywords: Al-SBA-15; AI-MCM-41; AI-MCM-48; incorporation; oligomerization;
propylene.



1. Introduction

Catalytic materials play an important role in industrial processes, providing efficient methods for
transforming raw materials into valuable products. Among the various types of catalysts, mesoporous
materials, particularly those based on silica and alumina, are gaining a lot of interest as they possess a large
number of exceptional properties, such as high thermal stability with the capability of having a high surface
area and adjustable pore design. MCM-41 materials containing aluminum, which include AI-MCM-41, Al-
MCM-48, and Al-SBA-15, are inexpensive and have the capability of advanced biomass conversion,
hydrotreatment, isomerization, adsorption, and many other catalytic applications. The processes are feasible
because of their well-defined mesostructural arrangement, large pore capacity, and the presence of active metal
sites. Additionally, the incorporation of aluminum into the silica framework introduces Bronsted and Lewis
acid sites, which significantly enhance their catalytic activity [1-10].

The method of synthesis is one of the aspects that greatly influences the texture and the surface
characteristics of the materials. Mesoporous silica materials are usually prepared by the use of templating
materials, while aluminum is added using the hydrothermal method, sol-gel, impregnation, or direct
incorporation. These methods enable the tailoring of pore size, surface acidity, and general mesostructural
compliance to specific needs [11-13]. For example, it is possible to obtain highly ordered mesoporous
structures with large surface areas by hydrothermal synthesis [14], whereas direct incorporation more often
yields a uniform distribution of aluminum in silica matrix, which improves the stability and catalytic activity
of the material [15-18].

Incorporation of aluminum into the silica matrix is especially useful in relation to catalytic processes
since it changes the textural properties such as pore size, volume, surface area, and surface acidity. The ratio
Si/Al is critical in determining these properties as it decides how much aluminum is present and in what
amounts and whether the resulting material has good acidity and high catalytic activity [19, 20]. According to
Locus R. et al., alkaline activation of AI-MCM-41 via 0.05 M NaOH results in an effective acidic material
due to the transformation of octahedral Al into tetrahedral accessible Al and incorporating formerly
inaccessible Al from the pore walls towards the surface. The process also facilitates the formation of
interconnected mesopores with an estimated size between 3 and 12 nm while retaining particle structure. This
process further fourfold the catalytic activity of the particle, especially in conducting acid-catalyzed reactions
such as the alkylation of toluene [7].

The structural characteristics of AI-MCM-41, AI-MCM-48, and AI-SBA-15 are also influenced by

diverse synthesis techniques. These materials are dissimilar in terms of pore symmetry and pore size, thus



altering the distribution of active sites as well as the resultant catalytic performance. As an instance, Sari
Yilmaz M. et al. synthesized MCM-41 by classical and ultrasound methods, finding that the ultrasound method
created lower surface area materials than expected. The Sr** adsorption on MCM-41 was pH dependent, where
the most Sr** ions were adsorbed at a pH of 5, while the material had pseudo-second-order kinetics. This
phenomenon makes it clear how suitable the material is for aqueous ion removal applications [21]. As
previously stated, Prabhu A. et al. demonstrated that A1-SBA-15 catalysts formed using ultrasonic procedures
are superior to those formed via hydrothermal techniques. These catalysts achieved 70% ecthylbenzene
conversion and 82% para-tert-butylethylbenzene selectivity. This remarkable achievement was made possible
due to the higher aluminium incorporation along with improved mesoporous structure. This study focuses on
the critical role that synthesis methods play in customizing mesoporous materials for specific catalytic and
adsorption applications as well [18].

This study examines how incorporating aluminum either during material formation or through post-
synthetic modification influences the structural and textural features of mesoporous silicas, specifically MCM-
41, MCM-48, and SBA-15, with an aluminum content of 3 wt. %. The samples were produced via a sol-gel
route and evaluated using several analytical tools, including FTIR spectroscopy, XRD, SEM coupled with
EDS, nitrogen sorption measurements (BET), and thermogravimetric analysis. The results demonstrate that
the selected preparation pathway significantly influences the final material properties. Additionally, the study
examines how the resulting textural and morphological characteristics affect catalytic performance in the gas-
phase oligomerization of propene, showing that pore architecture plays a decisive role in determining activity,
selectivity towards heavier oligomers, and catalyst stability under reaction conditions. Beyond comparative
materials characterization, this study provides valuable mechanistic insight into how aluminum incorporation
and mesopore topology jointly govern activity, product distribution and deactivation, thereby offering a robust

foundation for the development of next-generation catalyst for propylene oligomerization.

