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Synergetic effects of nano-
boehmite andY nano-zeolite on
catalytic cracking of residue oil

Ehsan Amini**!, Kamran Ahmadi?, Alimorad Rashidi?**, Amir Ali Youzbashi!, Mehran Rezaei?
& Sakineh Mesgar*

Boehmite nanoparticles and NaY nanozeolite were synthesized by co-precipitation and hydrothermal
methods, respectively, and characterized by XRD, FT-IR, TG-DTA, BET, and SEM techniques. XRD and
BET analyses demonstrated the formation of boehmite nanoparticles with a surface area of 350 m?/g
and high crystallinity NaY nanozeolite with a surface area of 957 m?/g. In order to evaluate the effect
of the content of the mesoporous boehmite nanoparticles on the catalytic performance of the Residue
Fluid Catalytic Cracking (RFCC) catalyst, alumina active matrix-based and silica inactive matrix-based
catalysts were prepared. Results actually demonstrated that the acidity of the zeolite composition
improved with the addition of boehmite nanoparticles. On the other hand, in equal zeolite content,
the alumina active matrix-based catalyst possessed higher acidity (NC,,B,,, 3.44 mmol NH,/g catalyst)
than thesilica inactive matrix-based catalyst (NC; B, 2.31 mmol NH,/g catalyst). Microactivity tests
(MAT) demonstrated that, with equal zeolite content, active matrix-based catalysts exhibited higher
catalytic performance than inactive matrix-based catalyst. Furthermore, the active matrix-based
catalyst (NC; B,,) with a surface area of 370 m?/g showed the optimum catalytic performance in the
RFCC process. The synthesized NC, B, catalyst with 20 wt% mesoporous boehmite nanoparticles

as an active matrix and 30 wt% zeolite nanoparticles balanced with silica had the highest gasoline
yield (42 wt%) and gasoline selectivity (65.1 wt%). The catalytic performance test results showed

that in equal MAT conversion (almost 64 wt%), the synthesized NC catalyst had higher catalytic
performance than the commercial catalyst.
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Fluid catalytic cracking (FCC) is one of the most important units in oil refineries for the conversion of
atmospheric and vacuum residues into valuable products such as gasoline!=°. The catalyst is a more effective
aspect of the FCC process since the catalyst performance as well as how the unit is operated determine both the
quantity and quality of the products®*. It’s well known that the catalyst acid sites are responsible for cracking
heavy hydrocarbon molecules via the carbonium ion mechanism>7-8. Typically, the RFCC catalyst is composed
of four major components, such as zeolite, matrix, filler, and binder. Among them, HY zeolite with a faujasite
framework is the key component that provides much of the catalytic activity and product selectivity>*~'2. In
fact, the RFCC catalyst’s performance largely depends on the quality and quantity of the zeolite particles. Highly
ordered crystalline structure and acidity are the unique properties of zeolites that are responsible for heavy
hydrocarbon molecules cracking into lighter ones!*~!¢. The commercial RECC catalysts are composed of HY
zeolite particles with about 1-2 um diameter that are dispersed in an amorphous matrix*!°.

The HY zeolite with faujasite framework is composed of a uniform microporous structure, in which oxygen
rings restrict the 7.4 A, opening connecting supercages with a 12 A diameter'’~2, These uniform pore structures
provide acidic active sites on the internal as well as the external surfaces of the zeolite crystallites, with the major
ones being placed within the zeolite pores*"?2. So, as a result of limitations related to pore size, the catalytic
properties of zeolite are limited to reactant molecules with diameters lower than zeolite pore size?*. The critical
diameter of residue or heavy oil hydrocarbon molecules with a boiling point of >400 °C is from 1.2 to 15 nm*.
These large molecules cannot penetrate zeolite micropores and must be cracked on the external surface of
zeolite and the mesoporous acidic sites of the active matrix?4-3!, Hence, in order to fulfill the above-mentioned
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requirement, mesoporous alumina nanoparticles as an active matrix and nanozeolite particles can be effectively
utilized. With the reduction of zeolite particle size from micrometer to nanometer, the ratio of external to
internal surface area strongly increases?®*%3%, Therefore, zeolite nanoparticles have a larger external surface area
and higher surface activity than zeolite microparticles®*-¢.

Unlike inactive matrix, which does not have enough acidity to influence the catalyst performance, active
matrix can influence the catalyst performance, but it has a lower impact on the catalytic performance compared
to zeolitic compounds®’~3°. Among the different alumina components, boehmite is one of the most important
components used in catalyst formulations*’. The mesoporous structure of boehmite, which can be preserved
after calcination, as well as its sufficient acidity for pre-cracking heavy hydrocarbon molecules, are the most
important reasons for its use as an RFCC catalyst matrix*%2. In fact, the large hydrocarbon molecules pre-crack
on the alumina active matrix into intermediate molecules. Then these intermediate molecules penetrate into the
zeolite micropores and crack further into the valuable products®.

