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Abstract
Producing nanosized zeolites Y has been restricted to a Si/Al ratio lower than 2.0, requiring prolonged crystallization periods. 
This study employed temperature ramps during nucleation and crystallization to synthesize nanosized zeolites Y with a Si/Al 
ratio of 2.4, ranging from 47 to 100 nm, in just one day. Sequential post-synthesis desilication and dealumination treatments 
were used to modify the pore structure and acidity of the zeolites, leading to hierarchical zeolite formation. These modifi-
cations enhanced the structural stability and porosity of the zeolites while preserving their high crystallinity. Desilicated 
zeolites, unlike dealuminated ones, possessed straighter and more uniform mesoporous within their crystals, with diameters 
smaller than 5 nm. Additionally, successive desilication produced a greater number of intracrystalline mesoporous. The 
solids obtained from both processes exhibited porosity within the zeolite structure connected to the external surface, poten-
tially improving the mass transfer limitations of the original zeolite due to the lack of mesoporous. Catalysts were prepared 
using modified nanozeolites for evaluation in the propylene oligomerization reaction. Catalysts based on dealuminated and 
desilicated nanosized zeolite Y showed high conversions above 20%, especially for dealuminated zeolites with conversions 
of 50%. Additionally, the catalysts demonstrated selectivity towards hydrocarbons in the C5-C7 range, suggesting better dif-
fusion and access of propylene molecules to the active sites, favoring the formation of medium-sized hydrocarbon fractions. 
Conversely, the formation of longer hydrocarbon chains  (C12+) was not favored, possibly due to insufficient mesoporous for 
larger molecule diffusion and a distribution of acid sites that encourages the union of longer hydrocarbon chains.

Keywords Nanosized zeolite Y · Intraparticle and interparticle mesoporosity · Propylene oligomerization · Post-synthesis 
modification

1 Introduction

Zeolites are aluminosilicates with a microporous crystal-
line structure, which, due to their acidic properties and their 
shape selectivity, are used as catalysts in different indus-
trial processes [1]–[4]. Zeolites are usually synthesized by 
the hydrothermal method under autogenous pressure. The 
study of the influence of the conditions of synthesis for 

obtaining zeolites is of great interest as itnot only allows for 
the improvement of their structural and chemical properties, 
but also reduces the costs associated with their synthesis. 
In addition, post-synthesis treatments have become a useful 
strategy for the design of catalysts to improve catalytic activ-
ity in many industrial processes. Among the most widely 
used zeolites on an industrial scale, zeolite Y is, to this day, 
one of the most important. Conventional zeolite Y has a 
faujasite-like crystal structure, with a Si/Al ratio of approxi-
mately 1.5. This zeolite typically has a lower surface area 
and lower thermal and hydrothermal stability compared to 
other materials [4–6]. To address these limitations, the syn-
thesis of zeolite Y has focused on achieving Si/Al ratios 
greater than 1.5, shorter crystallization periods, and reduced 
crystal sizes. Reducing the crystal size aims to decrease dif-
fusion limitations, thus increasing the surface area and con-
sequently improving catalytic activity [7]–[9].
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The synthesis of zeolites of nanoscale sizes has received 
significant interest in recent times, and considerable 
advancements have been achieved in this area [10]–[14]. 
However, the synthesis of zeolites such as zeolite Y at the 
nanoscale represents a great challenge because its produc-
tion at the nanoscale and with Si/Al ratios greater than 1.5 
requires crystallization times greater than 5 days. Addi-
tionally, its small size also affects its hydrothermal stabil-
ity, making it unsuitable for post-synthesis procedures like 
dealumination that would produce ultrastable zeolite Y 
(USY) because these treatments can destabilize the zeolite 
structure. Therefore, the search for more efficient and repro-
ducible synthesis methods to produce nanosized zeolite Y 
with improved properties remains an active area of   research. 
For zeolite Y, the synthesis of nanometric crystals has been 
reported mainly with the use of organic templates (structure-
directing agents, SDAs), also used to obtain a zeolite Y with 
a high silicon-aluminum ratio [15–17]; however, the use of 
these templates increases the cost of synthesis and generates 
more pollutants. Most investigations on nanozeolites use the 
hydrothermal method for synthesis, and some researchers 
have concentrated on the effective parameters of green zeo-
lite synthesis without structuring agents, such as crystal-
lization time and temperature, aging, and gel composition. 
Temperature and time are important variables in zeolite syn-
thesis, generating better control over nucleation and crystal 
growth rates [16]. For our study, precise control of these 
parameters is critical because it has been demonstrated in 
other porous material synthesis procedures that the heating 
rate up to the reaction temperature has a significant impact 
on the yield and products obtained. Furthermore, the heat-
ing rate affects the crystal's nucleation and growth, as well 
as its final size [18]. The synthesis temperature can be var-
ied to control both the rate of crystal formation (nucleation) 
and the rate of growth. The rate at which the temperature 
changes between these two states is an important parameter 
to consider.

Zeolites have demonstrated their suitability for a range 
of applications, including catalysis, adsorption, and ion 
exchange. However, in catalysis, its microporous nature 
has demonstrated mass transfer problems because it limits 
the diffusion of reactants and products, both internally and 
between particles [19]. These limitations impact the effi-
ciency of zeolites in terms of their activity, selectivity, and 
catalyst lifetime. These limitations could be addressed pri-
marily through various means: (i) Decreasing the size of the 
crystal, (ii) including mesoporous inside the zeolite crystals, 
and (iii) incorporating mesoporous to a nanozeolite employ-
ing post-synthesis modifications, such as desilication and 
dealumination, to enhance the microporous characteristics of 
zeolites. These treatments improve both the physicochemical 
and catalytic characteristics of the zeolites, resulting in the 
creation of microporous materials that possess an additional 

structure with bigger pores (known as hierarchical zeolites). 
While post-synthesis treatments have been extensively stud-
ied in micrometric zeolites, there is less research on their 
impact on the structure and acidity of sub or nanometric-
scale zeolites, which have potential use in catalysis [19].

