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INTR ODU CTI ON Due to this, in recent years the oil industry has sought to change the

profileof its refineries, petrochemical sectors for the implementation
of equipment and materialscatalysts for heavy oil processing and
waste disposal. and newstrategies between refining and petrochemical
activities have emerged. Thermocatalytic pyrolysis is athermal
process associated with the use of catalysts, which has become
promisingto increase the yield and selectivity of products in the
hydrocarbon rangedesirable, which may be used as fuel, for example,
forliquid fractions in the gasoline to diesel range recovered from
petroleum residues (Araujoet al., 2016; Castro et al., 2011). For
greater efficiency of the waste pyrolysis process, it is necessary
toadequate use of a catalyst that allows a better degradation
performanceof these residues at a lower temperature, as well as a
better yield andproduct selectivity. Therefore, the use of an adequate
catalyst is of fundamental importance.In recent decades,

The oil industry is made up of human activities with great potential
polluter. In refining, for example, they consume large amounts of
water and energy,as well as produce large amounts of liquid waste,
release various gasesharmful to the atmosphere and produce solid
waste that is difficult to treat and dispose.As a result of these facts,
refineries are often major degraders ofenvironment, as they have the
potential to affect air, water, soil and, consequently, the entirebiotic
environment around it.Waste can be generated during the refining
process, such asexample, AT, RV, as well as oil handling operations
and treatmenteffluents, usually in the form of sludge, incinerator ash
and sludge. Other residues, which have attracted attention in recent

decades, are derivativesof the petrochemical industry, plastics, for . . 5 X " .
example, have a slow process ofdegradation that can lead to soil, air nanocrystalline zeolites with hierarchical porosityhave shown to be

and water contamination when they are not intendedcorrectly (Castro ~ VCIY aftractive as catalysts for reactions involvingbulky molecules,
et al., 2011; Lima et al., 2014; Figueiredo ef al., 2016). On the other ~ Such as in the waste pyrolysis process.The use of organosilanes has
hand, with the current comforts of modern society, plastics havebeen ~ Provided new routes for the preparation of zeolite materials with more
an indispensable material in the life of humanity, as it is also accessible acidic sites(Serrano ef al, 2008). This work aimed to
notorious thegrowing demand for fossil fuels and petrochemicals. In synthesge, characterize Fhe Z‘eoh.te‘snanocrystalhne Acry§tals “,mh
thiscontext, there is a need for both the recycling of this plastic waste hierarchical structu.res,. using sﬂanlzl.ngagent to obtain_hierarquical
as aalternative to avoid environmental and social problems, as well as structl{re, for applying in the degradation processof HDPE by thermal
to recover valuable productschemical residues derived from the oil analysis.

industry, as well as residues generatedduring the refining process.
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MATERIALS AND METHODS

Preparation of the catalyst: The catalyst used in the current work is a
hierarquical zeolite functionalized with organosilane. The procedure
for obtaining the acid ZSM-5 was based on Costa et al., 2011,
synthesizing the material without organic template by the
hydrothermal method, using silica gel (high-purity grade, pore size 60
A, 200-400 meshparticle size, Sigma-Aldrich), sodium hydroxide
microbeads (PA, Vetec), sodium aluminateanhydrous sodium
(Riedel-de Haén) - 50-56% Al203 and 40-45% Na20O and ultrapure
wateras a solvent. The precursor materials were combined in order to
obtain amolar chemical composition for the synthesis gel in the
following stoichiometric ratio: 12 Na,0:2A1,05:100 Si0,:2500 H,O0,
with the Si0,/Al,0; molar ratio of the gel equal to 25. The procedures
for the synthesis of functionalized ZSM-5 zeolites by reactionwith 15
mol% of Phenyl-Amino-Propyl-Trimethoxysilane (PHAPTMS),
according to procedure described by Figueiredo et al., 2016. The
hydrogel was submitted to hydrothermal treatment in an autoclave at
temperature of 180 °C, for 1 days. Then the material was cooled to
room temperature, dried at 100 °C, then calcined at 500 °C, under
nitrogen atmosphere by 4 h.