The use of heavier feedstocks by RFCC units and their conversion to valuable products is growing year
by year. It's well known that the catalytic cracking of these heavy feedstocks will be diffusion-limited?%2544:45,
Therefore, in order to decrease the diffusion resistance of large hydrocarbon molecules in catalyst pores, one has
to increase the external surface area of zeolite by reducing the particle size as well as providing a mesoporous
active site in the catalyst matrix structure?®4%4”. In fact, using mesoporous boehmite nanoparticles as an active
matrix and Y nanozeolite in the RECC catalyst formulation can fulfill this limitation?®3!-%, Therefore, the study
of the synergetic effect of mesoporous alumina and HY zeolite nanoparticles in the structure of RECC catalysts
and the examination of their catalytic performance are highly favorable.

There have been several studies on the effect of the RFCC catalyst matrix on catalytic performance, but most
of them usually used model feedstocks, e.g., 1,3,5-Triisopropylbenzene, Cumene, etc. These types of processes
can only provide a general recommendation on the catalyst’s potential. Since the performance of RFCC catalysts
is affected by various parameters, such as feedstock characteristics, test equipment, and operating parameters, it
is necessary to evaluate the performance of the prepared catalysts against a real RFCC unit feedstock.

The effects of HY zeolite particle size and content on the catalytic performance of RFCC catalysts were
evaluated in our previous work*®. In order to achieve this objective, a series of catalysts were prepared using a
silica inactive matrix, and the impact of zeolite on the catalytic performance was evaluated. The results indicated
that the catalyst with 30 wt% HY nanozeolite dispersed in a silica inactive matrix exhibited the highest gasoline
yield and gasoline selectivity.

So, in this work, in order to investigate the effect of the mesoporous active matrix on RFCC catalyst
performance, a series of RFCC catalysts based on mesoporous boehmite and HY zeolite nanoparticles were
prepared.

The synergetic effects of mesoporous alumina matrix and HY zeolite nanoparticles on the RFCC catalytic
performance under ASTM conditions and using a real feedstock were studied. Ultimately, the optimized
synthesized catalyst was compared to the commercial one.

Experimental

Synthesis of mesoporous boehmite nanoparticles

750 ml of deionized water was added to a precipitation reactor and heated to 57 °C. Then, 306 ml of sodium
aluminate solution (1 mol/L) was fed to the precipitation reactor with a feed flow rate of 18 ml/min. Also, the
appropriate amount of aluminum sulfate solution (0.5 mol/L) was introduced into the precipitation reactor. The
flow rate of the aluminum sulfate solution was controlled in order to keep the pH of the mixed solution at 9.0.
The temperature of both sodium aluminate and aluminum sulfate solutions was adjusted to 57 °C, and after the
precipitation process, the suspension was aged at 57 °C for 1 h under vigorous stirring. After that, the precipitate
was separated by centrifuging, washed three times with deionized water, and finally dried at 120 °C for 24 h¥.

Synthesis of nanozeolite

In our previous work, a hydrothermal method was used to synthesize the NaY nanozeolite®®. In a typical
synthesis, a quantity of 5.5 g of pseudo-boehmite were initially added to a solution consisting of 52.6 g of
tetramethylammonium hydroxide (TMAOH: 25 wt%) and an appropriate quantity of deionized water in a 200-
ml propylene bottle. Following a night of stirring, 8.3 g of tetramethylammonium bromide (TMABr, > 98%)
were added and vigorously stirred for 5 h. Subsequently, 23 g of sodium silicate solution (Merck, extra pure,
7.5-8.5 wt% Na, 0, 25.5-28.5 wt% SiO,) were added during the stirring process. After 3 days of vigorous stirring
at room temperature, the resulting mixture was transferred to an autoclave, where it was sealed tightly and kept
for 6 days at 100 °C without stirring. After centrifugation, the precipitate was washed three times with deionized
water, then dried at 80 °C for 24 h.

Synthesis of RFCC catalysts
The RFCC catalysts were synthesized using different amounts of boehmite nanoparticles and a constant quantity
of 30 wt% HY nanozeolite as an active component. In a typical synthesis, firstly, the ion exchange procedure
utilizing ammonium sulfate was performed four times in order to transform the synthesized NaY nanozeolite
into HY zeolite, which is applicable for RECC catalysts. A specified quantity of boehmite nanoparticles and HY
nanozeolite were then added to an appropriate quantity of colloidal silica at ambient temperature. After that, the
mixture was stirred and a gel was formed. The gel was aged at room temperature for 1 h, dried at 80 °C for 24 h,
and then calcined at 600 °C with a ramp rate of 3 °C/min for 5 h in an air atmosphere. The nominal content of
boehmite nanoparticles was 10, 20, and 30 wt%, respectively, while the constant content of HY nanozeolite was
30 wt% in the final composition of prepared catalysts. The corresponding catalysts were identified as NC

NC,,B,,, and NC respectively. The synthesized catalyst without boehmite was also designated as NC
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Characterization

A PANalytical X’Pert-Pro X-ray diffractometer, which was equipped with a Cu-Ka monochromatized radiation
source and a Ni filter, was utilized for the X-ray diffraction (XRD) analysis. A SPECTRUM 2 (PerkinElmer)
Fourier transform infrared (FTIR) spectrophotometer was used to record the infrared spectra. A Netzsch STA 409
model system with a heating rate of 10 °C/min in a static air atmosphere was used to perform thermogravimetric
(TG) and differential thermal analysis (DTA).

