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A B S T R A C T

This study investigated the deactivation and regeneration of hierarchical zeolites in vacuum gas 
oil conversion, aiming to reach the equilibrium state seen in fluidized bed catalytic cracking 
(FCC). The research utilized various characterization techniques to analyze the properties of 
zeolites before and after coking and regeneration. Zeolite Y-0.20-S was found to have the highest 
gasoline selectivity and quality, mirroring industrial yields, and displayed notable stability across 
deactivation/regeneration cycles. Higher mesopore concentration in zeolites led to increased coke 
selectivity and better resistance to deactivation. The study observed a dominance of aromatic 
coke with a higher degree of condensation in these zeolites. Despite coke deposition affecting acid 
and textural properties, the regeneration process effectively restored these characteristics, 
proving its efficiency. The zeolites with greater mesoporosity retained their fundamental prop-
erties responsible for activity and selectivity, highlighting the importance of selecting materials 
that provide high conversions and maintain stability and product selectivity over multiple cycles. 
The Y-0.20-S zeolite, in particular, was identified as a promising candidate for commercial 
catalyst development for gasoline production, contributing to the FCC process’s energy efficiency.

1. Introduction

For decades and continuing into the present, the fluidized bed catalytic cracking (FCC) unit remains a pivotal component in re-
fineries, effectively converting the bottom of the barrel into more valuable outputs like liquefied petroleum gas and high quality 
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gasoline [1–3]. The usual feedstock for this process is vacuum gas oil (VGO), composed of hydrocarbons in the C20-C50 range with an 
average boiling temperature of approximately 450 ◦C. The characteristics of the crude oil from which VGO is derived affect its quality, 
primarily influenced by its density and hydrocarbon family distribution [4–6]. In a conventional FCC process, a zeolitic catalyst back 
and forth between the cracking reactor and the regenerator [7]. During cracking, the catalyst is mixed with the feed at a temperature of 
550 ◦C, producing a vapor stream composed of several groups of hydrocarbons with different boiling points, while carbonaceous 
residue accumulates on the material surface. Since the process is cyclical (deactivation/regeneration), the coked catalyst is then sent to 
a regeneration unit where air and/or steam at high temperatures is used to burn off the coke deposits. Among all the process factors, the 
temperature at which combustion occurs in the regenerator and the coke content are decisive since the amount of coke can favor the 
energy balance of the process [8,9].

Commercial FCC catalysts can have different compositions, influencing the catalytic process differently. These are made using 
zeolite particles dispersed in an amorphous silica-alumina matrix, with zeolite Y being the most widely used. The average particle size 
of the catalysts is about 70 μm, with the zeolite crystals measuring less than 1 μm [10,11]. The employment of zeolites as the main 
component of the catalysts presents a significant advantage, since most of their active sites reside within the micropores, and the 
carbocation generated by adding protons to the reactants is stabilized due to the structure’s negative charge. Furthermore, zeolites 
possess shape selectivity and are known for having strong Brønsted and Lewis acid sites, which favor cracking reactions [12]. In the 
process, the reagent molecules must diffuse through the porous system to reach the active sites in the microporous structure of the 
zeolite, adsorb, and react. Thus, acidic and textural properties control the performance of these catalysts [13,14].

The nature of the pore system of zeolite Y causes the reactants to have severe diffusion problems, conditioning the access of bulky 
molecules larger than the size of the micropores in zeolite Y (7.4 Å) to internal active sites and bulky products, hindering their diffusion 
to the outside. An alternative to improve the catalytic efficiency of Y zeolites can be considered by using hierarchical zeolites with a 
developed pore system that mainly comprises mostly mesopores. Alkaline treatment for desilication of zeolites proved to be the most 
efficient method for generating mesoporous zeolites. At present, many studies of desilication have been carried out using different 
zeolites, obtaining materials with high porosity, strong acidity, and effective catalytic properties. The Si/Al molar ratio of the zeolite is 
critical for creating mesoporosity. A low Si/Al ratio hinders selective silicon extraction, whereas a high Si/Al ratio leads to uncon-
trolled extraction, resulting in excessively large pores. For our study’s objectives, the optimal Si/Al ratio range for achieving controlled 
desilication is between 25 and 50 [15,16].

An additional problem typical of acidic zeolites in the conversion of heavy molecules at high temperatures arises from rapid 
deactivation, which means that the catalysts must be resistant to coke deposition on their surface. The multiple chemical reactions that 
occur in the catalytic cracking of hydrocarbons inevitably lead to the deposition of coke, which has a double impact: covering the 
active acid sites and blocking the pore. The yield and the nature of the coke (H/C ratio, degree of condensation, and structure) arose 
from the composition of the raw material, the catalyst properties, and the process conditions. Therefore, they will affect the delicate 
thermal balance of the refineries, based on the combustion of coke in the regeneration unit to supply the heat consumed by the series of 
general endothermic reactions in the in the riser [17–19]. All the above highlights the importance of studying the properties of coke 
accumulated on the surface of zeolites produced from hydrocarbon cracking, to implement suitable regeneration methods that can 
restore the catalyst’s original properties and activity.

Laboratory scale experiments play an important role in properly developing a catalyst. In turn, it is of utmost relevance that the 
results obtained from laboratory tests can be adequately extrapolated to the commercial unit. Catalytic cracking is conditioned by 
multiple operational variables involved in the process and the extremely rapid deactivation of the catalyst. This estimation is achieved 
through modeling, which becomes increasingly complex with the discrepancies in operating conditions between laboratory and in-
dustrial scales. For instance, extrapolating data from a fixed bed is more challenging compared to a fluidized bed [20]. In certain 
applications, it is essential to replicate the impact of deactivation/regeneration cycles on catalyst deactivation. To this end, specialized 
laboratory protocols and configurations have been established for this purpose. Several laboratory units have been developed to 
simulate the FCC unit reactor, one of the most prominent, together with the riser reactor, is the fixed bed unit (Micro Activity Test, 
MAT). Fixed bed units, whose most representative methodology has been standardized in the ASTM D-3907 technique, have been 
utilized for over four decades as the most frequent laboratory test for catalytic cracking. The main advantage of MAT is its extreme 
simplicity of operation. Even without shaping the microspheres, only a few grams of catalyst are needed, and tests can be performed in 
automated units with minimal operating costs [21–23].

Some investigations have studied the deposition of coke in the cracking intending to reveal its formation mechanism and its impact 
on the deactivation of the catalyst [24–26]. However, there needs to be more research on the evolution of catalyst properties during 
deactivation/regeneration cycles. Combustion regeneration is a process that involves several reactions coupled with heat and mass 
transfer on multiple scales that affect catalyst durability and lifetime. In this work, we studied the evolution of the properties of hi-
erarchical zeolites during and after several deactivation/regeneration cycles in the catalytic cracking of a Colombian VGO using a fixed 
bed reactor (MAT). In addition, the characteristics of the coke deposited on the surface of the zeolites, the effect on its properties (acidic 
and textural), and the distribution and quality of the products obtained were studied.