Characterization of the samples: The synthesized samples were
characterized by powder X-ray diffraction, in order to confirm the
crystalline structureproposal for the MFI type ZSM-5 zeolite (Mobil
Five), in order to verifying the integrity of the zeolite structures
(Caldeira et al., 2016; Lima et al., 2014). Thediffractograms
wereobtained on Shimadzu equipment, model XRD 6000, using
CuKa radiation, nickel filter, voltage of 30 kV andtube current 30
mA. The absorption spectra in the infrared region of the HZSM-5
sampleswith organosilane, calcined and not calcined, were obtained
in the infrared range of 400-4000 cm™', using the KBr method, in
aBomem MBI100-FTIR equipment. The Scanning Electron
Microscopy (SEM) analysis performed on the samples with the
purpose of identifying the morphology, size of the particlesand
homogeneity of the material. The micrographs of the samples were
obtained in an electronic microscope PHILIPS model ESEM.

Thermocatalytic pyrolysis: The Atmospheric Residue of Petroleum
(ATR) was obtained from Petrobras in Brazil, in the Exploration and
Production Unit of Rio Grande do Norte and Ceara States (UN-
RNCE). The High Density Polyethylene (HDPE) was provided from
BraskenPetrochemical Pole, in Camacari, Bahia State. The pyrolysis
of ATR and HDPE residues were performed in a pyrolyzer model
PY-2020iS Control from Frontier LAB, coupled to a GC/MS,
Shimadzu QP 2010 model, as shown in Figure 1.

—.|] Connector

=] Connector

(d)

Figure 1. reactor

Pyrolysis
chromatograph and mass spectrometer (Py-GC/MS), where: (a)
sample holder; (b) oven chamber; (c) connection of the reactor
with the chromatographic column; (d) pyrolyzer interface with
the chromatograph; (e) exit to GC/MS

system coupled to the gas

The samples were placed in a steel crucible stainless steel (Ecocup
SF) with a volume of 50 pL. Samples of pure waste and withcatalysts
were prepared by mechanical mixing in the proportions of 10% of
catalyst. The analyzes were carried out under a helium gas
atmosphere with a flowof 3.0 mL/min, pyrolyzer temperature at 500,
475 and 450 °C, split ratio of 200:1 andpyrolyzer-GC interface
temperature of 300°C. The productsfrom pyrolysis were separated on
a UA5-30M-0.25F capillary chromatography column (5%diphenyl,
95% dimethyl-polysiloxane) 30 m length, 0.25 mm in diameter
andstationary phase thickness of 0.25 um. The column pressure was
maintained at 116.7 kPa, with a flow rate of 2.20 mL/min and a linear
velocity of 53.2 cm/s. The GC/MS interface temperature was
maintained at300 °C. The detection range in the mass spectrometer
was maintained between 20 to 600 m/z; the sweep interval was 0.50 s.
The different constituents present in the pyrolysis products of
theresidues through the NIST library database (National Institute of
Standardsof Technology) of the software attached to the GC/MS
analysis system.

RESULTS AND SISCUSSION

From X-ray diffractograms (Figure 2) wasobserved that the
synthesized materials present the structure pattern of crystalline MFI
type, as proposed by International Zeolite Association (IZA), with
five characteristic peaks referring to theMiller indices [(101), (200),
(501), (151), (133)], as previouslyreported (Caldeira, 2016,
Figueiredo et al., 2016; Serrano, et al., 2011). The diffractograms of
the calcined samples evidencesthat the structure of the ZSM-5 zeolite
does not change due to thethermal treatment, only an increase in the
intensity of the peaks andcrystallinity. The main diffraction peaks are
clearly differentiated, in the samples withsilanization.
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Figure 2. X-ray diffractograms of HZS materials: (a) uncalcined
and (b) calcined sample

