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To understand the physicochemical properties and catalytic activity during the pyrolysis of atmospheric petroleum residue, a template-
free ZSM-5 zeolite was synthesized using a direct method without additional seeds or an organic structure director and compared 
with conventionally synthesized ZSM-5. The crystallinities of the two zeolites were evaluated by XRD and FTIR and were quite 
similar; however, structural analyses using SEM and argon physisorption revealed that the zeolites diverged in particle diameter and 
in the external surface area of the micropores. The synthesis procedure without a template incorporated additional aluminum into 
the crystalline network, according to ICP-AES and TPD NH3 experiments. The catalytic pyrolysis performed over the template-free 
ZSM-5 generated results comparable to those for pyrolysis performed over the conventional ZSM-5 according to its hydrocarbon 
distribution. The selectivity to aromatics compounds was exactly the same for both ZSM-5 zeolites, and these values stand out 
compared to thermal pyrolysis. The template-free ZSM-5 produced 20% of light hydrocarbons (C4-C6), where such compounds are 
olefins and paraffins of great interest to the petrochemical industry. Therefore, template-free ZSM-5 is promising for industrial use 
due to its lowered synthesis time, low-cost and significant distribution to light hydrocarbons.
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INTRODUCTION

A zeolite is a crystalline aluminosilicate; the structure of these 
materials involves a combined tetrahedra network that generates 
channels as cavities or enclosures. Therefore, these materials have 
specific properties, including ion exchange and reversible desorption 
of water.1,2 This intra-crystalline space contains enclosures and chan-
nels and enables mass transfer that is limited by the pore diameter; 
these qualities impart shape selectivity for reagents, intermediates 
molecules and products. This shape selectivity is one of the most 
important properties of zeolites, which can also be called molecular 
sieves.1 ZSM-5 is a medium-pore (∼6 Å) zeolite with three-dimen-
sional channels. This system of straight and sinusoidal channels that 
intersects, as defined by its 10-membered rings. A significant amount 
of research describing this highly siliceous pentasil zeolite has been 
conducted due to its unique channel structure, thermal stability, acidity 
and shape-selective properties.3-5

Since their introduction in refining processes, zeolites have been 
widely used during petroleum refining, as well as in the petrochemical 
industries, for selective adsorption and acid-base catalysis.6 ZSM-5 
has been used to catalyze various hydrocarbon transformation reac-
tions. Specially, ZSM-5 acts as a separative additive catalyst during 
the fluid catalytic cracking (FCC) process; this material can isomerize 
xylenes via disproportionation to form toluene and trimethylbenzene, 
while olefins can be aromatized over H-ZSM-5 (protonic form of 
ZSM-5, which provides greater acidity) at atmospheric pressure.3,7

Using organic templates when synthesizing zeolites can cause 
problems, including high production costs, poisoning, air pollution 
and coke deposition on the catalyst after incomplete decomposition 
of the organic material. Consequently, many researchers have studied 
the synthesis of ZSM-5 without using templates, obtainig satisfactory 
results by varying the Si/Al ratio,7 utilizing a hydrothermal synthesis 
with agitation,8,9 comparing the syntheses under various templates,4 
using a two-step process that separates the nucleation step for 

crystallization,3 using sulfuric acid,10 using amorphous carbon and 
silica sources such as the rice hulls,11 using a sol-gel method,12 adding 
ZSM-11 seeds with a shorter crystallization time or using several 
sources of silicon,13 aluminum and alkali metal cations.14 Recently, a 
synthetic route for template-free ZSM-5, which was developed by Yu 
et al., involved inserting ZSM-11 seeds and decreasing the reaction 
time from 36 h to 12-16 h because the external surface area provided 
by the seeds accelerated the nucleation rate. Consequently, the small 
ZSM-5 crystals could be used to achieve high selectivity for C2-C4 
olefins in the methanol to olefins (MTO) reaction.13