An automated gas adsorption analyzer (ASAP 2020, Micromeritics) was used to perform the nitrogen
adsorption/desorption analysis (BET) at —196 °C. A VEGA@TESCAN instrument was used to obtain the
scanning electron microscope (SEM) images. A Micromeritrics Chemisorb 2900 apparatus was used to
determine the acidity of the catalysts by NH,-TPD analysis. Typically, 0.1-0.3 g of catalyst were loaded into a
quartz U-tube reactor. Prior to conducting the analysis, the catalyst was degassed under the He atmosphere at
400 °C for a duration of 2 h. The catalyst was then exposed to a mixture of NH, and the He stream for a duration
of 1 h at 50 °C, followed by a purge by the He stream for a duration of 30 min. Following this, the samples were
heated to 750 °C at a ramp rate of 10 °C/min in the He stream. The quantity of NH, desorbed was then measured
using a thermal conductivity detector (TCD).

Catalytic performance evaluation

A fixed-bed microactivity test (MAT) unit conforming to ASTM D5154 was used to conduct catalytic activity
and selectivity tests for residue fluid catalytic cracking. According to this standard, the products from the MAT
unit were classified as gas products (i.e., Hy, H,S, dry gas C,-C,, and LPG C,-C,, etc.), gasoline products defined
to have a boiling point range of > C5 up to 216 °C, light cycle oil (LCO) products defined to have a boiling point
range of 216 to 343 °C, heavy cycle oil (HCO) products defined to have a minimum boiling point of 343 °C, and
coke.

The test method apparatus is shown in Scheme 1. The unit was equipped with a collection system for both
liquid and gas products. The volume of the collected gas products was determined by displacement of a saturated
NaCl solution. Actually, the volume of the displaced solution provided a quantitative measurement of the
volume of gas collected. The composition of the collected gas products was determined by a gas chromatograph
(Clarus 580 GC, PerkinElmer) equipped with thermal conductivity (TCD) and flame ionization (FID) detectors.
Therefore, by determining the volume and composition of the collected gas, the weight of the gas products was
calculated.

A simulated distillation gas chromatograph (Clarus 580 GC, PerkinElmer) equipped with a flame ionization
detector was used to determine the boiling point range of liquid products.

The coke content of the spent catalysts was quantified by passing an oxygen-containing stream (100 ml/min.,
5.0 vol% O, in N,) over a certain amount (0.2 g) of the spent catalysts at an elevated temperature (5 °C/min., RT
to 900 °C) and determining the amounts of CO and CO, formed by GC. Also, coke content was calculated by
weight loss during the oxidation process.

The catalytic activity tests were carried out in the MAT unit at 482 °C with a weight hourly space velocity
(WHSV) of 16 h™". Before the catalytic tests all catalysts were steamed with 80% water vapor in N, at 800 °C for
15 h. As MAT results, the conversion, yield, and selectivity of products (gas, gasoline, LCO, HCO, and coke) were
determined. The RFCC unit feedstock from Arak Oil Refinery Company was utilized in for all MAT tests. The
specifications of the Arak Oil Refinery Company’s RFCC feedstock are presented in Table 1.

The MAT conversion was calculated as the difference between the weight of feed used and the weight of
unconverted material divided by the weight of feed used times 100%. According to ASTM D5154 definitions,
unconverted material was defined as all liquid products with a boiling point above 216 °C (i.e., LCO + HCO). So,
the conversion was calculated using the simplified Eq. (1).

Conversion, wt.% : 100% — (HCO Yield, wt.% + LCO Yield, wt.%) (1)

The product yield of the ith product was calculated as one hundred times the weight of the ith product (W)
divided by the weight of feed used (Wy), as in Eq. (2):

Yi, wt.% : (W;/Wp) x 100% @)

The gasoline selectivity was calculated using the Eq. (3).

Gasoline Selectivity : (Gasoline Yield, wt.%/Conversion, wt.%) x 100 (3)

Results and discussion
Synthesis of mesoporous boehmite nanoparticles
Figure 1 shows the X-ray diffraction pattern of the synthesized boehmite nanoparticles. As compared with
the reference pattern (Boehmite, 00-005-0190), the synthesized boehmite powders present the diffraction
characteristic of the boehmite structure with the orthorhombic crystalline system. As can be seen, the broad
peaks of the XRD pattern indicate the formation of nanoboehmite powder. The characteristic diffraction peaks
for boehmite appear at 14.38", 28.11°, 38.41°, 49.05’, 64.03°, and 71.91° (26), which are related to the (020), (021),
(130), (150), (132), and (152) planes in the orthorhombic crystalline system, respectively.

The average crystallite size of the synthesized boehmite nanoparticles was calculated from the half-width of
the main diffraction peaks using the Scherer formula, and the obtained results are presented in Table 2.

Figure 2 shows the FTIR spectrum of the synthesized boehmite nanoparticles. Two broad bonds in the FTIR
spectrum of the synthesized boehmite can be seen at 3050-3100 cm™! and 3200-3300 cm~!, which are related to
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Scheme 1. Microactivity Test (MAT) system.

the stretching vibrations of hydroxyl groups. Moreover, the peak at 1500-1600 cm™! is attributed to the adsorbed
water. Two peaks at 1050-1100 cm™! and 1100-1200 cm™! are associated with bending vibrations of Al-OH.
Three peaks in the region of 450-750 cm™! are attributed to the metal-oxygen’s (Al-O) bending and stretching
vibration®.