The crystal size was determined from the X-ray diffraction
spectrumusing Scherrer relation, and a composite distribution was
found between 19-32 nm in crystal sizes for silanizingcalcined
sample. This value are in agreement with Xue et al., 2012 and
Aguado et al., 2008. The FT-IR spectra for the samples are shown in
Figure 3. The infrared spectrum of functionalized material shows
signs of vibration close to 2934 and 1504 cm™, which indicate the
presence of interactions of theorganosilane molecules, since these
vibrationsare not present in the spectra of ZSM-5 in the calcined
form, as observed inFigure 3. The vibration band close to 2934 cm’!
indicates a symmetrical stretching of theC-H bond of the methyl
group. Scanning electron microscopy analysis was performed with the
aim of to identify the morphology and homogeneity of hierarchical
HZ5 zeolite, as viewed in the Figure 4.
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Figure 3. FT-IR spectra of HZ5 materials: (a) uncalcined and (b)
calcined sample
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Figure 4. Scanning electron micrograph of silanized ZSM-5
zeolite (HZ5)

The micrograph was obtained with magnification of 3,000 times and
measurement of the30 um scale bar. The functionalized sample
showed typical morphology of MFI zeolite even after
functionalization with 15 mol% of PHAPTMS. It was observed
compact aggregates consisting of an oval shape with the presence of
somelarger crystals. A mixture of larger crystalsand fragments of
crystalline materials, in agreement with what is reported in the
literature (Xue et al., 2012).

Physicochemical characterization of waste: The results regarding the
characterization of the ATR, such as: determination of density,
viscosity, amount of saturated, aromatic, resins and asphaltenes
(SARA), infrared spectroscopy are presented in Table 1. The data for
HDPE is given in Table 2.

Table 1. Analyzes performed for the ATR

Property Value
Density at 20°C (g/cm’) 0.8767
API Density 29.9
Dynamic viscosity at 40°C (mPa.S) 1006.2
Kinematic viscosity at 40°C (mm?*/s) 1090.8
Sulfur (% m/m) 0.43
Nitrogen (% m/m) 0.22
Carbon (% m/m) 85.3
Hydrogen (% m/m) 12.7
Oxygen (% m/m) 1.35
C/H (molar ratio) 0.61
SARA Distribution

- Saturated (% m/m) 17.0

- Aromatics (% m/m) 29.2
- Resins (% m/m) 37.0
- Asphaltenes (% m/m) 16.8

Table 2. Data informed by the Braskenfor characteristics of

HDPE
Property ASTM Value
Melt index (g/10 min) D 1238 0.43036
Density (g/cm’) D 792 0.961
Tensile strength (MPa) D 638 22
Thermal deflection 0.455MPa D 648 79 °C
The petroleum  residues are normally constituted of

fractionsconsiderably heavy, resulting in a complex chemical
composition. The density found in the RAT was 0.8767
g/cm’indicates that this residue consists oflight fractions in their
chemical composition. The values determined for dynamic and
kinematic viscosities were 1006 mPa.S and 1091 mni’/s, respectively
is probably attributed to the constituents present in the sample
relatedmainly with temperature. The SARA analysis indicated a
significant presence of aromatics in the ATR sample,
corroboratingwith the data found for density and viscosity. Since the
RAT is a fraction ofa process, in which most of the lighter
constituents have already been removed, i.ejustifies the strong
presence of resins, aromatics and asphaltenes, with complex chemical
substances, since in great part promote the formation of coke. In
general, resins and asphaltenes arecompounds that have high
molecular mass and molecular size, beingformed by polyaromatic
rings, thus making it difficult to convert to fractions of lowmolecular
weight. However, the ATR presents a relative percentage of the
fraction ofsaturated in their composition.By elemental analysis
(CHNSO), the percentages by mass reveal a high carbon content,
followed by hydrogen, as expected for a petroleum residue, whose
main constituents are hydrocarbons, in addition to other small
amounts appear as organic compounds that contain other elements
such as nitrogen, oxygen and sulfur. The TG and DTG curves for
decomposition of HDPE with and without catalyst are shown in
Figures5 and 6, respectively. The TG/DTG curves at different heating
rates for ATR and HZ5/ATR are shown in Figures 7 and 8§,
respectively.
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Figure 5. TG curves for degradation of: (a) HDPE and
HZS5/HDPE at different heating rates