The oligomerization reaction has remained one of the 
reactions of high interest and use at an industrial level. The 
main reasons for its importance are i) the oligomerization of 
low molecular weight olefins to produce higher molecular 
weight olefins and ii) olefin oligomerization as one of the 
basic steps in the methanol-to-olefin (MTO) process [20]. 
Generally, oligomerization reactions require acidic zeolites. 
Among the most used zeolites is the ZSM-5 zeolite (MFI 
structure), which has been shown to have unique physico-
chemical properties, limiting the formation of bulky polyaro-
matics that cause catalyst deactivation [21]. In addition, it 
exhibits good performance towards products from the fuel 
range. However, the industrial application of ZSM-5 has 
been hampered by its high deactivation rate and short life-
time due to mass transfer limitation in its tiny microporous. 
Currently, the study of olefin oligomerization on heterogene-
ous catalysts focuses mainly on increasing the activity and 
lifetime of the catalysts [22].

One of the zeolites that could be potentially useful in the 
oligomerization reaction is zeolite Y. Interest in this zeolite 
has grown due to its large pore size, which facilitates the 
diffusion of reactants and products, thus decreasing the rapid 
deactivation of the catalyst [23–25]. However, this feature 
is not enough on its own. It is necessary to increase the 
porosity and determine how the amount of aluminum in this 
zeolite can affect the acidity and, therefore, its behavior in 
the oligomerization reaction. Hence, this research intends 
to: a) highlight the obtention of a nano-scale zeolite Y with 
an environmentally friendly method, characterized by a high 
Si/Al ratio, temperature ramps during nucleation and crys-
tallization and a short crystallization time, (b) determine 
its stability when subjected to treatments post-synthesis, 
such as dealumination and desilication, with the purpose of 
extracting aluminum or silicon to create a secondary poros-
ity in the structure [26, 27], and (c) evaluate their behavior 
in the propylene oligomerization reaction to determine their 
selectivity and yield towards different hydrocarbon range.

2  Experimental

2.1  Synthesis

Faujasite (FAU-type zeolite) crystals were synthesized based 
on the method reported by Mendoza et al. [28] but using 
a different temperature during the nucleation and crystal-
lization time. The composition of the precursor was as fol-
low 20 mol  SiO2:0.7 mol  Al2O3:8 mol  Na2O: 160 mol  H2O. 
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Experimental conditions such as aging time, crystallization 
temperature, and time were varied, as shown in Table 1. 
Sodium aluminate (53%  Al2O3, 41%  Na2O, Sigma-Aldrich) 
was dissolved in deionized water, and then sodium hydroxide 
(99% Merck) was added. The mixture was stirred until com-
plete dissolution and named Solution 1. In another recipi-
ent, sodium hydroxide was mixed with deionized water, and 
Ludox AM-30 (30% by weight of aqueous colloidal silica, 
Sigma-Aldrich) was subsequently added dropwise under 
constant stirring until complete dissolution. This solution 
was named Solution 2. Both solutions were left under stir-
ring overnight to achieve a complete depolymerization of the 
species of aluminum and silicon. Subsequently, Solution 2 
was added to Solution 1 under constant stirring, leaving two 
aging periods (δ1 and δ2) of 3–24 h at room temperature 
with an addition of fumed silica (99% Sigma-Aldrich) as 
an additional source of silicon between said periods. The 
obtained gel was transferred to teflon-lined autoclaves and 
treated hydrothermally under condition of temperature and 
time, as shown in Table 1. Since, the nucleation time and, in 
particular, the crystal growth rate are greatly affected by the 
heating method, in this work, a heating rate of 0.25 °C/min 
was used from room temperature until the first set point of 
temperature, and held at that temperature for desired time. 
Subsequently, the temperature was increased at the heating 
rate of 0.25 °C/min up to a second set point of tempera-
ture and held at that temperature for desired time. Then, the 

autoclaves were quenched, and the solid was recovered by 
filtration and washed with deionized water until the pH of 
the supernatant was neutral.

2.2  Post‑synthesis treatments

2.2.1  Ion exchange

To obtain the nano zeolite in acid form, the sodium zeolite is 
refluxed at 60 °C for three hours with a 1 M aqueous solution 
of  NH4NO3 (1 g of zeolite per 50 ml of aqueous solution). 
The solid was then washed with deionized water and dried 
at 100 °C overnight. The resulting material was calcined at 
500 ºC for 2 h and named HY.

2.2.2  Dealumination

The nanosized zeolite Y was subjected to a sequential dea-
lumination process. First, the sodium zeolite was initially 
transformed to its ammoniacal form through two ionic 
exchanges of 3 h at 60 °C, using an aqueous solution of 
 NH4NO3 1 M (1 g of zeolite per 50 mL of aqueous solution). 
Subsequently, the solid was washed with deionized water 
and dried at 100 °C overnight. The zeolite in its ammo-
niacal form was subjected to dealumination by treatment in 
water vapor (bath temperature of 80 °C) at 700 °C for 3 h, 
under air flow 50 ml /min. The obtained solid was again put 

Table 1  Structural and chemical 
composition of the synthesized 
zeolites

δ aging period (h). Tc Crystallization temperature, tc Crystallization time. aDetermined by X ray diffraction 
(XRD). bFramework Si/Al ratio from XRD. cDetermined using the Scherrer equation

Sample δ1 (h) δ2 (h) Crystallization condi-
tions

Phase Crystal-
linitya 
(%)

Si/Alb 
frame-
work

Crystal 
size c 
(nm)

Tc1 tc1 Tc2 tc2

°C h °C h

CBV 300 FAU 100 2.5 172
NaY0 24 24 100 18 – – Amorpho – – –
NaY1 24 24 60 4 100 14 FAU 83.4 2.2 58
NaY2 24 24 60 6 100 12 FAU 85.3 2.2 47
NaY3 3 3 60 4 100 14 Amorpho – – –
NaY4 3 3 60 6 100 12 Amorpho – – –
NaY5 3 3 60 4 100 20 Amorpho – – –
NaY6 3 3 60 6 100 18 Amorpho – – –
NaY7 3 3 80 12 100 24 Amorpho – – –
NaY8 3 3 100 24 – – Amorpho – – –
NaY9 3 3 85 4 105 20 Amorpho – – –
NaY10 3 3 100 36 – – Amorpho – – –
NaY11 3 3 80 6 100 30 Amorpho – – –
NaY12 6 6 80 12 100 24 FAU 82.6 2.4 100
NaY13 6 6 100 36 – – FAU- Amorpho 37.9 NA NA
NaY14 12 12 80 12 100 24 FAU 92.9 2.3 83
NaY15 12 12 100 36 – – FAU 87.6 2.3 80
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through 1.0 M  NH4NO3 solution by 3 h at room tempera-
ture and dealuminated again. This process was repeated four 
times, and the solids obtained in each stage were named 
HYS1, HYS2, HYS3, and HYS4.

