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Abstract: Hierarchical ZSM-5 zeolite materials with different SiO,/Al,O; molar ratios in the range of 60-300
were synthesized using soft templating and microemulsion methods to generate zeolite materials with
narrow mesopore size distributions. The resulting materials were characterized by X-ray flourescence (XRF),
Fourier transform infra-red (FTIR) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy
(SEM), ammonia temperature programmed desorption (NHs-TPD), thermo-gravimetric analysis (TGA),
Brunauer-Emmett-Teller (BET) surface area measurements, and products from the catalytic tests were
analyzed by gas chromatography (GC). The XRF analysis determined that the Si/Al ratios for the synthesized
ZSM-5 were close to the batch ratios. The XRD and FTIR results revealed that the synthesized samples
had crystalline ZSM-5 zeolite structures. The small angle observed from the XRD patterns confirmed the
presence of mesopores in the structure of the prepared materials. The SEM results showed that the ZSM-5
synthesized materials had different morphologies and particle sizes, as well as worm-like holes indicating
that some macropores with average pore sizes ranging between 68 and 85nm were successfully generated
in these materials. NH5-TPD results showed that the total acidity of the prepared materials decreased with
an increase in the Si/Al (SA) ratio following this trend: SA=71>177>345. This may be due to the decrease
in the aluminum content, which is largely responsible for the formation of acidic sites in zeolites. The acid
strength was found to increase with a decrease in the Si/Al ratio, highlighted by the peak shifts to higher
temperatures. From the BET results, the SA=71 was observed to have the highest SSA of 618 m?/g given
by its micropore area of 103 m?/g and an external surface area of 515 m?/g. The high external surface area
present in the material was due to the development of mesopores with narrow pore size distribution of
approximately 6 nm indicating the success of the microemulsion method for the generation of hierarchical
zeolites with well controlled pore sizes. The hierarchical ZSM-5 catalysts were tested for the cracking of
various hydrocarbon chain lengths. Low conversions, less than 10%, were obtained in the cracking of
hexane; however, when cracking longer chain C4, hydrocarbons, the conversion increased remarkably to
100%. The catalyst with SA=71 had the highest selectivity towards ethylene and propylene olefins due

to its higher acidity in comparison with the other prepared catalysts. Improved activity, selectivity towards
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ethylene and propylene greater than 60%, and enhanced catalyst stability were demonstrated when using
a hierarchical ZSM-5 compared to the commercial catalyst in the cracking of dodecane. High selectivity
towards light olefins was obtained for the cracking of waste tire-derived oil. The results suggest that these
hierarchical materials are suited to the cracking of long chain hydrocarbons and are promising materials for
the valorization of waste tire-derived oils. © 2024 Society of Chemical Industry and John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

ight olefins such as ethylene and propylene are mainly
L used in the petrochemical industry as raw materials

for the production of valuable materials such as acrylic
acid, acrylonitrile, poly propylene and propylene oxide."*
The demand for propylene has been estimated to grow
roughly at 4%-5% each year with an average total growth of
roughly 1% greater than that of ethylene.’ The main method
for generating light olefins is by thermal or steam cracking,
which yields up to 95% of ethylene globally and about 60%
of the world’s propylene.** However, controlling selectivity
for specific light olefins during the thermal cracking process
is a challenge. The thermal cracking process is therefore
inadequate for the increasing demand. Second, producing
these olefins using the steam cracking method requires
relatively high temperatures of about 800 °C. This leads to
greenhouse gas emissions and enormous energy consumption
— approximately 40% of the energy that is used in the refinery.
Researchers have focused their attention on reducing the
high use of energy by developing a more effective route for
producing environmentally friendly light olefins.® Catalytic
cracking makes use of lower temperatures of roughly 450-650
°C during the production of light olefins. The acid strength
of the zeolite catalysts and optimizing operating conditions
can be used to control the yields of ethylene and propylene.
Catalytic cracking over zeolite catalysts is therefore a flexible
route to produce both ethylene and propylene and has been
considered as the best substitute for thermal cracking.*’

ZSM-5 zeolite has been identified as a suitable catalyst for

many petrochemical reactions due to its distinct micropores
and intrinsic properties such as acidity and surface area
that are tunable. However, the zeolite ZSM-5 has its own
drawbacks. It has acid sites that are not in use, a long
diffusion pathway and a modest microporous structure
that makes it possible for it to be deactivated by deposited
carbon. For successful hydrocarbon cracking reactions to
occur, strong acid sites are needed.® However, when there
are too many strong acid sites present within the catalyst,
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secondary reactions occur leading to the formation of
aromatic hydrocarbons or deposited carbon, which may
cause deactivation of the catalyst.”~'? Furthermore, the
distribution and the transfer of reactants and products inside
the pores become limited because of the zeolite crystals’
bulky size and narrow micropores. Breaking down of
hydrocarbons with sizes that range from Cg to those made
up of numerous carbon atoms have been studied using
hierarchical mesoporous zeolites because they have strong
acidity, improved surface area, and high thermal stability and
offer a potential solution to problems of catalysts deactivation
as well as enhancing activity by increasing accessibility to
active sites.!!*

The use of hierarchical mesoporous zeolites for catalytic
cracking of paraffins and intermediate olefins is a promising
method to enhance the yield of light olefins, particularly
ethylene and propylene.'>!® Hierarchical zeolite materials
have enhanced mass transport properties, and have led to
long catalyst lifetimes and excellent product selectivity. The
existence of larger intracrystalline pores in hierarchical
zeolites allows greater accessibility to acid sites and cracking
of heavy molecules to occur inside the mesopores.>!”!®

Generally, hierarchical zeolites are prepared using
postsynthetic treatments such as dealumination and
desilication. However, the use of these methods has the
disadvantage of destroying the zeolite structure during the
process and does not permit accurate control of the density,
size, and shape of mesopores.?**! The micropore structure
and acidic properties of the catalyst are affected during the
introduction of an extra pore system in the desilication/
dealumination process. This leads to a loss of microporosity
and valuable active site, thus reducing the activity of the
catalyst.*>~** Mesoporous Mordenite framework inverted
(MFI) zeolites prepared using the alkali treatment were
studied by Jung et al."” to investigate the catalytic roles of
acidity, pore structure and their activity for the cracking
of n-octane at 773 K. They found that, whereas product
selectivity continues to be affected strongly, mesoporous
MFI demonstrates a low activity as compared to the original
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MEFI zeolite. The alkaline treatment decreases the amount of
the strong acid sites, resulting in a loss of activity. However,
the alkali-treated zeolites showed an enhanced selectivity
towards propylene due to the fast elution of primary cracking
products. Acidity was the prime factor responsible for the
conversion level and the product selectivity, leading to a high
yield when using the MFI zeolite with a massive amount of
strong acid sites. Thus, acidity is shown to play a significant
role in the catalytic cracking process. Hence, there is a need
to develop methods of introducing mesopores into the
zeolites without disrupting the acid sites. This has motivated
the search for new methods to generate mesoporosity. The
bottom-up technique, which utilizes hard and soft-templating
methods, overcomes the drawbacks that are found when
making use of the desilication and dealumination methods to
prepare hierarchical zeolites.**°