2. Experimental section

2.1. Feedstock characterization

A Colombian paraffinic VGO was used as feedstock in the work. The feedstock properties were determined employing the following 
analytical techniques. The API gravity was measured according to ASTM D287-12b [27]. The Conradson carbon residue (CCR) was 
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determined using a calcination method based on ASTM D4530-15 [28]. The saturated, aromatic, resin, and asphaltene (SARA) 
fractions of the VGO were quantified using the method outlined in ASTM D2007-11 standard [29]. The simulated distillation curves 
were obtained in a Shimadzu GC-2014 gas chromatograph, following the ASTM D2887-23 standard [30]. The elemental composition 
(content of vanadium, nickel, sodium and iron) was analyzed using inductively coupled plasma optical emission spectroscopy 
(ICP-OES) with a PerkinElmer model OPTIMA 7300 DV spectrometer.

2.2. Alkaline treatment of Y zeolite

Four Y zeolites with varying levels of intracrystalline mesoporosity were obtained. The starting material was a commercial Y zeolite 
with Si/Al = 31 ratio. The zeolite CBV 760 in its protonic form was provided by Zeolyst International. Three aqueous solutions of 
sodium hydroxide with different concentrations were prepared: 0.10, 0.20 and 0.30 mol/L. Five grams of the parent zeolite were 
dissolved in 200 mL of each aqueous NaOH solution with constant stirring for 10 min at 25 ◦C and then neutralized with 0.5 mol/L HCl. 
The samples obtained in the previous step were washed with distilled water and filtered under vacuum conditions. The modified 
zeolites were subjected to ion exchange with an aqueous solution of 0.50 mol/L NH4Cl in a rotary evaporator, operating at 25 ◦C for 8 h 
with a zeolite/solution ratio of 1 g/10 mL, to eliminate any sodium potentially introduced during the leaching process. Subsequently, it 
was dried at 110 ◦C for 12 h and calcined at 550 ◦C, with the temperature rising at a rate of 10 ◦C/min from room temperature and held 
for 2 h. The process yield was determined as the ratio of the mass of zeolite recovered after calcination to the mass of zeolite initially 
suspended in the alkaline solution. The yields were close to 80 % for each leaching stage. The modified zeolites were the result of the 
treatment of the original zeolite. The treated and untreated zeolites were steamed during 5 h at 780 ◦C. The steamed samples were 
named Y-0.00-S, Y-0.10-S, Y-0.20-S, and Y-0.30-S, respectively, according to the alkali concentration during the treatment. The 
methodology used for desilication and hydrothermally stabilization was previously described by Fals et al., [25].

2.3. Characterization zeolites

The zeolites were studied before (as fresh zeolites) and after (as coked zeolites) the catalytic cracking experiments. Additionally, 
their state was assessed after regeneration (as regenerated zeolites). The properties were characterized by X-ray diffraction (XRD), 
nitrogen physisorption, inductively coupled plasma-optical emission spectrophotometer (ICP-OES), temperature-programmed 
desorption (TPD) and pyridine temperature-programmed desorption coupled to a Fourier transform infrared spectrometer (Py- 
FTIR). The textural (surface area, pore volume, and average mesopore diameter) and acidic (nature, strength, and density of acid sites) 
properties of fresh, coked (after four reaction/regeneration cycles), and regenerated zeolites were evaluated.

The textural properties of fresh, coked, and regenerated zeolites were determined with a 3-FlexTM automatic analyzer from 
Micromeritics. Initially, the zeolites were degassed at 300 ◦C for 24 h under vacuum of 10− 6 mmHg, and adsorption-desorption 
measurements were performed at T = − 196 ◦C. The specific surface area was measured using the BET (Brunauer-Emmet-Teller) 
method. Total pore volumes were assessed based on nitrogen adsorption up to a P/Po of approximately 0.98. Mesopore surface areas 
and micropore volumes were determined using the t-plot method. Mesopore size distributions and average pore diameters were 
derived from the BJH (Barrett− Joyner− Halenda) model.

The acidic properties (including density of acid sites, strength and nature) of fresh, coked, and regenerated zeolites were assessed 
using Fourier transform infrared (FTIR) spectroscopy and TPD with pyridine as the probe molecule. The FTIR spectra were collected at 
a resolution of 4 cm− 1 and 256 scans using a Nicolet FTIR spectrophotometer. Wafers, 15 mm in diameter, were prepared from 80 mg 
of zeolite under a pressure of 4 tons/cm2. These samples were degassed for 2 h at 450 ◦C and 10− 3 Torr; and the background spectrum 
was recorded after cooling to room temperature. The adsorption of pyridine (Merck, 99.5 wt%) was carried out at 150 ◦C, and the 
spectra were recorded in the 1700− 1400 cm− 1 range after desorptions at 150, 300, and 400 ◦C. The FTIR absorption bands at 1540 and 
1450 cm− 1 were associated with Brønsted and Lewis acid sites, indicating pyridinium ion and coordinated pyridine formation, 
respectively [31,32]. The TPD of pyridine was employed to quantify the acid sites strength and density. This analysis was performed on 
fresh, coked, and regenerated catalytic materials by desorption of preadsorbed pyridine from a saturator at 150 ◦C for 60 min, using N2 
as carrier gas. Before saturation with pyridine, the samples were pretreated at 400 ◦C for 1 h under a nitrogen atmosphere. The 
physisorbed pyridine was removed with a stream of nitrogen at a temperature of 150 ◦C for 1 h. Next, the samples were heated from an 
initial temperature of 150 ◦C following a heating ramp of 15 ◦C/min until reaching a final temperature of 780 ◦C. Finally, the desorbed 
pyridine was analyzed by chromatography with a FID detector.

The crystallographic properties were determined using a Siemens D500 X-ray diffractometer (XRD) with a CuKα monochromatic 
radiation source (λ = 1.5418 Å), data were collected in the 2θ range of 5–50◦, with a step size of 0.05◦ and a dwell time of 3 s per step. 
The Si/Al atomic ratio in the structure of the zeolites was evaluated using the Breck-Flanigen correlation.

