
Vol.:(0123456789)

Brazilian Journal of Chemical Engineering (2023) 40:803–816 
https://doi.org/10.1007/s43153-022-00280-0

1 3

ORIGINAL PAPER

Synthesis and catalytic behavior of FCC catalysts obtained from kaolin 
by the in‑situ method

Jessyka Padilla1  · Alexander Guzman2 · Juan Carlos Poveda‑Jaramillo1

Received: 4 December 2021 / Revised: 6 September 2022 / Accepted: 15 October 2022 / Published online: 7 December 2022 
© The Author(s) 2022

Abstract
In-situ zeolites NaY and Na[B]Y were synthesized on microspherical matrices of kaolin to obtain FCC catalysts. An alkaline 
pretreatment of the matrix was investigated in order to evaluate its effect on matrix properties and crystallization of the in-situ 
synthetized zeolites. Catalysts were characterized by SEM, TEM, Ar adsorption, XRD and  NH3-TPD. It was observed an 
increase in the surface area and mesoporosity of the alkaline treated catalysts either synthetized with the presence of boron 
or with no boron in the hydrothermal reaction mixture. Ammonia TPD analyses have shown an increase in the amount and 
strength of the acidity of the catalysis with the zeolites crystallized on the pretreated matrices and exchanged with lanthanum 
ions. Thus, a combination between higher concentration of stronger acid sites and higher proportion of mesoporous gener-
ated in the matrices treated with alkaline solution had resulted in more active catalyst as shown by the triisopropylbenzene 
cracking experiments conducted here.
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Introduction

The zeolite Y is a microporous crystalline synthetic alumi-
nosilicate with a pore opening of 0.74 nm, acidity adjust-
able due to the Si/Al ratio and high thermal and hydro-
thermal stability, making these materials suitable for their 
application in heterogeneous catalysis, especially in fluid 
catalytic cracking (FCC) (Baerlocher et al. 2007; Karami 
and Rohani 2009; Vermeiren and Gilson 2009). Nowadays, 
great difficulties have been generated in the FCC due to 
the changing quality of the feedstocks, affecting mainly 
the catalyst performance considering their higher metal 
content and coke precursors. The average boiling point 
and molecular diameter of the heavy hydrocarbon mol-
ecules involved have led to higher coke formation with 
the concomitantly pore blocking and decrease in conver-
sion (Chen et al. 2013; Pan et al. 2019; Primo and Garcia 
2014). Therefore, strategies to achieve an efficient cata-
lyst have been designed to improve mass transport, the 
adsorption/desorption of bulky molecules and promoting 
reaction at active sites located on the internal surface of 
the catalyst. These strategies include the partial destruc-
tion of zeolite (demetallation) or adding templates that 
are removed after synthesis to introduce mesoporous 
(Wei et al. 2015; Schwieger et al. 2016). Thus, hybrid 
properties of microporous zeolites (shape selectivity) and 
mesoporous materials (diffusion of bulky reactants) are 
encompassed in the catalyst.

Post-synthesis treatments as dealumination by steaming 
or acid leaching and desilication by alkaline solutions to 
improve diffusion properties in zeolites have been exten-
sively studied. These methods produce mesopores with 
heterogeneous distribution, and occasionally it could lead 
to damage of structure (Silaghi et al. 2014, 2016). Alter-
native methods used to generate mesoporous based on the 
use of boron in the synthesis gel aimed at isomorphic sub-
stitution of  Al3+ ions by  B3+ at T sites of the structure have 
been reported (Koller et al. 2015). However, isomorphic 
substitution of boron in large pore zeolites such as fauja-
site Y has been unsuccessful and post-synthesis methods 
have been also evaluated (Han et al. 1994; Gaffney et al. 
1989). Mi et al. synthesized zeolite Y with a B/Al molar 
ratio of 0.01 and suggested that boron insertion in this 
structure promotes hydrolysis of the Si–O–Al and Si–O–B 
bonds during steaming which results an interconnected 
mesoporous system better than that obtained by conven-
tional dealumination and generating higher catalytic activ-
ity compared with zeolite without boron (Mi et al. 2017).

The performance of the FCC catalyst also depends on 
the properties of the matrix. In that way, the nature and 
composition of the matrix is decisive, since it provides 
primary acid sites to crack bulky molecules into smaller 

products that can reach then the active sites of the zeolite 
(Gamero et al. 1997). Besides, the matrix imparts attrition-
resistance, tolerance to metals and, based on in-situ manu-
facturing of the FCC catalyst, it supports and disperses 
the zeolite (Clough et  al. 2017). The in-situ synthesis 
route is a method where the zeolite grows directly on a 
pre-formed kaolin matrix, which provides silicon and alu-
minum sources for direct crystallization avoiding the use 
of binders. Due to the important contribution of the matrix 
on the catalyst, in recent years manufacturers have been 
directed efforts towards improving its properties. In par-
ticular, Engelhard corporation (now BASF) has designed 
a Distributed Matrix Structures (DMS) technology with 
a macropore system that decreases coke selectivity and 
favors a rapid diffusion of feed and products during the 
catalytic reaction (Clough et al. 2017; Pan et al. 2015).

As mentioned before, the conversion of heavy feedstocks 
into desired products has been the current challenges of the 
FCC process, because of the conventional catalysts mainly 
presents restrictions on diffusion properties. Consequently, 
in this research a set of catalysts have been designed that 
combine functionalities inside both matrix and zeolite 
phases, in order to increase interconnectivity and facilitate 
the diffusion of molecules and reaction products. Thus, four 
samples were prepared by the in-situ synthesis methodol-
ogy. In this respect, two FCC-matrices were prepared using 
mixtures of thermal- and chemically treated kaolins with 
the presence of mesoporosity in the microspheres prior to 
crystallization of the zeolite. The zeolite NaY and Na[B]
Y were hydrothermally synthesized directly on the matri-
ces using boric acid as source of boron. Subsequently, the 
Na-samples were treated by steaming to modify the textural 
properties of zeolites by dealumination. Finally, the catalysts 
after ammonium and lanthanum exchange were evaluated in 
the catalytic cracking of 1,3,5-triisopropylbenzene at 300 °C 
in a MAT unit.