In particular, the utilization of soft templates does not destroy
the zeolite structure and it is easier to control the morphology
and the creation of mesopores during the fabrication of
hierarchical zeolites.”** Synthesis of a hierarchical tri-modal
porous ZSM-5 zeolites with a controllable macroporosity was
reported by Junjiang et al.*® using a microemulsion technique
that employs the use of soft templates that is ethanol and water.
This method was highly successful for introducing mesopores
and macropores while maintaining the inherent micropore
nature of the ZSM-5. Furthermore, the pore size could be
controlled easily by varying the ethanol-to-water ratio and the
acidity of the material was preserved. Such materials may be
highly active as catalysts for cracking long chain hydrocarbons
and bulky molecules such as those contained in vacuum gas oil,
Fischer-Tropsch (FT) wax and waste tire-derived oils, which
would ordinarily lead to quick deactivation of a microporous
zeolite. A mesoporous HZSM-5 zeolite made by carbon
templating was compared with a conventional HZSM-5 in
one study for catalytic cracking of n-hexadecane. Noticeably
increased activity was established when using the mesoporous
HZSM-5, leading to a conversion of 52% for n-hexadecane
in comparison with conventional zeolite, which only had a
conversion of 17%.% It is therefore evident from the literature
that modifying the ZSM-5 zeolite by incorporating secondary
mesoporosity can effectively enhance catalytic performance
in terms of activity and selectivity in the catalytic cracking of
various hydrocarbon feeds. In this study, hierarchical ZSM-5
zeolite crystals with controllable macro—/mesoporous structure
have been investigated. These hierarchical ZSM-5 zeolites were
synthesized using the soft template micro emulsion method
with different Si/Al ratios to vary their acidity. The materials
were also evaluated in the catalytic cracking of hexane and
dodecane, used as model compounds for naphtha as well
as real tire-derived oil obtained from the pyrolysis of waste
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tires. This work highlights the effectiveness of the synthesized
hierarchical ZSM-5 zeolite materials for cracking of different
hydrocarbon chain lengths and feedstock sources.

Experimental

Materials and methods

Table 1 shows all the chemicals and reagents used in all the
procedures in this study for the zeolite synthesis. All the
chemicals were supplied by Sigma-Aldrich (St. Louis, MO,
USA) and used with no further purification.

Synthesis of ZSM-5 zeolite solutions

All the ZSM-5 zeolites were prepared with a steam-

assisted hydrothermal synthetic approach, making use of
stoichiometric quantities of sodium aluminate (NaAQL,),
tetrabutyl ammonium hydroxide (TBAOH), and tetraethyl
orthosilicate (TEOS). For example, to synthesize ZSM-5

with Si/Al ratio of 60 in the batch mixture, approximately
8.25mL of distilled water was used to disperse 0.0784 g of
NaAO]l, under continuous stirring in a 100 mL beaker. While
stirring continuously, 2.74 mL of TBAOH aqueous solution
was then added dropwise, resulting in a clear solution. Then
6.2mL of TEOS was added to the solution and the stirring
continued for another 2 h. The stirrer was stopped and the
solution was left to rest overnight with no further stirring

or any movement. For the synthesis of hierarchical ZSM-5
zeolite with different Si/Al ratios, approximately 1 g of
cetyltrimethylammonium bromide powder was dispersed in
7mL distilled water under continuous stirring using a 100 mL
beaker. Precisely 10mL of pure ethanol (ETOH) was then
added to this solution while stirring, forming a transparent
solution. This prepared solution was then added dropwise to
the zeolite ZSM-5 solution that was prepared above. A white
gel was formed and it was left for 24 h for stirring to continue.
After stirring for 24 h, a mixture of thick white gel was formed
and dried for another 24 h at 60 °C using an oven. Dry white

Table 1. Chemicals and reagents used for the

synthesis of zeolites and their composition.

Chemicals
Sodium aluminate

Assay (%)
50-56 (Al,Oj),
40-45 (Na,0)

Tetrabutylammonium hydroxide 40 in H,O
Tetraethyl orthosilicate 98
Cetyltrimethylammonium bromide 99
Ethanol 99
Ammonium nitrate g9
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solid granules (4.12 g) were obtained after drying. The white
solid granules were crushed and ground into a fine white
powder using a mortar and pestle. The synthesized zeolite
powder was then recrystallized by heating it at 150 °C for 48h
while adding small amount of distilled water (5.24mL).

The recrystallization process was carried out in a plastic
Teflon flask, which was placed inside a large stainless
steel autoclave. Distilled water was then used to wash the
product thoroughly, which was then filtered and dried in
air overnight. The final product was then calcined at 550
°C for 6 h to remove organic agents. A pure Na- ZSM-5 was
produced after the volatile organic impurities were removed.
The other zeolites were synthesized by varying the amount of
NaAlO,, based on the desired Si/Al ratio of the zeolite. These
zeolites had Si/Al ratios of 90, 150 and 300. Ion exchange of
Na-ZSM-5 was then performed at 80 °C using a 1 mol L™
solution of NH,;NO; under reflux conditions. Typically,
50mL of the NH,NO; solution was used for every 1g of the
zeolite and stirred for 24h in a round-bottom flask to obtain
NH,"-ZSM-5. The product was then washed thoroughly
with distilled water, filtered, and dried in air overnight. A
ZSM-5 in hydrogen form was finally produced by calcining
the NH,"-ZSM-5 at 550 °C for 3h to decompose ammonium
ions.

Catalyst characterization

The catalysts were characterized by various techniques.

The Al,O; and the SiO, content in the prepared zeolite
materials was determined by X-ray fluorescence (XRF)
(instrument Panalytical (Malvern, UK), Rh tube, 2.2 Kw).
The functional groups present in the synthesized zeolite
materials were determined using a Perkin Elmer (Waltham,
MA, USA) Spectrum 100 series attenuated total reflection
(ATR) Fourier transform infrared (FTIR) spectrometer.

A multi-purpose X-ray diffractometer, manufactured by
Bruker AXS (Karlsruhe, Germany) with a D8 Advance
diffractometer and a Lynx Eye (position sensitive detector)
was used to record the diffraction data at a typical speed

of 0.5s/step and a Cu-Ka radiation (1Ka,=1.5406 A) tube
in a 20 range of 0.5 to 130°. The surface morphology was
established using an Auriga field emission high-resolution
scanning electron microscope with smart imaging software,
supplied by Zeiss (Oberkochen, Germany). The microscope
uses 5keV for measuring images and a 20keV for energy
dispersive X-ray spectroscopy. Temperature-programmed
desorption of ammonia (NH;-TPD) spectra were recorded
using an Autochem II Micromeritics (Norcross, GA, USA)
chemisorption analyzer. Thermogravimetric analysis (TGA)
profiles of the prepared materials were obtained using a
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Perkin Elmer STA 6000 simultaneous thermal analyzer. The
samples were heated at a constant rate of 10 °C/min from

30 to 900 °C in argon. The N, adsorption and desorption
isotherms were obtained at —196 °C using a Micromeritics

3 Flex Surface Area and Porosity Analyzer. Prior to N,
physisorption, approximately 0.3 g of the sample was degassed
for 1h at 90 °C and then the temperature was taken up to 400
°C for another 4h using an inert gas to remove the remaining
water inside the catalysts pores.