2.4. Catalytic evaluation tests

The conversion tests were conducted using a conventional Colombian VGO feedstock. Catalytic cracking experiments were carried 
out to assess the catalytic performance of zeolites with varying levels of intracrystalline mesoporosity and acidity. The chosen zeolites 
were named Y-0.00-S, Y-0.10-S, Y-0.20-S and Y-0.30-S. In order to evaluate the stability of the hierarchical zeolites and achieve the 
equilibrium state typical of equilibrated FCC catalysts, the coked zeolites (after cracking reactions) were regenerated in situ with an air 
current. After each regeneration cycle, the loss of activity of the zeolites was evaluated based on the conversion and selectivity of the 
different product groups. Four cycles of deactivation/regeneration were performed.
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The experiments were carried out using a microactivity test (MAT) unit with a fixed-bed reactor by means of ASTM D-3907 
standard. All conversion experiments were performed in triplicate, and the reported values represent the averages of these experi-
ments. The Dixon test was utilized to analyze the data and exclude outliers, with confidence intervals set at the 95 % level. The re-
actions were performed at 550 ◦C, and the reaction times were 20, 30, 40 and 50 s. The mass of zeolite was 3.0 g, and the mass flow rate 
of VGO was 2.0 g min− 1. Both the feedstock and the amount of zeolite were kept constant, establishing the contact time as an operating 
variable, with the aim of varying the C/O ratio. Upon exiting the reactor, the reaction products were collected and subjected to analysis 
through gas chromatography, employing a Shimadzu GC-2014 chromatograph equipped with an FID detector. A non-polar column, 30 
m in length and 250 μm in diameter, featuring a film thickness of 0.25 μm, was utilized for the chromatographic separation. Mass 
balances were greater than 95 % in all experiments in which the residence time in the stream was greater than 20 s. After each reaction 
and evacuation of the products, the zeolites are flushed with an N2 stream for 20 min at the reaction temperature. The coke content on 
the zeolites after the reaction cycles was determined using temperature-programmed oxidation (TPO) method. Conversion was defined 
in the typical FCC context as the sum of the mass yields of dry gas (DG, C1− C2), liquefied petroleum gas (LPG, C3− C4), gasoline (C5- 
216 ◦C), and coke fractions, each calculated as the ratio of the mass of the respective product to the mass of the feedstock.

2.4.1. Coke characterization
The coked zeolites were analyzed using techniques previously employed in other studies to identify the nature and composition of 

the coke produced by the reactions. Coke content was determined utilizing a temperature-programmed oxidation procedure. Carbon 
oxides (CO and CO2) produced during combustion were transformed to methane in the presence of hydrogen using a Raney nickel 
catalyst and then quantified with an FID detector. The combustion profiles obtained provide information on the nature of the coke and 
its interaction with the active sites of the zeolite. In the case of the coked zeolites, the background FTIR spectra (section 2.3) allowed us 
to study the type of coke formed over each material. In this context, the signal at 1580 cm⁻1 was assigned to aromatic coke, while the 
signal at 1610 cm⁻1 was linked to olefinic coke. To study the composition of soluble coke, the coked zeolites were subjected to hy-
drofluoric acid (48 wt% in H2O, ≥99.99 %) to detach the coking compounds from the porous structure. After by extraction with 
dichloromethane (ACS reagent, ≥99.5 %), the soluble coke was extracted and analyzed by gas chromatography. Coke extraction is a 
well-established method used to remove the zeolite structure and obtain a fraction soluble in CH2Cl2 [33].

2.4.2. Zeolite regeneration
The regeneration was carried out with air passage at a flow rate of 30 cm3/min in an upward direction for 45 min at 570 ◦C to 

ensure that all the carbonaceous residue accumulated on the zeolite surface were burned. Finally, the zeolites regenerated in the last 
deactivation cycle were used to study their textural and acid properties.

Table 1 
Feedstock properties. Colombian VGO.

◦API 19.7
Aniline point (◦C) 78.5
CCR (wt.%) a 0.43
Refractive index 1.4910

Distillation curve (◦C) b

Initial 272
10 vol % 387
30 vol % 420
50 vol % 450
70 vol % 487
95 vol % 534
Final 582

SARA fractions (wt. %) c

Saturated 47.4
Aromatic 50.0
Resin 2.10
Asphaltene 0.50

Nickel (ppm) 0.48
Vanadium (ppm) 0.97
Sodium (ppm) 0.83
Iron (ppm) 0.24
Sulphur (wt. %) 1.12

a ASTM D-4530.
b ASTM D-1160.
c ASTM D-2007.
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3. Results and discussion

3.1. VGO properties

The primary characteristics of VGO, which can be considered aromatic in nature, were shown in Table 1. With an API gravity of 
19.7◦, this feedstock was classified as heavy oil, as its value was below 22.3 [34]. This density may be associated with the elevated 
levels of aromatic hydrocarbons (50 wt%). The SARA fractionation in the VGO is useful for predicting a commercial unit’s yields. Some 
authors have studied the correlation between the SARA composition of a VGO with the products obtained and found that a higher 
content of aromatic species favors the yield of aromatic gasoline with high RON values [35–37]. As could be seen in Table 1, the 
aromatic fraction represented 50.0 wt% in VGO, thus confirming its aromatic nature; the next most prevalent fraction was the 
saturated hydrocarbons, with a concentration of 47.4 wt%, followed by the resin with 2.10 wt%, and the trace presence of asphaltenes 
at just 0.50 wt%. The simulated distillation curve showed that 10 % of the hydrocarbons are distilled at 387 ◦C and 95 % at 534 ◦C, 
which also aligns with its API density.

3.2. Zeolites properties

The properties of zeolites are decisive in catalytic processes given the set of consecutive stages that take place: diffusion through the 
pores, adsorption of the reactant on the active center, chemical reaction, desorption of the product, and diffusion of the same through 
the channels, which affects the activity and final selectivity of the zeolite. The crystalline and textural properties of the fresh zeolites 
used in this research are shown in Table 2. The alkaline desilication treatment altered the porosity of the zeolites, resulting in increased 
mesoporosity in the materials subjected to more severe treatments. The most important differences in textural properties were 
observed in the mesopore volume, specific surface area and average mesopore diameter. Zeolite Y-0.20-S presented the highest 
mesopore-specific surface area while zeolite Y-0.00-S had the lowest value. Regarding the average mesopore diameter, the zeolites Y- 
0.20-S and Y-0.30-S presented the highest values. This substantial improvement in the mesoporosity of the treated zeolites became a 
positive aspect of facing the diffusive problems that could occur during catalytic cracking. A negative aspect of the use of high con-
centrations of alkali (NaOH solution >0.20 M) is the excessive loss of crystallinity. In the case of the zeolite with the highest alkaline 
treatment (Y-0-30-S), it suffered a loss of crystallinity of 60 % as a consequence of the destabilization of the crystalline network. As 
expected, this loss of crystallinity in the Y-0.30-S zeolite was accompanied by a reduction in strong Brønsted acid sites (approximately 
11 %), which are typically located within the micropores of the zeolite.