Experimental section

Matrix preparation

The starting material was a kaolin K obtained from Cao-
lines de Vimianzo. The kaolin was calcined in a furnace 
at 1000 °C and 1100 °C during 1 h using a heating rate of 
5 °C/min. The samples were named K-1000 and K-1100, 
respectively. After calcination, K-1000 was alkaline treated 
at 95 °C for 24 h using an aqueous solution 3.5 M of NaOH 
(5 mL/g of calcined kaolin) and identified as K-1000A 
(Padilla et al. 2020).

Two different aqueous slurries A and B with 40 wt% of 
solid content using a sodium silicate solution (28.5 wt% 
 SiO2, 8.5  wt%  Na2O; Merck) as dispersant agent and 
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deionized water were prepared. The slurry A was obtained 
mixing mass percentages 50 K:35 K-1000:15 K-1100 and 
slurry B 50 K:35 K-1000A:15 K-1100.

The matrix microspheres were obtained by spray drying 
of the slurries in a pilot scale unit using a flow of 3 mL/
min and adjusting the inlet temperature between 135 and 
140 °C, air pressure 0.59 MPa, atomization air flow 8–10 L/
min and dried air flow 70 L/min. The microspheres obtained 
from slurries A and B were sieved between 40 and 90 µm, 
calcined in furnace at 750 °C for 3 h and labeled as M and 
M-Na, respectively.

Synthesis in situ of NaY and Na[B]Y

The crystallization of Na[B]Y zeolite on matrices were car-
ried out by hydrothermal synthesis. As boron source in syn-
thesis gel was used boric acid  (H3BO3, Merck) dissolved 
in water and alkalinized with sodium hydroxide (NaOH, 
Merck) up to pH 13. A seed solution was prepared accord-
ing to the stereochemistry reported by Qiang, Li. and was 
aged at 22 °C for 6 h (Qiang et al. 2010). The synthesis of 
Na[B]Y/M-Na is illustrated as an example. First, the boron 
solution and M-Na were added to sodium silicate solution 
to obtain a molar composition of 1.3Na2O:4.6SiO2:Al2O3:0
.059B2O3:63.2H2O. Then, seeds were added to the reaction 
mixture to adjust a molar ratio of 1.9Na2O:5.1SiO2:Al2O
3:0.056B2O3:74.1H2O, and was left to age at 54 °C during 
1 h. Subsequently, hydrothermal crystallization was car-
ried out at 100 °C for 21 h in Teflon reactors with a stain-
less steel cover. Solid product was separated by filtration, 
washed abundantly with deionized water and dried for 12 h 
at 90 °C. Additionally, the samples were sieved to remove 
fines less than 40 µm. The samples of NaY on matrices were 
prepared following the same procedure without adding the 
boron solution.

Catalysts preparation

The ammonium form of the samples was obtained by ion 
exchange at 85 °C for 1 h using a  NH4NO3 aqueous solu-
tion 15 wt% stirring at 50 rpm. After the exchange step, 
the samples were washed and dried.  NH4[B]Y and  NH4Y 
samples on the M-Na and M matrices were calcined in a 
quartz reactor at 600 °C for 1 h under dry air flow (100 mL/
min). Successively, air flow was stopped and maintaining 
temperature was performed an hydrothermal treatment for 
5 h with steam flow and  N2 flow (0.3 mL/min) to keep the 
catalyst fluidized. The catalysts obtained were labeled as 
HY/M-Na, H[B]Y/M-Na, HY/M and H[B]Y/M.

Additionally, catalysts were exchanged once with an 
aqueous solution 0.2 M of La(NO3)3·6H2O at 85 °C during 
1 h under stirring. This samples were denoted as La,HY/M-
Na, LaH[B]Y/M-Na, La,HY/M and La,H[B]Y/M.

Characterization methodologies

The XRD patterns were collected in a RIGAKU Smartlab 
SE Advance powder diffractometer, using CuKα radiation. 
The samples were scanned at 1.2 º/min between 2° and 70° 
2θ. The zeolite NaY crystallinity in the samples was deter-
mined according to ratio between peak height at 22°–24° 2θ 
of sample/reference and the percentage of zeolite was cal-
culated with a Rietveld refinement using TOPAS software.

For determination of bulk elemental composition, the 
samples were prepared by acid digestion in a closed sys-
tem (microwave) for quantification of Aluminum, Silicon 
and Sodium and open system (heating plate) for analysis 
of Boron and Lanthanum. The solutions obtained were 
analyzed by Inductively Coupled Plasma Atomic Emission 
Spectroscopy (ICP-AES) using an equipment Optima 8300 
and external standardization.

The morphological characteristics of samples were 
studied with a broad range of microscopic techniques that 
include transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM). The SEM images were 
collected using the QUANTA 450 and LEO 1450 VP elec-
tron microscopes equipped with the OXFORD scattered 
energy X-ray system, operated in the high vacuum and low 
vacuum mode. A Tecnai F20 Super Twin TMP microscope 
was used to obtain TEM micrographs.

The textural properties were measured by argon adsorp-
tion at − 186 °C in an automated analyzer Micromeritis 
3FLEX™, after sample degasification at 300 °C under vac-
uum (6 Pa). The data analysis was carried out in the soft-
ware 3FLEX V.4.03 by Micromeritics. The porosity distri-
bution by Non-Local Density Functional Theory (NLDFT) 
was studied with Ar@87-Zeolites, Me-Form and Ar@87-
Zeolites, H-Form models for Na-samples and H-samples, 
respectively.