Catalyst testing

The catalytic cracking of hexane was performed on a bench-
scale quartz tube reactor according to the setup shown in
Supporting Information, Fig. S4(a). Initially, 0.25-0.75g of
the catalyst was loaded into the reactor with a quartz tube
inside it. The heating furnace was then set to the desired
temperatures of 450-550 °C. Nitrogen was then passed
through at a low flow rate ~10mL/min to keep the reacting
environment inert while ramping up the temperature. When
the desired temperature was reached, the flow rate was then
set to be the desired flow of 18.7-56.1 mL/min. The gas flow
rate was monitored hourly to verify whether the initial flow
rate was still maintained. All the reactions were performed
at atmospheric pressure. The pump was then set to pump the
required amount (0.1 mL/min) of the feed into the reactor.
The feed was primed until it reached the inlet of the reactor.
The reaction was timed from when the first drop of feed
entered the reactor. The reaction was then run for 6h in total
and the products (liquids and gases) were collected every
hour and analyzed using a Bruker 450 gas chromatograph
(GQ).

Results and discussion of catalyst
characterization

X-Ray fluorescence

X-ray fluorescence was used in this study to determine the
chemical compositions of the prepared materials. These
materials were synthesized using tetraethyl orthosilicate,
sodium aluminate, ammonium nitrate, tetrabutylammonium
hydroxide, hexadecyltrimethylammonium bromide, and
ethanol. The synthesized zeolite contains different Si/Al ratios.
Loss on ignition (LOI) is the weight loss or gain, including
the water combined to the lattice of silicate minerals. Table 2
displays the chemical compositions of the prepared HZSM-5
catalysts as determined by XRF. The targeted ratios of the
prepared catalysts are displayed in Table 2 as expected ratios.
However, the actual ratios were calculated using the results
(oxide contents) obtained by XRF analysis, which are also
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displayed in Table 2. The calculated actual ratios were found
to be close to the expected ratios, meaning that the catalysts
with different Si/Al ratios were prepared successfully. The
Al,O5 content was observed to decrease as the Si/Al ratio
increases whereas the SiO, content remains almost the same.
This is expected as only the alumina content was varied
during the synthesis. The calculated ratios will then be used
throughout the study as the actual materials.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy was used to evaluate
the functional groups present in the synthesized zeolite

and to reveal the crystalline properties of these materials.
Figure 1 represents the infrared absorption spectra of the
prepared zeolite catalysts with variable Si/Al molar ratios. The
FTIR spectra were recorded in the range of 1800-400cm ™.
In Fig. 1, all the variable Si/Al ratios show the expected

peaks at the region of 446, 551, 807, 1065, and 1236.cm™
respectively, revealing that the synthesized zeolites have

an MFI-type structure. The absorption peaks at 446, 551,

and 807 cm™" are characteristic peaks attributed to the Si-O

Table 2. Chemical compositions of the prepared

HZSM-5 catalysts with different Si/Al ratios as
determined by XRF.

Oxide content (wt. %)

Original Article: Effective hierarchical ZSM-5 catalysts

bending vibration, pentasil framework vibration and Si-O-Si
symmetric vibration respectively.! The intensity bands at
around 446 cm ™ also represent T-O bends, which correspond
to siliceous material.”’! The intensity of the transmittance
bands that are found at 446 and 551 cm™" also reflects the
crystallinity of ZSM-5 zeolites and is assigned to the five-
membered rings of MFI zeolites.”>* The 551 cm™ peak is
also indicative of the ZSM-5 structure.”® More evidence for
the ZSM-5 structure appears at the stretching vibration of
T-O (T =Si, Al) bands at 1065cm™" for internal asymmetric
stretch and at 1236 cm ™! for external asymmetric stretch."*

X-ray diffraction

The X-ray diffraction (XRD) analysis was conducted to
determine the crystal structure, phase purity, and crystal

size of the synthesized zeolite materials. Figure 2 represents
the XRD patterns of the wide and small angle (inset) of the
prepared zeolite catalysts with variable Si/Al molar ratios in
the range 71-345. These zeolite materials were crystallized at
150 °C for 48 h. The XRD patterns were all taken within a 26
degree range from 0° to 60° for the wide angle and 0° to 5° for
the small angle.

The sharp intense peaks observed in the XRD patterns of
the zeolite samples with variable Si/Al ratios shown in Fig. 2
indicate the nature of crystallinity of the prepared materials.
The strong intensity peaks are observed at ~7°-9° and 22°-
25° for the wide angle and at ~1.8°-2° for the small angle.**
These strong intense peaks indicate that the synthesized
zeolite materials are crystalline and demonstrate a typical
MFI topology zeolite framework with high purity. The intense
peaks observed at 26 values between 22° and 25° indicate the

Expected XRF determined AlL,O;  SiO, Loss on
ratios ratios ignition
SA=60 SA=71 2.21 92.75 4.49
SA=150 SA=177 0.89 92.87 5.63
SA=300 SA=345 0.46 93.59 5.59
22
204
18(
£ 160
[]
Q
§ 140
€
2 1240
o 1236
=
10(
80— si/Al (71)
—— SilAI(177)
80— silal (345)

1065 444

1800 1600 1400 1200

1000 800 600 400

Wavenumber (cm™)

Figure 1. Fourier-transform infrared spectra of the prepared zeolite catalysts with variable Si/Al molar ratios.
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Figure 2. Wide and small angle (inset) XRD patterns of the synthesized hierarchical zeolite having variable Si/Al molar ratios in

the range 36-345.

Table 3. Calculated peak intensities and their

corresponding relative % crystallinity of the
prepared zeolite samples.

Si/Al ratio Sum of the peak %
intensities crystallinity

71 14470 75

80 (reference ZSM-5) 19364 100

177 18774 97

345 15645 81

degree of crystallinity of the hierarchical ZSM-5 type zeolite
with a partially ordered mesoporous structure. The peaks
observed at ~1.8°-2° represent a certain degree of ordering of
the mesoporous structure.**>*® The Si/Al ratio was found to
have an impact on the peak intensities as the crystallinity of
the materials differs with the different amounts of the Si and
Al source used. The SA =177 has the greatest peak intensity
followed by the SA =345 then SA=71. There is no shift
observed on the peak positions indicating that the structure
of these zeolites was not affected by the variation of the Si/Al
ratio and a crystalline ZSM-5 structure is obtained.

Table 3 represents the calculated relative percentage
crystallinity for the prepared materials. Equation (1) was used
to perform the calculation for the percentage crystallinity
for each ZSM-5 material. The calculation was done by
adding up the characteristic peak intensities for each ZSM-5
material and then dividing by the sum of the peak intensities
of the standard or reference ZSM-5 material. In this case, a

© 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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commercial zeolite with SA =80 was used as a standard or
reference ZSM-5 material. This calculation is consistent with
the observed peak intensities as the SA =177 has the highest
calculated percentage crystallinity.

Y intensities of the sample peaks

% crystallinity = % 100

Y intensities of the reference peaks

(1)

Temperature-programmed desorption of
ammonia

Temperature-programmed desorption of ammonia analysis
was performed in this study to evaluate the strength and
amount of acid sites in the prepared HZSM-5 zeolites.
Figure 3 below shows three desorption peaks that appear

at a temperature range of 195-205 °C for weak acid sites
and 363-567 °C for strong acid sites. The relative integrated
intensities for each peak are shown in Table 4 below. The
total acidity calculated from the weak and strong sites of

the prepared zeolite materials is found to decrease as the Si/
Al increases. Theoretically, this type of trend is expected
from previously reported literature.””*® This may be caused
by an increase in the aluminum content, which is largely
responsible for the formation of acidic sites in zeolites.”® The
XREF results confirmed that the aluminum content increased
with a decrease in the Si/Al ratio.
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Figure 3. Temperature-programmed desorption of ammonia profiles of the synthesized HZSM-5 zeolites with variable Si/Al

molar ratios.

