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The pyrolysis of vacuum gasoil (VGO) was studied alone and in presence of HZSM-5/AIMCM-41 hybrid
catalyst. This micro-mesoporous material was synthesized by the hydrothermal method using dual tem-
plates of tetrapropilamonium and cetyltrimethylammonium ions at different crystallization times. The
obtained materials were washed and calcined for remotion of the organic templates. The characterization
by X-ray diffraction, nitrogen surface area by the BET method, scanning and transmission electron
microscopies, evidenced that typical MFI structure was embedded into the bulk of the MCM-41 matrix,
in order to obtain the hybrid micro-mesoporous phase. The protonic form of the material was obtained
by ion exchange with ammonium chloride solution and subsequent thermal treatment. The total acidity,
as determined by n-butylamine adsorption, was equivalent to 0.75 mmol g~?, in the temperature range of
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Acidity
Vacuum gasoil 300-500 °C, corresponding to strong acid sites. For catalytic reaction, a physical mixture of 10% of cata-
Pyrolysis lyst/VGO was decomposed in a thermobalance at heating rates of 5; 10 and 20 °C min~!, from 100 to

550 °C. From TG/DTG data, applying the model-free kinetics, it was observed that the activation energy
for the pyrolysis of VGO alone was ca. 125 k] mol~'. For VGO physically mixed to both AIMCM-41 and
HZSM-5, the value decreased to ca. 80-90 k] mol~!, whereas for the hybrid, the value was the lowest,
ca. 65 k] mol~, evidencing the efficiency of the combined effect of the acid sites, crystalline phase and
microporosity of ZSM-5 zeolite with the accessibility of the mesoporous of the AIMCM-41 ordered mate-
rial. For determination of the catalytic properties, the samples of VGO and catalyst/VGO were submitted
to pyrolysis-GC-MS system at 500 °C using helium as gas carrier. The VGO alone suffers decomposition to
a wide range of hydrocarbons, typically C;7-C41, while in the presence of catalyst, light fraction of hydro-
carbons, in the range of liquefied petroleum gas (C3-Cs), gasoline (Cs—C;0) and diesel (C;;-Cy6) wWere
obtained, evidencing that the HZSM-5/AIMCM-41 hybrid material is an effective catalyst for pyrolysis
of VGO.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction materials present well-ordered structures, activity and selectivity

for application in the processing of voluminous molecules present

Micro-mesoporous hybrid materials are defined as a combina-
tion of two inorganic structures deeply bonded through a homoge-
neous system, whose properties derivate from the individual
characteristics of each one component associated with the syner-
gistic effect of both. These materials are also known as micro-mes-
ostructured solids, or hybrid zeolite-mesoporous materials.
Recently, the synthesis of ordered mesoporous materials with
MFI structured microporous walls has been reported [1]. These

* Corresponding authors. Address: UNP - Laureate International Universities, Av.
Nascimento de Castro 1597, 59056-450 Natal, RN, Brazil (A.C.F. Coriolano). Tel./fax:
+55 84 3211 9240.

E-mail addresses: catarinaufrn@yahoo.com.br (A.C.F. Coriolano), araujo.ufrn@g-
mail.com (A.S. Araujo).

1387-1811/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.micromeso0.2013.01.022

in the heavy and ultra-heavy petroleum.