2. Experimental

2.1. Materials and Reagents

AI-MCM-41 and AI-MCM-48 molecular sieves were synthesized using tetraethyl orthosilicate
(TEOS, 99%) as the silica source, cetyltrimethylammonium bromide (CTAB, 99%) as the structure-directing
agent, absolute ethanol (99.5%), ammonium hydroxide (NHsOH, 29% w/w), and deionized water. All
chemicals were obtained from Sigma-Aldrich Chemical Co. For AlI-SBA-15 synthesis, tetraethyl orthosilicate

(99%), the triblock copolymer PEG-PPG-PEG (Pluronic P123; Mw ~ 5800), hydrochloric acid (HCI, 35%),



and deionized water were used, also sourced from Sigma-Aldrich Chemical Co. Aluminum chloride

(AICIs-6H20) was purchased from Carl Roth GmbH.

2.2. Synthesis of Al-doped molecular sieves

Al-doped MCM-41, MCM-48, and SBA-14 were prepared following a method documented in the
literature, which was also utilized in our earlier studies regarding various applications of these molecular
sieves [22-27]. The aluminum precursor employed was AlICls-6H20. A solution was made by dissolving 6 g
of the compound in distilled water, which was then utilized in the synthesis processes similar to those carried
out in our previous study involving Ni as metal on mesoporous silicas [27]. All the procedure steps were the
same as reported before. The percent of aluminum incorporated in the silicas was 3%.

2.3.Characterization techniques

The synthesized materials' structural and chemical properties were assessed using powder X-ray
diffraction (XRD) conducted with a Bruker D8 Advance diffractometer (Karlsruhe, Germany) set up in 6—60
geometry. Measurements took place using Cu Ka radiation (A = 1.5418A) at 40 kV operating voltage and a
current of 40 mA. The diffraction spectra obtained were employed to evaluate the crystallographic phases,
extent of structural order, and elemental composition of the samples.

Textural characteristics, such as specific surface area, pore volume, and pore size distribution, were
assessed through nitrogen adsorption—desorption experiments at 77 K, conducted using a Quantachrome Nova
2200e analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). Before measurements, samples were
subjected to degassing in a vacuum at 150 °C for 3 hours. The Brunauer—Emmett—Teller (BET) theory was
utilized in the relative pressure range of 0.05 < p/po < 0.30 to determine surface areas, while pore size
distributions were obtained using the Barrett—Joyner—Halenda (BJH) method applied to the adsorption branch
of the isotherms. Data were analyzed using NovaWin software (Quantachrome, Boca Raton, FL, USA)

Thermal properties and stability were evaluated via thermogravimetric (TGA) and differential
thermogravimetric (DTG) analyses conducted with a Setaram Labsys Evo S60/58986 device (USA). The
analyses were conducted in an argon atmosphere ranging from 30 to 800 °C, maintaining a steady heating rate
of 10 °C/min.

The materials' morphology and particle characteristics were analyzed using scanning electron
microscopy (SEM) with a Thermo Fisher Scios 2 HiVac Dual-Beam FIB-SEM system (Brno, Czech

Republic), which provides high-resolution imaging to investigate particle shape, size, and surface texture.



Fourier transform infrared (FT-IR) spectroscopy was conducted using a Shimadzu IRTracer-100
device (Kyoto, Japan) across the spectral range of 400—4000 cm™. This evaluation allowed for the
identification of functional groups and confirmation of the silica frameworks' stability.

The products obtained during propylene oligomerization were analyzed by GC/MS and GC/FID.
GC/MS spectra were recorded with a 7890A Agilent with the NIST Library database for compound
identification with a DSQ mass detector. GC Method: Column HP-5 MS (L=30m, D=250 pm, d=0.25 um);
Oven Program: 40°C (hold 1 min), then 10°C/min to 220°C (hold 1 min); Carrier gas: He, Flow=1ml/min,
Injector Temp.: 200°C; Injection Volume: 1 pl; split 1:10. MS Method: QQQ Collision Cell: Quench Flow
Gas (He) = 2.2 ml/min; Collision Flow Gas (N») = 1.5 ml/min; Type of Source: EI; Electron Energy: 70eV;
Source Temp.: 230°C, Aux Temp.: 240°C; Scan Segment: 40-400; Type of Chromatogram: TIC
GC/FID spectra were recorded with a Varian CP-3800 GC. GC Method: Column DB-5 (L=30m, D=250 pum,
d=0.25 pm); Oven Program: 90°C (hold 1 min), then 10°C/min to 220°C (hold 1 min); Carrier gas: He,
Flow=1mL/min, Injector Type: CP-1177 Liquid Injector; Injector Temp.: 200°C; Injection Volume: 1 pl;
Injector Split Mode: split 1:10; FID Method: Detector temp: 300°C; Make-up Flow: 25 ml/min; H, Flow: 30
ml/min; Air Flow: 300 ml/min.