ZSM-5 has been used as a FCC catalyst since its discovery; ho-
wever this material has only recently been applied for the pyrolysis of 
petroleum residues. According to Siddiqui et al., the cracking of Arab 
Heavy atmospheric residue is affected by the type of catalyst; ZSM-5 
disfavors the formation of aromatic carbon and protons in asphaltene 
while selectively forming linear, low molecular weight hydrocarbons. 
However, Fesharaki et al. utilized Iranian vacuum residue during two-
-stage pyrolytic processes over different catalysts.15,16 The cracked 
oil obtained from the first stage was introduced during the second 
stage, which was a liquid-phase catalytic reaction. Therefore, the Al-
MCM-41 demonstrated high performance during catalytic production 
of light olefins relative to the ZSM-5 in its sodic form (Na-ZSM-5).

This study evaluates the synthesis of ZSM-5 produced without 
an organic template or seeds and compares the physico-chemical 
properties of the resultant material with a ZSM-5 zeolite synthesized 
using an organic template. The catalytic activity of zeolites with an 
MFI structure during the pyrolysis of high molecular weight hydro-
carbons, such as atmospheric petroleum residue (ATR), is evaluated.

EXPERIMENTAL

Synthesis of templated ZSM-5 zeolite

ZSM-5 zeolite (ZSM-5) was synthesized with an organic template 
according to the method proposed by Argauer and Landolt with a 
silicon/aluminum ratio of 25.17 This sample was synthesized using 
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amorphous silica gel (Acros Organics, 0.035-0.070 mm), sodium 
hydroxide (Merck), aluminum sulfate hexadecahydrate (Reagen) and 
tetrapropylammonium bromide (Sigma-Aldrich) as sources for Si, Na, 
Al and the organic template, respectively. To obtain the synthesis gel, 
two solutions were prepared in water: solution 1 contained silica gel, 
aluminum sulfate and sodium hydroxide, and solution 2 contained the 
template. Both solutions were homogenized for 1 hour at room tem-
perature before they were stirred for 2 hours. The synthesis gel can be 
described using this stoichiometric proportion: 5.3TPABr:7.15Na2O: 
1Al2O3:50SiO2:1000H2O. Afterwards, the gel was transferred into 
PTFE (Polytetrafluoroethylene)-lined stainless-steel autoclaves and 
heated to 423 K under autogenous pressure and static conditions for 
7 days (168 hours). After crystallization, the autoclave was removed 
from the oven; after being cooled to room temperature, the contents 
were homogenized via agitation. The resultant solid was separated 
from the liquid phase by filtration, washed thoroughly with distilled 
water until the pH was below 9 and dried at 373 K for 12 hours.

Synthesis of ZSM-5 zeolite without a template

To produce the ZSM-5 zeolite without an organic template 
(ZSM-5-AT), the methods proposed by Cheng et al. and Costa and 
Araujo were used, with a silicon/aluminum ratio of 25.9,18 The star-
ting materials used for synthesis included the following: amorphous 
silica gel (Acros Organics, 0.035-0.070 mm), sodium hydroxide 
(Merck), sodium aluminate (Sigma-Aldrich, Al2O3 50-56%, Na2O 
40-45%) and distilled water. The sodium hydroxide and sodium 
aluminate were dissolved in water with stirring at reflux (353 K) to 
produce the synthesis gel. After half an hour, silica gel was added, 
and the system remained under the same conditions for 6 hours. The 
synthesis gel can be described using this stoichiometric proportion: 
6Na2O:1Al2O3:50SiO2:1250H2O. Afterwards, the gel was transferred 
into PTFE (Polytetrafluoroethylene)-lined stainless-steel autoclaves 
and heated to 453 K under autogenous pressure and static conditions 
for 27 hours. The subsequent procedures were the same as those 
mentioned above.