The acid properties of catalysts were determined by tem-
perature programmed desorption of ammonia  (NH3-TPD) 
in an apparatus Micromeritics AutoChem II equipped with 
a thermal conductivity detector. A sample of ~ 0.5 g was 
charged in the quartz tube. The catalyst was heated in situ at 
a rate of 10 °C/min until 600 °C for 1 h under He flow before 
saturation with  NH3 at 150 °C for 30 min. The  NH3-TPD 
profile was recorded from 150 to 600 °C.

Catalytic testing

The catalysts were evaluated in 1,3,5-triisopropylbenzene 
(TIPB) cracking at 300 °C, C/O = 5, under atmospheric pres-
sure using a fixed-bed reactor in a microactivity test (MAT) 
unit. Before starting test, 2.5 g of catalyst was loaded in 
the reactor and heated at 300 °C under  N2 flow (30 mL/
min) at least for 4 h. Afterward, 0.5 g of TIPB (95 wt%, 
Aldrich) were injected during 90 s and  N2 flow was timed 
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for an additional 15 min to recover products. The liquid 
products were condensed and analyzed on an Agilent 6890 
chromatograph according to ASTM D6729 “Determina-
tion of Individual Components in Spark Ignition Engine 
Fuels by 100 Meter Capillary High Resolution Gas Chro-
matography” for quantification of paraffins, iso-paraffins, 
aromatics, naphthenes and olefins, and simulated distilla-
tion analysis on an Agilent 7890B chromatograph following 
ASTM D7213 “Boiling Range Distribution of Petroleum 
Distillates in the Boiling Range from 100 to 615 °C by Gas 
Chromatography”. The gas products were analyzed by gas 
chromatography in an Agilent 6890 equipment according 
to the UOP 359 standard “Gas Refinery Analysis by GC”, 
and coke deposited on catalyst after reaction was measured 
by combustion in a LECO carbon analyzer C230 equipped 
with an IR detector to quantify  CO2 generated. A commer-
cial FCC catalyst (labelled as CAT-COM) was used for the 
comparison of results of the catalytic evaluation.

Results

In situ crystallization of NaY and Na[B]Y on matrices 
M‑Na and M

The zeolite NaY crystals were grown under hydrothermal 
conditions on two kaolin matrices with different textural 
properties and composition. The matrix M-Na was prepared 
with a mixture of calcined kaolin, where a 35 wt% of matrix 
was a K-1000A fraction corresponding to a kaolin calcined 
at 1000 °C and treated with sodium hydroxide to extract 

soluble silicon species. As shown in our previous report, 
the alkaline treatment leads to an increasing of the external 
surface area and the amount of mesopores between 3 and 
10 nm in the matrix (Fig. 1) (Padilla et al. 2020). Thus, 
the matrix M-Na with only 7.4% of silicon moles removed, 
have shown a BET area of 24  m2/g and 5.5 times more pore 
volume compared with the matrix M (Table 1). An indirect 
measure of the voids inside matrix microspheres is related 
to skeletal densities. In this regard, the Matrix M showed 
a higher density value indicating a more compact material 
than M-Na.

The X-ray diffraction profiles of the matrices showed pat-
terns with high content of amorphous material and charac-
teristic reflections of quartz and mica phases (Fig. 2). In the 

Fig. 1  Argon adsorption–desorption isotherms at – 186 °C and BJH desorption pore distribution plot of matrices M-Na and M

Table 1  Properties of matrices

a ICP-AES
b Signals with low intensity could not be assigned

Sample M-Na M

SBET  (m2/g) 24 5
VTotal  (cm3/g) 0.06 0.01
δ (g/cm3) 2.6238 2.6678
Si/Al (molar ratio)a 0.88 0.95
Naa (wt%) 3.2 0.9
Mineralogyb %
 Quartz 34.5 60.9
 Muscovite  2M1 – 18.7
 Muscovite  2M2 33.2 20.3
 Muscovite  2M2, Na 32.3 –
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case of the M-Na matrix, an additional phase was identified 
and assigned as muscovite  2M2, Na, that could be related to 
the alkaline treatment of the K-1000A phase and the remain-
ing percentage of sodium in the matrix after preparation of 
microspheres (Table 1). On the other hand, the loss of the 
crystalline ordering on kaolin occurs during the calcination 
of the microspheres at 750 °C, due to the dehydroxylation 
process of kaolinite. The gradual removal of water mole-
cules induces a coordination change in the octahedral  (AlVI) 
towards tetrahedral  (AlIV) aluminum environments (Sperinck 
et al. 2011; Yan et al. 2017; White et al. 2010). This  AlIV is 
used as an active source of aluminum during the in-situ syn-
thesis of the zeolite NaY (Padilla et al. 2020). Additionally, 
the content of amorphous material in matrices is related to 
the mixture of kaolin phases calcined at different tempera-
tures that are linked with sodium silicate acting as a binder.

The growth of faujasites NaY and Na[B]Y on matrices 
after the in-situ synthesis was confirmed by XRD and Argon 

physisorption. According to the surface area results of syn-
thesized samples, it was found that ~ 80% of surface area 
corresponded to microporous and attributed to the presence 
of the crystallized zeolite (Table 2). The quantitative analy-
sis of the diffraction profiles revealed that during the synthe-
sis of the zeolite NaY, the zeolite NaP was also crystallized, 
and the amount of each zeolite phases in the microspheres 
could depend on the matrix used (Fig. 2). In the case of the 
samples obtained with the matrix M, they reached a higher 
content of NaY zeolite compared to the M-Na matrix sam-
ples (Table 2). However, NaY/M and Na[B]Y/M showed 
lower zeolite crystallinity, and a broad band between 20° 2θ 
and 35° 2θ in the XRD traces associated with amorphous 
material.

