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ABSTRACT

Traditional methods of producing olefins largely depend on petroleum fuels, significantly contributing
to environmental and sustainability challenges. The Methanol-to-Olefin (MTO) process is a sustainable
alternative for producing olefin products, utilizing abundant materials like CO,, coal, natural gas, and
biomass. However, the catalytic efficiency of the MTO process utilizing conventional zeolite catalysts
is restricted by their relatively low activity, primarily attributable to the zeolite’s microporous shape and
high acidity. This study successfully synthesized Beta zeolite featuring a fibrous silica structure using a
combination of microemulsion and zeolite seed-assisted methods. The catalysts were characterized using
field emission scanning electron microscopy (FESEM), Fourier transform infrared spectroscopy-potassium
bromide (FTIR-KBr), nitrogen physisorption, and ammonia-temperature programmed desorption (NH;-
TPD). The fibrous silica Beta (HFBEA) appears to have a highly organized spherical structure and a
consistent distribution of particle sizes, as confirmed by FESEM analysis. FTIR-KBr further confirms
the formation of fibrous silica of synthesized HFBEA while maintaining the framework of Beta seed.
Surface analysis revealed that HFBEA has a 35% higher BET-specific surface area and an 86% greater
volume of mesopore in comparison to conventional HBEA. NH;-TPD results indicate that incorporating
fibrous silica into the BEA structure significantly reduced the catalyst’s acidity. These factors contributed
to the outstanding catalytic performance of HFBEA in the MTO process, achieving 95.4% methanol
conversion and demonstrating significant selectivity towards light olefins at 78.1%, outperforming the
commercial HBEA catalyst.
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RESUMEN

Los métodos tradicionales de produccion de olefinas dependen en gran medida de los combustibles
derivados del petroleo, que suponen un reto importante para el medio ambiente y la sostenibilidad.
El proceso de metanol a olefina (MTO) es una alternativa sostenible para la produccion de olefinas,
utilizando materiales abundantes comoCQ,, carbon, gas natural y biomasa. Sin embargo, la eficiencia
catalitica del proceso MTO utilizando catalizadores de zeolita convencionales estd restringida por su
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relativamente baja actividad, que se atribuye principalmente a la forma microporosa de la zeolita y
a su alta acidez. En el presente estudio, la zeolita Beta con estructura de silice fibrosa se ha obtenido
mediante una combinacion de métodos de microemulsion y de semilla de zeolita. Los catalizadores
se caracterizaron mediante microscopia electronica de barrido por emision de campo (FESEM),
espectroscopia infrarroja por transformada de Fourier-bromuro de potasio (FTIR-KBr), fisisorcion
de nitrégeno y desorcion programada de amoniaco a temperatura (NH3-TPD). La silica fibrosa Beta
(HFBEA) presenta una estructura esférica muy organizada y una distribucion uniforme del tamario
de las particulas, como confirma el andlisis FESEM. El FTIR-KBr confirma ademds la formacion de
silice fibrosa de la HFBEA sintetizada, manteniendo la estructura de la semilla Beta. El andlisis de
la superficie revelo que la HFBEA tiene un 35% mds de superficie especifica BET y un 86% mads de
volumen de mesoporo en comparacion con la HBEA convencional. Los resultados de NH;-TPD indican
que la incorporacion a la estructura de BEA de silica fibrosa reduce significativamente la acidez del
catalizador. Estos factores contribuyeron al excelente rendimiento catalitico del HFBEA en el proceso
MTO, alcanzando una conversion de metanol del 95,4% y demostrando una selectividad significativa
hacia las olefinas ligeras del 78,1%, superando al catalizador HBEA comercial.

Palabras clave: Metanol a olefina, morfologia vinica, zeolita beta, material de silice fibrosa, mesoporoso.

INTRODUCTION

Ethylene and propylene, essential light olefins
in the petrochemical industry, play a crucial role
in producing a wide array of products such as
polyethylene, acrylic acid, polypropylene, ethylene
oxide, ethyl chloride, propylene oxide, and numerous
other chemical intermediates [1]. Currently, the
generation of light olefins relies heavily on energy-
demanding processes predominantly based on fossil
fuels. The primary methods include steam cracking
of crude oil and catalytic cracking, which are highly
reliant on the availability and cost of fossil fuel
resources [2], [3]. Additionally, major chemical
processing, including ethylene and propylene
production from petroleum fuels, generated around
935 million metric tons of direct CO, emission in
2022 [4]. This traditional manufacture of light olefins,
dependent on petroleum, can provide substantial
environmental challenges.