An important property of this zeolite type is its acidity (nature, concentration, and strength), due to the carbocationic reaction 
mechanism that drives these chemical processes, as well as its impact on activity and selectivity [38]. Table 3 shows the distribution of 
acidic sites in the zeolites (nature, Brønsted, and Lewis and acid strength, weak and strong). The density of Brønsted acid sites depends 
on the amount of aluminum present in the crystal network; in this sense, the number of Brønsted sites will be proportional to the 
concentration of aluminum. Instead, extra-framework aluminum species give rise to Lewis acid sites. The alkaline treatment is selective 
in the removal of silicon from the network, so a significant decrease in the B/L ratio would be expected. However, it was observed that 
the zeolites Y-0.10-S and Y-0.20-S maintained their constant B/L ratio as a consequence of possible removal of aluminum from the 
crystalline network in addition to the remission of silicon. For these two zeolites, this behavior was evidenced by the increase in the 
concentration of Lewis sites given to the possible presence of extra-framework aluminum.

All zeolites showed increased acidity, as indicated by the quantity of pyridine that remained adsorbed following desorption at 
150 ◦C, compared to the parent zeolite (Y-0.00-S). Removing silicon from the network clearly explained the increase in Brønsted sites. 
However, the increase in Lewis sites was explained by the leaching of part of the aluminum from the network and its deposition as an 
amorphous material, forming part of the aluminum species with an acid character. Of the four zeolites characterized, Y-0.20-S had the 
greatest concentration of total acid sites (209 μmol Py/g, desorption at 150 ◦C), while zeolite Y-0.30-S had the highest concentration of 
strong acid sites (67 μmol Py/g, desorption at 400 ◦C).

Table 2 
Crystalline and textural properties of the fresh zeolites after steaming.

Y-0.00-S Y-0.10-S Y-0.20-S Y-0.30-S

Textural properties
BET specific surface area (m2/g) 712 622 614 473
Micropore specific surface area (m2/g) 501 315 248 162
Mesopore specific surface area (m2/g) 211 307 366 311
Total pore volume (cm3/g) 0.533 0.611 0.636 0.652
Micropore volume (cm3/g) 0.267 0.242 0.133 0.140
Mesopore volume (cm3/g) 0.266 0.369 0.503 0.512
Average mesopore diameter (Å) 53.1 59.5 67.2 84.7

Crystalline properties
Crystallinity (%) 99 65 61 40
Unit cell size (Å) 24.26 24.28 24.29 24.30
Si/Al in the framework 31.0 26.4 25.9 23.7
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3.3. Conversion

The catalytic performance of the hierarchical zeolites was evaluated under experimental conditions adjusted according to the 
objectives set out in this work in a MAT reactor (see section 2.4). Some authors have studied hierarchical zeolites in the catalytic 
cracking of VGO. However, it had only been done during a single cycle without including its regeneration and stabilization [39–41]. 
The importance of this research was to study the stability of zeolites through several deactivation/regeneration cycles until reaching 
the typical equilibrium of equilibrated FCC catalysts. Commercial catalysts employed in catalytic cracking processes are formulated 
(porosity and acidity) according to the nature of the charge to be processed and the refinery’s production objectives. Knowing the 
reactivity of VGO against equilibrated zeolites would help to understand and predict the impact of its composition on the distribution 
of products and their deactivation.

In the FCC process, the zeolites are subjected to very severe cyclical processes, having to circulate between the reaction zone and 
the regeneration zone, which could produce important changes in their structure due to the permanent variations of the environmental 
conditions to which they are subjected. Therefore, it is essential to study the stability of these materials through several deactivation/ 
regeneration cycles [42]. Fig. 1 shows the conversion of VGO during four deactivation/regeneration cycles, as a function of reaction 
time on hierarchical zeolites at 550 ◦C. This figure illustrates the conversion of the zeolites Y-0.00-S (Fig. 1a), Y-0.10-S (Fig. 1b), 
Y-0.20-S (Fig. 1c) and Y-0.30-S (Fig. 1d). The conversion curves obtained allowed us to determine the number of reaction cycles 
necessary for the zeolites to reach catalytic equilibrium (equilibrated zeolites). It was observed that after the third reaction cycle, the 
zeolites reached equilibrium, with similar conversions in the last two reaction cycles. In general, zeolites with lower mesoporosity 
(mesopore volume and average mesopore diameter) suffered greater activity losses with each deactivation/regeneration cycle, 
reaching conversion losses between the first cycle and the last cycle at short times of up to 30 wt% in zeolite Y-0.00-S. Another 

Table 3 
Concentration of Brønsted (B) and Lewis (L) Acid Sites (μmol Py/g) from FTIR experiments in fresh zeolites after steaming.

Samples 150 ◦C 300 ◦C 400 ◦C

B L B/L B L B/L B L B/L

Y-0.00-S 108 72 1.5 73 48 1.5 35 24 1.5
Y-0.10-S 106 88 1.2 79 69 1.1 27 19 1.4
Y-0.20-S 116 93 1.2 85 71 1.2 31 22 1.4
Y-0.30-S 116 68 1.7 55 62 0.9 31 36 0.9

Fig. 1. VGO conversion at 550 ◦C as a reaction time function over hierarchical zeolites: (a) Y-0.00-S, (b) Y-0.10-S. c) Y-0.20-S and d) Y-0.30-S. 
Symbols: triangles, cycle 1; squares, cycle 2; open diamonds, cycle 3; ●, cycle 4.
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important aspect of zeolite Y-0.00-S was the presence of strong acid sites (30 % of its total acidity), which could have favored a strong 
interaction with basic products (such as aromatic species) and deposited strongly on their active sites, thus causing a greater impact on 
their conversion with each reaction cycle. In contrast, the zeolite that suffered the least impact on its conversion with the reaction 
cycles was Y-0.20-S, with losses of up to 14 wt%.

In the first reaction cycle, it was observed that the zeolites Y-0.00-S and Y-0.10-S showed the maximum conversions at short times, 
with values above 80 wt%, typical of FCC industrial processes. These high conversions could have been favored by a confinement effect 
in the microporous channels of these zeolites, where the adsorbed molecules tended to strengthen their van der Waals interactions. The 
strong field gradients present within the microporous channels of zeolites cause a contraction of the orbitals of the molecules contained 
in these channels and cavities. This contraction alters the energy levels, resulting in an increase of the energy of the boundary orbitals, 
which subsequently pre-activates the reacting molecule. Consequently, the confinement effect increases the strength of the acid sites, 
thus favoring the cracking reactions [43].