The Brazilian refineries are improving their processes in order
to increase the production in light hydrocarbons, due to its high
market value, as well as the optimization of the processing of
low-value co-products, like atmospheric residues, vacuum gasoils
and heavy oil wastes (sludges). The catalytic cracking of hydrocar-
bon over traditional Y and ZSM-5 zeolites is limited by the low
accessibility to its micropores, which have diameters smaller than
1 nm. Moreover, mesoporous materials such as MCM-41 [1-3] and
SBA-15 [4,5], which have pore diameter between 2 and 50 nm
present physicochemical properties for adsorption and catalytic
applications. To overcome these constraints, hybrid materials are
very interesting, because they combine the high catalytic activity
of zeolites with the easier accessibility of the mesoporosity. The
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hybrid catalysts should be composed by crystalline/non-crystalline
aluminosilicates phases with a combined micro-mesoporous
structure, and are attracting attention of researchers due to their
potential applications in catalysis and adsorption technologies for
the chemical and petrochemical industries [6,7]. The silica MCM-
41 is the main mesoporous material of the M41S family, created
by researchers of Mobil Oil Research and Development Corporation
[8,9]. The formation of the MCM-41 phase occurs according to the
Liquid Crystal Template (LCT) mechanism, in which SiO,4 tetrahe-
dron reacts with the surfactant template under hydrothermal con-
ditions. The MCM-41 is formed by a hexagonal assembler of silicon
tubes resulting in a pore structure, characterized by presenting
high specific surface area, in one-dimensional regular pore system
with pore diameter that systematically varies from 2 to 10 nm,
possessing a high thermal stability and a moderate acidity.

In this work, we synthesized the micro-mesoporous structures
of ZSM-5/MCM-41, using the route of dual template. In the synthe-
sis, the properties of the MCM-41 were adjusted by the isomor-
phous substitution of Si by the trivalent cation AI**, resulting in
the AIMCM-41 mesoporous material. The MCM-41 acts as a sup-
port for growth of the zeolitic nanocrystals type ZSM-5 embedded
into the mesoporous bulk, resulting in the ZSM-5/MCM-41 hybrid
material [10-12]. The morphologic properties, such as surface area
of the composite is approximately half of the surface area of the
conventional MCM-41, and the formation of walls with the double
of the density, characterizes the ZSM-5/MCM-41 hybrid material,
resulting in a high stability material for catalytic applications.

The obtained materials were evaluated for cracking or pyrolysis
of Vacuum Gasoil (VGO) and compared with those of HZSM-5 and
AIMCM-41 catalysts. These evaluations were carried out by ther-
mogravimetry. This method has been widely applied for degrada-
tion of heavy oil [13] and pyrolysis of polyethylene [14-17]. The
VGO corresponds to the residue stream obtained in the vacuum
distillation of the residue generated at the atmospheric distillation
of crude oil. The VGO is composed basically by n-paraffins with
number of carbons distributed in range from Cyo to C40 [18]. The
catalytic activity and product distributions were accomplished by
coupled pyrolysis gas chromatography and mass spectrometer
(pyrolysis-GC/MS).

2. Experimental
2.1. Hydrothermal synthesis

The composite ZSM-5/MCM-41 hybrid materials was synthe-
sized by the hydrothermal method, based on experimental proce-
dure adapted from the synthesis of Huang et al. [10], and molar
composition of
1Si0,:0.32Na;0:0.033A1,05:0.20TPABr:0.16CTMABI:55H,0.

Aqueous solutions of tetrapropylammonium bromide (TPABr,
Sigma-Aldrich, 99%), as a template of the zeolite structure, and so-
dium aluminate (Riedel-de Haén, 53%wt Al,03; and 45%wt Na,0)
were combined with a solution of sodium silicate containing
7.4%wt Nay0, 25.4%wt SiO, (Merck) and 67.2% of deionized H,O.
The reaction mixture was stirred at room temperature until obtain-
ing a white gelatinous suspension. Afterwards, an aqueous solution
of cetyltrimethylammonium bromide (CTMABr, Vetec, 98%) was
added as a template to the mesoporous molecular sieve, and the fi-
nal mixture was stirred for obtain a homogeneous gel. This reactive
hydrogel was transferred to a Teflon-lined stainless steel autoclave,
where the process of crystallization of the material was performed
in two stages. The first stage of crystallization was performed at
100 °C at pH 11 for 2 days. The second stage of crystallization (or
re-crystallization) was conducted at 125 °C and pH 9-10, between
periods ranging from 6 to 12 days. The material was afterwards fil-

tered, washed and calcined to obtain the sodium form ZSM-5/
AIMCM-41. The as-prepared material was calcined at 540 °C for
1 hin N, atmosphere and then for 5 h in synthetic air at the same
temperature using a dynamic flow of 100 mL min~'. The tempera-
ture was increased from room temperature to 540 °C at a heating
rate of 10 °C min~'.