Figure 3 shows the TG- DTA curves of the synthesized boehmite nanoparticles. The TG curve shows the
weight loss (approximately 15 wt%) in the region of ~ 50-150 °C, corresponding to a broad endothermic peak at
the same region in the DTA curve. This weight loss and the endothermic peak are related to the evaporation of
the surface adsorbed water and the water trapped in pores. With increasing temperature, a weight loss of about
15 wt% in the region of ~300-500 °C is found, which corresponds to a broad endothermic peak at the same
region in the DTA curve, which is attributed to the crystallization of metal hydroxide into metal oxide and the
removal of residual hydroxide groups. In fact, this was attributed to the phase transformation from AIOOH to
y -ALO,%.

In oider to study the specific surface area and pore structure of the synthesized boehmite nanoparticles,
the BET/BJH analysis was performed. According to the results in Table 2, the synthesized sample shows a BET
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Item Measured values | Test Method
Specific gravity (15.6 °C/15.6 °C) | 0.9401 ASTM D792
Total Sulfur (wt%) 1.01 ASTM D4294
Total Nitrogen (ppm) 1976 ASTM D4629
Conradson Carbon (wt%) 4.45 ASTM D189
Ni (ppm) 59 UOP391

V (ppm) 8.7 UOP391
Distillation (°C) ASTM D1160
IBP 225

10 vol% 365

30 vol% 477

50 vol% 489

70 vol% 507

90 vol% 521

FBP 534

Table 1. Specification of Arak Oil Refinery Company RFCC feedstock.
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Fig. 1. X-ray diffraction pattern of the synthesized boehmite nanoparticles and reference pattern (Boehmite,
00-005-0190).

Sample Average crystallite size (nm) | Surface area (m?/g) | Pore volume (cm?/g) | Average Pore size (nm)
Boehmite nanoparticles | 6 350 0.61 7.1
Y zeolite nanoparticles | 33 957 0.35 1.13

Table 2. Structural properties of the synthesized boehmite and Y zeolite nanoparticles.

surface area of 350 m?/g with a pore volume of 0.61 cm?/g. Moreover, the average pore size of the synthesized
sample is 7.1 nm. Figure 4 shows the N, adsorption/desorption isotherm and pore size distribution curve of the
prepared sample. According to the IUPAC classification, the N, isotherm is type IV with an H2-type hysteresis
loop. This type of hysteresis is usually found in solids consisting of particles crossed by partially cylindrical
channels or made by agglomerates or aggregates of spheroidal particles with non-uniform size and/or shape
pores®%. The pore size distribution curve of the prepared sample is shown in Fig. 4b. The synthesized boehmite
shows a pore size in the mesopore region, which is suitable for the preparation of the RFCC catalyst.

The SEM images of the synthesized boehmite nanoparticles with different magnifications are shown in Fig. 5.
As can be seen, the SEM images clearly demonstrate that the structure has a spherical shape. The particle size of
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Fig. 2. FT-IR spectrum of the synthesized boehmite nanoparticles.

the synthesized boehmite nanoparticles was uniform, ranging from 20 to 40 nm. However, these particles were
physically attached and formed uniform spheres.

Synthesis of nanozeolite

The X-ray diffraction pattern of the synthesized NaY nanozeolite powder is shown in Fig. 6. As compared with
the reference pattern (Faujasite, 00-039-1380), the synthesized nanozeolite powder presents the diffraction
pattern characteristic of a faujasite structure with a cubic crystalline system. The sharp peaks in the XRD pattern
indicate the formation of zeolite powder with high crystallinity.

The average crystallite size of the synthesized NaY nanozeolite was also calculated from the half-width of the
main diffraction peaks using the Scherer formula, and the results are presented in Table 2.

The FT-IR spectrum of the synthesized NaY nanozeolite is displayed in Fig. 7. A wide band at 3460 cm™! was
due to the stretching vibration of structural hydroxyl groups and water molecules. Also, the peak at 1640 cm™! was
due to the bending vibration of water molecules. The bands in the region of 1200 and 900 cm™! were ascribed to
the internal tetrahedral and external linkage asymmetrical stretching vibrations, respectively. Furthermore, the
bands at 725 and 790 cm™! were attributed to internal tetrahedral and external linkage symmetrical stretching
vibrations, respectively’!. The band at around 577 cm™! was related to the structural vibration of the double
ring (D6R) units, which is a special characteristic of the Y zeolite structure®>>. In fact, this band demonstrated
the formation of a zeolitic structure. Likewise, the band at 465 cm™! was related to the metal-oxygen bonding
vibration at tetragonal holes TO, (T =Si or Al) in the zeolite structure?s,