Table 4. NH;-TPD and acid quantity of HZSM-5

zeolites with different Si/Al ratios.

Ratio Acid sites
Peak 1 Peak 2
Temperature  Acidity Temperature  Acidity
(0 (pmol/g) (°C) (pmol/g)
71 205 517 389 112
80 201 198 403 181
177 195 178 376 77
345 197 38 321 54

Another observable trend is that of increasing acid strength
with decreasing Si/Al ratio. This can be observed by looking
at the peak maxima of the second peak. The second peak
corresponding to stronger sites is generally due to the
presence of aluminum in the framework, which results in
the formation of Brensted acid sites. The ammonia molecule
that is strongly bound to an acid site will desorb at a higher
temperature. The ammonia desorption peak therefore shifts
to higher temperature, which indicates the presence of
stronger acid sites. As the SA ratio increases, the temperature
of the peak maxima decreases. From the synthesized
materials, the lowest Si/Al ratio (SA=71) has the highest
peak maxima at 389 °C followed by SA =177 with a peak
maxima at 376 °C and SA =345 has the lowest peak maxima
of 321 °C. This trend is important as it will be shown in the

catalytic evaluations of these catalysts that their performances
follow the same trend. The acidity can be linked directly

to the catalytic activity of the catalyst. In general, it can be
concluded that the effect of Si/Al ratio on acidity is that, as the
Si/Al ratio increases, both the strength and quantity of acid
sites decrease. SA =80 is the commercial catalyst that has an
acidity comparable with that of the synthesized materials.

Thermogravimetric analysis

Thermogravimetric analysis was performed in this study to
determine the thermal stability and the fraction of the volatile
components on the prepared zeolite catalysts. SA =177 was
used for thermal treatment investigation. The response

of SA=177 to the thermal treatment is shown in Fig. 4

below. Thermogravimetric analysis shows a loss of weight

in the temperature range of 40-120 °C. This is due to loss

of moisture in the pores and on the surface of the material.
The catalyst then becomes stable from the temperatures of
120-800 °C. This proves that the catalyst is thermal stable.

High-resolution scanning electron
microscopy

High-resolution scanning electron microscopy (HRSEM)
analysis was employed in the study to establish the surface
morphology as well as the elemental composition of the
prepared zeolite catalysts. Figure 5 displays the HRSEM
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Figure 4. Thermogravimetric analysis profile showing the thermal behavior of SA=177.
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Figure 5. Scanning electron microscopy micrographs of the hierarchical ZSM-5 with variable Si/Al ratios in the range 71-345,
synthesized at 150 °C for 48 h.

micrographs of the synthesized hierarchical zeolites all aggregated together, forming large stacks of crystals with
taken at the same scale view of 200 nm, which shows observable open spaces within the large crystals.”> A
high resolution images. The prepared materials all reveal spongelike morphology with wormlike holes is observed
morphologies that are spherically shaped and uniformly in all the synthesized materials. The type of morphology is
© 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd. 1197
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similar to the one reported by Junjiang et al.” This proves

that some pores were successfully generated during the
fabrication of these materials. The materials appear to have
retained their structural morphology even with the variation
in the Si/Al ratios with observed agglomerated crystals. The
Si/Al ratio did not have any observable effect on morphology
- i.e. shape and size — as all catalysts possessed the same
surface structure. Tmage]’ (a Java-based image processing
program) was used to calculate the pore sizes for these
materials. The calculated average pore sizes are observed in
Table 5. The pore sizes of the wormlike holes in spongelike
morphology of all samples fall in the macropore range, i.e.
greater than 50 nm. This indicates that macropores may be
successfully generated on the outer structure of the zeolite
crystals.

The method used to synthesize the materials in this project
was adopted from Junjiang et al.” In their research work, they
confirmed that they produced mesoporous and macroporous
structures of Hp-ZSM by N, physisorption and Hg intrusion
porosimetry analysis respectively, where the macropore
diameter was estimated over the whole mercury intrusion
pressure range using the Washburn equation. Furthermore,
the wormlike holes observed in their scanning electron
microscopy (SEM) images were correlated to the presence of
macropores. The similar worm like structures observed in our
HRSEM materials, with openings greater than 50 nm, may
indicate that macropores were successfully generated in these
materials. There was no clear observable trend on whether
the pore sizes increase as the Si/Al ratios increase. SA =71 was
found to have the highest average pore size of 85 nm, followed
by SA =345 with an average of 79 nm. SA =177 was found
to have the lowest average pore size of 68 nm in comparison

Table 5. Calculated average pore sizes for the

prepared materials from the scanning electron
microscopy analysis.

Si/Al ratio Average pore
size (nm)

71 85

177 68

345 79

Original Article: Effective hierarchical ZSM-5 catalysts

with the other catalysts. SA=71 and SA =345 show good
and clear pores looking like worm holes that are highlighted
by the black arrows within the micrographs. The pores for
SA =177 are not clearly evident since the crystals are packed
on top of each other.

Nitrogen adsorption-desorption analysis

Brunauer-Emmet-Teller (BET) analysis was used in this
study to determine the pore-size distribution as well as
the pore volumes and surface area measurements of the
synthesized catalysts.

Table 6 represents the specific surface area (SSA) and the
porosity of the prepared materials, where SA =80 represents
the commercial zeolite that only has micropores. SA =80
has the lowest SSA, of 419 m*/g, but the highest micropore
area, of 371 m?/g, which clearly proves that the catalyst is
microporous and not hierarchical. SA=71 is observed to
have the highest SSA of 618 m*/g - this is a result of its
high micropore area of 103 m*/g and an external surface
area of 515 m?/g. The high SSA found in the material is due
to the development of mesopores with narrow pore-size
distribution. Moreover, a hierarchical structure with three
pore ranges, i.e. micropores, mesopores and macropores,
has been developed. SA =177 has a SSA of 533 m*/g and
micropore area of 50 m*/g. This could be due to the fact that
the SA =177 has the smallest observed macropores from
the HRSEM results. The differences in surface areas are
therefore likely to be influenced by the variations in the level
of crystallinity, and not largely affected by the Si/Al ratio of
the zeolite. The SSA and the micropore areas are observed to
increase again from the ratio of 177 to that of 345.

All the adsorption-desorption curves of the synthesized
hierarchical ZSM-5 zeolites exhibit typical isotherms with
both Type I and Type IV behaviors. They also demonstrate
a H1 hysteresis loop as displayed in Figure 6. This is proven
by a notable uptake of N, at moderately high pressures,
followed by a hysteresis loop that suggests an instantaneous
occurrence of ordered mesoporosity as well as inherent
micropores of ZSM-5 within the synthesized zeolites,”
except for SA =80 which does not have mesopores. Evident
capillary condensation takes place at relative pressures (P/Po)

Table 6. Textural properties of the prepared HZSM-5 zeolites with different Si/Al ratios.