The HZSM-5/AIMCM-41 acid form was obtained by ion ex-
change with NH4Cl solution and its subsequent thermal treatment.
In order to obtain the optimized structures of the hybrid material,
variations in the synthesis time were carried out. For comparison
of the properties of the hybrid material, the acid form of the
aluminum-containing MCM-4 was prepared using the method
previously reported [19], with molar composition of 4S5i0,:1Na,0:
0.13Al,03:1CTMABr:200H,0.

2.2. Characterization of the materials

For characterization of the materials, the XRD measurements
were carried out, using CuKa radiation in 20 angle range of 1-7°
and 7-50°, low-angle and wide-angle, respectively, for calcined
samples, with step of 0.02°, on a Shimadzu XRD 6000 X-ray equip-
ment. The specific surface area (Sggr) was determined by N,
adsorption-desorption, on a Quantachrome NOVA-2000 equip-
ment, at 77 K, according to the Brunauer-Emmett-Teller (BET)
method [20] in the relative pressure P/Py in the range of 0.05-
0.95. The samples were previously outgassed by treatment at
200 °C for 3 h under vacuum. Pore size distributions (D,) were cal-
culated according to Barrett-Joyner-Halenda (BJH) algorithm [21]
and the total pore volume (V;) was determined according to the t-
plot method. The peak of Bragg diffraction around 23° (20) was
used to determine the relative crystallinity (Crg) from the zeolite
phase in the hybrid composite, taking as pattern the diffractogram
of the sample of commercial ZSM-5. The SEM measurements were
performed using a JEOL JSM-6360 instrument. The samples were
ultrasonically dispersed in H,O at a concentration of 1 mgmL™’,
and a drop of the suspension was deposited on a holey carbon cop-
per grid, and then dried at 100 °C.

2.3. Determination of the acidity

In order to determine the density of the acid sites of the cata-
lysts, n-butylamine adsorption experiments on the HZSM-5/
AIMCM-41, HAIMCM-41 and HZSM-5 samples were performed in
a reactor containing ca. 0.1 g of catalyst, which was activated ini-
tially at 400 °C, under N, flowing at a rate of 100 mL min~!, for
2 h. After this activation, the temperature was reduced to 95 °C
and the N, flow was passed through a saturator containing liquid
n-butylamine. The n-butylamine saturated with N, stream was di-
rected to the reactor containing the samples for 1 h. Afterwards,
pure N, was passed once again over the samples for 40 min in or-
der to remove the physically adsorbed n-butylamine. TG analyses
were performed in a Mettler equipment, TGA/SDTA851 model,
using N, as a gas carrier flowing at 25 mL min~'. The samples were
heated from room temperature up to 900 °C, at a heating rate of
10°C min~'. The procedure used for determination of the total
acidity was previously reported [22-26].

2.4. Pyrolysis of vacuum gasoil (VGO)

The thermal and catalytic pyrolysis of VGO was performed by
thermogravimetry. The catalyst/VGO mixture, at proportions of
ca. 10% in mass of catalyst, were heated from room temperature
up to 900°C, at a heating rate of 5; 10 and 20°C min~'. The
Vyazovkin model-free kinetics [27,28] was used to evaluate the ki-
netic parameters relative to thermal and catalytic degradation of
VGO. The potential application of hybrid HZSM-5/AIMCM-41
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material for the pyrolysis reaction of VGO was investigated and
compared with those of pure HZSM-5 and AIMCM-41 catalysts.
The activation energies relative to the thermal and catalytic pyro-
lysis of VGO were determined. Also, the process was carried out in
a microreactor at 500 °C, under helium flowing at 25 mL min~'.
The pyrolizer was coupled to the gas chromatograph and mass
spectrometer equipment, GC/MS QP 2010 Series from Shimadzu.
The products were analyzed using a capillary column UA5-30M-
0.25F (30 m x 0.25 mm i.d., 0.25 pm film thickness).