The N, adsorption/desorption isotherm and pore size distribution of the synthesized NaY nanozeolite are
shown in Fig. 8. According to the IUPAC classification, the N, isotherm is type I, which is related to microporous
materials*. As can be seen, the isotherm shows an intensive rise in N, adsorption at very low relative pressure
(P/PY) and then a flat curve at higher relative pressure, which is a special characteristic of microporous materials.
The structural properties of the prepared sample are reported in Table 2. According to the results in Table 2, the
specific surface area is 957 m?/g, and the external surface area based on the t-plot calculation is 102 m?%/g for
the synthesized NaY nanozeolite. According to the N, isotherm and BET result, the pore size of the synthesized
zeolite is in the micropore range (<2 nm), which is in agreement with the pore size distribution (Fig. 8b).
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Fig. 3. TG-DTA diagram of the synthesized boehmite nanoparticles.
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Fig. 4. N, adsorption/desorption isotherm (a) and pore size distribution (b) of the synthesized boehmite
nanoparticles.
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Fig. 5. SEM images of the synthesized boehmite nanoparticles with different magnifications.
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Fig. 6. X-ray diffraction pattern of the synthesized NaY nanozeolite and reference pattern (Faujasite, 00-039-
1380).

Figure 9 shows the SEM images of the synthesized NaY nanozeolite. According to the SEM images, particles
with cubic shapes are clearly formed. The particle size distribution of the synthesized NaY nanozeolite was
uniform, ranging from 20 to 30 nm.

Synthesis of RFCC catalysts

The X-ray diffraction patterns of the prepared catalysts with different boehmite contents are shown in Fig. 10. It
clearly demonstrates the presence of a Y zeolite structure in the prepared catalysts. The broad diffraction peak
that appeared at 20 =15-30° is related to the amorphous silica matrix.

The acidity of the catalysts was studied by NH, temperature-programmed desorption (NH,-TPD) analysis.
The acidic site distribution and the total acidity of the catalysts can be obtained from the peak position, shape,
and area of the desorption peaks, respectively. Figure 11 illustrates the NH,-TPD curves of the prepared catalysts
without boehmite (NC, B,) and with 20 wt% boehmite (NC, B, ). As can be seen, the curves show two main
desorption peaks. The low-temperature peak can be related to the desorption of NH, from weak acid sites or
non-acidic sites, weak Bronsted acid sites, Lewis acid sites, silanol groups, and the formation of NH 4+ (NHS)n
(n>1) groups®?. The high-temperature peak can be attributed to the desorption of NH, from strong Bronsted
and Lewis acid sites®” . As can be seen, the acidity of the prepared catalysts increased with the addition of
boehmite nanoparticles as an active matrix to the catalyst composition. On the other hand, in equal zeolite
content (30 wt%), the catalyst with the active matrix (NC, B, ) has higher acidity than the catalyst with the
inactive matrix (NC, B ). In fact, this higher acidity of the active matrix-based catalyst is related to the acidic
sites of the mesoporous alumina matrix that have a key role in the precracking of heavy hydrocarbon molecules
that cannot enter the zeolite micropore.

Scientific Reports | (2025) 15:1844 | https://doi.org/10.1038/s41598-025-85723-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

90 =
. ‘\[\ (.W
g
g M7 | il g
= 2 =
£ 754
£ =
£ 704 >
ﬂ (oo
= 654
°
=
60 =
55 < J
50
a
=
v T T T T T v T v T v T v T
3500 3000 2500 2000 1500 1000 500
; -1
Wavenumber (¢cm )
Expanded view
90 -v—\f\j
85 = ’ |
w 80 g g
2 ‘ *
S
£ 754
=
: l
£ 704
= LA
X
60 =
D6R
55 <
50 =
a
T —l L4 )

1000 500

Wavenumber (cm'l)

Fig. 7. FT-IR spectrum of the synthesized NaY nanozeolite.

Figure 12a shows the N, adsorption and desorption isotherms of the catalysts prepared with different boehmite
contents. According to the IUPAC classification, the N, isotherms are type IV with an H2-type hysteresis loop.
This type of hysteresis is usually found on solids consisting of particles crossed by partially cylindrical channels
or made by agglomerates or aggregates of spheroidal particles with a non-uniform size and/or shape pores®.
As can be seen, with the addition of boehmite nanoparticles to the catalyst composition, the adsorption of N,
molecules in the saturated pressure (P/P°=1) decreased, which is attributed to the decrease in the pore volume

of the catalyst. The pore size distribution curves of the prepared catalysts are shown in Fig. 12b. Based on this
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Fig. 8. N, adsorption/desorption isotherm (a) and pore size distribution (b) of the synthesized NaY
nanozeolite.

Fig. 9. SEM images of the synthesized NaY nanozeolite with different magnifications.

figure, all catalysts have a pore size in the mesopore and micropore regions. The structural properties of the
prepared catalysts are presented in Table 3. Here, the BET analysis demonstrated that the addition of boehmite
nanoparticles to the catalyst composition increased the surface area of all prepared samples. In fact, with the
addition of boehmite nanoparticles to the catalyst composition, the pore volume of the prepared catalysts
decreased. Still, due to the decrease in pore size, the surface area of the catalysts increased.

The SEM images of the NC, B, and NC, B, catalysts are presented in Fig. 13. It can be observed that the
zeolite and boehmite nanoparticles are well dispersed and incorporated into a silica matrix. However, these
particles were physically attached and formed uniform spheres.