In the Fig. 3 are shown the SEM micrographs of the in-
situ synthesis of NaY/M-Na and NaY/M. The heterogeneous 
appearance inside the particles is due to the mode of aggre-
gation of the kaolin particles during the spray drying process 

Fig. 2  XRD profiles of matrices, NaY and Na[B]Y on matrices. Qz quartz, Ms muscovite, MsNa sodium muscovite, A γ-Alumina or Al-Si spi-
nel, Y zeolite Y and P: zeolite P
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(Padilla et al. 2021). Images of the matrix microspheres 
showed a moderately smooth surface (Fig. 3a, e), whereas 
after the hydrothermal synthesis, the microspheres appear 
to be covered by a layer of pseudo-cubic crystallites. The 
NaY/M sample exhibits a mostly compact-looking surface 
with scarce pores, which forms a crust with a thickness of 
less than 1 µm (Fig. 3f–h). Furthermore, the sample NaY/M-
Na presents a surface with voids between 120 and 3 µm. For 
both samples, the zeolite crystals grown on matrix particles 
are also observed inside microsphere (Fig. 3d).

Taking into account that zeolites supported on the sil-
ica-alumina matrices have not enough contrast between 
particles for acquisition of TEM images, samples were 
sonicated to release the zeolite crystals (Fig. S1). Thus, 

allowing an indirect determination of the crystal size 
distribution of the zeolites crystallized on matrices. It 
was found that for all samples the sizes are > 300 nm. 
The NaY/M and NaY/M-Na samples showed most of the 
crystals between 800–1000 and 600–800 nm, respectively. 
Furthermore, the Na[B]Y/M sample displayed a Gaussian 
crystal size distribution with a maximum at 600–800 nm. 
Especially, the Na[B]Y/M-Na sample exhibited a wide 
range of particle sizes from 600 nm, where 17% of crys-
tals were > 1000 nm (Fig. 4).

Properties of the samples in the acid form

Samples of NaY and Na[B]Y synthesized on the matrices 
were exchanged with  NH4NO3(ac), followed by steaming at 
600 °C to obtain H-form of zeolite in the catalysts particles. 
Some of the samples were further exchanged with lanthanum 
in order to evaluated its effect on acidity and activity of the 
catalysts.

Surface area and pore distribution in FCC catalysts play a 
very important role in its catalytic activity, since the reactant 
molecules must diffuse through cavities to reach the active 
sites where the cracking reactions take place. As shown in 
the Fig. 5, the catalysts prepared by the in-situ method and 
steaming-treated exhibited a type IV argon adsorption–des-
orption isotherms, where the presence of mesopores were 
attributed to the hysteresis loop with p/p0 between 0.4 and 
1.0. These type of isotherms have been previously reported 
in studies of zeolites embedded in matrix particles (Patry-
lak et al. 2001; Zheng et al. 2017, 2015). In contrast, the 

Table 2  Properties of samples in Na-form after synthesis in  situ on 
matrices

a Quantitative analysis of XRD profiles
b Refined by profile matching, Le Bail method
c ICP-AES

Sample NaY/M-Na Na[B]Y/M-Na NaY/M Na[B]Y/M

SBET  (m2/g) 308 333 232 136
Smicro  (m2/g) 243 262 189 110
VTotal  (cm3/g) 0.19 0.21 0.14 0.09
Zeolite Y (%)a 50 50 69 67
Crystallinity (%) 98.6 100.0 79.1 50.0
a0 (Å)b 24.77 24.76 24.70 24.70
SiO2/

(Al2O3 +  B2O3)c
2.27 2.25 2.15 1.98

Fig. 3  SEM images of a matrix M-Na; b microsphere, c surface of microsphere, d inside the microsphere of NaY/M-Na; e matrix M and f 
microsphere, g surface of microsphere, h inner view of microsphere of NaY/M
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commercial FCC catalyst used here that is manufactured by 
an incorporation methodology showed a different isotherm 
with no defined steps (Fig. S2).

On the other hand, the pore size distribution plot of the in-
situ catalysts showed two main groups of pore size (Fig. 5). 
The first one corresponds to a sharp micropore distribution 

Fig. 4  TEM images of Na[B]
Y/M-Na sample

Fig. 5  Argon adsorption/desorption isotherms (top) and Pore size distributions derived from NLDFT method applied to argon at – 186 °C iso-
therms for the prepared samples after steaming (bottom)
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in the range between 0.6 nm and 0.8 nm and another less 
intense with larger pore diameter between 3 nm and 15 nm. 
The maximum at 0.74 nm is associated with the micropores 
of zeolite Y, whereas the mesopores could be formed inter-
crystal or as a result of the treatment with steam. The cata-
lysts synthesized with the M-Na exhibited more volume of 
mesopores with 7.0 nm and 9.0 nm of diameter, compared to 
those prepared with M (Fig. 5). After calcination and steam-
ing, it was also found that the percentage of microporous 
area decreased by 6–10% in acid samples compared with 
Na-samples (Table 3).

Unlike molecular acids, the zeolites have a distribution 
of acid sites with different local environment, composition, 
arrangement, dimensions and geometry that will determinate 
acid strength for each site. Likewise, the acid amount and 
acid strength of the catalyst strongly depend on the kinetic 
diameter and basicity of the probe used in the characteriza-
tion (Primo and Garcia 2014; Sandoval-Díaz et al. 2015). 
Ammonia is a basic molecule with a kinetic diameter of 

0.16 nm that can diffuse into the cavities of zeolite Y (pore 
opening) and permitting the determination of the majority 
of the zeolite Y acid sites.  NH3 adsorption temperature was 
set at 150 °C with the purpose to be adsorbed on the acid 
sites with enough strength to react this probe molecule at 
the condition. Thus, ammonia desorption thermograms were 
recorded from 150 to 600 °C for the determination of acid-
ity of the catalysts (Fig. 6). According to  NH3-TPD results, 
a correlation between the micropore surface area and the 
total acidity value of H-form of the catalysts determined at 
150 °C was found with  R2 = 0.9273. Besides, the samples 
exchanged with  La3+ ions showed an increase of about 85 
μmolNH3/g in comparison to the non-lanthanum exchanged 
samples (Table 4). The distribution of acid sites was clas-
sified by integrating of  NH3-TPD signal between 150–300 
°C and 300–600 °C, corresponding to with weak acid (Wa) 
and strong acid (Sa) sites, respectively. It was found that 
exchange with  La3+ ions decrease the Wa/Sa ratio in samples 
with no boron used in the synthesis mixture. In the samples 
with boron this ratio remained almost unchangeable. 