Sample BET surface t-plot t-plot external Micro-pore volume Total pore volume
(m?/g) micropore(m?/g) (m?/g) (cm®/g) (cm®/g)

SA=80 419 371 47 0.29 0.31

SA=71 618 1083 5)ll5 0.07 0.54

SA=177 533 50 483 0.04 0.42

SA=345 614 67 546 0.05 0.63
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Figure 6. N, adsorption—desorption isotherms of the synthesized HZSM-5 materials.
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Figure 7. Corresponding BJH pore size distribution of the synthesized HZSM-5 materials.

of approximately 0.4 to 1.0, which proves that these materials

have a large number of pores in the mesopore range of 2-50

nm.

The corresponding Barret-Joyner-Halenda (BJH) pore-
size distributions displayed in Figure 7 indicate that all the

synthesized materials have highly ordered mesopores with
a very narrow pore-size distribution. The pore diameters
range between 5 and 7 nm, which leads to a high SSA and
pore volume. The SA =345 in the corresponding BJH pore-
size distribution shows a second peak in the pore diameters

© 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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of 6.5 to 7 nm. This could be due to its observed high total
pore volume of 0.626 cm®/g and the highest uptake of N,.
There is no specific order that shows whether the nitrogen
uptake increases with an increase in the Si/Al ratios of the
synthesized materials, since the SA =345 has the highest
uptake of N, followed by SA=71, then SA=177, and the
lowest intake is found at SA=77.

Catalytic cracking studies over hierarchical
ZSM-5 catalysts with different Si/Al ratios

The catalytic performances of the prepared materials were
tested by catalytic cracking of hexane, dodecane, and tire-
derived oil. At first, the effects of reaction conditions such as
temperature, nitrogen diluent to feed ratio and weight hourly
space velocity (WHSV) on the catalyst activity and selectivity
were investigated. All the catalytic cracking reactions for
optimization studies were performed using hexane as a model
feed over a commercial ZSM-5 with SA =80 on a bench-

scale quartz-tube reactor. First, it was confirmed that, at the
highest temperature of 550 °C, the cracking was catalytic and
not thermal. Then the effect of temperature showed that as
the temperature increased from 450 to 550 °C, an increase

in catalytic conversion was also observed. The increase in
conversion observed with increase in temperature is expected
and was attributed to an increase in energy necessary for the
activation energy of C-C bond cleavage, resulting in higher
conversion of the reactant to cracked products. The selectivity
towards paraffins was found to be higher at 450 °C and
decreased as the temperatures increased to 550 °C. On the
other hand, the benzene, toluene, ethylbenzene, and xylene
(BTEX) products started to increase with time on stream
(TOS) as the temperature increased. The olefin products,
ethylene and propylene in particular, also increased with TOS.
This observation was attributed to the higher cracking activity
at higher temperatures, leading to a great selectivity towards
olefins. The highest temperature of 550 °C was demonstrated
to be the best for enhancing selectivity towards olefins. This is
shown in Supporting Information, Fig. S1(a-d).

The second study was conducted on the effect of catalyst
loading/WHSYV at the optimum temperature of 550 °C, as
shown in Supporting Information, Fig. S2(a—c). The catalytic
conversions increased with an increase in catalyst mass used,
resulting in 0.25 g to have the lowest conversion and 0.75 g
with the highest conversion. However, the selectivity towards
olefins and P/E ratios decreased with an increase in the
catalyst loading with TOS. The high selectivity obtained when
using a much less catalyst loading is due to its high WHSV.
Consequently, the catalyst loading of 0.25 g was found to be
the best for enhancing the selectivity towards olefins.

Original Article: Effective hierarchical ZSM-5 catalysts

The third study was conducted on the effect of
nitrogen:hexane dilution ratios to find the best nitrogen to
feed dilution ratios for balancing activity while maintaining
a high selectivity towards olefins. The catalytic conversions
were found to decrease as the nitrogen to feed dilution ratio
increased. This observation may be due to the feed having
a shorter contact time with the catalyst because it is carried
by nitrogen when the dilution ratio is higher. However, the
catalysts were shown to be more stable at a nitrogen-to-feed
ratio of 1:1. Under these conditions, the catalyst deactivation
was suppressed. The selectivity towards olefins was found
to increase with an increase in nitrogen dilution ratios. The
dilution ratio of 2:1 shows the highest selectivity towards
olefins but was only fractionally higher than at the ratio of 1:1.
It is evident that the use of nitrogen has an effect in boosting
the selectivity towards olefins as observed in Supporting
Information, Fig. S3(a—c). However, it is most advisable to
work with the catalyst that is more stable and more selective
to the ideal product. Furthermore, industrially it would be
best to work with a lower dilution ratio to save costs. Hence,
the dilution ratio of 1:1 was found as the condition that best
balances activity, selectivity, and stability.

Catalytic cracking of hexane was studied over the prepared
hierarchical ZSM-5 catalysts with different Si/Al ratios using
the designated optimum conditions. Figure 8 below shows
the conversions of the prepared HZSM-5 catalysts over a
period of 6 h.

As may be seen from Figure 8, the conversions obtained
were quite low in the range between 3% and 9% for the
synthesized catalysts. In comparison, the commercial
catalyst exhibited a much higher initial conversion of 66%.
Some deactivation was observed as the conversion dropped
to 42% with time on stream. The catalyst with the SA=71
achieved an initial conversion of 8 % during the first hour.
This decreased to 5% during the second hour, after which
it remained stable as the reaction proceeded. The observed
initial decrease in conversion might have been due to the
fact that the catalyst was still reaching its steady state. The
initial conversions are lower for both the SA=177 and
SA =345 catalysts. However, all these catalysts are stable as the
conversion remains the same throughout the reaction.

From the studies of the material’s physicochemical
properties, it was observed that the Si/Al ratio mainly
affected the zeolite materials’ acidic properties. The Si/

Al ratio had an effect on both the acid site quantity as well
as the site strength. The general observed trend is that
catalytic activity is inversely proportional to Si/Al ratio.
From the NH;-TPD results, the SA =71 has the highest
total acidity and the SA =345 has the lowest acidity, hence
the observed trend in conversion. However, a closer look
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Figure 8. Catalytic conversions of hexane obtained from using HZSM-5 catalysts and a commercial catalyst with SA=80. All
the catalytic cracking reactions were performed on a bench-scale, quartz-tube reactor using hexane as a model feed. The
reactions were carried under these conditions: T=550 °C; time on stream (TOS)=6h, N,: hexane dilution ratio=1:1; feed flow
rate=0.1 mL/min; P=1 atm; weight hourly space velocity (WHSV)=15.82h~", and catalyst mass=0.25g.

shows a correlation between the catalytic activity and acid
strength of the strong acid sites on the zeolite. In NH;-TPD,
desorption at temperatures above 300 °C are generally
ascribed to strong Brensted acid sites formed from the
aluminum atoms within the framework of the crystal
structure.”’ The trend observed from the NH;-TPD results
in terms of acid strength of the strong acid sites showed a
decrease in the order SA=71>177>345. The same trend is
observed in the catalytic activity of the materials for hexane
cracking as noticed in Fig. 8. It can therefore be said that the
catalytic activity is mainly due to the acid strength of the
strong Bronsted sites rather than the total acidity or acid site
quantity.