3. Results and discussion
3.1. Characterization from XRD and nitrogen adsorption

The analysis of low-angle and wide-angle X-ray of the calcined
samples, are respectively, presented in Fig. 1(a) and (b). Compara-
tive study of the XRD patterns of the standard AIMCM-41 and
HZSM-5 samples with those of the hybrid materials were accom-
plished aiming to obtain an optimized structure.

The steps of crystallization were accomplished at 125 °C and pH
9-10, for a period of 6, 7, 8, 9 and 12 days, and the samples were
signed as: ZSM-5/AIMCM-41(X), where “X” represents the quantity
of days of crystallization. From XRD, it was observed a peak for 26
between 1.5° and 2.5°, which is characteristic of the Bragg reflec-
tion plane (100), and this is a clear evidence of the presence of
the MCM-41 structure. The Bragg planes (110), (200), and (210)
were not clearly observed, that demonstrates a poor ordering of
the mesoporous structure of the hybrid samples. The best preser-
vation of long-range ordered hexagonal MCM-41 with low forma-
tion for the zeolite MFI-type (ZSM-5) was attributed to the re-
crystallization in a period of time of 7 days.

Fig. 2 illustrates the N, adsorption-desorption isotherms at
77 K and the pores size distribution curves, calculated by applying
the BJH model, for the ZSM-5/AIMCM-41(7) hybrid material, which
was optimized for 7 days of synthesis, and was compared with typ-
ical isotherm type IV for AIMCM-41 and type I for ZSM-5 zeolite.

Confirming the results of XRD, the hybrid ZSM-5/AIMCM-41(7)
sample presented a N, adsorption isotherm type IV, typical of uni-
form mesoporous material according to the IUPAC nomenclature
[29], ensuring the permanence of the mesoporous phase in parallel
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Fig. 2. N, adsorption (-M-) and desorption (-O-) isotherms at 77 K for the ZSM-5/
AIMCM-41(7) hybrid material.

with the microporous phase, alongside a satisfactory distribution
of pore size, with mesopores around 5 nm.

The textural and structural properties of the different catalysts
obtained from the results of XRD and N, adsorption-desorption,
were summarized in Table 1. The determination of specific surface
area (Sger), pore diameter (Dp) and total pore volume (V;) were ob-
tained, by BET, BJH and t-plot methods, respectively.

The mesoporous parameter of the MCM-41 and hybrid materi-
als (ap) represent the distance between the pore centers of the hex-
agonal structure, obtained from the interlayer plane (100) of the
X-ray diffractogram, and was calculated applying Egs. (1) and (2).
It represents the sum of the medium diameter of its porous (Dp)
plus the size of the silica wall thickness (W,), as can be clearly
viewed in Fig. 3, for the hexagonal array of the mesopores materi-
als. Also, knowing the pore size diameter (D), obtained from nitro-
gen adsorption data, and the mesoporous parameter (ap), from
XRD, the wall thick (W) can be easily obtained, applying Eq. (3).
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Fig. 1. (a) Low-angle and (b) wide-angles XRD spectra of the calcined samples.
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Table 1
Textural properties of the MCM-41/ZSM-5(7), AI-MCM-41 and ZSM-5.

Sample Mesopore phase Micropore Textural properties
phase
do D, Crer (%) SBET Vi W
(nm)  (nm) (m*g™") (em’g ') (nm)
ZSM-5/AIMCM-41(7) 4.9 4.0 383 529 0.7 1.0
AIMCM-41 4.9 4.1 - 895 0.94 0.8
AIMCM-41 - - 100 300 0.1 -

ap, unit cell parameter; D, pore diameter; Cgg, relative crystallinity; Sggr, BET
surface area; V,, total pore volume; W, silica wall thickness (W, = ag — Dp).