3. Results and Discussion

3.1. X-ray diffraction (XRD)

The low-angle X-ray diffraction (XRD) patterns and the crystallite size of the synthesized Al-doped
mesoporous molecular sieves MCM-41, MCM-48, and SBA-15 are presented in Figure 1. AI-MCM-41
showed three characteristic peaks at 20 = 2.64°, 3.10°, and 5.15° corresponding to the Miller indices (100),

(110), and (200) (Figure 1a).

70000

(100) @) —— AI-MCM-41 25000 | @11) () —— AI-MCM-48
60000 -
50000 20000 ~
2 2
g 40000 g
> > 15000
8 8
© 30000 - o
5 g
= £ 10000
= 20000 - A10) =
10000 5000 4
(200)
04
T T T T 0 T T T T
2 4 6 8 10 2 4 6 8 10

20 20



16000000

(100) ©) —— AI-SBA-15

14000000
12000000
10000000 ~

8000000 +

linear counts/s

6000000 +

4000000 +

2000000 +
(110)

0

0 2 4
20

Fig.1. Low-angle XRD patterns of (a) AI-MCM-4, (b) AI-MCM-48 and (c) AlI-SBA-15

The presence of three peaks for AI-MCM-41 indicates a highly ordered mesoporous structure with a
hexagonal pore array. AI-MCM-48 samples (Figure 1b) display one diffraction peak corresponding to (211)
reflections. The presence of only this peak indicates a partial or complete loss of long-range mesostructural
order, often associated with a collapse or distortion of its original cubic Ia3d symmetry. This behavior often
results from framework modification with aluminum or post-synthesis treatments, which reduce the contrast
between the pore walls and voids, leading to a poorly ordered or partially degraded mesoporous structure.

SBA-15 presents two distinctive peaks: a prominent peak at 20 = 0.305° and a weak peak at 20 =
1.03°. These peaks correspond to the (100) and (110) reflections, respectively, as illustrated in Figure 1c.

To further characterize the structural features, the Scherrer equation (1), was applied to estimate the size of
ordered mesostructural domains. It is important to note that, in the case of mesoporous materials, the low-
angle diffraction peaks arise from pore ordering rather than atomic-scale crystallinity. Therefore, the
calculated values should be interpreted as an approximate measure of the coherence length of the

mesostructural ordering rather than true crystallite sizes. The Scherrer equation is given by:

_ K
- B-cosO

LC

(1)

where:
LC is the mean size of the crystallites (nm),
K is the shape factor equal to 0.94,

M\ is the wavelength of the X-rays (1.54A),

0 is the Bragg angle (°),

B is the line broadening at half the maximum intensity peak (FWHM) in radians.



Table 1 displays the low angle XRD peak parameters and estimated mesostructural domain sizes of Al-Based
molecular sieves.

Table 1. Low-angle XRD peak parameters and estimated mesostructural domain sizes of Al-based molecular

sieves
Peak 1 Peak 2
Samples LC
20 FWHM LC 20 FWHM LC
Al-MCM-41 2.7 0.427 3.25 - - - 3.25
Al-MCM-48 2.78 0.228 6.43 - - - 6.43
Al-SBA-15 0.326 0.388 3.73 1.06 0.2 7.25 5.46

These values should be considered comparative rather than absolute, as the Scherrer approach
provides only an approximate estimation for mesostructured materials.

3.2. FT-IR investigations

Figure 2 shows the FT-IR spectra for AI-MCM-14, AI-MCM-48§, and Al-SBA-15 in the wavenumber
range of 4000 cm™! to 400 cm™'. Following modification with aluminum, the FT-IR spectra of AI-MCM-41,
Al-MCM-48, and Al-SBA-15 retained the same main silica absorption bands, indicating that neither the
incorporation nor the impregnation of aluminum significantly altered the silica framework. This result is
consistent with the one obtained in the previous work for Ni-molecular sieves [27]. However, a band near

1244 cm™ assigned to Si—O—Al vibrations suggests successful substitution of Si** by AI*" in the silica network.
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Fig. 2. FT-IR spectra of (a) AI-MCM-41, (b) AI-MCM-48 and (c) AI-SBA-15