Interestingly, the activity of the SA =71 catalyst is extremely
low - approximately 8-10 times lower than the commercial
catalyst with SA =80 and comparable strong acid site density,
i.e. 112 and 180 pmol/g respectively One may expect that the
presence of mesopores, 6 nm in size, would have negligible
mass transfer issues for hexane conversion and increased
accessibility to active sites to facilitate a higher conversion
than the SA =80 microporous catalyst. However, this was
not observed in this case. A plausible explanation relates
to the variations in the mesopore area and micropore
volumes of the catalysts. The BET analysis highlighted that
the commercial SA =80 had a high micropore area and
micropore volume. In contrast, the micropore area and

© 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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volume of the hierarchical zeolites were approximately
3.5-7.5 times lower.

The hierarchy factor (HF), defined as the product of the
relative micropore volume (V,,i.o/ Vi) and the relative
mesopore area (S,e./Spet)> Was determined for all catalysts.
The HF aims to measure the effectiveness of a hierarchical
system - i.e. one in which the mesopore area is enhanced
without severe penalization of the micropore volume.

SA =80 has a typical HF of 0.1 with high microporosity and
low mesoporosity. SA =71, however, also had an HF close

to 0.1 but was an inverse of SA =280 in that it had a high
mesopore area and low micropore volume. For the higher Si/
Al ratio catalysts, the calculated HFs were ~0.07, similar to
that of ordered mesoporous materials. These values indicate
that the mesopores introduced to the ZSM-5 material
through the micro emulsion method result in a material
with very high external/meso surface area, comparable

with ordered mesoporous materials, but at the expense of
the micropore volume. Generally, it is assumed that the
strong Brensted acid sites are located in the micropores. The
low conversions observed for the hierarchical zeolites may
therefore be due to the shortened diffusion path length of the
reactants and minimized interaction with active sites in the
reduced micropore volume.

Figure 9 shows the selectivity towards paraffins and BTEX
products produced when using the HZSM-5 catalysts with

1207

85UBD1 7 SUOLILLIOD BAIERID 8|qedljdde ay) Aq peusenob a1e Sapie YO (88N JO 31 o AXeiq 8UIUO A1V UO (SUORIPUOD-PUR-SLLBY W00 A3 | 1M A1 1/Bu 1 UO//SRY) SUORIPUOD PUe SWid | 8y} 885 *[720Z/TT/Sz] uo Ariqrauluo Asjim aded uesam ay L JO AiseAlun Ag 8092 qqa/200T OT/I0p/L0d 3| im Azeiqiuljuo S euno (10s//:sdny Wwoiy pepeojumod ‘S ‘v20Z ‘TE0TZEBT



L Ngakala et al.

Original Article: Effective hierarchical ZSM-5 catalysts

35 - SA=80 mCl 16 - SA=71 mCl
mC2 mC2
30 - mc3
mC4
25 mcs
- HBTEX | ¥
g 27 >
£ 15 - 3
> =}
3 3
9 10 A ]
[T} wv
(%]
5 4
60 180 360 60 180 360
Time on stream (min) Time on stream (min)
16 - SA=177 mCl 16 - SA=345 ECl
mC2
14 mc3
12 mCa
mC5
X 10 g u BTEX
£ 8 2
2 2
L 8
[T} [
) a4 3
2
0
60 180 360 60 180 360
Time on stream (min) Time on stream (min)

Figure 9. Selectivity towards paraffins and BTEX products for HZSM-5 catalysts.

different Si/Al ratios. A wide distribution of paraffins, ranging
from C1 to C5, and BTEX products, may be observed for

the prepared catalysts. This indicates that side reactions

such as aromatization, isomerization, dehydrogenation and
hydrogenation occur during the reactions. The presence

of methane and ethane for all catalysts tested indicate that
cracking initially occurs through the protolytic cracking
mechanism as these products cannot be accounted for

by the classical (bi-molecular) mechanism for which the
smallest alkane cracking product is propane. The commercial
SA =80 has the smallest amount of methane and ethane as
the bimolecular mechanism begins to dominate at higher
conversions. Methane and ethane selectivity increases with
an increase in the Si/Al ratio as the highest selectivity is
observed for the SA 345 catalyst. This is due to the decrease
in acidity and hence lower conversion. It is well known that
the protolytic mechanism is more prevalent at extremely low
conversions, such as those observed in this study.

The product distribution, as a function of conversion,
indicates that hydrogen, methane, ethane, ethylene, propylene
butenes and pentenes are primary products. On the other
hand, propane, butane, and pentane are secondary products
and are produced by hydrogen transfer reactions of the
corresponding olefins.'” Thus, at high conversions, such as

those observed when using the commercial catalyst SA =80,
the propane amount is high due to secondary hydrogen
transfer. In the case of the prepared catalysts, the propane
selectivity is approximately 50% lower than the commercial
catalyst. However, SA =71 is more selective towards
propane than SA 177 and SA 345. When comparing only
the synthesized materials, in which the pore properties are
the same, it still follows that the catalyst, i.e. SA="71, with
stronger and higher acidity leads to higher propane selectivity
due to more hydrogen transfer reactions. The BTEX
selectivity is observed to increase slightly with an increase in
Si/Al ratio due to secondary aromatization reactions of the
olefins formed during alkane cracking.

Figure 10 shows the selectivity towards olefins (C,= to C;=)
products for the prepared hierarchical zeolites during the
hexane cracking reactions. The synthesized catalysts have a
higher selectivity to C; and C, olefins than the commercial
ZSM-5 with SA =80. The higher olefin selectivity may be as
a result of the low conversions where the protolytic cracking
mechanism occurs and which is known to produce more
alkene products. Figure 10 shows that the lowest ratio
SA =71 has the highest selectivity towards propylene, which
increases with TOS as compared with the other ratios. The
selectivity towards propylene is found to be slightly lower
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Figure 10. Selectivity to olefins (C,= to C,=) products for HZSM-5 catalysts.

as the Si/Al ratio increases and follows the trend observed
for the conversions as well as acid strength of the strong
Bronsted sites, i.e. SA=71>177>345. This indicates that the
selectivity to propylene depends on the conversion, which,
in turn, depends on the strength and amount of acid sites
available. It may also be observed that the selectivity towards
ethylene increases marginally with TOS and as the Si/Al ratio
increases. It is therefore evident that the variations in the Si/
Al ratio have an effect on the acidity of the materials, which
results in differences in catalytic performance in terms of
activity, selectivity, and stability.

Figure 11 displays the propylene-to-ethylene ratios for the
commercial SA =80 and prepared HZSM-5 catalysts with
different Si/Al ratios during the first, third, and sixth hours
of the reaction. All the catalysts display high propylene-to-
ethylene ratios (P/E > 1). The P/E ratio of the commercial
catalyst is the lowest i.e. less than 1.5. The P/E ratios remain
the same with TOS for all the synthesized catalysts, ~2.
However, the P/E ratios of the catalysts differ slightly as the
catalysts with stronger Bronsted acid sites (SA=71) have
slightly higher ratios than those with higher Si/Al ratios
(SA=345) and less strong acid sites. The P/E ratios also

© 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
| Biofuels, Bioprod. Bioref. 18:1190-1210 (2024); DOI: 10.1002/bbb.2608

decrease in the same order as conversion and selectivity to
olefins, i.e. SA=71>177>345. The catalyst with SA=71
achieved the highest P/E ratio of 2.1 in comparison with the
other catalysts. It can therefore be concluded that the SA=71
was the best catalyst for enhancing the selectivity towards
olefins when using hexane as a feed, because it was more
stable and demonstrated an increase in selectivity towards
light olefins with TOS.