2.2.3  Desilication

For the desilication, 1 g nanosized zeolite Y per 40 ml of 
a NaOH solution 2 M was stirred in reflux during 1 h at 
60 ºC. The solid obtained was recovered by centrifugation, 
followed by washing with deionized water until pH = 7 and 
drying at 100 °C overnight. This process was repeated four 
times, and the solids obtained in each stage were named 
NaYL1, NaYL2, NaYL3, and NaYL4. Then, the zeolites 
were treated by ion exchange in 1 M  NH4NO3 solution at 
60 °C for 3 h with ratio of 1 g zeolite/50 mL solution. After 
ion exchange, the zeolites were converted to proton-type 
zeolites by calcination at 500 °C for 1 h in air flow (50 ml/
min). The final samples were tagged HYL1, HYL2, HYL3, 
and HYL4.

2.3  Preparation of the catalysts

Catalysts were prepared as follows. A mechanical mixture of 
dealuminated or desilicated zeolite in its acid form (30 wt%) 
and alumina (Versal 250 pseudoboehmite alumina, surface 
area of 320  m2/g) were peptized using a 1 wt%  HNO3 solu-
tion as peptizing agent. The dough obtained was extruded 
in cylindrical shape, and the resulting material was dried at 
100 °C and calcined at 500 °C for 2 h.

2.4  Oligomerization catalytic tests

The catalytic tests were carried out in a fixed bed reaction 
system. First, the catalyst was pre-treated at 150 °C for 
30 min with a total  N2 flow of 50 ml/min. Afterwards, reac-
tant mixture 5% propene/N2 at 30 ml/min, 2760 kPa and 
weight hourly space velocity (WHSV) of 1  h−1 was exposed. 
The reaction products were analyzed each hour during 4 h by 
gas chromatography with an FID detector and a DB1 column 
until the activity remained constant. Then, the temperature 
was increased within the range of 150–300 °C every 50 °C.

2.5  Characterization methods

Zeolites were characterized by XRD at room temperature in 
a PANalytical Empyrean diffractometer with a CoKα radia-
tion (λ = 1.7903 Å) operating at 45 kV and 40 mA. Samples 
were analyzed in the 5–50º (2θ) range with a step size of 
0.04º. The average crystallite size from XRD for the original 
zeolite was estimated by the Scherrer equation. The  LaB6 
was used to determine the broadening of the instrumentation 
[26]. The ASTM D3906-03 method was used to calculate the 

crystallinity of the original and modified zeolites, the sum of 
the areas of the six most intense peaks in the interval 14–35° 
2θ of the XRD  (Sx) was divided by the sum of the areas of 
the six most intense peaks the zeolite CBV 300  (Sref) [29]. 
The Si/Al ratio of the crystalline lattice of the synthesized 
zeolites was calculated by the Breck and Flanigen equation 
where the cell parameter  (ao) was found by a Le Bail fit [30, 
31]. Elemental analysis was determined by atomic absorp-
tion spectroscopy on a Thermo Scientific iCE 3000 equip-
ment. All samples were treated with hydrofluoric acid (40% 
PanReac) to completely dissolve it.

Nitrogen sorption measurements of zeolites were per-
formed with a Micromeritics ASAP 2020 gas sorption 
system at -196 ºC. Prior to the measurements, the sam-
ples were degassed under high vacuum conditions for 
8 h at 350 °C. The apparent specific surface area  (SBET) 
and micropore volume  (Vmicro) were calculated using the 
Brunauer–Emmet–Teller (BET) and t-plot methods, respec-
tively. Pore size distributions were obtained using the DFT 
method.

Acid properties of zeolites were determined by temper-
ature programmed desorption of ammonia  NH3-TPD and 
isopropylamine (IPam-TPD).  NH3-TPD experiments were 
carried out in Micromeritics ChemiSorb 2720 equipment 
with a thermal conductivity detector (TCD). Prior to the 
measurements, about 0.2 ± 0.01 g of zeolite was placed in 
a quartz reactor and then heated up to 150 °C for one hour. 
Subsequently, the temperature was increased at 400º C with 
a temperature ramp of 10 °C/min under  N2 flow (30 ml/min), 
and held for 1 h. After cooling down to 150 °C, ammo-
nia adsorption took place for 5 min at 5 ml /min. Physi-
cally adsorbed ammonia was removed with  N2 flow for 1 h. 
Ammonia desorption was performed at a rate of 10 °C/min, 
starting at 100 °C and reaching up to 550 °C under He flow 
(30 ml/min).

To determine the amount of Brønsted acid sites, tem-
perature programmed desorption of isopropylamine meas-
urements were performed. Experiments were carried out 
in a Micromeritics ChemiSorb 2720 equipment coupled 
to a mass spectrometer (MKS Cirrus 2). Here, 0.1 ± 0.01 g 
of zeolite was placed in a quartz reactor and then heated 
to 200 °C using a temperature ramp of 10 °C/min under a 
He flow of 25 ml/min for one hour. After cooling down to 
100 °C, isopropylamine adsorption took place through small 
pulses. Full saturation was verified, and physically adsorbed 
isopropylamine was removed by flushing the sample with He 
flow for 30 min. Isopropylamine desorption was performed 
at a heating rate of 10 °C/min, starting from 100 °C and 
reaching up to 600 °C under He flow (25 ml/min), followed 
by a one-hour isothermal step.

TEM images of the zeolite particles were taken in a FEI 
Tecnai G2 F20 microscope operating at 200 kV. Prior to 
measurements, the samples were suspended in ethanol, 
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sonicated for 30 min, and placed over a carbon coated holey 
Cu microgrid.

The surface chemical information was determined by 
X-ray photoelectron spectroscopy (XPS, SPECS) with a 
PHOIBOS 150 1D-DLD analyzer and monochromatic Al 
Kα radiation (1487 eV) operated at 10W. The XPS spectra 
were recorded with a pass energy of 90 eV and step size of 
0.01 eV for general spectra and a pass energy of 20 eV and 
step size of 0.05 eV for high-resolution spectra. Adventitious 
C1s core level line was selected as reference to calibrate the 
energy scale. The spectra were analyzed by using a Gaussian 
– Lorentzian blend (GL 20–30%) and a Shirley type back-
ground subtraction.