3.3. N2 adsorption-desorption

The nitrogen adsorption/desorption isotherms of all Al-doped molecular sieves are presented in
Figure 3. After aluminum loading into the molecular sieves, the nitrogen adsorption—desorption isotherms for
Al-MCM-41 (Figure 3a), AI-MCM-48 (Figure 3b), and Al-SBA-15 (Figure 3¢) maintain a type IV profile.
A sharp increase in the volume of adsorbed nitrogen is observed at relative pressures (P/Po) between 0.2 and
0.4, indicating the presence of a highly uniform mesoporous structure. The H1-type hysteresis loop between
the adsorption and desorption branches further suggests cylindrical pore geometry and a narrow pore size

distribution. The pore size distribution exhibits a pronounced maximum in the 3—4 nm range, confirming the

uniformity of the pore system.
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For the AI-MCM-48 sample, the nitrogen adsorption isotherm exhibits the characteristics of a type
IV isotherm, typical of mesoporous materials. A gradual increase in the adsorbed nitrogen volume is observed
at relative pressures (P/Po) between 0.2 and 0.4, followed by a less pronounced inflection compared to Al-
MCM-41. This behavior reflects the cubic, three-dimensional pore structure of MCM-48. The presence of an
H2-type hysteresis loop is indicative of a complex, interconnected pore network. The pore size distribution
reveals a well-defined peak around 3 nm, confirming the uniformity of the three-dimensional mesoporous
framework.

For the Al1-SBA-15 sample, the nitrogen adsorption isotherm exhibits the characteristic features of a
type IV isotherm. A sharp increase in the volume of adsorbed nitrogen is observed at higher relative pressures
(P/Po = 0.6—0.8) compared to AI-MCM-41 and AI-MCM-48, reflecting the presence of larger pore sizes. The
pronounced Hl-type hysteresis loop is indicative of cylindrical pores with uniform dimensions and open
channels. The pore size distribution confirms this, showing a well-defined peak in the 6—7 nm range, which is
characteristic of the large, ordered mesopores typical of SBA-15. In table 2 are presented the pore diameter,

pore volume and surface area for the synthesized samples.



Table 2. Pore diameter, pore volume and surface area of AI-MCM-41, AI-MCM-48 and AI-SBA-15

Sample Sger (m*g) | Dp (nm) Vp (cm3g?)
Al-MCM-41 1437 2.26 1.25
AI-MCM-48 1454 2.26 0.83
Al-SBA-15 630 3.95 0.85

3.4. SEM-EDS investigations
SEM images of the Al-incorporated MCM-41 material (Figure 4a) show a collection of particles with
submicron dimensions and spherical shape. Their relatively uniform distribution and characteristic surface

texture confirm the successful synthesis of the aluminum-modified MCM-41 mesoporous material.
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Fig. 4. SEM images of (a) AI-MCM-41, (b) AI-MCM-48 and (c) AI-SBA-15

The Al-incorporated MCM-48 sample (Figure 4b) exhibits a relatively uniform morphology,
characterized by submicron-sized particles and a homogeneous distribution of agglomerates.

For the Al-incorporated SBA-15 sample (Figure 4c), SEM images reveal a structure composed of
particles with uniform morphology, forming compact agglomerates of relatively homogeneous size. The
surface texture indicates the preservation of the characteristic structural features of SBA-15-type materials,

suggesting the effective incorporation of aluminum into the mesoporous framework.



3.5. Thermogravimetric analysis with Derivative Thermogravimetry (TGA-dTG)

The TGA curve of the Al-incorporated MCM-41 sample (Figure 5a) displays a gradual mass loss
occurring in several stages. The initial mass loss below approximately 100 °C corresponds to desorption of
physically adsorbed water. A second mass-loss region appears between approximately 200 and 600 °C and is
associated with the removal of surface hydroxyl groups. The corresponding DTA signals exhibit endothermic
features. Above approximately 600°C, only minor weight changes occur, indicating that the material maintains
its structural integrity at elevated temperatures.

The TGA curve of the Al-incorporated MCM-48 sample (Figure 5b) reveals a multi-step thermal
degradation process. The first step, occurring up to approximately 100 °C, corresponds to the removal of
physisorbed water. This is followed by a gradual mass loss in the 200—-600 °C range, which is attributed to
surface dihydroxylation. The associated DTA curve confirms the endothermic nature of these transformations,

and the minimal mass loss at higher temperatures suggests the material possesses a stable framework and

thermally stable structure.
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Fig. 5. TGA and dTG (insets) thermograms of (a) AI-MCM-41, (b) AI-MCM-48 and (c) Al-SBA-15



The TGA curve of the Al-incorporated SBA-15 sample (Figure 5¢) reveals a multi-stage thermal
degradation process. The first mass loss, occurring up to approximately 150 °C, corresponds to the removal
of physisorbed water from the mesoporous structure. This is followed by a moderate mass loss in the 200-600
°C range, attributed to the surface dihydroxylation process. The accompanying DTA curve confirms the
endothermic nature of these transformations. The minimal mass loss at higher temperatures indicates the high
thermal stability and robust framework of the material.