Cracking of 1,3,5‑Triisopropylbenzene (TIPB)

The TIPB is a symmetrical branched hydrocarbon with a 
kinetic diameter of 0.95 nm and widely used as a probe mol-
ecule for the evaluation of the activity of cracking catalysts (Qi 
et al. 2015). Due to its molecular size, the TIPB is convenient 
to estimate the contribution of the external surface area of the 
zeolite in the cracking of bulky molecules. According to the 
MAT experiments, it was found that the synthesized catalysts 
have a TIPB weight conversion over 85% (Fig. 7). The distri-
bution of products after the catalytic reaction is presented in 

Table 3  Textural properties of catalysts measured by Argon adsorp-
tion at − 186 °C

a Vtotal ≦ 30 nm;  Smeso:  SBET-Smicro;  Vmicro: t-plot micropore volume

Sample HY/M-Na H[B]Y/M-Na HY/M H[B]Y/M

SBET  (m2/g) 235 251 200 125
Smicro  (m2/g) 162 176 151 90
Smeso  (m2/g) 73 75 49 35
VTotal  (cm3/g)a 0.18 0.18 0.13 0.08
Vmicro  (cm3/g) 0.06 0.06 0.05 0.03
Vmeso  (cm3/g) 0.12 0.12 0.08 0.05

Fig. 6  NH3-TPD profiles and 
percentage of sites between 
150–300 °C and 300–600 °C 
of catalysts obtained by in-situ 
synthesis and commercial 
catalyst
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Table 5. Usually, in catalytic cracking reactions, the content 
of coke and gas are increased at a higher density of acidic sites 
in the catalyst (Fig. S3), since the coke formation reaction is 
started at these acidic sites (Al-Khattaf 2002). Consequently, 
the samples exchanged with  La3+ exhibited higher gas and 
coke yields.

Discussion

In situ synthesis of zeolites

In previous reports, the use of kaolin as a precursor for 

Table 4  Properties of catalysts 
in H-form

N.D no determined, Wa weak acidity (150–300 °C), Sa strong acidity (300–600 °C)
a ICP-AES

Sample B (mg/Kg)a La (wt.%)a Na (wt.%)a Acidity 
(µmolNH3/g)

Wa/Sa

HY/M-Na – – 2.9 317.7 1.7
H[B]Y/M-Na 100 – 2.4 376.4 1.2
La,HY/M-Na – 1.66 1.4 440.7 1.0
La,H[B]Y/M-Na 110 2.00 1.1 461.9 1.2
HY/M – – 1.7 345.0 1.0
H[B]Y/M 172 – 1.4 202.6 1.2
La,HY/M – 1.46 1.0 454.8 0.7
La,H[B]Y/M 167 0.96 1.0 314.8 1.1
CAT-COM N.D N.D N.D 401.9 0.9

Fig. 7  Results of the catalytic cracking TIPB of deactivated catalyst at 600 °C, 5 h and 100% steaming. The TIPB conversion and reaction yields 
(left) and selectivity of liquid products (right)
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the synthesis of zeolites has been demonstrated usually 
from a single phase of calcined kaolin (Patrylak et al. 
2001; Zhang and Xiong 2012). However, the current 
study choices each of the matrix components based on 
a preliminary analysis of the structural changes of raw 
kaolin (Padilla et al. 2020). Thus, the mass ratio of dif-
ferent kaolin phases (K, K-1000, K-1000A and K-1100) 
used to obtain the matrices M and M-Na, aimed the fact 
that K-1100 provides mechanical resistance to the particle, 
while K-1000 is a soluble silica-rich phase which can be 
added as a source of silicon to reaction mixture or partially 
extracted with alkali (K-1000A) prior to zeolite synthesis 
to increase the external area of the matrix. With respect to 
the calcination of the matrices at 750 °C after the forma-
tion of the microsphere, it was determined from 27Al-NMR 
spectra of raw kaolin calcined at this temperature which 
indicated a ~ 47% of tetrahedral aluminum species required 
for zeolite crystallization.

In general, the zeolite crystallization model proposes the 
formation of a supersaturated solution with silicate and alu-
minate nuclei of critical size, which are agglomerated to 
be part of the crystalline structure (Wright 2008). On the 

contrary, the in-situ synthesis have a concentration gradient 
between the surface of the kaolin microsphere and the alka-
line solution (Zheng et al. 2005), i.e., as the alkaline solution 
diffuses and reaches the active  SiO2 and the active  Al2O3 
in the matrix, a surface gel is formed which reacts to form 
dispersed zeolite crystals. In addition, for the zeolitization 
process of kaolin to occur, a thermal transformation of the 
raw material is required, for instance, the complete calcina-
tion of kaolin ≧ 1000 °C produces the Si-Al spinel rich in 
active silica (Padilla et al. 2020; Rocha and Klinowski 1990).