3  Results and discussion

3.1  Characterization of synthesized zeolites Y

The XRD results for the synthesized samples are presented 
in Table 1 and Fig. 1. All zeolites crystalline (NaY1, NaY2, 
NaY12, NaY14, and NaY15) have a relative crystallinity 
greater than 80%. The Si/Al ratio in the framework for these 
zeolites was found to be greater than 2.1 and have a primary 
crystal size less than or equal to 100 nm. The initial synthe-
sis conditions for sample NaY0 did not favor the formation 
of the FAU crystalline phase. It is well known that the rate of 
nucleation and growth of the crystal in zeolites is determined 
by different synthesis parameters, such as gel composition 
and crystallization time and temperature [32].

With the purpose of favoring the formation of crystals 
with FAU structure, two different crystallization tempera-
tures and times were employed in each synthesis using a 
heating ramp of 0.25 °C/min. For samples with an aging 
period of 24 h (samples NaY1 and NaY2, Table 1), the 
formation of the FAU crystalline phase was possible. A 
low crystallization temperature at short times followed by 
a high crystallization temperature with long times proved 
to be a viable method for the formation of the FAU-type 
structure. The NaY1 sample  (Tc1 of 60 °C and  tc1 of 4 h) 
favored the formation of a zeolite Y-type structure with a 
high crystallinity (83.4%) and with nanometric-sized crys-
tals (58 nm). However, the NaY2 sample  (Tc1 of 60 °C and 
 tc1 of 6 h) presented a higher relative crystallinity (85.3) 
and a smaller primary crystal size (47 nm) than NaY1. 
This result indicates that an increase in the crystallization 
time tc1 could favor the obtention of smaller crystals. On 
the other hand, under identical crystallization conditions 
applied to samples NaY1 and NaY2, reducing the aging 
time to 3 h to produce samples NaY3 and NaY4, it is not 
possible to obtain the crystalline phase; that is, the aging 
time of 3 h is not sufficient for the formation of nuclei 
under these conditions. When using an aging time of 3 h 

(samples NaY3-11), it is observed that an increase in tem-
perature and crystallization time favors the appearance of 
peaks that correspond to the FAU crystalline phase. How-
ever, the percentage of relative crystallinity for these sam-
ples is very low and the amorphous content predominates. 
On the other hand, extending the aging period leads to the 
generation of zeolites with enhanced relative crystallinity.

This enhancement becomes noticeable when prolong-
ing the aging period in samples NaY7 to acquire sample 
NaY14, and in sample NaY10 to obtain sample NaY15. 
The aging period was increased from 3 to 12 h in both 
instances. As a result, samples NaY14 and NaY15 dem-
onstrate the highest relative crystallinity compared to 
samples NaY7 and NaY10, which were synthesized under 
identical crystallization conditions but with a differ-
ent aging time. In addition, a decrease in the size of the 
primary crystal is observed with increasing aging time, 
which is associated with nucleation favored by longer 
aging times.

However, if the synthesis is conducted without a sec-
ondary crystallization temperature, and the first crystal-
lization period and temperature are increased as compen-
sation, a reduction in relative crystallinity is observed 
mainly when using a short aging time. This can be seen 
when contrasting samples NaY12 and NaY13 of 6 h of 
aging, and samples NaY14 and NaY15 of 12 h of aging. 
NaY13 shows amorphous presence and low relative crys-
tallinity compared to NaY12, while NaY15, although not 
showing amorphous characteristics, shows a decreased 
relative crystallinity compared to NaY14. This outcome 
suggests that the gradual temperature increase achieved 
through a secondary crystallization process promotes an 
adequate growth rate for zeolite nuclei, especially at lower 
temperatures.

Materials with high relative crystallinity and nanoscale-
sized crystals with dimensions less than 100 nm or in the 
submicron range, equal to or larger than 100 nm, have been 
obtained according to the defined synthesis conditions. As 
the particle size of zeolite is reduced to the submicron or 
nanometer scale, the diffusion limitation of reactants and 
products decreases, consequently enhancing mass trans-
port through the zeolite channels [33, 34]. Nevertheless, it 
has been reported that post-synthesis treatments may cause 
structural damage to reduced-sized zeolites, particularly at 
the nano scale [19]. Therefore, to implement the procedures 
described in the methodology, it was determined that sample 
NaY12 possesses a Si/Al ratio of 2.4, a primary crystal size 
of 100 nm, and a relative crystallinity that exceeds 80%, in 
contrast to other samples with smaller primary crystal sizes. 
Due to the possibility of structural degradation in smaller 
samples, sample NaY12 is more suitable for post-synthesis 
treatments. Additionally, sample NaY12 was obtained under 
appropriate synthesis time and temperature conditions.
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3.2  Structural characterization of modified zeolites 
Y

Dealumination of the zeolite NaY12 (hereafter referred to 
as NaY) resulted in a shift towards greater 2θ values in dif-
fractograms (Fig. 2) as the number of steaming treatments 
increased. The shift was associated with an increase in the 
Si/Al ratio in the structure, as seen in Table 2. After the 

first process of steaming (HYS1), zeolite Y with a Si/Al 
ratio greater than 3.0 was obtained, which is a favorable 
result because this ratio cannot be directly achieved dur-
ing synthesis. The repetition of the steaming treatment has 
a direct effect on the Si/Al ratio, which in turn affects the 
acidic properties of materials. In this work, a zeolite with 
a Si/Al ratio of 10.4 (designated as HYS4) was effectively 
obtained following four consecutive treatments at 700 °C 

Fig. 1  XRD patterns of zeolites 
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for three hours each. In Table 2, it is seen that crystallinity 
increases as more steaming process is applied to the material 
(HYS1→HYS2→HYS3→HYS4) due to the reconstruction 
of lattice zeolite as reported in the literature [11]. In addi-
tion, the dealuminated zeolites exhibit a smaller main crystal 
size compared to pristine zeolite NaY due to crystal frag-
mentation during aluminum extraction from the framework. 
Nevertheless, it is important to note that the bulk Si/Al ratios 
remain constant for all dealuminated Y zeolites, as shown in 
Table 2, due to the extraframework Al species remain in the 
sample and are not leached.