Fig. 3. Hexagonal arrangement of the mesoporous structure of the MCM-41 and
hybrid materials, showing the mesoporous parameter (ap), wall thickness (W),
interplanar distance (d(100), and pore size diameter (Dp,).
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3.2. Dual templating mechanism

The dual template mechanism can be represented in Fig. 4,
where both TPA* (tetrapropylammonium) and CTMA® (cetiltrime-
thylammonium) ions act as templates for the microporous ZSM-5
and mesoporous MCM-41 structures, respectively. The formation
of the hybrid ZSM-5/MCM-41 is based on the charge compensation
caused by the TPA" ions located on the surface of the mesoporous
of the MCM-41.

The methodology of synthesis consisted firstly of the prepara-
tion of a reactive hydrogel of the ZSM-5, aged for 40 h at room tem-
perature, and then crystallized at 90°C, for generation of the
zeolite seeds. The mesostructure was obtained by the addition of
the surfactant CTMABr and water for these seeds, obtaining new
micelles (see Fig. 4). The mixture was transferred for the autoclave
and heated at 125 °C, from 6 to 12 days. In the seventh day of syn-
thesis, was obtained the best order for the hybrid ZSM-5/MCM-41
material. Thus, the hybrid material selected for the catalytic pyro-
lysis of VGO was the HZSM-5/AIMCM-41(7). For 8 and 9 days of
synthesis, poor ordered of mesoporous with crystalline zeolite
phase was observed, while for 12 days, a predominant phase of
ZSM-5 zeolite was obtained. The crystallization of the zeolitic
phase was well observed in the system. Two steps of combinations
were suggested for the investigated system. Depending of the time,
the crystallization mechanism of the zeolite influences the struc-
ture ordering of the mesoporous phase. The ZSM-5 embedded in
the bulk of MCM-41 must be readily obtained in the seventh day
of synthesis, which was limited to the first step of crystallization.
With the increasing of the time synthesis, some crystals of ZSM-
5 could be produced and then impregnated to the MCM-41 already

ZSM-5 crystals

ZSM-5/MCM-41
micro-mesoporous

o

Fig. 4. Dual templating mechanism proposed for the synthesis of hybrid micro-mesoporous ZSM-5/MCM-41 materials.
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Fig. 5. SEM images for samples (a) hybrid ZSM-5/MCM-41 (x20,000); (b) AIMCM-
41 (x40,000) and (c) ZSM-5 zeolite (x4000).

formed. In this way, the combination of the ZSM-5 with MCM-41 in
the hybrid system could be obtained by the interconnection of the
microporous of the ZSM-5 zeolite on the walls of the cylinder of the
mesoporous of the MCM-41, as proposed in Fig. 4.

The hybrid material ZSM-5/MCM-41(7), with its microporous
structure of the ZSM-5 zeolite, as confirmed by XRD, presented a
negligible volume of micropores, indicating that the access of N,
to the micropores was prevented. This factor might be an indica-
tion for the formation of the ZSM-5 structure in the core of the

Fig. 6. TEM images for hybrid ZSM-5/MCM-41, showing the hexagonal arrange-
ment of the mesoporous (A), and the longitudinal system of the mesopores (B).

Table 2
Medium, strong and total acidity of the H-MCM-41/ZSM-5(7), H-AI-MCM-41 and H-
ZSM-5 samples determined by n-butylamine thermodesorption.

Sample Acidity (mmol g~ )"

Medium Strong Total
HZSM-5/AIMCM-41(7) 1.28 0.75 2.03
AIMCM-41 0.89 0.10 0.99
HZSM-5 0.35 1.17 1.52

" Temperature ranges: medium (T = 100-300 °C); strong (T = 300-550 °C).

mesoporous MCM-41 particles. In this case, amorphous silica could
be precipitated on the formed ZSM-5 crystallites, which prevented
the access of nitrogen molecules to their micropores. That amor-
phous silica, which was generated during the formation of meso-
porous ZSM-5 was already observed by Frunz et al. [30].

3.3. SEM and TEM analysis

Fig. 5(a) and (b) shows the Scanning Electron Micrographs
(SEM) of the hybrid MCM-41/ZSM-5(7) and the ZSM-5 zeolite,
respectively.