Analyzing the TG and DTG curves for HDPE, it was possible to
observe the thermal behavior, generated by theperformance of the
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For the development of the kinetic study, the selected temperature
ranges were between 416-528 °C and 373-466 °C, for pure HDPE and
HZS5/HDPE, respectively. Applying the Vyazovkinmodel-free kinetic
model (Vyazovkin; Wright, 1999), the conversion as a function of
temperature in the time periods studied. Thus, it was observed that the
most efficient degradation process was observed for theHZ5/HDPE
over a period of 16 h, so thatwith lower activation of 150 kJ/mol was
required for degradation of the polymer. Thisbehavior is possibly
attributed to the greater external area of the catalyst associated to
accessibility to active sites and the Brensted acidity, making the
effectobserved catalytic in the form of lower temperature and lower
activation energy, when compared with other catalysts studied(Xue et
al., 2012; Saha; Ghoshal, 2007). It was determined, for example, for
pure HDPE to achieve80% degradation it is necessary to heat it at 460
°C for 20 min, whereas for the HZ5/HDPE, to achieve the same
conversion at the same time, a temperature of 373 °C is required.

Analyzing the Figures 7 and 8, for thermal degradation of ATR, it
was possibleobserve two mass loss events for both samples: one
between 150-400 °C, another between 400-550 °C for pure ATR. For
the mixture HZ5/ATRa mass loss event between 100-374 °C, and
another at 374-500 °C. The behavior of these curves wereclose
similar. Furthermore,a relatively rapid decay was observed in the
distillation zones andcracking, respectively, thus being able to
correlate with the high API degree of thisresidue, as well as the
amount of constituents present, when evaluating the decompositionin
each temperature range: the first stage can be attributed to the
decomposition oflight and medium hydrocarbon fractionsof saturates
and some constituentsof aromatics, and in the second stage to the
heavy fractions, related to resins and asphaltenes,investigated by the
composition of the SARA analysis (Gongalves et al., 2010). The
kinetic study was also carried out using the model proposed by
Vyazovkin. For thedegradation of ATRand HZ5/ATR, the apparent
activation energy (Ea) found was 353 kJ/mol and 120 kJ/mol,
respectively. For low conversion zone including light and medium
fractions in HZS5/ATR, the Eawas ca. 86 kJ/moland in the component
rangesreferring to the highest fractions conversions, around 127
kJ/mol, evidencing asignificant effect in lowering the apparent
activation energy in both regions.The kinetic study is a criterion that
reveals the main phenomena involved in thethermal behavior of a raw
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material inside a refinery. The effect of thermal and thermocatalytic
pyrolysis of HDPE on HZ5/HDPE was studied at temperatures 450,
475 and 500°C. The pyrogramsrelative to HDPE and ATR without
and with catalyst are shown in Figures 9 and 10, respectively.
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Figure 9. Pyrograms at different pyrolysis temperatures of pure
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Figure 10. Pyrograms at different pyrolysis temperatures of pure
HZS5/HDPE: (a) 500°C; (b) 475°C and (c¢) 450°C; and for
HZS5/HDPE at: (d) 500°C; (e) 475°C and (f) 450°C

According to the results of thesamples of HDPE with catalyst, there
was a significant concentration of lighter productsin retention time of
0 to 15 minutes, when compared to the sample of HDPE without
catalyst, mainly in the hydrocarbon ranges of C,-C4 and Cs-Cy,. This
behavior was also notice by Burange et at., 2015; Serrano et al., 2010.

This evidencesthe catalytic effect on the formation of products, which
is a result of a greaterfragmentation of pyrolysis products promoted
by acidic sites in the catalyst, as well as the presence of nano-scale
crystals, the mesoporesintercrystalline, greater external surface area,
which results in greater accessibilityimproved to active sites.