On the other hand, nanosized zeolite Y was also desili-
cated successively with NaOH. Table 3 shows the depletion 
of Si/Al ratio due to the leaching process, as silicon is dis-
solved. Figure 3 depicts the X-ray diffraction patterns of 

desilicated zeolites, demonstrating that the crystalline FAU 
phase is preserved. However, the relative crystallinity of the 
four solids shows a drop of more than 50% after following 
the first treatment (Table 3). These observations suggest that 
the desilication conditions were excessively aggressive for 
the nanosized zeolites. The high alkalinity likely causes non-
selective silicon dissolution, leading to a loss of crystallinity 
in the materials.

The particle size and presence of mesoporosity in HY, 
HYS1, HYS2, HYL1, and HYL2 zeolites has been evaluated 
by transmission electron microscopy (TEM), as depicted in 
Fig. 4. The average crystalline size of the zeolite HY ranges 
from 80 to 100 nm, which aligns well with the calculations 
made using the Scherrer equation for the starting zeolite 
NaY (see Table  1, sample NaY12). The post-synthesis 
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Fig. 2  XRD patterns of zeolites dealuminated

Table 2  Results of XRD analysis of dealuminated zeolites Y

a Determined by X ray diffraction (XRD) bFramework Si/Al ratio from 
XRD cDetermined using the Scherrer equation dBulk Si/Al ratio from 
AAS

Sample Crystallini-
tya (%)

Si/Alb 
framework

Crystal  sizec 
(nm)

Si/Ald bulk

CBV 300 100 2.5 171.8 2.5
NaY 82.6 2.4 100 2.4
HY 63.5 3.6 70.0 2.5
HYS1 74.5 3.8 42.2 2.6
HYS2 76.4 5.8 59.2 2.6
HYS3 81.6 7.9 48.0 2.7
HYS4 85.1 10.4 46.7 2.7

Table 3  Results of analysis of XRD zeolite Y After alkaline treat-
ment

a Determined by X ray diffraction (XRD). bBulk Si/Al ratio from AA

Sample Phase Cristallinitya 
(%)

Si/Alb bulk

CBV 300 FAU 100 2.5
NaY FAU 82.6 2.4
HY FAU 63.5 2.5
HYL1 FAU- amorpho 38.8 2.5
HYL2 FAU- amorpho 33.8 2.2
HYL3 FAU- amorpho 30.5 2.0
HYL4 FAU- amorpho 20.0 2.0
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Fig. 3  XRD patterns of zeolites after desilication
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modifications, such as desilication and dealumination, have 
affected the edges of the zeolites, resulting in a decrease 
in their crystallinity, mainly in the desilication process. 
Although these modifications are beneficial for introduc-
ing mesoporous, they compromise the structural integrity 

of zeolites due to the tensions and deformations they cre-
ate. In the dealuminated samples (HYS1 and HYS2), the 
average size of the mesoporous is slightly larger than in 
the desilicated samples (HYL1 and HYL2). The shapes of 
mesoporous in dealuminated zeolites are spherical pores 

Fig. 4  TEM images of zeolites Y
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interconnected with the particle surface. Furthermore, the 
mesoporous in the HYS2 zeolite exhibit larger sizes com-
pared to HYS1, suggesting a progressive increase in pore 
size during the dealumination process. This treatment also 
significantly affects the crystals morphology and size since 
the crystal size of HYS1 and HYS2 zeolites decreased. 
These results are consistent with previous studies that dem-
onstrate that dealumination can alter the crystalline structure 
of zeolites and increase the size of mesoporous [35]. On 
the other hand, desilication decreases the size of the zeo-
lite NaY crystal to approximately 80 nm through treatment 
with NaOH. This process causes a decrease in the crystalline 
structure due to the action of HO- anions, both on the sur-
face and inside the zeolite. The TEM images also reveal that 
the desilicated zeolites, unlike dealuminated ones, possess 
straighter and more uniform mesoporous within their crys-
tals, with pore diameters smaller than 5 nm. Furthermore, 
the successive desilication procedure yields a higher quan-
tity of intracrystalline mesoporous. The solids obtained in 
both processes showed porosity within the zeolite structure, 

connected to the external surface. Therefore, they could con-
tribute to improving the mass transfer drawbacks that the 
original zeolite presents by not having mesoporous.

Table 4 displays the Si/Al ratio on the external surface, 
which was established by calculating the atomic percentage 
using the area under the curve of the Si 2p and Al 2p signals 
observed in the XPS spectra. To assess the diversity of the 

Fig. 4  (continued)

Table 4  Si/Al ratio determined by XRD, AAS and XPS for nanosized 
zeolites Y obtained by dealumination and desilication

a Framework Si/Al ratio from XRD. bBulk Si/Al ratio from AAS. 
cSurface Si/Al ratio from XPS

Sample Si/Al(fram)
a Si/Al(bulk)

b Si/Al(surf)
c Si/Alsurf/

Si/Albulk

HY 2.5 2.5 4.0 1.6
HYS1 3.8 2.6 3.0 1.2
HYS2 5.8 2.6 2.8 1.1
HYL1 - 2.3 1.7 0.8
HYL2 - 2.1 1.4 0.6
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synthesized zeolites, this Si/Al ratio of the zeolites was com-
pared to the Si/Al ratio of the framework and the Si/Al ratio 
in the bulk. The surface Si/Al ratio in the nanosized zeolite 
HY is higher compared with the bulk Si/Al and framework 
Si/Al ratio, suggesting a heterogeneous composition where 
the interior of the zeolite contains a larger concentration of 
aluminum. This result is due to the synthesis conditions used 
since the production of nanoscale zeolite with a low Si/Al 
ratio is facilitated by creating aluminum-rich nuclei during 
the aging phase, and then coating on the surface with the 
silica that is added afterwards.

When the nanozeolite is treated with a dealumination 
procedure (HYS1) in its ammoniacal form, the surface Si/
Al ratio is slightly higher than the bulk ratio but lower than 
the framework ratio. This result suggests that the sample 
has a minimal concentration of aluminum on its surface. 
The decrease in aluminum (Al) on the surface of the zeo-
lite can be attributed to the transformation of Al species 
found on the outer surface of the zeolite crystals into extra-
framework aluminum (EFA) species [36]. When sequential 
dealumination is carried out (HYS1 → NH4Y12 → HYS2), 
surface Si/Al to bulk Si/Al ratio changes from 1.17 to 1.07. 

This suggests that twice vaporization marginally reduces the 
amount of Al in the HYS1 sample. The proximity of the 
Si/Al ratio to 1.0 indicates that the sample has a uniform 
composition.