Calcination of ZSM-5 zeolites

Both synthesized materials were calcined to remove the template 
and any physisorbed water during a two-step procedure. For the 
templated zeolite ZSM-5, the sample was first heated at 10 K min-1 
from room temperature to 823 K under nitrogen (flow rate of 100 
mL min-1). After the temperature reached 823 K, the system was 
maintained under these conditions for 2 hours. Next, the flowing 
N2 was replaced by 100 mL min-1 synthetic air at, and the system 
was maintained under these conditions for 8 hours. The calcination 
procedure for the template-free zeolite ZSM-5 involved heating from 
room temperature to 773 K at 10 K min-1 under 100 mL min-1 N2 flow. 
After the temperature reached 773 K, the conditions were maintained 
for 2 hours. Subsequently, the nitrogen atmosphere was replaced by 
synthetic air at the same flow rate, and the system was maintained at 
this temperature for two hours. This heat treatment was performed 
under a mild, controlled atmosphere to remove any molecules phy-
sisorbed during the directed synthetic process.

Ion exchange in ZSM-5 zeolites

To generate samples in their protonic form (H-zeolite), all calci-
ned samples were submitted to ion exchange; the Na+ cations were 
replaced by protons (H+). The complete ion exchange procedure was 
performed three times with a 1.0 mol/L NH4Cl solution at 353 K for 
2 hours. Afterwards, the materials were washed with warm distilled 

water, filtrated and dried at 373 K for 12 hours. Finally, all samples 
were calcined again at 773 K for 3 hours to generate the protonic form.

Characterization of protonic ZSM-5 zeolites

The crystalline phases formed after the crystallization process 
were identifield using X-ray diffraction (XRD) in a SHIMADZU 
XRD 6000 with Ni-filtered CuKα radiation (λ=0.1542 nm) and 
diffraction angles (2θ) ranging from 3–40º. The average diameter 
of the crystallographic domain for each plane (hkl) was calculated 
using the Scherrer equation : Dhkl = (K.λ) / (β.cos θ), where K = 0.9 
(Constant), λ = Wavelength of X-ray source, β = full width at half 
maximum (FWHM) of diffraction, θ = Bragg angle of the diffrac-
tion plane (hkl).19 The particle size distribution was assessed using 
laser granulometry with a particles analyzer Malvern 2000E from 
MASTERSIZE. Distilled water was used as a dispersion medium for 
the samples while the particles were deagglomerating in an ultrasonic 
bath. The chemical compositions were determined using inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) with a 
Varian VISTA-AX-CCD. The samples were digested beforehand 
with H2SO4 and HF. The Si/Al atomic ratios of the samples could be 
determined through their chemical composition. The morphology 
of the crystals was determined using scanning electron microscopy 
(SEM) with a Philips ESEM microscope at 10.000x magnification 
under vacuum. The functional groups contained in the structures were 
identified using Fourier Transform Infrared Spectroscopy (FTIR) from 
4000 to 400 cm-1 at a 4 cm-1 resolution in a BOMEM MB 102 model 
spectrophotometer. Argon adsorption–desorption isotherms at 87 K 
were also recorded for the zeolite samples using a Quantachrome 
Autosorb 1 MP automated gas sorption system. Before the mea-
surements, the individual samples were outgassed at 573 K under 
vacuum for 16 hours. The surface areas were determined using the 
Brunauer–Emmet–Teller (BET) equation. The pore size distributions 
were calculated using the adsorption branch of the argon isotherms 
via the NL-DFT model (Non Localized Density Functional Theory). 
The acidic properties of the samples were determined using ammo-
nia temperature programmed desorption (TPD) in a Micromeritics 
AutoChem 2910 (TPD/TPR) system with He as the carrier gas. The 
samples were outgassed in preparation for this process at 833 K under 
flowing helium over 30 min. After cooling to 453 K, ammonia flow 
was passed through the sample for 30 min; subsequently, the physi-
sorbed ammonia was removed using flowing helium at 453 K over 
90 min. The chemisorbed ammonia was measured by increasing the 
temperature at 15 K min−1 up to 823 K and holding this temperature 
for 30 min. The ammonia concentration in the effluent helium stream 
was monitored with a thermal conductivity detector (TCD).