For an optimized structure of the hybrid, the MCM-41/ZSM-5(7)
sample (Fig. 5(a)), plate-like particles with a hexagonal crystal ha-
bit and lengths up to 300 nm, were obtained. This morphology is
commonly reported for aluminosilicates MCM-41 [31]. The pres-
ence of other phases or segregated particles, for instance, isolates
crystals of ZSM-5 (Fig. 5(b)), which would indicate the formation
of ZSM-5 independent of the mesoporous structure [32] were not
observed, indicating the formation of a single type of solid, evi-
dencing thus the formation of the hybrid structure.

Fig. 6 shows the Transmission Electron Micrography (TEM) of
the hybrid ZSM-5/MCM-41. As can be observed, the hybridization
of the zeolitic crystalline phase did not alter the ordering of the
hexagonal and longitudinal arrangements of the mesoporous, even
without the presence of the X-ray diffraction peaks relative to
(210) and (300) Miller Index.
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Fig. 7. TG/DTG curves for the samples: (a) only VGO mixed with 10% of catalyst and (b) activation energy curves in function of degree of conversion for thermal and catalytic
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Fig. 8. Distribution of the hydrocarbon products in the carbon range, obtained by
coupled pyrolysis-GC/MS: (a) pyrolysis of VGO and (b) pyrolysis of VGO mixed with
10% of hybrid HZSM-5/AIMCM-41 catalyst.

3.4. Acidity

In order to determine the density of acid sites for the HZSM-5/
AIMCM-41(7), HAIMCM-41 and HZSM-5 samples, n-butylamine
adsorption and thermodesorption by TG techniques were used.
The acidity was measured considering that each mol of n-butyl-
amine adsorbs on 1 mol of acid sites. The thermogravimetric re-
sults showed the profile of decomposition of the n-butylamine
from the acid sites of the materials. The first temperature range,
observed from 30 to 100 °C was attributed to physisorption and
the loss of n-butylamine adsorbed onto the weak acid sites, while
the second and third steps, considered in the ranges of 100-300 °C
and 300-550°C, were attributed to n-butylamine chemisorbed

onto medium and strong acid sites, respectively. Furthermore it
was possible to calculate, through the mass loss, the density of acid
sites, as presented in Table 2. The experimental details and proce-
dure for calculations were previously reported [22-26].

3.5. Catalytic conversion of VGO

The performance of the hybrid materials as catalyst for decom-
position of the VGO was firstly determined by thermogravimetry.
The profiles of the thermal behavior of the VGO alone and in pres-
ence of the samples of HZSM-5/AIMCM-41(7), HAIMCM-41 and
HZSM-5 are shown in Fig. 7(a). In Fig. 7(b) is shown the activation
energy as a function of the degree of conversion. The data related
to the mass losses obtained from the thermogravimetry curves
must be converted in data conversions before be submitted to ki-
netic treatment by the Vyazovkin model-free kinetic method.
Assuming that the total mass loss corresponds to 100% of conver-
sion, thus the mass losses in lower temperatures were normalized
in relation to total mass loss originated the curve of conversion.
The chromatograms of the products obtained from pyrolysis-GC/
MS are shown in Fig. 8.

The pattern of thermal and catalytic degradation of heavy oils
depends on several factors, being the main ones: the temperature
and the type and the amount of catalyst added to the system. The
reaction rate and others kinetic parameters for each system should
be determined through experimental data, however due to com-
plexity of the hydrocarbons degradation reactions, the conven-
tional methods of determination of the kinetic data are difficult
of be applied. Therefore, in this study was applied non-isothermal
model-free kinetic of Vyazovkin [33] to determine the activation
energy for the reaction of VGO degradation in the presence of cat-
alysts without the need of a model of reaction rate in function of
the reactants concentrations. Eq. (4) represents the integrated form
of the model-free kinetic proposed by Vyazovkin.