During the desilication process of NaY zeolite, the use 
of a highly concentrated NaOH solution resulted in signifi-
cant dissolution of the zeolite structure, causing a substantial 
extraction of a large amount of Si species from the outer 
surface to the inner pores. During the sequential desilica-
tion process (NaYL1 → NaYL2) and the subsequent ion 
exchange to obtain HYL2, surface Si/Al to bulk Si/Al ratio 
changes from 0.8 to 0.6. This change causes a decreased 
dissolution of the Si species and a slight reduction in its 
crystallinity compared to the HYL1 zeolite, as shown in 
Table 4 and Fig. 3.

3.3  Textural characterization of modified zeolites Y

Figure 5 shows the  N2 adsorption/desorption isotherms of 
different nanosized zeolites. The corresponding textural 
properties are listed in Table 5. Zeolites NaY, HY, and desil-
icated (HYL1 and HYL2) exhibit a classic type I isotherm, 

Fig. 5  N2-adsorption/desorption 
isotherms of the parent NaY 
and modified zeolites

0

2

4

6

8

10
NaY

0

2

4

6

8

10
HY

0

2

4

6

8

10
HYS1

Q
ua

nt
ity

ad
so

rb
ed

(m
m
ol
/g

ST
P)

0

2

4

6

8

10
HYS2

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10
HYL1

Relative pressure (p/po)
0.0 0.2 0.4 0.6 0.8 1.0

0

2

4

6

8

10
HYL2

Relative pressure (p/po)



Journal of Porous Materials 

with a steep rise in uptake at low relative P/Po pressure 
and a flat curve afterwards, which is typical for micropo-
rous materials. A significant difference exists between the 
sodium sample and the exchanged sample; obviously, ion 
exchange extensively affects nanozeolites. All the textural 
properties decrease to less than half, which indicates that 
this treatment destroys a large part of the nanozeolite struc-
tures, possibly due to the size of the crystals which would 
allow a dissolution of the samples. Dealuminated zeolites 
shows an isotherm that would be a mixture between a type 
1 and a small contribution of type 4 isotherm, indicating that 
microporosity is maintained with a few mesoporous due to 
the increase in the amount adsorbed throughout the relative 
pressure change. Additionally, large hysteresis loops type 
H4 are observed after a relative pressure of 0.4, indicating 
the presence of mesoporous with a wide pore size distribu-
tion, which may be due to the extraction of aluminum from 
the zeolite lattice. Desilicated zeolites show an increase in 
the adsorption of  N2 from a relative pressure of 0.8 char-
acteristic of capillary condensation in open mesoporous or 
macroporous obtained by filling the spaces between parti-
cles. These samples present a H1 type hysteresis loop that 
is related to mesoporous due to interparticle voids, probably 
because of their smaller size, as observed by XRD and elec-
tron microscopy.

Table 5 shows the results of the textural properties of 
all zeolites obtained from the  N2 adsorption/desorption iso-
therms. The dealumination treatment does not considerably 
affect the textural properties of the samples; even a single 
treatment improves these properties (HYS1 gain of 20% 
and HYS2 loss of 10%). The desilication process changed 
the BET specific surface area, about 60% of the area of the 
original zeolite. The reduction in area must be related to 
the partial destruction of the structure, considering that 
these materials presented the lowest crystallinity (Table 2). 
In general, modified samples showed a reduction of area 
and volume of microporous related to zeolite NaY but an 
increase in mesoporous, as expected. Again, dealumination 
treatment yielded a larger volume of mesoporous than the 
original zeolite.

Figure 6 shows the pore size distribution by DFT for all 
samples. The original zeolite has a size distribution cen-
tered at approximately 0.6 nm, as expected for a microporous 
zeolite. When performing the exchange to this zeolite, it is 
observed that the number of pores decreases substantially 
and shifts slightly to higher pore size values. Additionally, 
a second type of pore would be generated at greater pore 
widths, but in very small amounts, corroborating the previ-
ously observed destruction of the zeolite structure after this 
treatment. For dealumination and desilication treatments, 

Table 5  Textural properties of 
zeolites obtained from the  N2 
sorption isotherms

a BET specific surface area  (m2/g). bt-plot micropore area  (m2/g). ct-plot external surface area  (m2/g). dTotal 
pore volume  (cm3/g). et-plot micropore volume  (cm3/g). fMesopore volume,  Vtotal–Vmicro  (cm3/g)

Sample SBET
a Smicro

b Sext
c Vtotal

d Vmicro
e Vmeso

f

NaY 546 512 34 0.25 0.19 0.05
HY 220 189 31 0.14 0.07 0.06
HYS1 645 578 67 0.33 0.22 0.11
HYS2 487 430 57 0.27 0.16 0.11
HYL1 234 192 42 0.27 0.07 0.20
HYL2 245 200 44 0.33 0.08 0.25

Fig. 6  Pore size distribution of 
the parent NaY and modified 
zeolites
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it is observed that the main pore size distribution shifts to 
higher values around 0.8 nm, and, additionally, different 
wider pore sizes are generated. For the desilicated zeolites, 
a small number of pores is observed around 1.5 nm and a 
wide distribution from approximately 20 nm. For dealumi-
nated zeolites, a considerable increase in pores is observed 
in the range of 5 to 20 nm, indicating that dealumination 
generates larger pores.

3.4  Acidity characterization of modified zeolites Y

Figure 7 presents temperature-programmed desorption of 
ammonia (NH3-TPD) profiles of Y zeolites. These profiles 
were arbitrarily deconvoluted into two desorption peaks, 
corresponding to the weak and strong acidic sites on the 
pristine and modified Y zeolites. Table 6 presents the results 
of surface acidity characterized by temperature programmed 
desorption of ammonia (NH3-TPD) and isopropylamine. 
The desilicated solids maintain the total acidity with respect 
to the mother zeolite, while the acidity of the dealuminated 
sample decreases by a significant amount, indicating that 
the desalination treatment affected the surface acidity to a 
greater extent due to the extraction of aluminum from the 
zeolite lattice. Additionally, the post-synthesis treatments 
generated an additional peak in the samples at low tempera-
tures, presenting three peaks: the first around 180° C weak 
acid sites, the second around 220 °C intermediate acid sites, 
and the third around 390 °C strong acid sites. When observ-
ing the relation of total acid sites with the original sample 
(TAn), the dealuminated samples lose more than 50% of the 
acid sites, while the desilicated samples lose around 15%, 
confirming that the dealumination treatment is more severe 
than that of desilication. The ratio of strong acid sites to 
intermediate acid sites (SS/IS) increases with the dealu-
mination treatment by around 20% and decreases with the 
desilication treatment. When performing the dealumination 
treatment only once, it is observed that the Brønsted acid 
sites increase, while the rest of the treatments decrease them 
considerably.