Catalytic cracking of dodecane

Catalytic cracking of dodecane was studied and performed
on a bench-scale quartz-tube reactor using the prepared
HZSM-5 catalyst with SA=71 and a commercial ZSM-5
catalyst with SA =80. This study was conducted to investigate
the catalyst performance, and the effect of the pore sizes on
catalytic conversions and product distribution, when using
alonger chain hydrocarbon, such as dodecane. The effect of
the pore size is determined by comparing the synthesized
ZSM-5 catalyst with additional mesopores and macropores
to a commercial microporous ZSM-5 catalyst. The HZSM-5
catalyst with SA =71 was chosen because it has a similar Si/

1203

85UB01 T SUOWILLIOD) SAIERID 3|qeatjdde ay) Aq peusenob a1e SaIe VO ‘85N JO Sa[nJ o} Akeiqi 8UlUO AS[I UO (SUONIPUCO-PUE-SLLIBY WD A3 1M A eIq jBU [UO//StY) SUONIPUOD Pue Swis | 8y} 88S * [7202Z/TT/S2] U0 ARiqi auljuo As(im ‘aded useisspay L JO AiseAiun Aq 8092 qaa/200T OT/I0p/uoo 8] 1w Aleiqipuljuo s euno 1os//:sdny Wwolj pepeojumod ‘s ‘v20Z ‘TE0TZE6T



L Ngakala et al. Original Article: Effective hierarchical ZSM-5 catalysts

2.5 4

=
n

H SA=80
B SA=71

P/E ratio

=

W SA=177

H SA=345
0.5

60 180 360
Time on stream (min)

Figure 11. P/E ratios for the prepared HZSM-5 catalysts with different SA ratios.

Al ratio to the commercial catalyst and was found to be the

best of the synthesized catalysts for enhancing the selectivity 120 - Dodecane 4 SA=71
towards olefins. Figure 12 shows the catalytic conversions of
dodecane when using the prepared zeolite with SA=71 and a 100 -
commercial zeolite with SA =80. =
As shown in Fig. 12, the catalyst with SA =71 achieved the % 80 -
highest initial conversion of 100% during the first hour, which -g
then decreased slightly to 80% as the reaction proceeded g 60 |
to the sixth hour. When using the commercial catalyst, the S &

initial conversion was found to decrease from 84% during .
the first hour, to 45% during the sixth hour. The commercial 20
catalyst experienced a large drop in conversion of 39%.
The high initial conversions observed may be due to
the following reasons: the longer dodecane molecule is : : : : : '
more reactive than hexane and is easily cracked at high 0 60 120 180 240 300 360

temperatures of 550 °C. Dodecane cracking can also Time (min)

occur thermally at this temperature and contributes to

the conversion to olefins in addition to catalytic cracking. Figure 12. Catalytic conversions of dodecane obtained
However these reasons do not explain why the hierarchical when using the synthesized zeolite with SA=71 and a
catalysts have a higher conversion than the commercial commercial zeolite with SA=80. The catalytic cracking
one as both these reasons are applicable to all catalysts. The reactions were performed on a bench scale quartz-tube

reactor using dodecane as a model feed. The reactions
were carried under the following conditions: T=550 °C,
time on stream (TOS)=6h; N,:hexane dilution ratio=1:1;
feed flow rate=0.1 mL/min; P=1atm; weight hourly space
velocity WHSV=15.82h ~', and a catalyst mass of 0.25g.

higher initial conversion of 100% is possibly due to the overall
greater acid site density of the SA 71 catalyst.

It is clear from the NH3-TPD studies that the only
difference between the catalysts with similar Si/Al ratios and
comparable strong Brensted acid site density is the number
of weak-to-medium acid sites. SA 71 possesses a much

larger number of these acid sites i.e. 517 pmol/g compared to hydroxyls that show Brensted chemistry with propylamines
198 pmol/g in the commercial catalyst. Figure 13 shows an and may possibly have an Al-OH-Si structure,* whereas the
FTIR analysis of the O-H stretching frequencies in the range SA 71 has a peak at 3740 cm™, indicative of isolated Si-OH
3500 to 400 cm™'. Commercial SA 80 possesses a peak in the at the exterior of crystallites.* Thus it is possible that the
range 3620-3640 cm™!, which has been identified as acidic weak-to-medium acid sites present in SA 71 are present in

1204 ©2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Figure 13. Fourier transform infrared analysis of the O-H stretching frequencies in the range 3500 to 4000cm™".
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Figure 14. Selectivity towards paraffins and BTEX products formed when using the commercial catalyst with SA=80 and the

prepared catalyst with SA=71.

the form of acidic silanols on the surface of the catalyst. The
larger conversion observed may therefore be due to the more
reactive dodecane being highly accessible to these external
surface acid sites, as SA 71 has a much larger external surface
area than the SA 80. The olefins generated from dodecane
cracking then easily diffuse out of the large mesopore system.
The SA =71 catalyst also showed better catalyst stability
as a smaller decrease in conversion with TOS was observed.
This may be due to better diffusion of molecules through
the mesoporous catalyst in comparison with the one with
micropores, which may hinder diftusion. Consequently, this
can lead to a greater formation of secondary products such as
aromatics, which act as coke precursors and ultimately result
in a decrease in activity. Pore size as well as the acid strength

© 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.

| Biofuels, Bioprod. Bioref. 18:1190-1210 (2024); DOI: 10.1002/bbb.2608

and density can therefore be considered to have a significant
impact on catalytic activity. Furthermore, these results
indicate that mesoporous ZSM-5 catalyst may be better suited
to the cracking of larger hydrocarbon chains.

Figure 14 shows selectivity towards paraffins formed
during the first, third, and sixth hours of the reaction. It can
be clearly observed that there are more paraffins and BTEX
products formed with SA =80 than SA =71. Large amounts of
propane and butane are observed, probably due to secondary
hydrogen transfer reactions. The BTEX products also indicate
a greater rate of secondary aromatization of olefins. These
secondary reactions may be due to slower diffusions of the
large dodecane molecule through the microporous system
of the catalyst. Diffusion limitations result in the occurrence
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Figure 15. Selectivity towards olefins (C,= to C4=) products formed when using the commercial catalyst with SA=80 and the
prepared catalyst with SA=71.

of secondary reactions after cracking, such as isomerization,
aromatization, dehydrogenation, and hydrogenation. No
change is observed in the selectivity to paraffins and BTEX
. Hydrocarbons Total mass % — before the
products for SA=71 with TOS. reaction
Figure 15 shows selectivity towards olefins (C,= to C;=) ca 0.60
produced over a period of 6 h when using a commercial

Table 7. Hydrocarbon composition obtained from

a tire-derived oil.

catalyst with SA =80 and the synthesized catalyst with SA=71. 22 1 :Z
The SA =71 shows the highest selectivity towards olefins from o 4l
the first to the sixth hour of the reaction as compared with the o8 7'57
commercial catalyst with SA =80. Furthermore, the SA=71 :

has higher P/E ratios of ~3 than the commercial catalyst with 9 10.73
P/E ratios of ~2. As Fig. 15 shows, ethylene selectivity remains c10 33.26
constant over the commerecial catalyst. Propylene and butylene Sl et
show slight increases in selectivity with TOS. Remarkably, C12 4.18
the selectivity towards propylene for SA 71 is more than c13 3.75
double that of the commercial catalyst. The selectivity towards C14 3.59
propylene and butylene also increase marginally with TOS. C15 6.81
The observed increase in olefins over the SA =71 may be C16 4.78
due to the effect of the larger mesoporous system present. ci17 2.93
The feed is able to easily access the catalyst acidic sites that ci8 2.08
are responsible for the formation of light olefins. It is also c19 3.37

able to diffuse out of the catalyst quickly without undergoing
secondary reactions that may reduce olefin selectivity in
comparison with the situation when using the SA =80. Similar
results were observed by Diao et al.*! during catalytic cracking
of n-dodecane (500 °C, 4 MPa) using hierarchical HZSM-5
zeolites membranes with tunable mesoporosity.