B\ [ Rk ] E 1
(8 =[] 5 7 @

where o is the conversion of the VGO degradation reaction; T, is the
temperature to reach the conversion o; f is the heating rate; R is
universal gas constant; ko is Arrhenius pre-exponential factor; E,
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is the activation energy for a certain conversion o and g(«) is the
integral of the kinetic model of reaction rate in function of the con-
version. In most of the cases the function g(o) does not present a de-
fined form and after the model fitting, g(o) become implicit in the
linear coefficient obtained. Eq. (4), indicates that a plotting of
ln(ﬁ/Ti) versus 1/T, gives a straight line and from its slope can be
determined the activation energy.

The Vyazovkin’s model-free kinetic algorithms were applied to
calculate the activation energy (E,) for the pyrolysis process of VGO
pure and in the presence of the catalysts (Fig. 7(b)). The E, was ca.
60 kJ mol~"! for the hybrid catalyst HZSM-5/AIMCM-41(7); ca. 80-
90 k] mol~! for the mesoporous molecular sieve H-AIMCM-41 as
well for the zeolite HZSM-5, and ca. 130 k] mol~! for thermal deg-
radation of VGO alone. It could be concluded that the hybrid cata-
lyst led to lower activation energy, and presented a significant
potential for the catalytic processing of VGO degradation due to
the combination of acidic sites in the microporous of the HZSM-5
combined with the accessibility of this sites through the mesopor-
ous of AIMCM-41 structure, resulting in a higher efficiency of the
hybrid material. It was observed that E, values decrease with the
increase of the acid properties of catalyst. These results suggest
that the catalyst acidity is one of the most important parameters
in the reaction for catalytic pyrolysis of this VGO residue.

In Fig. 8, analyzing the chromatograms of the products of the
VGO pyrolysis with and without catalyst, it can be shown that
VGO alone suffers thermal degradation for hydrocarbons in the
carbon range from Cy; to C4;, with high activation energy. How-
ever, when the hybrid material was added to VGO, light fraction
could be obtained, typically in the range of C3-Cs (liquefied petro-
leum gas); and middle distillates, Cs—Cyo (gasoline) and C;;-Cig
(diesel), with low activation energy, proving the catalytic effect
of the hybrid material for the pyrolysis of VGO residue. The LPG
and gasoline fractions were produced due to strong acid sites com-
bined with the microporosity of the HZSM-5 zeolite, whereas the
diesel fraction was attributed to the mesoporosity associated to
mild acid sites of the AIMCM-41.

4. Conclusions

The hybrid material that was developed in two-step crystalliza-
tion process using dual templates, combined the high catalytic
activity of the zeolites with the larger pore size of the molecular
sieves. In the sample ZSM-5/AIMCM-41(7), the formation of the
hybrid led to the growth of zeolitic crystallites of ZSM-5 embedded
into the bulk of the mesoporous AIMCM-41 material, furthermore
leading to a stronger surface acidity in relation to mild acid sites of
the AIMCM-41 molecular sieve. The physicochemical characteriza-
tions of the materials by SEM and N, adsorption-desorption
showed the morphological compatibility and a high surface area
of the synthesized hybrid material when compared with the liter-
ature data. The hydrothermal treatment results in the formation of
a ordered MCM-41 mesoporous material with a crystalline wall of
the microporous ZSM-5 zeolite. The use of hybrid catalyst de-
creased the activation energy, which favors the catalytic reaction
for the pyrolysis of vacuum gasoil. This is probably due to the com-
bination of strong acidic sites and stability of the HZSM-5 zeolite
with the better accessibility of acidic sites through the large pores
of the MCM-41 structure, resulting in a highly efficient catalyst.

The obtained products from pyrolysis of VGO in the presence of
the hybrid catalyst were typically in the range of C3-Cs (liquefied
petroleum gas) and middle distillates, mainly C¢-Cyo (gasoline
range) and C;1-Cy¢ (diesel). The pyrolysis of VGO without catalyst
produced mainly hydrocarbons in the range of C;7-Cys.
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