A comprehensive characterization of an industrial catalyst used in olefin oligomerization was
performed using the same techniques as for the synthesized ones. These analyzes were aimed at elucidating
the structural disorder, mesoporosity and surface functionalities governing catalytic behavior.

The wide-angle XRD patterns (figure 6) does not show distinct diffraction peaks, displaying instead
a low and nearly constant intensity, indicating that the catalyst is predominantly amorphous or very poorly
crystalline. The support is most likely amorphous silica or poorly ordered y-Al203, commonly used in

industrial oligomerization catalysts.
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Fig. 6. XRD pattern for industrial oligomerization catalyst

The absence of diffraction peaks corresponding to metallic phases suggest that the active species are
highly dispersed or present as amorphous oxides which favor catalytic activity and selectivity in olefin

oligomerization.



Moving forward, the N2 adsorption-desorption isotherm (figure 7) corresponds to type IV (IUPAC),
characteristic of mesoporous materials. A pronounced adsorption step at P/PO = 0.6 — 0.8 and a plateau at high

relative pressures are observed.
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Fig. 7. N2 adsorption-desorption isotherms of industrial oligomerization catalyst and pore size distribution

curves (insets)

The hysteresis loop is of type H2, indicating disordered mesoporosity with a broad pore size
distribution. The pore size distribution is centered in the mesoporous range (5-20 nm), suggesting a high
specific surface area (~250-400 m2/g) and a significant pore volume (~0.4-0.6 cm3/g). These properties ensure
good accessibility and diffusion of reactants.

The TGA analysis (figure 8) shows two main weight loss regions. The first (30-150°C, ~ 1-2%)
corresponds to the removal of physically adsorbed water. The second (150-800°C, ~2-5%) is attributed to
gradual dehydroxylation of surface —OH groups. The absence of significant mass loss events indicates that the

catalyst is free of organic residues and thermally stable.
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The SEM images (figure 9) reveal irregular, porous agglomerates with rough surfaces and no well-
defined crystalline features, typical of amorphous aluminosilicates. The particles are aggregated at the
micrometer scale and exhibit a sponge-like morphology, consistent with mesoporosity. EDS mapping

confirms a homogeneous distribution of Si, Al and O within the material.
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Fig. 9. SEM images for industrial oligomerization catalyst

The FT-IR spectrum (figure 10) shows the characteristic features of an amorphous aluminosilicate.
Bands at ~418 cm-1 (Al-O), ~530 cm-1 (Si-O-Al), and ~1030 cm-1 (Si-O-Si / Si-O-Al) confirm the formation
of a Si-Al framework. The band at 1633 cm-1 is attributed to adsorbed water, while the broad band at 3000-
3800 cm-1 corresponds to surface hydroxyl groups. The absence of organic bands confirms the purity of the

catalyst.
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The industrial catalyst is an amorphous mesoporous aluminosilicate with high surface area, well-
developed porosity, and highly dispersed active species. These characteristics make it well-suited for olefin
oligomerization, providing good accessibility, stability and catalytic performance.

A comparison between the synthesized Al-based mesoporous materials (AlI-MCM-41, AI-MCM-48
and AI-SBA-15) and the industrial catalyst highlights significant differences in structural order, textural
properties, and potential catalytic behavior. The synthesized materials exhibits well-defined mesostructural
ordering, as confirmed by low-angle XRD, with AI-MCM-41 and Al-SBA-15 showing clear hexagon
arrangements and Al-MCM-48 displaying a partially preserved cubic structure. In contrast, the industrial
catalyst is full amorphous, lacking long-range structural order, as indicated by its XRD pattern. From a textural
perspective, the synthesized materials possess highly uniform and well-organized mesoporosity, with a narrow
pore size distributions and high specific surface areas, particularly in the case of AI-MCM-41 and AI-MCM-
48. Al-SBA-15, although having a lower surface area, exhibits larger and more accessible pores, which can
facilitate molecular diffusion. On the other hand, the industrial catalyst shows disordered mesoporosity with
a broader pore size distribution, which may lead to less controlled diffusion but improved tolerance to pore
blockage. Morphologically, SEM analysis reveals that the synthesized catalysts have more uniform particle
sizes and controlled structures, whereas the industrial catalyst consists of irregular, agglomerated particles
with a sponge-like texture, typical of amorphous aluminosilicates. In terms of thermal stability, all materials
demonstrate good resistance to high temperatures, however, the industrial one exhibits simpler thermal
behavior and high structural robustness, which is advantageous for long-term industrial operation.