3.4. Product yields

Figs. 2 and 3 show the gas yield curves for VGO during deactivation/regeneration cycles on hierarchical zeolites at 550 ◦C. These 
figures illustrate the dry gas (Fig. 2) and LPG (Fig. 3) yields through four reaction cycles: cycle 1 (Figs. 2I and 3(I)), cycle 2 (Fig. 2(II) 
and 3(II)), cycle 3 (Fig. 2(III) and 3(III)) and cycle 4 (Fig. 2(IV) and 3(IV)). It was seen that the gases were stable primary products 
whose yields increased with conversion, a fact typical of the formation of gases in the catalytic cracking of hydrocarbons [4]. Also, it is 
observed that at high conversions, the gases are secondary products. Their production increases more rapidly, reflecting the contri-
bution of overcracking heavier fractions, which leads to the formation of lighter hydrocarbons within the gas range. This behavior is 
characteristic of VGO in FCC commercial units, whose catalytic activity is usually associated with greater gas production [44,45].

Zeolite Y-0.00-S showed the highest selectivity to dry gas, while zeolite Y-0.30-S showed the lowest value. This behavior corre-
sponds to the higher conversion observed, associated with higher gas production. As the deactivation/regeneration cycles advanced, a 
decrease in gas production was observed. In the production of LPG, the difference between zeolites was minimal, observing a greater 
difference between reaction cycles. Table 4 shows the selectivity and olefinicity values of the LPG cut at an approximate conversion of 

Fig. 2. Dry gas yields as a function of the conversion of VGO (Four reaction cycles). (I) Cycle 1, (II) Cycle 2. (III) Cycle 3 and (IV) Cycle 4. Symbols: 
triangles, Y-0.00-S; squares, Y-0.10-S; circle, Y-0.20-S; pentagons, Y-0.30-S.
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60 wt%. The selectivities at LPG cut presented the same trends observed in Fig. 3, with zeolite Y-0.00-S presenting the highest value. 
Within the LPG cut, the presence of olefins is important, given its usefulness as a raw material in the petrochemical industry. The 
olefinicity, expressed as the ratio of the productions (C3 =+C4 = )/(GLP), was close between zeolites for the same reaction cycle, with 
a significant increase observed between the first (cycle 1) and the last cycle (cycle 4). Given the lower Brønsted acidity in the re-
generated zeolites (see Table 8), the olefinicity of C3-C4 hydrocarbons was higher in the last cycle for all zeolites, indicative of a lower 
incidence of hydrogen transfer reactions known to consume olefins and naphthenes to produce paraffins and aromatics [46].

The gasoline cut was the most important within the group of hydrocarbons produced during catalytic cracking. Therefore, any 
positive variation in its production and quality could represent great economic benefits. This cut comprised a wide variety of hy-
drocarbons in the C5-C12 range, and its quality as fuel was expressed as a function of the RON octane number. Fig. 4 shows the yield 
curves for gasoline as a function of the conversion of VGO. This figure presents the gasoline production for the four reaction cycles: 
cycle 1 (Fig. 4I), cycle 2 (Fig. 4(II)), cycle 3 (Fig. 4(III)) and cycle 4 (Fig. 4(IV)). The gasoline production curves showed linearity in a 
wide conversion range (increased with conversion), typical of primary products. However, at high conversions, it could be over- 
cracked to give lighter products such as dry gas or LPG. Thus, the gasoline cut could be defined as an unstable primary product 
[47,48].

Comparing zeolites and between each deactivation/regeneration cycle, zeolite Y-0.20-S showed the best gasoline yields, reaching 
values of up to 35 wt%, which were close to the values typically obtained in refineries. Another outstanding aspect was the stability 

Fig. 3. LPG yields as a function of the conversion of VGO (Four reaction cycles). (I) Cycle 1, (II) Cycle 2. (III) Cycle 3 and (IV) Cycle 4. Symbols: 
triangles, Y-0.00-S; squares, Y-0.10-S; circle, Y-0.20-S; pentagons, Y-0.30-S.

Table 4 
Selectivity and olefinicity of LPG cut. Conversion approximately 60 wt%).

First cycle (1) Last cycle (4)

Y-0.00-S Y-0.10-S Y-0.20-S Y-0.30-S Y-0.00-S Y-0.10-S Y-0.20-S Y-0.30-S

SGLP (% p/p) 22.5 15.8 19.3 20.0 19.0 19.1 17.3 21.2
(C3 = +C4

=)/GLP 20.2 22.1 22.7 23.9 23.9 23.0 27.3 29.4
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shown by this zeolite, which even during the fourth reaction cycle continued to show conversion values above 65 wt%. This greater 
selectivity towards the gasoline cut was favored by its greater mesopore-specific surface area and high average mesopore diameter, 
which favored the formation of hydrocarbons and their rapid diffusion in the gasoline range (C5-C12). The mesopores generated in 
hierarchical zeolites functioned similarly to the matrix in FCC catalysts. The matrix typically possesses a macro and mesoporous 
structure, enabling the precracking of bulky hydrocarbon molecules. This precracking reduces the size of the molecules, generating 
intermediate products. Based on the results obtained, this zeolite would have been useful in synthesizing a commercial catalyst to 
maximize the production and amount of gasoline cut.

The quality of the gasoline cut expressed as a function of the octane index is related to the concentration of the different groups of 
hydrocarbons that compose it, influenced by the properties of the catalyst, the characteristics of the feed, and the reaction conditions. 
The distribution of hydrocarbons and quality in the gasoline boiling range is shown in Table 5. It was possible to show that the 
composition and quality of the gasoline cut were related to the properties of the zeolites, in this sense the zeolite Y-0.20-S presented the 
highest concentration of olefinic and aromatic gasoline, which was reflected in higher RON values. The RON values obtained with the 
other zeolites were low in relation to those obtained in commercial gasoline (usually greater than 90). The main source of aromatics are 

Fig. 4. Gasoline yields as a function of the conversion of VGO (Four reaction cycles). (I) Cycle 1, (II) Cycle 2. (III) Cycle 3 and (IV) Cycle 4. Symbols: 
triangles, Y-0.00-S; squares, Y-0.10-S; circle, Y-0.20-S; pentagons, Y-0.30-S.

Table 5 
Composition and quality of the Gasoline cut. Conversion approximately 60 wt%).