Pyrolysis of atmospheric petroleum residue under the Zeolites 
ZSM-5

Atmospheric Petroleum Residue (ATR) was collected at the 
Industrial Area of Guamaré – PETROBRAS, in Rio Grande do 
Norte – Brazil. For the pyrolysis process over the ZSM-5 zeolites, 
a fast pyrolysis method was followed using Single-Shot Pyrolyzer 
equipment (PY-2020iS model, FRONTIER LAB) with a fixed bed 
reactor coupled with on-line CG/MS. The pyrolysis reactions were 
conducted in quartz filler tubes (62 mm length, 6 mm i.d.) at 773 
K over approximately 3 seconds with 10 %wt of catalyst in ATR, 
generating ~0,5 mg total mass. The pyrolysis vapors were analyzed 
using a GC/MS QP2010 Plus model from SHIMADZU. The injector 
temperature was maintained at 523 K. The chromatographic sepa-
ration was performed using a UA5–30M-0.25F capillary column 
(30 m x 0.25 mm i.d., 0.25 µm film thickness). Helium (99.999%) 
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was used as the carrier gas at 1.01 mL min-1 and with a 1:400 split 
ratio. The oven temperature was programmed to increase from 313 
K (2 min) to 573 K (10 min) at 10 K min-1. The temperature of the 
GC/MS interface was held at 573 K, and the mass spectrometer was 
operated in EI mode at 70 V for ionization, 0.80 kV for the detector 
and at 553 K at the ion source. The mass spectra were obtained from 
m/z 29 to 600 at 588 amu/s. The results are reported as the average 
of two runs for each experiment, and the chromatographic peaks 
were identified using the NIST (National Institute of Standards and 
Technology) MS library.

RESULTS AND DISCUSSION

The X-ray diffraction data were analyzed to identify the phase 
of the microporous zeolites and to evaluate the crystallinity of the 
obtained materials. The X-ray diffraction patterns for the ZSM-5 
zeolites synthesized with and without templates, and a commercial 
sample are shown in Figure 1. For both ZSM-5 zeolites synthesized, 
an MFI crystalline structure formed, according to the database of the 
Joint Committee on Powder Diffraction Standards (JCPDS, COD. 
49-0657) and the International Zeolite Association (IZA). The high 
intensity of the peaks in the diffractograms for both ZSM-5 indicated 
significant crystallinity as compared to commercial sample (Table 1), 
even after the thermal processes used to obtain the protonated zeolites 
according to literature.4,8,20

In Figure 2, the FTIR absorption spectra for the protonated zeoli-
tes from 4000 to 400 cm-1 are presented. All of the zeolites displayed 
a large, intense band near the 3445 cm-1, which is assigned to siloxane 
and/or hydroxyl groups formed by water molecules physisorbed to 
the surface. The band at 1635 cm-1 corresponds to the deformational 
vibrations of water molecules. The bands at 1220 and 1097 cm-1 re-
present the external and internal asymmetric stretching of the siloxane 
groups. The band at 792 cm-1 represents the symmetric stretching of 
the siloxane groups. The internal flexions of the tetrahedrons corres-
pond to the band at 543 cm-1. The band at 450 cm-1 is attributed to 
the presence of five-membered rings.

Therefore, it was possible to prove that the synthetic conditions 
employed to produce the ZSM-5 without a template were proven 
efficient by evaluating the crystal structure using XRD and FTIR; 

only the ZSM-5 zeolite phase was observed, in accordance with the 
literature.9,21,22

The micrographs of the zeolites revealed orthorhombic mor-
phologies, as shown in Figure 3 (A-B). The HZSM-5-AT forms as 
crystallites with very well defined prismatic shapes, according to 
Narayanan, et al, while ZSM-5 forms as an agglomerate of small 
crystals.7 The HZSM-5-AT exhibited a larger particle diameter rela-
tive to the HZSM-5, as observed in the graph presenting the particle 
size distribution (Figure 3-C). As indicated in Table 1, the values 
calculated using the Scherrer equation for the crystallite diameters 
(Dhkl) correspond to the average value for all of the planes identified 
in each zeolite sample (according to XRD analysis). The template-free 
ZSM-5 exhibited larger crystallite diameters than the ZSM-5 synthe-
sized with a template; this result agrees with the XRD diffractograms 
because the ZSM-5-AT produced diffractogram peaks with a lower 
full width at half maximum (FWHM) due to the higher intensity of 
its peaks relative to ZSM-5. According to the Scherrer equation, the 
FWHM of each plane (hkl) is inversely proportional to the crystallite 
diameters. The crystallites diameter (Dhkl) influences the particle size; 
therefore, the ZSM-5-AT has a larger particle size, as shown in Figure 
3. After graphing the particle size distribution (Figure 3), the d(0.5) 
parameter could be calculated; this value divides the distribution in 
half. This parameter d(0.5) is reported in Table 1 and shows that the 
value for the ZSM-5-AT was almost double that of the HZSM-5, as 
demonstrated in the micrographs of both zeolites.