Overall, the synthesized catalyst offers better structural control, higher uniformity and potentially
enhanced selectivity, while industrial catalyst provides greater structural stability, robustness and practical
applicability under industrial conditions. This highlights the trade-off between highly ordered mesostructures
(academic materials) and amorphous but durable industrial catalysts.

All these findings underscore the importance of tailoring the synthesis route to the intended catalytic
application. Aluminum-modified mesoporous materials that combine uniform acidity, accessible porosity, and
robust structure are promising candidates for olefin oligomerization, ensuring high catalytic activity,
selectivity, and durability under industrial operating conditions. For this reason, the following investigation

has examined the impact of catalyst textural properties on the oligomerization process of propene.



3.6. Influence of catalyst type on propylene oligomerization

The conversion of propylene was investigated over the synthesized AI-MCM-41, AI-MCM-48, and
Al-SBA-15 in a continuous fixed-bed reactor under identical operating conditions (5 barg, 1 g of catalyst),
different reaction temperatures, and different reaction times. The pilot plant (Figure 11) is mainly composed
of a propylene tank (99.5% purity supplied by Messer CANGas), a pressure reducer, a manual valve, two flow
meters, one reactor (with a volume of the reaction zone of 5.8 cm?), an electrical heater, a pressure indicator,
a cooling water heat exchanger, a flash drum, a flow controller system, a temperature controller system.

The conversion of propylene on the industrial catalyst (alumino-silica) was investigated in the same
fix-bed reactor under the same conditions as for the synthesized catalysts only the quantity of catalyst was
changed to 6,5 g and volume of the reaction zone increased to 9,8 cm3.

Several series of tests were performed to determine the optimum operating conditions, and the most
suitable results were obtained using 1g of catalyst, in the temperature range of 160 - 230°C, with a reaction
time of 1-3 h, with flow rates between 75 and 150 ml/min of propylene. As mentioned before the quantity of

industrial catalyst was 6,5 g.
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Fig. 11. Pilot plant for oligomerization of propylene

The catalytic performance was evaluated using the apparent rate of condensed liquid formation.



3.6.1.Influence of External Diffusion: Effect of Feed Flow Rate
To assess the possible influence of external mass transfer limitations, propylene oligomerization was
performed at 200°C and 5 barg for 3 h using 1 g of catalyst for synthesized one and 6,5 g for industrial one,

while varying the feed flow rate (75, 100 and 150 ml/min). Figure 12 shows the variation of total product vs.

feed flow rate.
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Fig. 12. Product variation with feed flow rate

For AI-MCM-48, the total mass of liquid product decreased with 12% when increasing the flow rate
from 75 to 150 ml/min. For AI-MCM-41, the total mass of liquid product decreased with 6%, and for AI-SBA-
15 with 8%. The industrial catalyst (alumino-silica) showed a decrease of 12% compared with AI-MCM-48.
The decrease in total liquid production with increasing flow rate is systematic for all catalysts. Increasing the
feed flow rate reduces the residence time of reactants in the catalytic bed. If strong external mass transfer
limitations were present, increasing the flow rate would significantly enhance the reaction rate due to improved
boundary layer transport. However, the experimental data show the opposite trend: productivity slightly
decreases with increasing flow rate. The relative variation between 75 and 150 ml/min remains below 12%
for all catalysts. Such modest dependence suggests that the reaction is not controlled by external film diffusion,

the external mass transfer limitations are negligible, and the reaction proceeds predominantly in the kinetic

regime.



At all flow rates, the activity order remains (Alumino-silica> Al-SBA-15 > AI-MCM-48 > AI-MCM-
41) independently of flow rate, further indicating that intrinsic catalyst properties (pore structure, acid site
accessibility, and diffusion inside the pore network) govern performance rather than external transport
limitations. The larger mesopores of AI-SBA-15 likely facilitate faster evacuation of oligomers, reducing pore
blockage and maintaining higher productivity. AI-MCM-48 benefits from its three-dimensional pore
connectivity, while AI-MCM-41, characterized by one-dimensional channels, shows the lowest productivity.