Catalytic cracking of TDO was studied and performed
with a bench-scale quartz-tube reactor using the prepared
HZSM-5 catalyst with SA=71 and a commercial ZSM-5
catalyst with SA =80. This type of feed was used to investigate
whether the use of the prepared hierarchical ZSM-5 catalyst

Catalytic cracking of tire-derived oil with larger pores would be better for catalytic cracking

Table 7 shows the tire-derived oil (TDO) composition that of bulky molecules than light naphtha, for which hexane
was analyzed prior to being used a feed to determine the was used as a model feed. The product distribution of the
hydrocarbon composition. This was done using GC analysis two different catalysts was compared. Figure 16 shows the
and detailed hydrocarbon analysis (DHA) software. selectivity towards paraffins and BTEX products formed

/‘ 206 © 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Figure 16. Selectivity towards paraffins and BTEX products formed when using a commercial catalyst with SA=80 and the
prepared catalyst with SA=71. The catalytic cracking reactions were performed on a bench scale quartz-tube reactor using
tire-derived oil (TDO) as a model feed. The reactions were carried under the following conditions: T=550 °C; time on stream

(TOS)=6h; N,:TDO dilution ratio=1:1; feed flow rate =0.1 mL/min; P=1atm; weight hourly space velocity (WHSV)=15.82h 1,

and a catalyst mass=0.25g.
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Figure 17. Selectivity towards olefins (C,= to C4=) products formed when using the commercial catalyst with SA=80 and the

prepared catalyst with SA=71.

when using a commercial catalyst with SA =80 and the
prepared catalyst with SA="71.

As Fig. 16 shows, there is a wide distribution in the
selectivity towards parafhins as well as BTEX products when
using both catalysts. Interestingly, both catalysts showed
similar product distributions of paraffins and BTEX products.
Both have very low selectivity to BTEX, less than 4%, and
the propylene selectivity is much lower for SA 80 than for
the model compounds. Furthermore, SA 80 showed the
highest methane selectivity when compared to SA 71 for
TDO cracking as well as model compound cracking. Large
amounts of methane are a good indicator of cracking by the
protolytic cracking mechanism.

Figure 17 shows selectivity towards olefins (C,= to C,=).
The SA =71 shows the highest selectivity towards olefins from
the first to the sixth hour of the reaction as compared to the

© 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
| Biofuels, Bioprod. Bioref. 18:1190-1210 (2024); DOI: 10.1002/bbb.2608

commercial catalyst with SA =80. Furthermore, the SA=71
shows higher P/E ratios of ~1.3 than the commercial catalyst
with P/E ratios of ~1.1. Interestingly, the highest ethylene
selectivity was observed in TDO cracking compared with
the model compounds, which is >20%. This accounts for the
drop in P/E ratios observed. Selectivity towards propylene
increased from 23% to 29% and the selectivity towards
butenes increase from 15% to 20% for commercial SA 80.
The synthesized catalyst, however, showed higher selectivity
towards both ethylene and propylene, which increased with
TOD from 24% to 28% and 30% to 35%, respectively. The
selectivity towards butenes was found to be constant at 15%
throughout the reaction. The improved selectivity towards
ethylene and propylene when using the synthesized catalyst
was due to its larger mesopores, which allowed for improved
access to active sites on the catalyst surface as well as
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enhanced diffusion of olefin products away from the catalyst
bulk.

Conclusion

The preparation of the hierarchical ZSM-5 zeolites with
different Si/Al ratios by steam-assisted hydrothermal
synthesis was successful in terms of the aims of this
study. Their catalytic performances were tested through
catalytic cracking of hexane, dodecane, and TDO feeds at
temperatures of 550 °C.

The hierarchical ZSM-5 was characterized by N,
physisorption, which showed that all synthesized catalysts
possessed very high surface areas with large mesopore external
surface area greater than 500 m*/g, but low micropore volume.
A multimodal micro-, meso-, and macropore system was
observed for all materials. They all exhibited a narrow pore
size distribution, centered around 6 nm. The acid site density
decreased with an increase in the Si/Al ratio as determined
by NH,-TPD. SA 71 had a quantity of strong acid sites
comparable with commercial SA 80 ZSM-5 catalysts.

Interestingly, the hierarchical ZSM-5 catalyst had extremely
low conversions for hexane cracking compared with the
commercial ZSM-5, which was 7.5 times higher. This was
explained as a result of the low micropore volume, which was
sacrificed for the development of the high mesopore external
surface area. This resulted in much less interaction with
Brensted acid sites present in the micropores responsible for
catalytic cracking. However, all the catalysts displayed high
olefin selectivity and propylene to ethylene ratios (P/E>1) of
which SA =71 was the most effective and achieved the highest
P/E ratio of 2.1. It was therefore concluded that the SA=71
was the best catalyst for enhancing the selectivity towards
olefins when using hexane as a feed and further studies were
conducted with long-chain hydrocarbon feeds.

SA =71 showed a remarkable increase in conversion
to 100% when dodecane was cracked. Conversely, the
commercial catalyst had a lower initial conversion of 84%.
The comparison highlighted the effectiveness of introducing
a hierarchical system, which enhanced activity and stability
by increasing accessibility to active sites on the external
surface area and improved diffusivity of reactant and
product molecules respectively. High light olefin selectivity,
greater than 65%, was obtained with the SA =71 catalyst -
approximately 20% more than with the commercial SA 80
catalyst. Furthermore, the SA =71 had a higher P/E ratio of
~3 as compared to SA 80 with a P/E ratio of ~2.

In the catalytic evaluation of a realistic waste hydrocarbon
TDO feed, both catalysts showed a wide product distribution.
The hierarchical SA =71 had the highest selectivity

Original Article: Effective hierarchical ZSM-5 catalysts

towards olefins as compared with the commercial catalyst.
Furthermore, the SA =71 showed higher P/E ratios of

~1.3 than the commercial catalyst with P/E ratios of ~1.1.
This provided further evidence of the improved catalytic
properties of hierarchical ZSM-5 system. In conclusion, the
results of this study suggest that the prepared catalysts would
be more effective in cracking longer chains as well as bulky
molecules. They would also be more suitable catalysts for
cracking oils such as those used as feedstocks in the fluid
catalytic cracking (FCC) process.
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