In case of the matrix M-Na, the quantity of active silica 
was reduced due to the alkaline treatment carried out on 
fraction of kaolin calcined at 1000 °C, and simultaneously, 
its sodium content was increased (Table 1). The silica leach-
ing provided an increase in M-Na surface area (Fig. 1), that 
have led to the formation of cavities with a larger diameter 
and high external surface, and more accessibility of the alka-
line solution allowing a proper dispersion of zeolite crys-
tals in both surface and inside of the microspherical particle 
(Fig. 3). However, in the samples obtained with M-Na, the 
percentage of NaY zeolite was ~ 19% lower than the sam-
ples from M (Table 2). Considering that the concentration 

Table 5  The product yield distribution in the catalytic cracking of 1,3,5-triisopropylbenzene

a Net liquid yield, subtracting the TIPB

Sample HY/M-Na H[B]Y/M-Na La,HY/M-Na La,H[B]
Y/M-
Na

HY/M H[B]Y/M La,HY/M La,H[B]Y/M CAT-COM

TIPB conversion (%) 90.2 94.2 97.2 98.0 94.0 86.5 95.9 84.7 94.9
 Gas yield (%) 23.2 28.2 26.0 31.1 24.2 21.5 27.8 22.2 27.7
  Propane 2.4 2.9 6.5 8.9 2.8 1.8 8.7 5.3 7.1
  Propylene 14.7 17.7 8.9 9.0 14.4 14.7 8.0 9.3 9.6
  I-Butane 4.2 5.0 7.6 9.5 4.8 3.2 7.9 5.2 7.7
  I-Pentane 0.7 0.9 1.3 1.6 0.8 0.5 1.5 0.9 1.4
  Others 1.2 1.7 1.6 2.0 1.3 1.3 1.7 1.4 1.9
   C3/C3

= 0.2 0.2 0.7 1.0 0.2 0.1 1.1 0.6 0.7
 Liquid yield (%)a 59.3 56.8 56.9 50.0 61.4 60.3 53.9 54.0 56.0
  1,3-DIPB 21.0 17.9 10.2 7.5 17.8 21.7 9.3 14.9 13.7
  1,4-DIPB 7.3 7.0 4.4 3.3 7.3 7.8 3.9 5.5 5.1
  IPB 17.5 18.8 18.7 15.7 20.2 16.7 15.1 15.3 14.8
  Benzene 0.4 0.6 3.2 4.2 0.7 0.4 6.2 2.6 4.6
  Toluene 0.1 0.1 0.6 0.8 0.1 0.1 1.5 0.6 1.5
  Ethylbenzene 0.9 0.9 2.9 2.9 1.2 0.8 2.9 1.7 1.9
  n-Propylbenzene 0.2 0.2 0.9 1.0 0.3 0.2 0.9 0.5 0.4
  1,2-Dimethyl-3-ethylben-

zene
1.8 1.9 2.3 2.0 2.3 1.8 1.5 1.4 1.7

  1-Ethyl-4-i-propylbenzene 0.9 0.9 1.1 0.9 1.1 0.9 0.7 0.7 0.8
  Others 9.2 8.6 12.5 11.5 10.4 10.0 11.8 10.6 11.4
  1,3-DIPB/1,4-DIPB 2.9 2.6 2.3 2.3 2.4 2.8 2.4 2.7 2.7
  1,4-DIPB/1,3-  DIPB + 1,4-

DIPB
0.26 0.28 0.30 0.30 0.29 0.27 0.29 0.27 0.27

 Coke yield (%) 8.2 9.4 14.5 17.1 8.7 5.4 14.4 9.4 11.3
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gradient of silicon and aluminum for the growth of the parti-
cles is not instantaneous, the difference between the matrices 
during synthesis is the gel formation rate. Thus, the matrix 
M with a greater quantity of active  SiO2 has the ability to 
form the solid–liquid phase on the surface faster, increas-
ing the number of crystal nuclei, and hence, favoring the 
synthesis of NaY.

During hydrothermal synthesis, other phases can also 
crystallize, such as: zeolites A, X, P and SOD, which can 
be crystallized in reaction media with  SiO2/Al2O3 ratio < 5 
and, the crystallization control will depend on different 
parameters such as: alkalinity, synthesis time and tempera-
ture, aging and nature of the reagents (Garcia et al. 2018; 
Lutz 2014). According to Oswald's Law, the zeolite NaY 
as a metastable structure can transform into a more ther-
modynamically stable phase, like zeolite NaP (Johnson and 
Bin Arshad 2016; Oleksiak and Rimer 2014). In the XRD 
patterns of the synthesized samples (Fig. 2), the zeolite P 
was identified as a secondary phase, because of pure rea-
gents and organic templates were not used in the procedure 
(Garcia et al. 2018). Therefore, the comparison with cata-
lysts focuses on the content of zeolite Y, which is the phase 
required for hydrocarbons cracking.

In the zeolites with large pores such as faujasites, under 
hydrothermal conditions, the isomorphic substitution of 
boron during crystallization is unsuccessful. This is because 
zeolite Y pore system is unable to accommodate a signifi-
cant amount of smaller  B3+ ions in the framework (Han 
et al. 1994; Occelli and Robson 1989). In addition, the level 
of boron substitution in the faujasite framework contracts 
the unit cell, as the Al–O and B–O bonds have a length of 
0.175 nm and 0.147 nm, respectively (Gaffney et al. 1989; 
Mi et al. 2017). The samples Na[B]Y/M-Na and Na[B]Y/M 
showed a slight decrease in the length of  a0 value, despite of 
the low boron content (Table 2). The structural tetrahedral 
boron in zeolites on matrices could not be detected by 11B 
NMR. No evidence was found to indicate that hydrolyzed 
or oxidized boron species could be as exchange cations in 
the structure.

Furthermore, it has been shown that adding of  B2O3 in 
the synthesis gel inhibits the nucleation or crystallization 
of the zeolite, as was observed in sample Na[B]Y-M (Han 
et al. 1994; Occelli and Robson 1989). In this sample a loss 
of crystallinity and surface area was evidenced (Table 2). 
In the synthesis of zeolites, the alkalinity can be defined in 
terms of the ratio  H2O/Na2O. An increasing of alkalinity 
reduces the induction and nucleation periods, while the crys-
tallization is accelerated (Johnson and Arshad 2014). Thus, 
the zeolites synthetized on M-Na, with and without boron, 
shown higher crystallinity values which could be associated 
with the sodium content in the matrix (Table 1).