Catalytic performance

The modern RFCC catalyst is a composite that consists of different components such as zeolite, matrix, binder,
and different additives as promoters. Among them, the active matrix plays a key role in the precracking of heavy
hydrocarbon molecules that cannot enter the zeolite micropore. The cracking of model feedstock over synthesized
RFCC catalyst has been reported by several authors!®>*%. This type of process can provide a general suggestion
of the potential of the catalysts. However, it is necessary to evaluate the performance of the catalysts with real
RFCC unit feedstock; hence, in order to evaluate the synergetic effect of mesoporous boehmite nanoparticles as
active matrix and zeolite nanoparticles on the catalytic performance of the RFCC catalyst, the cracking reaction
was carried out using the RECC unit feedstock of Arak Oil Refinery Company over the prepared catalysts. In a
commercial RFCC catalyst, matrix components are active and crack large hydrocarbon molecules into lighter
ones. Therefore, in this work, we prepared catalysts using mesoporous boehmite nanoparticles as an active matrix
and zeolite nanoparticles in order to evaluate the synergetic effect of matrix activity and zeolite nanoparticles
on the catalytic performance. Figure 14a shows the correlation of MAT conversion with the boehmite content
of different prepared catalysts. As can be seen, the MAT conversion increased with the boehmite content. In
general, increasing the boehmite content as an active matrix increased the acidity and cracking of hydrocarbon
molecules, so the conversion increased. However, boehmite nanoparticles as an active matrix with mesoporous
active sites cause the precracking of heavy hydrocarbon molecules to lighter ones. These light hydrocarbons can
later enter zeolite micropores and crack into valuable products*’=3%. On the other hand, with equal nanozeolite
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Fig. 10. The X-ray diffraction patterns of the prepared catalysts.

content, the catalysts with the alumina matrix have higher cracking activity than the catalysts with the inactive
matrix. In fact, this higher activity of active matrix-based catalysts is related to the mesoporous active site of the
alumina matrix, which causes lower molecular diffusion resistance and higher heavy hydrocarbon molecular
accessibility.

Figure 14b illustrates the relationship between the product yield and the boehmite content of different
prepared catalysts. The gaseous products include dry gas (C,-C, molecules and other molecules containing H,,
H,S, CO, CO,, etc.) and LPG (C,-C,). Dry gas is an undesirable product, while LPG is a valuable product. The
obtained results revealed that the gas yield increased with the boehmite content. As it is well known, gaseous
products are caused by the thermal cracking and overcracking of hydrocarbon molecules on the catalyst
acid sites. In fact, the rise in catalyst boehmite content increased the available catalyst acid sites and catalyst
conversion, hence the increase in gas yield.

Gasoline is one of the most important products of the RFCC unit. It can be observed that increasing the
content of boehmite up to 20 wt% increased the gasoline yield, and a further increase in its content had a
negative influence and decreased the gasoline yield. In general, the mesoporous active site in the matrix structure
of the catalyst for precracking heavy hydrocarbons that cannot enter zeolite micropores increased with an
increase in the content of boehmite in the catalyst. After that, this precracked hydrocarbon entered into zeolite
micropores and selectively cracked into a lighter product; hence, gasoline yield increased. In fact, mesoporous
acidic sites in alumina structures precrack heavy hydrocarbon molecules, increase the accessibility of these
cracked molecules to the active site of zeolite, and cause lower molecular diffusion resistance, but do not result
in any blockage of zeolite micropores with heavy hydrocarbon molecules. So, the gasoline yield with selective
and controlled cracking increases. As the boehmite content of the catalyst reaches a critical amount, the gasoline
yield reaches a steady state and eventually decreases with the further increase of the boehmite content. In fact,
further increases in boehmite content intensify the cracking reactions and cause overcracking of gasoline, thus
decreasing gasoline yield. The results clearly demonstrate the superiority of active matrix-based catalysts. At
equal zeolite content, the active matrix-based catalysts have a higher gasoline yield than the inactive matrix-
based catalysts. The highest gasoline yield was observed on the catalyst with the 20 wt% boehmite nanoparticles

(NC,,B,,), which is about 42%.

Scientific Reports |

(2025) 15:1844 | https://doi.org/10.1038/s41598-025-85723-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

800 -
l Ammonia desorbed :
700 - ) :
I\CsoBO 2.31 (mmol )"Hs/g catalyst) (
600 - _NC30320 3.44 (mmol I\'H3/g catalyst) i
. | [
> :
£ 5004 |
o |
E a0- |
7] . 1
300 - :
200 4 :
|
100 - 1
0 ¥ I ] | | I :I

0 150 300 450 600 750 HOLD ——=

Temperature(°C)

Fig. 11. NH,-TPD diagram of the prepared catalysts.

300 @ ®
b _._NC.\(IBo
& 250 ,, c
([;': NCJan ﬂE
L0 1 |—*—NC,B,| Adsorption =
- & @
£ 2004 Desorption e £
= 4 : NCJRB.W =
T § —u—NC_ B
£ 150 , > PR
é E - "4 ;C: - NCJuBm
Z 100 P z —e— NC,B,
z - WM & ST
"E | ;ﬁ’ 20 NcsuB.xu
| »‘ =
& 504 z
.
4 —_—
i . T v T v T v T v —r T
0.0 0.2 0.4 0.6 0.8 1.0 30 40 50 60 70 80
Relative Pressure (p/p°) Pore Width (nm)

Fig. 12. N, adsorption/desorption isotherms (a) and pore size distributions (b) of the prepared catalysts.