Since external mass transfer limitations appear negligible, differences in catalytic performance are
more plausibly associated with internal pore diffusion, product desorption limitations, and progressive pore

blocking by heavy oligomers (C12+).

3.6.2.Total liquid formation as an apparent kinetic descriptor

The propylene oligomerization was performed at temperatures between 160°C and 230°C, with a
duration of 3 hours for each experiment, at a flow of 100 ml/min propylene. The pressure didn’t have an
influence on the total product obtained, so the pressure was fixed at 5 barg.

Despite similar feed and pressure conditions, significant differences in liquid formation were
observed between the four catalysts, indicating a strong influence of pore architecture on the overall reaction
outcome. In particular AI-SBA-15 exhibits a pronounced increase in liquid yield compared to Al-MCM-48,
Al-MCM-41 similar to industrial one.

The apparent rate of liquid formation was calculated according to equation (2) and used as a global

kinetic proxy representative of gasoline-range hydrocarbon production.

my

Tlig = oy [8io/earh] b

ca

where:

Tiiq 1 the apparent rate of liquid formation,

myiq is the mass of collected liquid (g),

Mgy 1S the mass of catalyst used in reaction (g),

t is the time of reaction.



Table 3. Apparent rate of liquid formation

Catalyst T(°C) Tiq (' Zear ' "h")
Al-MCM-48 160 0,1067
Al-MCM-48 180 0,1867
Al-MCM-48 200 0,3267
Al-MCM-48 230 0,4767
Al-MCM-41 160 0,05
Al-MCM-41 180 0,1233
Al-MCM-41 200 0,2333
Al-MCM-41 230 0,4167
Al-SBA-15 160 0,1533
Al-SBA-15 180 0,34
Al-SBA-15 200 0,5967
Al-SBA-15 230 1,0167
Alumino-silica 160 0,1635
Alumino-silica 180 0,3354
Alumino-silica 200 0,5296
Alumino-silica 230 0,8162
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Fig. 13. Apparent liquid formation rate as function of temperature for AI-MCM-48, AI-MCM-41, Al-SBA-

15 and industrial catalyst



Rates were calculated from the total condensed liquid collected during 3 h on stream at 5 barg and
100 ml/min propylene feed.

Figure 13 shows the temperature dependence of the apparent liquid formation rate for the four
catalysts. At all temperatures, the activity order remained the same, with AI-SBA-15 having the highest
activity similar to the industrial one. The differences between catalyst becomes more pronounced at higher
temperatures. At 230°, AI-SBA-15 exhibits more than twice the apparent rate of AI-MCM-41. The superior
performance of AI-SBA-15 can be attributed to larger pore diameter, improved accessibility of acid sites and
lower susceptibility to pore blocking by heavy oligomers. AI-MCM-48 shows intermediate behavior, while
Al-MCM-41 displays the lowest apparent rates. The industrial catalyst shows, at lower temperatures, similar
rates compared with AI-SBA-15. At higher temperatures the apparent rate is lower with 20% than AI-MCM-
48, but above AI-MCM-48 and AI-MCM-41.

The monotonic increase of apparent rate with temperature suggests that, under the investigated
conditions, the reaction remains predominantly kinetically controlled within this temperature window. No
decrease in activity at high temperature was observed, indicating that catalyst deactivation or excessive

cracking does not dominate up to 230°C during the 3 h reaction period.

3.6.3.Apparent Arrhenius analysis
To further analyze the temperature dependence, an apparent Arrhenius treatment was applied using

the condensed liquid formation rate (3):

Eqq
ln(rll-q) = In(Agpp) — 22 3)

RXT

where:

Aqpp 1s the pre-exponential factor,

E., app 1s the apparent activation energy (kj/mol),
R is the gas constant equal to 8,314 J/mol - K,

T is the absolute temperature in K

Apparent Arrhenius plots of In(ryq) versus 1/T are presented in figure 14.
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Fig. 14. Arrhenius representation of the apparent liquid formation kinetics over AI-MCM-48, AI-MCM-41,

Al-SBA-15 and industrial catalyst

Linear trends were obtained over selected temperature intervals, allowing estimation of apparent

activation energies and pre-exponential factors (table 4).

Table 4. Apparent Arrhenius parameters

Catalyst Ea, app (kJ/mol) Aapp R?