As mentioned above, the surface chemistry plays a key 
role to form a concentrated gel on the surface of the matrix 

during synthesis. In general, the monomeric species of 
silica and alumina produce amorphous aggregates which 
form larger crystals, as has been shown in the TEM images 
of the matrices M and M–Na (Fig. S1) (Grand et al. 2016). 
However, with a single phase precursor matrix composed 
only of metakaolin calcined at 750 (M-750), a highly reac-
tive and uniform source, were obtained the zeolites with 
a narrow size distribution < 300 nm (Fig. S4), indicating 
the importance of the nature of the precursor on the zeolite 
crystallization.

Catalysts characterization

In the catalyst samples differences in mesopores volume 
associated with the alkaline pretreatment applied to the 
kaolin calcined at 1000 °C of the matrix M-Na were found. 
The silicon leaching provides mesoporosity and voids to 
matrix during the preparation of the microspheres. These 
findings are in line with the pore volumes (Table 3), where 
the HY/M-Na and H[B]Y/M-Na catalysts have shown a 
greater fraction of mesopore surface area and total pore 
volume.

On the other hand, the rare earth metals (RE) added 
to FCC catalyst mainly improve the structural stability 
of the zeolite, as a consequence of formation of bridges-
type bonds –RE–O–RE– inside the cavities (Zhang 
et al. 2019; Sousa-Aguiar et al. 2013). However, it has 
also been revealed that a moderate content of  RE3+ ions 
increases the acid properties and the activity of the cata-
lyst. Although each  La3+ cation is able to replace  3H+, it 
has been proposed that the increase in acidity is due to a 
partial hydrolysis of hydrated  La3+ ions forming stronger 
Brønsted acid sites than those removed during exchange 
(Sousa-Aguiar et al. 2013; Cerqueira et al. 2008). Addi-
tionally, the increase in acidity is related to replacement 
of  Na+ ions remaining after exchange with  NH4NO3 by 
 La3+ (Table 4), or polarization induced by the RE cations 
to protonic acid sites, or even by hydrolysis of rare earth 
cations (Sousa-Aguiar et al. 2013; Cerqueira et al. 2008).

In aluminosilicate zeolites, the strength of the Brøn-
sted acid sites ≡Si–O(H)–Al≡ is closely associated to the 
electronegativity of the T atom in the second coordination 
sphere around the bringing OH group (Corma et al. 1987). 
Thus, the strongest acid sites will be those with 6 silicon 
atoms in the second coordination sphere and as these sili-
con atoms are replaced with aluminum, acid strength will 
decrease. Therefore, despite of the low boron content in 
the zeolites H[B]Y and La,H[B]Y synthesized on matrices 
(Table 4), those boron atoms in T positions of the second 
coordination sphere around the acidic OH group could 
induce an increase in the strength of these Brønsted acid 
sites.
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Catalytic performance of samples

Activity, selectivity and accessibility are important proper-
ties for the FCC catalyst, since its performance in feedstocks 
conversion to desired molecules will mainly depend on 
them. The catalytic cracking of hydrocarbons occurs at the 
acidic sites of the catalyst through a chain reaction, involving 
the formation of carbenium or carbonium ions by hydrogen 
donation from Brønsted acid site or hydride abstraction from 
Lewis acid site (Primo and Garcia 2014; Vogt and Weck-
huysen 2015; Kotrel et al. 2000).

The main component of the gas obtained from the crack-
ing of TIPB was propylene  (C3

=), that is formed by the three 
sequential events starting with the TIPB adsorption on the 
Brønsted acid site that leads to the formation of the planar 
carbenium ion  ([TIPB]+) on the catalyst surface, then, fol-
lowed a bimolecular reaction that leads to the abstraction 
of an hydride and breaks the C–C bond between the ben-
zene ring and the isopropyl substituent through β scission 
(Sanchez et al. 2019; Qi et al. 2011). However, other second-
ary gas products such as propane  (C3), iso-butane  (iC4) and 
iso-pentane  (iC5) were obtained (Table 5). The hydrogen 
transfer reactions are usually measured in terms of the paraf-
fin/olefin ratio, since the transferred hydrogen saturates an 
olefin to produce a paraffin (Al-Khattaf 2002; Sedran 1994). 
In this study, the  C3/C3

= ratio was calculated and used as 
an indication of the ability of the catalysts to promote the 
hydrogen transfer reactions. As it can be seen in Table 5 the 
presence of  La3+ ions in the catalysts has favored this type 
of reactions. The samples La,H[B]Y/M-Na and La,HY/M 
have shown ratios  C3/C3

= practically equal to 1 indicating 
that one of two propylene molecules formed from the TIPB 
cracking is saturated to obtain propane. Likewise, larger 
yields of isoparaffins such as  iC4 and  iC5 that are originated 
from secondary reactions of polymerization and alkylation 
were produced in the catalysts exchanged with lanthanum, 
showing the effect of having an increase in the total acidity 
of the catalysts treated with lanthanum (Cuquerella 2010).

In case of the liquid product, it was found that more than 
50% of the reaction products were recovered in the liquid. 
Three main reaction products corresponding to the loss of 
the isopropyl substituent, such as 1,3-diisopropylbenzene 
(1,3-DIPB), isopropylbenzene (IPB) and benzene were iden-
tified, and other aromatic compounds with lower yields such 
as ethylbenzene  (C8H10) and 1,2-dimethyl-3-ethylbenzene 
 (C10H14) were also analyzed. Following the scheme of suc-
cessive dealkylation reactions of TIPB for the production of 
propylene molecules, 1,3-DIPB is formed after the rupture 
of one σ bond (Sanchez et al. 2019; Al-Khattaf and Lasa 
2002; Falco et al. 2006); however, the 1,4-DIPB isomer was 
also identified in the PIANO analysis as a secondary prod-
uct of isomerization. According to data presented in Table 5 
1,3-DIPB yields are approximately three times higher than 

1,4-DIPB, indicating that approximately a 25% of the 1,3-
DIPB was isomerized. It is reported that this linear isomer 
has a better diffusion rate through the cavities of the catalyst, 
increasing the probability of being cracked to obtain IPB 
(Bazyari et al. 2009).