3.5  Insights from studying catalysts 
in oligomerization

Catalysts obtained from modified and unmodified nano-
metric zeolites Y were evaluated in the reaction of propyl-
ene oligomerization. As the zeolite-alumina ratio was the 
same for preparing all catalysts, the catalytic activity will 
be directly related to the properties of zeolites. For compari-
son purposes, a catalyst was evaluated using a commercial 
CBV 400 zeolite Y, the 4.0 Si/Al acid zeolite from CBV300 
steaming. The effect of the time on stream in conversion 
and selectivity over nanosized zeolite Y-based catalysts is 
shown in Figure S1. Catalysts showed high catalytic activity 

at 150 °C, especially in the first hours of the reaction until 
reaching a constant activity. The catalysts derived from dea-
lumination processes exhibit a higher conversion during 4 h 
of reaction in comparison to the original nanosized zeolite 
Y (HY) and commercial CBV 400. The higher conversion 
primarily due to the modification of the acid sites and the 
formation of interparticle mesoporosity, as observed in the 
TEM micrographs and as reported in other studies [37, 38]. 
The transport of propylene molecules through the pores of 
the zeolite is facilitated by the structural modifications car-
ried out by the post-treatments. The generation of mesoporo-
sity provides access to previously inaccessible Brønsted acid 
sites and, therefore, significantly improves catalytic activity. 
Nevertheless, the modified catalysts exhibit a lower selectiv-
ity towards hydrocarbons, including  C3-C4,  C5-C7,  C8-C12, 
and  C12

+, compared to CBV 400, during the 4 h of reaction. 
This decrease in selectivity suggests that the formation of 
intraparticle mesoporous results in an excessive cracking 
of hydrocarbon molecules, which in turn leads to a broader 
spectra of smaller hydrocarbons. The nanosized zeolite 
HYS2 does not substantially improve selectivity towards 
specific hydrocarbon fractions despite the improvement in 
conversion. Therefore, improving mesoporosity and modi-
fying acid strength to enhance conversion rates may also 
induce undesirable side effects, such as excessive fragmenta-
tion, which could affect selectivity for larger products such 
as  C12

+.
To compare the catalysts’ activities, it is suitable to use 

the dependence of conversion on the process temperature. 
After observing stability in the catalytic activity, the tem-
perature was then raised in 50 °C increments up to 300 °C. 
As can be seen in Fig. 8, in the same temperature range, 
there is an increase in the conversion when the temperature 
is increased. For the original zeolite and the desilicated zeo-
lites (HYL1 and HYL2), the increase in conversion is linear 
with the temperature, showing initially a higher activity in 
zeolite HYL2; however, at 300 °C both desilicated zeolites 
present a conversion of 20%. On the other hand, the dea-
luminated zeolites increase their conversion up to 200 °C 
and remain stable for a conversion of 37% and 47% for the 
zeolites HYS1 and HYS2, respectively. The catalyst conver-
sion follows the following order HYS2 > HYS1 > CVB400 > 
HYL2 > HL1 > HY. This order is linear with the relationship 
found between microporous area and Bronsted acid sites 
(Table 6 and Figure S2), wich indicates that the increase in 
the conversion over the reaction temperature could be asso-
ciated mainly with the distribution of Bronsted acid sites, 
preferentially over zeolite microporous.

Catalysts based on dealuminated and desilicated nano-
sized zeolite Y have demonstrated high selectivity towards 
hydrocarbons in the  C5–C7 range (Fig. 9), which suggests 
that better diffusion and access of propylene molecules to 
the active sites has been achieved, favoring the formation of 
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Fig. 7  Ammonia  (NH3-TPD) profiles of Y zeolites
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medium-sized hydrocarbon fractions. On the contrary, the 
formation of longer hydrocarbon chains is not favored, pos-
sibly due to the insufficient availability of macroporous to 
facilitate the diffusion of larger molecules and a distribution 
of acid sites that encourages the union of longer hydrocarbon 
chains.

Table 7 presents the average conversion and selectivity 
in the oligomerization of propylene between 200–300 °C. 
When analyzing dealuminated zeolites, a clear relationship 

between the average conversion and the Si/Al ratio has been 
observed. It has been determined that a higher bulk Si/Al 
ratio and a lower surface Si/Al ratio are linked to higher 
conversion in propylene oligomerization (Figure S3). This 
relationship is explained by considering the effects of the 
bulk and surface Si/Al ratio of the zeolite. A higher bulk Si/
Al ratio could decrease deactivation by coke and increase 
the stability of the catalyst, while a lower surface Si/Al ratio 
could increase the density of acid sites available for the reac-
tion. The small amount of acid sites in the bulk could gener-
ate an improved distribution and accessibility of the active 
sites and cause a greater density of acid sites on the surface, 
thus improving the adsorption and activation of propylene 
[39].

In the case of nanosized zeolite Y desilicated, a lower Si/
Al ratio in both the bulk and the surface correlates with a 
higher conversion. The desilication process generates more 
mesoporosity and increases the surface area compared to the 
original nanosized Y zeolite, thus improving the accessibil-
ity to acid sites. Improved porosity also promotes better dif-
fusion of reactants and products, reducing mass transfer lim-
itations. Consequently, desilicated zeolites with a lower Si/
Al ratio provide a more favorable environment for propylene 
oligomerization, leading to a higher conversion percentage.