Al-MCM-48 394 6,23E+03 0,977
Al-MCM-41 54,6 2,18E+05 0,977
Al-SBA-15 48,7 1,27E+05 0,979
Alumino-silica 41,2 1,69E+04 0,971

The apparent activation energies (E. app) and pre-exponential factors (Aapp) were obtained from liniear

regression of In(riiq) versus 1/T. Sincer riiq represents the rate of condensed liquid formation under near-




complete propylene conversion, the extracted Ea app values reflect an apparent kinetic barrier that incorporates
intrinsic reaction kinetics as well as transport and retention phenomena within the mesoporous network.

All catalyst show a clear Arrhenius-type dependence, with good linearity (R? = 0,97-0,98), indicating
that the reaction rate increases exponentially with temperature in the investigated range. The apparent
activation energies (39-55 kj/mol) fall within the typical range reported for acid-catalyzed olefin
oligomerization over mesoporous aluminosilicates.

The Arrhenius analysis confirms that propylene oligomerization over mesoporous aluminosilicates
is thermally activated within 160-230°C. The catalyst topology influences not only the absolute activity but
also the temperature sensitivity of the apparent rate.

The combination of higher productivity and moderate apparent activation energy makes Al-SBA-15

the most efficient catalyst under the investigated conditions.

3.6.4.Time-on-stream behavior and catalyst stability

The evolution of liquid formation with time-on-stream at 200°C is shown in figure 15.
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Fig. 15. Time-on-stream behavior at 200°C for AI-MCM-48, AI-MCM-41, Al-SBA-15 and industrial
catalyst
The evolution of condensed liquid production (either cumulative mass or apparent rate) was
monitored at 5 barg and constant propylene flow (100 ml/min).
All catalysts exhibit progressive deactivation (~65-70% activity loss). The most pronounced activity

drop occurs during the first hour, indicating rapid initial deactivation. The deactivation likely originates from



formation of heavy oligomers (C12+), progressive pore blockage, coke precursor deposition on strong acid

sites.

3.6.5. Product distribution

Detailed GC analysis was performed in order to estabilished the relative distribution of lumped

products families — C6 oligomers, C9 oligomers, and heavier products (C10-C12+).

Figure 16 presents the products distribution for each catalyst type.
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Fig. 16. Products distribution

Industrial catalyst shows the highest C6 selectivity (55-70%) and the C9 oligomers and heavier

products are similar.

Al-MCM-41 shows highest C6 selectivity (45-65%) and lowest heavy fraction (5-15%). Increasing

temperature shits distribution toward dimers, consistent with diffusion limitations in its 1D pore system.

AIl-MCM-48 exhibits intermediate behavior, with balanced C6/C9 formation and moderate heavy

product yield (7-20%), reflecting improved transport in the 3D pore network.

Al-SBA-15 maintains the highest heavy oligomer fraction (12-29%) at all temperatures and the

lowest C6 selectivity. Large mesopores facilitate extended chain growth and reduce pore plugging.




For all catalysts, increasing temperature shifts selectivity toward C6 and decreases heavy products,

indicating enhanced chain termination and B-scission at higher temperatures.

4. Conclusions

This work demonstrated that the incorporation of aluminum into the structure of mesoporous silica
materials has a significant impact on their structural, textural, and thermal properties. MCM-41, characterized
by a well-ordered hexagonal structure, was the most sensitive to the aluminum incorporation, which preserved
the structural regularity, surface area, and pore accessibility. AI-MCM-48 exhibited higher crystallinity,
uniform morphology, and improved thermal stability. The incorporation of aluminum into the ordered
structure of SBA-15 resulted in a more uniform distribution of Al species within the framework, better
preserving pore accessibility and stability.

Propylene oligomerization over mesoporous aluminosilicates is strongly governed by pore
architecture. External mass transfer limitations were negligible under the investigated conditions, and the
reaction exhibited clear Arrhenius behavior within 160-230°C, with apparent activation energies between 39
and 55 kj/mol.

Catalytic performance consistently followed the order: Alumino-silica / AI-SBA-15 > AI-MCM-48
> AI-MCM-41.

Al-SBA-15 demonstrated the highest productivity, superior heavy oligomer (C10-C12+) selectivity,
and improved resistance to deactivation compared with the industrial catalyst, attributed to its larger
mesopores and enhanced product diffusion. AI-MCM-41, characterized by one-dimensional channels, favored
lighter oligomers and showed faster deactivation due to strong diffusion constrains and pore blocking. Al-
MCM-48 exhibited intermediate behavior, reflecting the benefits of its three-dimensional pore connectivity.

Overall, the results confirm that pore size and connectivity are decisive parameters controlling

acitivity, selectivity and stability in propylene oligomerization over mesoporous aluminosilicates.
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