Sample | Surface area (m?/g) | Pore volume (cm?/g) | Average Pore size (nm)
NC,,B, |346 047 5.4
NC,,B,, | 370 0.44 48
NC,B,, | 370 0.43 46
NC,,B,, | 359 0.42 4.7

Table 3. Structural properties of the (a) NC, B, (b) NC,B,, (c) NC, B, and NC30B30 catalysts.
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Fig. 13. SEM images of the (a) NC, B and (b) NC, B, Catalysts.

The gasoline selectivity is defined as the gasoline yield to conversion ratio, which is one of the most important
parameters to evaluate the performance of an RFCC catalyst. Figure 14c illustrates the relationship between the
gasoline selectivity and the boehmite content of different prepared catalysts. The increasing catalyst boehmite
content increases the gasoline selectivity, which then reaches a constant value and eventually decreases. In fact,
the addition of mesoporous boehmite nanoparticles as an active matrix to the catalyst composition causes
selective and controlled precracking of heavy hydrocarbon molecules, and by directing the cracked heavy
molecules toward the zeolite micropore, gasoline selectivity increases. So, the active matrix-based catalysts have
higher gasoline selectivity than the inactive matrix-based catalyst, and the catalyst with the 20 wt% boehmite
nanoparticle (NC, B,) has the highest gasoline selectivity, which is about 65.1%. However, further increasing
the boehmite content increases the catalyst acidity, causes overcracking of hydrocarbon molecules, and
consequently decreases the gasoline selectivity.

The LCO fraction is the favorable product of the RFCC unit. The LCO yield increases with the catalyst
boehmite content and decreases when it reaches a maximum value. In fact, the large hydrocarbon molecules
cannot enter the small pores of the zeolite, so the cracking of large hydrocarbon molecules on the mesoporous
acidic site of the alumina active matrix and the external surface of the zeolite nanoparticle results in LCO. Hence,
the active matrix-based catalyst that has a higher mesoporous active site than the inactive matrix-based catalyst
shows higher cracking of large molecules and LCO yield. Also, due to the high frequency of large hydrocarbon
molecules with low conversion, the LCO yield increases by increasing the boehmite content and conversion.
However, further increases in boehmite content and conversion decrease the amount of these large molecules;
thus, LCO vyield drops after a maximum value. As can be seen, the catalyst with 20 wt% boehmite nanoparticles
(NC,,B,,) has the highest LCO yield, which is about 20%.

The HCO fraction is the unfavorable product of the RECC process, which includes sulfur and aromatic
components that should be reduced to the lowest content. As can be seen, HCO yield decreases with rising
boehmite content, due to the increase in acidity and the number of catalytic cracking active sites in the
mesoporous alumina active matrix. However, the active matrix-based catalysts show a lower HCO yield than the
inactive matrix-based catalysts.

Figure 15 displays the influence of the catalyst boehmite content on the coke formation. Coke is the undesired
product of the RFCC unit, the formation of which should be kept as low as possible. The obtained results illustrate
that active matrix-based catalysts have the lowest coke yield as compared to inactive matrix-based catalysts. In
fact, the large hydrocarbon molecules that cannot enter the micropores of the zeolite can cause the blocking of
these pores and lead to coke formation. The addition of the alumina active matrix with the mesoporous structure
to the catalyst composition, in which heavy hydrocarbons can enter and crack into lighter molecules, does not
cause the blockage of the micropores in zeolite. Consequently, the coke yield decreases with the synergetic effect
of boehmite and zeolite nanoparticles.

As it can be seen, the synthesized NC, B, catalyst with 20 wt% mesoporous boehmite nanoparticles as the
active matrix and 30 wt% zeolite nanoparticles balanced with silica showed the best gasoline yield, gasoline
selectivity, and LCO yield in the RFCC process. Hence, the catalytic performance of the synthesized NC, B,
catalyst was compared with the HGY series commercial catalyst of Sinopec Catalyst Company, and the results
are presented in Table 4.

According to the results in Table 4, the synthesized NC, B, catalyst shows higher values for surface area,
total pore volume, and average pore size than the commercial catalyst. In fact, the mesoporous boehmite
nanoparticles produce mesopore structure and increase the pore volume and pore size of the synthesized
catalyst. Also, the use of zeolite nanoparticles increases the surface area of the synthesized catalyst compared
to the commercial catalyst. The NH,-TPD analysis showed approximately equal ammonia desorbed from
the synthesized and commercial catalysts, which represents the same acidic strength. The catalysts also show
approximately equal MAT conversion. As can be seen, the microactivity tests demonstrate that the synthesized
NC, B, catalyst has a higher desirable product yield, such as gasoline and LCO, a higher gasoline selectivity, and

Scientific Reports |

(2025) 15:1844 | https://doi.org/10.1038/s41598-025-85723-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a)
$704 -
; /
~ |
g -/
£ 60 /
z
s |}
)
[
«
= 50
(b)
40 -
—®— Gasoline
35 -
S 30
£ 254 —=—Gas
=
2
= 204
—A—1LCO
15 -
10 —¥—HCO
(c)
~ 65
X
b
N
< 60
3
£
w2
@
£
'_O | ]
% 55
<}
0 10 20 30