First cycle (1) Last cycle (4)

Y-0.00-S Y-0.10-S Y-0.20-S Y-0.30-S Y-0.00-S Y-0.10-S Y-0.20-S Y-0.30-S

Paraffins 31.3 27.5 7.5 14.9 32.5 30.4 10.3 16.4
Olefins 21.1 23.8 32.1 30.2 20.6 23.0 29.5 27.8
Naphthenes 27.9 21.3 15.5 23.5 29.2 19.8 21.5 25.8
Aromatics 19.7 27.4 44.9 31.4 17.7 26.8 38.7 30.0
RON 81 83 92 88 78 79 90 86
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dealkylation reactions of aromatic molecules present in the feed, through which compounds with molecular weights in the gasoline 
range can be formed [49]. These values obtained from aromatics in gasoline, for zeolites Y-0.20 and Y-0.30-S in the range between 20 
and 45 wt%, correspond to the typical percentages obtained in the refinery that are usually in the selectivity range of 20–40 wt% [50]. 
The lower tendency to form aromatics of the zeolites Y-0.00-S and Y-0-10-S could be justified due to their lower mesoporosity, which 
hinders the diffusive transport of molecules with larger kinetic diameters. Thus, these molecules would be less involved in secondary 
reactions such as hydrogen transfer, which would lead to a greater formation of aromatic species [51].

Comparing the first and the last cycle, it was observed that the composition of the gasoline cut was similar throughout the cycles, 
with a higher concentration of paraffinic gasoline in the Y-0.00-S and Y-0.20-S zeolites, and olefinic and aromatic in the Y-0.20-S and 
Y-0.30-S zeolites. The greater selectivity to paraffin gasoline in the zeolites with greater microporosity was due to the direct cracking of 
the long paraffin chains that, given their high reactivity, could adsorb on the catalytic sites and undergo conventional β cracking and 
hydrogen transfer reactions, which originated new paraffins in the gasoline range [52].

3.4.1. Coke
The coke accumulated on the surface of the zeolites used in cracking processes is primarily responsible for their rapid and reversible 

deactivation. At the same time, it plays a crucial role in the process by acting as the heat source needed to sustain the chemical re-
actions in the vertical reactor while burning in the regenerator. The characteristics of the feed, the operating conditions, and the 
catalyst’s properties determine the coke’s performance and characteristics. Hydrocarbons mainly comprised of species with high 
molecular weights and condensed aromatic structures are regarded as the primary precursors for coke formation in catalytic cracking 
processes. These species generally have high carbon conradson (CCR) values related to the coking potential of a given hydrocarbon 
fraction.

The coke yield was calculated by integrating the areas under the curves of the TPO profiles of the coked zeolites. (see Fig. 5). Table 6
shows the coke selectivities obtained in different catalytic cracking cycles of VGO on hierarchical zeolites. It was observed that the coke 
production increased with each cycle, presenting the highest values in the last reaction cycle (cycle 4). The zeolites with the highest 
mesoporosity, such as Y-0-20-S and Y-0.30-S, showed the highest coke selectivities with values ranging mostly between 20 and 35 wt 
%. This increase in coke production of zeolites with higher intracrystalline mesoporosity generated by alkaline treatment has been 
previously observed by other authors in the cracking of feedstocks such as VGO, ATR-VGO, and bio-oil, which has been ascribed to the 
increased volume of free space in mesoporous cavities [53]. The greater volume of mesopores generated by the alkaline treatment 
allows coke precursors to be more easily accommodated, which in the presence of a high density of acid sites, favor alkylation, 
oligomerization, hydrogen transfer, cyclization and condensation reactions that lead to the formation of carbonaceous deposits [54,
55]. Even though the Y-0.20-S zeolite showed high selectivity for coke production, it maintained a high activity in the production and 
quality of gasoline, compared with the zeolites with higher microporosity.

An important aspect is its high resistance to deactivation by coke formation through the reaction cycles, a behavior also observed by 
other authors in the gasoline production process from methanol, who attributed it to the interconnectivity between the intracrystalline 
mesopores, which prevents the blockage of pores by carbonaceous depositions [56,57]. The slower rate of deactivation is also ascribed 
to the enhanced and more consistent accessibility of acid sites resulting from the incorporation of mesopores in zeolite Y-0.20-S [58]. 
It’s also reported in previous studies about the reduced deactivation of mechanochemically delaminated hierarchical zeolite MCM-22 
catalysts during 4-propylphenol cracking [59]. This effect is attributed to a combination of accessible active sites and effective pore 
confinement. Thus, a balance must be maintained between increasing mesopore volume and preserving catalytic activity by keeping 

Fig. 5. TPO profiles of the coke combustion deposited on the spent catalyst at VGO conversion at about 75 %. First Cycle (1) and Last Cycle (4).
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acid sites within pores of optimal size. Another important factor is the difference between the size of the cages where coke forms and 
the pore openings of these cages. If large cages, where coke formation is favored, are only accessible through small pores, the ste-
reochemical blockage effect is significant, leading to pronounced deactivation. These zeolites with greater microporosity are described 
as having trapping cages [57]. This factor accounts for the difference observed in the deactivation rates of the Y-0.00-S and the 
Y-0.20-S zeolites. Furthermore, it was observed that the deactivation was faster in the Y-0.00-S zeolite compared to the hierarchical 
zeolites. During the deactivation/regeneration cycles, zeolite Y-0.00-S exhibits the most significant increases in coke selectivity, with 
increments reaching up to 62 % in the final reaction cycle. These results suggest that zeolites with greater microporosity have coke 
trapping cages, leading to a progressive loss of activity even after only a few reaction cycles.

Fig. 5 shows the combustion profiles of the coke generated from VGO in the last reaction cycle on zeolites, with the conversion 
being approximately 60 wt%. A main peak was observed in all combustion profiles at temperatures higher than 400 ◦C. For the Y-0.20- 
S and Y-0.30-S zeolites, the peak was located between 500 and 550 ◦C, while for the Y-0-00-S and Y-0.10-S zeolites, it was between 400 
and 500 ◦C. Additionally, in some cases, a low-intensity peak was observed at temperatures below 400 ◦C. The differential behavior in 
coke combustion is a result of its varying difficulty to burn, which can be attributed to the composition of the coke. The peak at low 
temperatures (<400 ◦C) is associated with coke composed of compounds that have undergone minimal condensation, such as aliphatic 
and aromatic species with an elevated H/C ratio. Conversely, the peak observed at high temperatures (>500 ◦C) refers to compounds 
with a greater degree of condensation (low H/C ratio), comprising condensed dienes and aromatic structures.