The data presented in Table 7 demonstrates that the char-
acteristics and composition of the zeolitic catalysts signifi-
cantly impact the conversion and selectivity in propylene 
oligomerization. The HYS2 and HYL1 catalysts exhibit 
superior performance in terms of conversion and selectivity 
for hydrocarbons in the  C5–C7 range. This could be attrib-
uted to their increased total acidity and a higher ratio of 

Table 6  Acidity measured by 
 NH3 and IPam-TPD of nano 
zeolite Y dealuminated and 
desilicated

a Temperature desorption of the different peaks in TPD-NH3. bAmount acid site of different peaks in mmol/
gcat. cTotal acidity by TPD-NH3 in mmol/gcat. dRatio between acid sites of each sample with the HY zeo-
lite. eFraction of weak acid sites. fFraction of intermediate acid sites. gFraction of strong acid sites. hRatio 
between strong to intermediate acid sites. iBrønsted Acid sites calculated by TPD-IPam in mmol/gcat. jRatio 
between  Smicro with Brønsted Acid sites

Sample T(°C)a ASpeak
b TAc TAnd WSe ISf SSg SS/ISh H+i Smicro/H+j

HY 262 2.83 5.79 1.00 – 0.49 0.51 1.05 1.98 95.50
405 2.97

HYS1 180 0.47 2.79 0.48 0.17 0.39 0.45 1.16 2.53 228.64
250 1.08
345 1.25

HYS2 160 0.24 2.20 0.38 0.11 0.38 0.51 1.32 1.20 358.63
220 0.84
323 1.12

HYL1 176 0.58 5.10 0.88 0.11 0.43 0.46 1.08 1.25 153.35
256 2.17
396 2.35

HYL2 178 0.25 5.17 0.89 0.05 0.48 0.47 0.97 1.21 165.43
247 2.50
387 2.42
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Fig. 8  Effect of temperature on catalytic conversion
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micropore area to Brønsted acid sites. The presence of a 
significant total acidity indicates a greater number of active 
sites that can facilitate the reaction, leading to a greater 
probability of propylene being adsorbed and activated. In 
addition, a higher ratio of microporous area to Brønsted 
acid sites suggests a larger amount of active surface for the 
reaction, which enhances the diffusion and accessibility of 
propylene molecules to the active sites, thereby encouraging 
the production of oligomerized products.

The relationship between conversion and yield for each 
zeolite-based catalyst was analyzed (Figure S4), providing 
a comparison of obtained products under the same conver-
sion within the temperature range of 200–300 °C. This 
analysis allowed for the generation of curves that display 
the optimal relationship between conversion and yield, 

Fig. 9  Effect of temperature on 
catalytic selectivity
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Table 7  Average produced conversion and selectivity in oligomeriza-
tion between 200–300 °C

Catalyst Conversion (%) Selectivity (%)

C3–C4 C5–C7 C8–C12 C12
+

CVB 400 26.6 34.35 41.25 21.16 3.24
HY 1.74 10.85 75.61 1.78 11.76
HYS1 30.53 37.51 40.48 23.47 1.39
HYS2 36.46 53.27 29.20 15.95 1.49
HYL1 10.90 14.91 45.24 7.58 32.27
HYL2 16.10 28.90 54.46 12.80 3.84
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highlighting the performance of each catalyst. As the 
temperature increased, the yield of all hydrocarbons also 
increased, indicating a direct correlation between tempera-
ture and hydrocarbon yield. This trend remained consistent 
across all catalysts, with yields increasing in tandem with 
conversion rates. Notably, all catalysts exhibited a higher 
yield for  C5–C7 hydrocarbons, which can be attributed to 
the optimal cracking range for these compounds. How-
ever, the HYS2 catalyst demonstrated a unique behavior 
by showing a higher yield in  C3–C4 hydrocarbons. This 
suggests that the HYS2 catalyst promotes more extensive 
cracking, leading to the production of lighter hydrocar-
bons. This behavior can be linked to the specific structural 
and acidic properties of the HYS2 catalyst, particularly the 
presence of Brønsted acid sites.

The relationship between conversion and selectivity 
for each zeolite-based catalyst was analyzed (Figure S5). 
Selectivity towards  C3–C4 hydrocarbons increased after 
the dealumination and desilication processes of the zeo-
lites, with an increase observed in the catalysts based on 
HY, HYL1, and HYL2 zeolites. Subsequently, this selec-
tivity stabilizes as the conversion process continues. This 
behavior can be attributed to the reduction of the density 
of Brønsted acid sites in the dealuminated and desilicated 
structure, favoring the formation of lighter products due 
to the decreased capacity of the active sites to induce oli-
gomerization of longer chains. Regarding medium-chain 
hydrocarbons  (C5–C7), selectivity also increases after 
structural modification processes but tends to remain con-
stant after reaching a certain level of conversion. With 
the dealumination process, a slight decrease in selectivity 
is observed as the conversion increases. However, with 
catalysts HYL1 and HYL2, the selectivity towards this 
range of hydrocarbons increases progressively, although 
their values remain below those achieved by the unmodi-
fied HY zeolite. This can be explained by a more efficient 
distribution of acid sites, which favors the formation of 
medium-chain fractions but does not achieve the maximum 
performance observed in untreated zeolite.

For long hydrocarbons chain  (C8–C12), the selectiv-
ity increases slightly with conversion in catalysts such as 
HYL1, but decreases significantly with HYS1, HYS2, and 
HYL2. This behavior indicates that, despite the greater 
accessibility to active sites in catalysts, the pore structure 
and distribution of acid sites are not ideal for promoting 
the formation of longer hydrocarbons. In the case of long-
chain hydrocarbons  (C12

+), all catalysts show a similar 
behavior, where a higher conversion leads to a lower 
selectivity. This effect may be due to diffusion limitations 
within the zeolite channels and progressive saturation of 
the active sites, which prevents the efficient formation of 
longer chains.

4  Conclusion

The synthesis of nanosized zeolites Y without organic tem-
plates, with a high Si/Al ratio and in a short period, was 
successful. The FAU phase was obtained with high relative 
crystallinity and a smaller crystal size by changing the 
temperatures using progressive heating and crystallization 
periods. The desilication and dealumination treatments 
permitted the generation of zeolites with mesoporous 
properties despite their small size. A zeolite with a Si/
Al ratio of 10.4 (HYS4) was successfully obtained after 
four consecutive treatments at 700 °C for three hours each. 
This material exhibited a reduced main crystal size and a 
higher crystallinity in comparison to zeolite NaY. The high 
concentration of NaOH caused structural damage to the 
nanozeolite during the desilication treatment, yet defined 
porosity and acidic properties were preserved. Conversely, 
it was shown that the catalytic activity of propene oli-
gomerization is improved by dealumination process, which 
activates strong acidic sites. Nevertheless, this treatment 
significantly degrades the nanosized zeolites Y, result-
ing in low catalyst yields. Consequently, the optimization 
of steaming conditions and particle size is essential for 
attaining favorable results, particularly in the context of 
improving conversion and selectivity.
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