After analyzing the chemical composition by ICP-AES (Table 1), 
the concentration of silicon and aluminum could be determined for 
samples of both zeolites. According to these concentrations, the real 
values for the Si/Al molar ratio were lower than the theoretically 
calculated value, but the values are similar between the zeolites. These 
results agree with those obtained by Sang et al., who achieved 85% 
crystallinity while synthesizing template-free ZSM-5 with a Si/Al 
molar ratio of 25. Kim et al. organized a crystallization field for the 
template-free ZSM-5; for the molar ratios of SiO2/Al2O3 = 50 and 
Na2O/SiO2 = 0.12, only the ZSM-5 phase forms, corroborating the 
results in this work.4,8

To evaluate the textural properties of the zeolites, specifically 
the microporosity, argon physisorption was carried out at 87.3 K 
(Figure 4). According to the pore size distribution (dV/dlogDp) 
obtained using the NL-DFT method, the first peak has a maximum 
close to 5.5 A and corresponds to the diameter of the characteristic 
micropores of ZSM-5. However, the second peak in the ranges be-
tween 7-11 A does not correspond to a relevant pore distribution, so 

Figure 1. X-Ray diffractograms of protonic ZSM-5 zeolites synthesized, 
commercial ZSM-5 and standard JCPDS

Figure 2. FTIR of the ZSM-5 zeolites in protonic form
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these phenomena are associated with the adsorbent and adsorbate. 
According to the literature,23 these phenomena may be associated 
with fluid-to-crystalline-like phase transitions of the adsorbate on the 
MFI micropore. However, according to Garcia-Perez et al., computer 
simulations using flexible MFI frameworks suggests a monoclinic 
to orthorhombic transition.24 The values for the textural properties 
calculated using the NL-DFT method are shown in Table 1. As reve-
aled by the cumulative pore volume, the templated ZSM-5 exhibited 
slightly higher micropore volumes (5.5 A), but the microporosity of 

the zeolites was not affected by the average particle diameter. Both 
samples presented specific areas appropriate for ZSM-5. However, 
HZSM-5 presented a large external area and volume. These results 
are related to the average particle diameter because smaller particles 
allow greater accessibility and generate a larger contact surface. 
Consequently, the agglomeration of these particles, which present 
smaller average particle diameters generates an interstitial porosity 
represented by an increase in the pore volume from 50-900 A for 
HZSM-5, as observed in Figure 4.

Thermal ammonia desorption is an effective technique cha-
racterizing the acidic properties of the zeolites because it provides 
information about the total number of acid sites (calculated from the 
NH3 detected during desorption) and their acidic strength (as related 
to the temperature of the peak maximum in the desorption curve). 
Figure 5 shows the thermal desorption of NH3 for ZSM-5 zeolites 
synthesized with and without templates; the acidic properties of the 

Table 1.Textural properties, crystallographic parameters and chemical com-
position of the ZSM-5 zeolites in protonic form

Properties
Samples

HZSM-5 HZSM-5-AT

Relative Crystallinity (%)a 87 83

Specific Area (m2 g-1)b 374 301

Micropore Area (m2 g-1)c 300 257

External Area (m2 g-1)c 74 44

Micropore volume (cm3 g-1)c 0.187 0.160

External volume (cm3 g-1)c 0.111 0.042

Dhkl (nm)d 25.66 42.74

d(0.5) (µm)e 4.875 9.151

CAl (%wt)f 2.20 2.41

Ratio Si/Alf 19 18

Tmáx (K)g 613 640

Acidity (meqNH3 g-1)g 0.399 0.439

a – Calculated using commercial ZSM-5 as standard; b – Calculated using the 
B.E.T. method; c – Calculated using the NL-DFT method; d – Calculated using 
the Scherrer equation; e – Particles analyzer Malvern 2000E; f – Determined 
by ICP-AES.; g – Determined by TPD.