The observed behavior in the combustion profiles aligns with the findings from the analysis of coke nature conducted using FTIR 
(refer to Table 7). In this FTIR characterization of coke, Y-0.20-S and Y-0.30-S zeolites exhibited the most pronounced presence of 
aromatic coke (band at 1580 cm-1). When this is correlated with the elevated combustion temperatures observed in the TPO, it 
suggests that the coke possesses a strong basic character (low H/C ratio), consequently leading to robust interaction with the acid sites 
of the zeolites. This second type of coke forms within the zeolite micropores; however, due to its high degree of condensation, it is 
believed that its further growth is encouraged outside the zeolite crystals [60]. The higher mesoporosity of the zeolites promotes the 
formation of this type of coke, facilitating its growth and condensation. FTIR analysis identified the presence of two distinct types of 
coke on all zeolites, with the olefinic nature being predominant on zeolite Y-0.00-S (band at 1610 cm− 1).

Coke extraction is a known procedure to destroy the structure of zeolites to obtain a fraction soluble in CH2Cl2 that allows to 
identification of the coke deposited in the material [61]. Given the conditions under which the catalytic cracking was carried out, the 
soluble coke is likely to be trapped within the microporous structure of the spent zeolite. The carbonaceous deposits were first removed 
from the zeolite by dissolving the aluminium and silicon matrix in a HF solution at room temperature. Next step, CH2CL2 is used to 
extract the soluble compounds and the non-soluble compounds are obtained by filtration. Guisnet et al. showed that carbonaceous 
substances do not undergo any chemical changes due to treatment with the acid solution [60].

Fig. 6 presents the primary compounds identified in the soluble coke fraction of the coked zeolites. These compounds predomi-
nantly include aromatic species with one, two, three, and four rings, designated A1, A2, A3 and A4, respectively. It was found that the 
zeolites with the highest mesoporosity (Y-0.20-S and Y-0.30-S) showed a significant presence of aromatic species with a higher degree 
of condensation. In particular, Y-0.20-S presented a composition with a ratio of 70 % by weight of A4 + A3 and 30 % by weight of A1 +
A2. On the other hand, for zeolite Y-0.30-S, the ratio was 82 wt% of A3 + A4 and 18 % wt% of A1 + A2.

In contrast, the zeolites with greater microporosity showed species with a lower degree of condensation. The composition of the 
soluble coke fraction for Y-0.00-S was 60 % by weight of A1 + A2 and 40 % by weight of A3 + A4. Meanwhile, zeolite Y-0.10-S 
presented a composition with a ratio of 52 % by weight of A1 + A2. Previous studies have shown that coke molecules are formed inside 
the zeolite pores where most acid sites are located [61]. As a result, the growth of coke molecules is limited by the size of the cages or 
channels; therefore, for identical conversions, the coke yield is lower in zeolites with higher microporosity and their composition 
shows a lower degree of condensation. These results are in agreement with what has been observed in the combustion profiles and in 
the characterisation of the coke by FTIR.

Table 6 
Coke selectivities in the catalytic cracking of VGO on hierarchical zeolites. (Conversions approximately 60 wt%).

Cycle Y-0.00-S Y-0.10-S Y-0.20-S Y-0.30-S

1 10.75 16,67 20,12 22,10
2 14,62 15,28 15,60 24,37
3 16,21 20,47 18,79 29,63
4 16,69 22,22 30,97 34,59

Table 7 
Intensities of the FTIR Bands Assigned to Aromatic Coke (1580 cm− 1) and Olefinic Coke (1610 cm− 1) formed after the last deactivation cycle (Cycle 
4). Conversion approximately 60 wt %.

Signal Y-0.00-S Y-0.10-S Y-0.20-S Y-0.30-S

Aromatic band (1580 cm− 1) 2.00 3.10 4.68 6.90
Olefinic band (1610 cm− 1) 3.20 2.00 2.50 2.40
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3.4.2. Textural properties of the fresh, deactivated, and regenerated zeolites
The coked zeolites, after four reaction cycles and subsequent regeneration in an air stream for 45 min at 570 ◦C, were extensively 

characterised to assess the effect of deactivation and regeneration cycles on their properties. Table 8 shows the textural properties of 
the fresh, coked, and regenerated zeolites at the same conversion. As mentioned, the fresh zeolites present a porosity constituted 
mainly by micropores in the parent zeolite (Y-0.00-S) and mesopores in the modified zeolites. In Y-0.00-S, the total pore volume is 50 % 
composed of micropores, while in modified zeolites the values decrease significantly, reaching as low as 20 %. Expectedly, it was 
observed in all cases (coked and regenerated zeolites) that both the pore volumes (total volume, micro and mesopore) and the areas 
BET (surface area, micro and mesopore) decreased in comparison to the fresh zeolites. In addition, the average mesopore sizes were 
reduced in the coked zeolites, indicating partial pore blocking.

Despite the lower coke selectivity observed with the Y-0.00-S and Y-0.10-S zeolites, the impact on their textural properties was 
higher. The BET-specific surface reached losses of up to 52 % in the zeolite Y-0.10-S, mainly affecting micropore micropore-specific 
surface area. On the other hand, the zeolites with the highest mesoporosity, which also showed higher selectivities to coke, suf-
fered the least impact on their BET area. Regarding the pore volume in the coked zeolites, it was observed that those with higher 
mesoporosity experienced a slight increase in their micropore volume compared to fresh zeolites. This phenomenon could be 
attributed to coke deposition in the mesopores, leading to the formation of new micropores. It has been postulated that coke develops 
outside the zeolite crystals, specifically in the intracrystalline mesopores, and that the partial blockage of these mesopores by coke 

Table 8 
Textural properties of the fresh, coked, and regenerated zeolites after the last deactivation cycle (cycle 4). Conversion approximately 60 % wt.

Y-0.00-S Y-0.10-S Y-0.20-S Y-0.30-S

Textural properties fresh coked regen fresh coked regen fresh coked regen fresh coked regen
SBET (m2/g) 712 441 506 622 298 391 614 379 510 473 215 341
SMicropore (m2/g) 501 263 304 315 137 186 248 172 203 162 149 102
Smesopore (m2/g) 211 178 202 307 161 205 366 207 307 311 66 239
Total PV (cm3/g) 0.533 0.382 0.416 0.611 0.299 0.432 0.636 0.358 0.522 0.652 0.371 0.563
Vmicropore (cm3/g) 0.267 0.150 0.195 0.242 0.106 0.198 0.133 0.157 0.123 0.140 0.167 0.114
Vmesopore (cm3/g) 0.266 0.232 2.221 0.369 0.193 0.234 0.503 0.201 0.399 0.512 0.204 0.449
Average mesopore diameter (Å) 53.1 22.4 36.7 59.5 32.1 40.3 67.2 36 59 84.7 42.1 63.5