Boehmite Content (wt. %)

Fig. 14. Correlation of (a) MAT conversion (wt%), (b) product yield (wt%), and (c) gasoline selectivity (wt%)
with the boehmite content of different prepared catalysts.

a lower undesirable product yield, such as HCO and gas, than the commercial catalyst in equal MAT conversion.
In fact, the optimum catalytic performance of the synthesized NC, B, catalyst is related to the synergetic effect
of the mesoporous alumina active matrix and zeolite nanoparticles, which leads to a larger pore size, a higher
pore volume, and a higher surface area of the catalyst. Therefore, enlarging the pore size of the active matrix and
improving the pore distribution of catalysts are the main reasons for the lower molecular diffusion resistance
and higher heavy hydrocarbon molecular accessibility of the synthesized catalyst compared to the commercial
catalyst, which result in better catalytic performance.

Conclusions

In this work, the boehmite nanoparticles (20-40 nm) and the NaY nanozeolite (20-30 nm) were synthesized and
characterized. The XRD analyses clearly demonstrated the formation of boehmite and NaY zeolites with high
crystallinity. The BET analysis showed that the prepared boehmite has a mesoporous structure with a surface
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Fig. 15. Correlation of coke yield with the boehmite content of different prepared catalysts.

Item Synthesized NC, B, Catalyst | Commercial Catalyst
Surface area (m?/g) 370 312
Pore volume (cm®/g) 0.43 0.18
Average pore size (nm) 4.6 2.3
NH, desorbed (mmol /g catalyst) | 3.4 35
MAT Conversion (wt%) 64.5 64.2
Gas Yield (wt%) 18.5 19.0
Gasoline Yield (wt%) 42.0 38.7
Gasoline Selectivity 65.1 60.3
LCO Yield (wt%) 19.8 18.1
HCO Yield (wt%) 15.7 17.7
Coke Yield (wt%) 6.5 6.5

Table 4. Structural properties and catalytic performance results of the synthesized NC, B, and commercial
RFCC catalysts.

area of 350 m?/g, which is an important parameter in the performance of the active matrix in RECC catalysts.
Afterward, some catalysts were prepared using the mesoporous boehmite nanoparticle as the active matrix
and the Y zeolite nanoparticle as the main active component in order to evaluate the synergetic effect of the
mesoporous active matrix and the Y zeolite nanoparticles on the catalytic performance. The NH,-TPD analysis
demonstrated that the acidity improved with the addition of boehmite nanoparticles to the catalyst composition.
On the other hand, in equal zeolite content, the active matrix-based catalyst has higher acidity (NC 3.44
mmol NH,/g catalyst) than the inactive matrix-based catalyst (NC, B, 2.31 mmol NH,/g catalyst).

However, in order to evaluate the effect of mesoporous boehmite content on the catalytic performance of
the RFCC catalyst, a cracking reaction was carried out using the RFCC unit feedstock of Arak Oil Refinery

30B20’

Scientific Reports |

(2025) 15:1844 | https://doi.org/10.1038/s41598-025-85723-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Company over the prepared catalysts. The microactivity tests (MAT) demonstrated that, with equal zeolite
content, the active matrix-based catalysts have a higher conversion, a higher desirable product yield such as
gasoline and LCO, a higher gasoline selectivity, and lower undesirable product yield such as HCO and coke
than the inactive matrix-based catalyst. In fact, the optimum catalytic performance of the active matrix-based
catalysts is related to the mesoporous active site and the higher acidity of the alumina active matrix, which leads
to lower molecular diffusion resistance and higher heavy hydrocarbon molecular accessibility. Moreover, the
active matrix-based catalyst (NC, B, ) with a BET area of 370 m*/g showed the best catalytic performance in
the RFCC process. The synthesized NC, B, catalyst with 20 wt% mesoporous boehmite nanoparticles as the
active matrix and 30 wt% zeolite nanoparticles balanced with silica had the highest gasoline yield (42 wt%) and
gasoline selectivity (65.1 wt%). The catalytic performance test results showed that in equal MAT conversion
(almost 64 wt%), the synthesized NC, B,  catalyst has higher desirable product yields, such as gasoline (42.0 wt%
synthesized catalyst versus 38.7 wt% commercial catalyst) and LCO (19.8 wt% synthesized catalyst versus 18.1
wt% commercial catalyst), higher gasoline selectivity (65.1 wt% synthesized catalyst versus 60.3 wt% commercial
catalyst), and lower undesirable product yields such as HCO (15.7 wt% synthesized catalyst versus 17.7 wt%
commercial catalyst) and gas (18.5 wt% synthesized catalyst versus 19.0 wt% commercial catalyst) than the

commercial catalyst. In fact, the better catalytic performance of the synthesized NC, B, catalyst is attributed to

the synergetic effect of the mesoporous alumina active matrix and zeolite nanoparticles, which leads to a larger
pore size, a higher pore volume, and a higher surface area of the catalyst. Therefore, lower molecular diffusion
resistance and higher heavy hydrocarbon molecular accessibility are the main reasons for the superiority of the
synthesized catalyst over the commercial catalyst.
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All data generated or analyzed during this study are included in this published article.
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