Figure 3. Micrographs of zeolites HZSM-5(A) and HZSM-5-AT (B) in protonic form. Curves describing the particle size distribution for both zeolites (C)

Figure 4. Pore size distribution and cumulative pore volume obtained from 
NL-DFT calculations of Ar adsorption–desorption at 87 K
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zeolites could be calculated from these curves (Table 1). In both of the 
ZSM-5 samples, the number of acid sites was inversely proportional 
to the Si/Al molar ratio, indicating that all of the aluminum sites 
were accessible to the ammonia molecules. However, the template-
-free ZSM-5 contained additional acid sites due to its aluminum 
content. The total acidity for both zeolites matches that reported in 
the literature; Xue et al. obtained similar values (0.46 mmol NH3 g-1) 
for nano-sized, protonated ZSM-5 with equivalent Si/Al ratios.25 In 
addition, the maximal temperatures for ammonia desorption indica-
tes the strength of the acid sites; and HZSM-5-AT exhibited higher 
temperatures (640 K) than the HZSM-5 (613 K). A high maximum 
temperature might indicate the formation of additional Brönsted 
acid sites because the interactions with Brönsted acids are stronger 
than those with Lewis acids. Therefore, the acidic properties of these 
materials should be investigated using the adsorption–desorption 
of other bases to distinguish and to isolate the contributions of the 
Brönsted and Lewis acid sites.

The fast pyrolysis technique produces vapors that can be 
analyzed directly using GC/MS. According to Qiang et al.,26 pyroly-
sis vapors are not true vapors; rather, they are mixtures of volatile 
compounds and non-volatile oligomers; GC/MS can only analyze 
the volatile compounds in the pyrolysis vapors. The temperature 
was 773 K, selected according to a study by Castro et al.; at this 
temperature, the atmospheric petroleum residue (ATR) degrades 
more than 90 wt%.27

Table 2 separates the selectivity values according to the groups 
of hydrocarbons and selectivity for aromatics produced during the 
catalytic pyrolysis over zeolite ZSM-5. The ATR is largely composed 
of high molecular weight compounds; consequently, the thermal 
pyrolysis of this material produces approximately 95% of hydro-
carbons in band 13 to 32, which is classified as gas-oil or diesel oil. 
When performing the catalytic pyrolysis over ZSM-5 zeolites, the 
production of gas-oil compounds decreases by approximately 20 to 
25%, generating light gas products (C2-C6) and 4 to 6% more com-
pounds in the gasoline band (C7-C12). The formation of light gases 
has been reported the literature; Fesharaki et al. produced 24.49% 

light olefins during the pyrolysis of vacuum residue over Na-ZSM-5.16 

According to Siddiqui et al., several reactions and mechanisms are 
possible when following the pyrolytic reactions of residues. Some 
examples of these reactions might include condensation with ester 
formation, polymerization or isomerization, dehydrogenation, aro-
matization, or dealkylation.15 The processes necessary for catalytic 
degradation involves the reaction of a proton from a Brönsted acid site 
with an ionic mechanism that proceeds along two possible pathways: 
end-chain scission and random cleavage at any bond in the chain. 
When comparing the two zeolites, the greater selectivity exhibited 
by templated ZSM-5 was attributed to its higher external area and 
smaller particle size distribution (see Table 1); these values indicate 
additional contact surfaces are available for the diffusion of molecules 
and mass transfer in the active sites. Even the template-free ZSM-5 
presented additional acid sites, as calculated from the NH3 desorption 
data; the diffusion of probe molecules with small kinetic diameters 
is larger than that of long carbon chains.