In thermocatalytic pyrolysis, as the temperature was increased from
450-500 °C it was observed that there was a slight reduction in yield
in the distribution ofproducts in the Cs-C;, range and a significant
increase in yield in the C,-C, range. This behavior was also found
(Bagri; Williams, 2002) when studying the catalytic pyrolysis of
polyethylenes at different temperatures.

On the other hand, thermocatalytic pyrolysis at 475°C showed a
higher71% selectivity in the C,-C;, range. The thermocatalytic
pyrolysis at 450 and 500 °Cshowed selectivity of about 62%, and the
catalytic effect can be verifiedpotentiated in this range of
hydrocarbons, as well as showing selectivity innumbers of carbon
atoms. In general, the main products found in the catalytic pyrolysis
ofpolyethylene are: ethene, butene, benzene, toluene, and p-xylene
These compounds are reported can be obtained from pyrolysisthermal
at elevated temperatures of 600 and 900 °C (Blazso, 2005; Deng et
al., 2006). It is shown that it is possible to find them intemperatures
below 600 °C, from catalytic pyrolysis (Dimitrov et al.,2013;
Figueiredo, 2016). Therefore, the products disclosed for the pyrolysis
of pure HDPE at studied temperatures, 500, 475 and 450 °C, were a
series of olefins, chain paraffinic hydrocarbonslong, however the
pyrolysis of HZ5/HDPE showed olefinic chains ofsmaller sizes, even
more branched isomers, and aromatic compounds, such asbenzenes,
toluenes and xylenes for the three studied temperatures. For ATR, the
distribution of pyrolysis products into hydrocarbon are distributed in
the range of C,-C,4, and an increase in the range between (Cs-C,,)
whencompared with thermal pyrolysis of RAT at the same
temperatures.In thermocatalytic pyrolysis, as the temperature was
increased from 450-500 °C it was noticed that there was a small
reduction in yield, referring todistribution of products in the Cs-C,
range and an increase related to yield in the range of C,-C,. From the
ATR load, even lighter fractions can be obtained, (Alvarez et al.,
2011) typically C,-C4; gas (Liquefied Petroleum Gas), middle
distillatesCs-Cyy (gasoline), C;;-Cy, (kerosene), C3-C,; (diesel), Cig-
C,s (heavy diesel) and C,4-Csg (lubricating) according to Caldeira, et
al.2016. Fractions in the C;-C, hydrocarbon range refer to low
conversionneeding lower activation energy, whereas the fractions of
middle and heavy distillatesrefer to high conversion requiring a high
activation energy (Gongalveset al., 2008; Gongalves et al., 2010).

CONCLUSION

The current work proposedthe development of a methodology to
obtain hierarquical materials for application as catalyst for conversion
of plastics and residues from petroleum industry, in order to obtain
valuable hydrocarbon products. Based on the characterization
techniques employed in this work, the hierarchical zeolites were
successfully synthesized by the hydrothermal method ofin the
absence of organic template, using the PHAPTMS as a silanizing
agent. This generated asignificant effect on the acidity of the
materials, being possible to change theconcentrations of Bronsted and
Lewis acid sites of the materials. The adding the silanizing agent did
not destroyed the zeolite structure, as proved from XRX, FT-IR and
SEM. Atobservations made by the SEM of the MFI (PHAPTMS)
produced aggregates withdifferent particle sizes.The material
presented catalytic potential for conversion of HDPE and ATR
residues, due to intercrystalline mesoporosity, with improved
accessibility to acid sites of large molecules. The addition of 10% in
mass of catalyst mass to HDPE or ATR waste produced adecrease in
degradation temperature. These data were complemented withthe
results of lowering in activation energy, obtained from the modelnon-
isothermal kinetics proposed by Vyazovkin.The analysis of products
from pyrolysisindicates that these the silanized catalyst can be used
for upgrade in raw materials in the petrochemical industry, obtaining
fractions of LPG (C,-C,), gasoline and diesel products.
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