Fig. 6. Main compounds identified and quantified in the soluble coke fraction after the fourth reaction cycle.
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could result in the creation of new micropores [56]. In this sense, the significant impact could be due to the high percentage of 
mesopores present in the fresh zeolites Y-0-20-S and Y-0.30-S, which contain up to 79 % mesopores. Therefore, the partial blockage of 
the mesopores in the coked zeolites could lead to a noticeable increase in their micropore volume. These results are consistent with the 
observed changes in the average mesopore diameter, where the coked zeolites Y-0.20-S and Y-0.30-S reduced their diameters by up to 
54 %, compared to a 40 % reduction in Y-0.00-S. In general, the average diameter of the mesopores followed the same trend as other 
properties, with zeolite Y-0.20-S showing the best performance in terms of regeneration, maintaining almost 90 % of its initial value. 
Regeneration of the zeolites restored much of the original surface area and porosity, demonstrating the effectiveness of this treatment 
in removing most of the coke deposits. This different behaviour in the regeneration of the coked zeolites can be attributed to the 
different degrees of difficulty of coke combustion, which are influenced by the different degrees of mesoporosity of the Y zeolites. A 
higher mesoporosity could facilitate the access of combustion air, and thus favor the total burning of the coke that releases the active 
sites of the material.

3.4.3. Acidity of the coked and regenerated zeolites
Table 9 shows the amount of total acidity and acid site distributions (μmolPy/g) in fresh, coked, and regenerated zeolites after the 

last deactivation cycle. As expected, the acidity of all the coked zeolites was reduced compared to the fresh ones, with losses exceeding 
40 % in most cases, except for zeolite Y-0.30-S, which showed a more significant reduction of 60 %. Although zeolite Y-0.30-S 
experienced the most significant impact on its acidity due to its high coke selectivity, it is evident that after regeneration, it readily 
removed carbonaceous residues, thus recovering a significant portion of its acidity. The higher impact of coke on zeolite Y-0.30-S could 
be due to its high mesoporosity and acidity (which includes more Brønsted acid sites and a higher concentration of strong acid sites), as 
opposed to the presence of molecules with resonant structures and high electronic density (basic character), which promote 
condensation reactions leading to the formation of more and larger coke deposits. The order of coke selectivities at approximately at an 
approximately similar conversion (60 wt%) was: Y-0.30-S > Y-0.20-S > Y-0.10-S > Y-00-S.

The acid sites present in Y zeolites can interact differently concerning basic molecules and selectively direct the production of 
products. Brønsted sites play a greater role in the propagation of cracking reactions than Lewis sites [62]. Table 9 demonstrates that 
zeolites subjected to coking after the last deactivation cycle undergo a preferential decrease in the percentage of Brønsted acid sites. 
Previous studies have indicated that Lewis acid sites within the zeolites composing FCC catalysts tend to remain more concealed within 
the zeolitic structure [63]. In addition, deactivation during the catalytic cracking process is attributed to the dehydroxylation of 
Brønsted acid sites, which are critical for the catalytic reaction. Following dehydroxylation, the system transitions to a metastable state 
in which aluminium is readily released from the zeolite framework, forming extra-framework aluminium (EFAL) species that create 
new Lewis sites. In this context, the relatively greater decline in Brønsted sites across both catalysts could stem from enhanced 
accessibility of these molecules present in each feed to the Brønsted sites, favoring dehydroxylation reactions and greater coke for-
mation at these sites. Regarding regeneration, it is noted that despite a reduction in acidity, the proportion of Brønsted and Lewis sites 
maintains a consistent pattern as observed in fresh zeolite, affirming the effectiveness of the regeneration process.

As for the acid strength, calculated from the TPD-Py profiles, as expected, a higher proportion of weak acid sites prevails in coked 
zeolites, which could be due to the initial predominance of weak acid sites. Strong character in fresh zeolite, which adsorb them more 
strongly in the presence of basic compounds such as coke deposited on the zeolite. In general, the in situ regeneration of these zeolitic 
materials manages to recover the catalytic activity, preserving even after four deactivation/regeneration cycles in all cases its acidic 
and textural properties.

4. Conclusions

The thermal stability of hierarchical zeolites was studied through multiple deactivation/regeneration cycles using a MAT type fixed 
bed reactor. This multicyclic study allowed us to simulate the reaction conditions that these materials must face on an industrial scale. 
Zeolite Y-0.20-S showed the greatest stability during the deactivation/regeneration cycles, with high conversion rates and high 
selectivity for the production of high quality gasoline. The values obtained correspond to the typical percentages found in the refinery, 
with conversions greater than 70 wt% and gasoline selectivities around 40 wt%. Zeolites with a higher concentration of mesopores 
exhibited the greatest selectivity for coke, while also exhibiting improved resistance to coke-induced deactivation during the deac-
tivation/regeneration cycles. In these hierarchical zeolites, we observed a predominance of aromatic coke, which has a higher degree 

Table 9 
Total acidity (μmol Py/g) and acid site distributions (μmolPy/g) in fresh, coked, and regenerated zeolites after the last deactivation cycle. (Conversion 
approximately 60 % wt.).

Y-0.00-S Y-0.10-S Y-0.20-S Y-0.30-S

fresh coked regen fresh coked regen fresh coked regen fresh coked regen
Total Acidity (μmol Py/g) 180 103 122 194 112 135 209 118 197 184 61 163
Type of sites (%)
B 60 25 51 55 22 48 56 20 43 63 35 53
L 40 75 49 45 78 52 44 80 57 37 65 47
Acid strength (%)
weak 65 76 69 72 77 69 70 69 59 58 75 52
strong 35 24 31 28 23 31 30 31 41 42 25 48

J. Fals et al.                                                                                                                                                                                                             Heliyon 10 (2024) e37813 

13 



of condensation and is primarily composed of 3- and 4-membered rings. Acid and textural properties were affected by coke deposition 
after the cracking reactions. Reductions in acidity, specific surface area, pore volume, and average mesopore diameter were observed. 
Additionally, a notable trend was observed in the selectivity of coke towards Brønsted acid sites. Overall, the zeolite regeneration 
process successfully restored a significant portion of their acid and textural properties, showcasing the efficacy of this treatment in 
removing the majority of the coke deposits. It was possible to observe that the zeolites with the highest degree of mesoporosity (Y-0.20 
and Y-0.30-S) showed greater resistance to deactivation, retaining most of their textural and acid properties, the main ones responsible 
for their activity and selectivity. In general terms, it is important to study the impact of deactivation on zeolite properties, as the focus is 
not only on materials that yield high conversions but also on those that remain stable through multiple deactivation/regeneration 
cycles and demonstrate selectivity towards the desired products. In this regard, Y-0.20-S zeolites show significant potential for uti-
lization in preparing a commercial catalyst targeted toward gasoline production, thereby promoting the energy balance of the FCC 
process.
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