The selectivity values for the aromatic compounds are listed 
in Table 2; these values were similar for both ZSM-5 zeolites. 
Specifically, aromatization is catalyzed by Brönsted acid sites during 
the hydrogen transfer in paraffins and cycloalkanes, generating inter-
mediate compounds such as olefins.28 The low selectivity for aromatic 
compounds agrees with the literature data; Lukyanov observed that 
HZSM-5 had a decreased ability to catalyze hydrogen transfer reac-
tions that proceed through a bimolecular transition state while using 
sterically encumbered materials.29

To aid in understanding the hydrocarbon selectivity during 
pyrolysis, Figure 6 shows the selectivities for each carbon atom 
number. Evaluating the compounds produced in the gasoline range 
(C7-C12 group) revealed that a contribution from 4 to 7% during the 
catalytic pyrolysis was provided only for C7 and C8 hydrocarbons; 
most of that percentage was attributed to the production of aromatic 
compounds. Table 2 shows the selectivity of aromatic compounds, 
where the template-free ZSM-5 presented exactly similar values to 
the conventional ZSM-5. In addtion, the 20 to 25% of hydrocarbons 
produced (Table 2) smaller than C7 was attributed to the conversion 
of C32 to C22 compounds through an end-chain cracking mechanism. 
The template-free ZSM-5 produced 20% of light hydrocarbons (C4-
C6), where such compounds are olefins and paraffins of great interest 
to the petrochemical industry.

Figure 5. NH3 thermal desorption of calcined zeolites

Table 2. Selectivity data obtained during the pyrolysis of ATR over ZSM-5 zeolites

SAMPLES
Selectivity per Carbon Group (%) Selectivity by Aromatics (%)

C4-C6 C7-C12 C13-C32 Toluene Ethyl-Benzene Xylenes Dimetyl-Naphthalene

ATR 0 4.83 95.17 0 0 0 0

ATR+HZSM-5 25.48 12.49 62.03 1.83 0.45 1.92 0.70

ATR+HZSM-5-AT 20.17 9.21 70.62 1.88 0.37 1.97 0.67

Figure 6. Distribution by carbon atom number obtained during the pyrolysis 
of ATR over ZSM-5 samples
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CONCLUSIONS

The synthesis procedure for obtaining the ZSM-5 zeolite without 
an organic template was effective because a networked MFI structure 
formed according to its crystallinity and the microporous structure. In 
addition, the microporous structure was not destroyed after the heat 
treatment and ion exchange. The major physico-chemical properties 
of template-free ZSM-5 were similar to those of the templated ZSM-5, 
diverging only in average particle diameter and external surface area. 
However, these differences can be reduced by altering the synthetic 
parameters. In addition, a template-free ZSM-5 could be produced 
when the synthesis time was reduced from 7 days (conventional 
synthesis) to only 27 hours after modifying the crystallization tem-
perature in 30 K (conventional – 423 K; to template-free – 453 K). 
The procedure for synthesizing template-free ZSM-5 facilitated the 
incorporation of aluminum atoms into the crystal lattice, generating 
stronger acid sites that may indicate the formation of Brönsted acid 
sites.

During the pyrolysis of petroleum atmospheric residue (ATR), 
both zeolites showed catalytic activity when cracking high molecu-
lar weight hydrocarbons. The templated ZSM-5 zeolite was more 
active toward producing light compounds due to its larger contact 
surface. However, the template-free ZSM-5 produced 20% of light 
compounds, a significant percentage for transform atmospheric petro-
leum residue to paraffins and olefins, for the petrochemical industry. 
In addition, both zeolites showed similar capacities for hydrogen 
transfer during aromatization reactions, making the template-free 
ZSM-5 as efficient as the conventional ZSM-5 independent of the 
external surface area.

The acidic template-free ZSM-5 zeolite is promising for use as an 
industrial catalyst due to its low production costs, shorter synthesis 
times and better density and positioning for the acid centers compared 
to templated ZSM-5 zeolite.
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