The H[B]Y/M sample showed the lowest conversion, 
which can be related to its lower external surface area 
(Table 2), however, this catalyst revealed a better selectiv-
ity towards 1,3-DIPB (Fig. 7). Considering that the kinetic 
diameter of 1,3-DIPB is 0.84 nm (Al-Khattaf and Lasa 2002) 
and that in this catalyst sample micropores > 0.8 nm were 
generated (Fig. 5), very likely due to the structural defects 
in the zeolite associated with its low crystallinity and the 
boron presence (Table 1), shorter contact times of products 
in the catalyst are expected, leading to a decrease in the 
over-cracking of the 1,3-DIPB molecule (Fig. 7). In con-
trast, it was found that benzene selectivity increases > 3% 
after lanthanum exchange of the catalyst, probably related 
to the higher number of acid sites per unit surface area in 
these catalysts. Besides, the samples La,HY/M and CAT-
COM showed the highest benzene selectivity > 5%, which is 
associated with the presence of stronger acid sites (Fig. 6).

Despite of the fact that dealkylation reactions are domi-
nant in the catalytic cracking process, there are some sec-
ondary reactions related to isomerization, disproportiona-
tion, condensation and hydrogen transfer that affect the 
distribution of the products (Tsai et al. 1999; Corma and 
Wojciechowski 1982; Thakur et al. 2016). In that sense, coke 
formation is the result of several properties of the catalyst, 
mainly the density of the acidic sites in the catalyst (Fig. S3). 
The RE-exchanged catalysts lead to a concomitant increase 
in the number of acid sites, so this also favors the increase in 
hydrogen transfer reactions and coke formation. Taking into 
account that catalytic cracking involves carbenium ions as 
intermediates, these cations play an important role in the for-
mation of catalytic coke by bimolecular reactions, consider-
ing a high Si/Al ratio produces strong acid sites, and at these 
sites coking is accelerated (Cumming and Wojciechowski 
1996). It should be noted that zeolite catalysts with medium 
pores (e.g. ZSM-5) have low tendency to coke formation, 
since in their small cavities with geometric restriction limits 
the formation of polynuclear aromatics. While larger pore 
zeolites, such as faujasite, are more prone to coking (Stern 
et al. 2008). Bimolecular processes between ions require 
at least two neighboring adsorption sites. Thus, the rate of 
coke formation would be linked to the density of acid sites 
in the catalyst.

The presence of paired aluminum atoms, typically of 
the class 3-NNN and 4-NNN, are related to weak acid sites 
which strongly adsorb carbenium ions, extending the resi-
dence time on the surface of catalysts and giving rise to 
coke formation via oligomerization, elimination and dispro-
portionation reactions (Al-Khattaf 2002; Pine et al. 1984). 
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Thus, a higher density of acid sites in the catalysts should 
increase coke yields during reaction. As it can be seen in 
Tables 4 and 5, catalysts exchanged with lanthanum have 
shown the higher total acidity, therefore leading to more 
active catalyst with the concomitant increase of coke yields. 
In FCC processing of gasoils, RE-exchanged catalysts not 
only show an increase in Brønsted acid sites, but also have 
an effect on catalyst activity and selectivity. High density of 
acid sites increases activity but leads to low coke selectivity, 
and hydrogen transfer reactions reduce olefin concentration 
(Sousa-Aguiar 2016; Akah 2017).

Based on the above discussion, it can be considered that 
the set of modifications made to the final catalyst, such as the 
composition of the matrix, addition of boron and exchange 
with lanthanum ions, confer properties that modify the dis-
tribution of reaction products. In spite of the kinetic diameter 
of the reactant TIPB molecule is larger than the majority of 
the zeolite pores, the mesopore system of the catalysts and 
the good dispersion of the zeolite on the spherical matrix 
particle which contribute to a larger external surface avail-
able for the reaction have facilitated the diffusion of reac-
tants and products during the catalytic reaction.

Conclusions

The highest mesoporosity generated by the sodium hydrox-
ide treatment of the matrix conducted in this study intro-
duces a greater crystallinity and good dispersion of the 
in  situ synthetized zeolite on the surface of the matrix 
microspheres. Likewise, despite of that is reported that 
boron addition to the synthesis gel inhibits the nucleation 
of the zeolite, it was found that the matrix M-Na previously 
treated with sodium hydroxide avoids this effect and, hence, 
allowing the growth of both zeolites NaY and Na[B]Y with 
relative high crystallinity. Furthermore, the higher propor-
tion of mesoporous between 4 and 10 nm generated in the 
matrices favors the diffusion of the reaction products and 
therefore diminishing the over-cracking of main products.

On the other hand, as shown by the ammonia TPD analy-
sis the amount and strength of acid sites was considerably 
improved with the ion exchange of the samples with  La3+ 
after hydrothermal deactivation while textural properties are 
not modified. This increase in quantity and strength of the 
acid sites of the catalysts has improved their catalytic perfor-
mance and therefore showing higher TIPB conversions dur-
ing the catalytic test with the La treated samples, as well as, 
an increased selectivity in the cracking reaction towards iso-
propylbenzene and benzene products that are a consequence 
of the presence and higher concentration of stronger acid 
sites in the sodium hydroxide treated catalysts. In addition, 
the presence of lanthanum promotes the hydrogen transfer 
reactions as measured by the increase in propane yields.
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