Methanol to olefins (MTO) signifies a substantial
paradigm shift, offering a proven non-petrochemical
route. Unlike conventional feedstocks sourced
directly from fossil resources, methanol serves as
a distinct feedstock in this process [5], [6]. This
approach has acquired importance among worldwide
catalytic processes due to its capacity to serve the
growing need for light olefins [7]. Since its initial
discovery, the MTO reaction has utilized a range
of zeolite materials, primarily acidic zeolites,
since the product spectrum of the MTO reaction

is highly influenced by the pore size, crystal size,
and acidity of the catalyst material used [8]-[10].
In addition, zeolites exhibit outstanding selectivity
in producing light olefins, owing to their excellent
shape selectivity and the unique properties of
their active sites [11]-[13].For instance, due to its
moderate acidity and tiny pore aperture SAPO-34 can
generate substantial amounts of light olefins, such
as ethylene and propylene. However, its catalytic
performance is limited by a short catalytic lifetime
due to fast carbon formation [5], [14].

In contrast, ZSM-5, with high acidity and moderate
pore sizes, offers enhanced resistance to catalyst
deactivation compared to SAPO-34. However,
its firm acidity slightly reduces its selectivity for
ethylene and propylene [15]. Given the limitations
of SAPO-34 and ZSM-5, it is imperative to explore
new potential zeolites to remarkable catalysts
that exhibit excellent light olefins selectivity and
prolonged catalytic lifetimes for converting methanol
to olefins.

Beta zeolites demonstrate great potential as catalysts
for MTO reactions compared to other natural and
synthetic zeolites; this is because the other recently
developed zeolites, except SAPO-34 and ZSM-5,
have not yet been commercially adopted due to
uncertainties about their scalability in synthesis and
applicability in established industrial processes [16].
However, the microporous structure of conventional
Beta catalysts restricts their catalytic activity
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by limiting active site accessibility and thereby
reducing overall catalytic activity. One effective
approach involves reducing the diffusion path for
reactants and products within zeolites by integrating
mesopores into their framework to overcome this
limitation [17], [18].

In this study, fibrous silica Beta was prepared to
combine the microporous Beta zeolite with the
external mesoporous structure of fibrous silica. This
approach aims to increase the number of active sites
and enhance the mass transport of methanol, light
olefins, and additional hydrocarbon compounds into
and out of the zeolite pores; no studies exploring
the use of fibrous silica Beta materials in the
MTO process to date. However, prior research
demonstrated that the formation of a dense dendritic
fibrous silica layer around zeolite Beta increases
interparticle porosity and results in a large BET
surface area; this, in turn, provides more sites for the
adsorption of reactant molecules, hence enhancing
the catalytic reaction of CO methanation [19]. The
use of fiber silica Beta material has been found
to have comparable outcomes in diverse catalytic
reactions, including CO, methanation [20], benzene
methylation reaction with toluene [21], and cyclic
and noncyclic alkane isomerization [22].

MATERIALS AND METHODS

Materials

The conventional Beta zeolite was purchased
from Zeolyst International, Inc, while toluene
(98%), butanol (98%), methanol (99.5%), urea
(99.5%), cetyltrimethylammonium bromide (>98%,
CTAB), tetraethyl orthosilicate (>98%, TEOS),
and ammonium nitrate (NH4NO3) were acquired
from Merck. The nitrogen gas tanks, consisting of
99.5% N,, and the compressed air tanks, with over
90% air composition, were acquired from Mega
Mount Industrial Gases. All chemicals utilized
were of analytical quality and employed without
any purifying procedures.

Catalyst synthesis

The fibrous silica Beta was prepared via
microemulsion combined with a Beta zeolite-seed
assisted technique, following procedures outlined in
the literature [23], [24]. The catalyst was synthesized
with specific weight ratios of urea/Beta = 2.36,
CTAB/Beta = 3.95, toluene/Beta = 102, butanol/

Beta = 4.77, H,O/Beta = 110, and TEOS/Beta =
8.37. First, a water, CTAB, and urea solution was
stirred using a magnetic stirrer at room temperature
for 30 minutes in a Teflon vessel. Next, a precise
quantity of toluene and butanol was introduced into
the solution. Once a homogeneous mixture was
achieved, Beta zeolite seed was introduced, and
TEOS was added dropwise, followed by vigorous
stirring for 4 hours. The resulting mixture was then
heated in an oven at 120 °C and 1 atm pressure for
6 hours to facilitate the aging process. Following
this, the solution was moved from the Teflon vessel
to a beaker and dried in an oven at 110 °C for one
night. Afterward, the dried sample was subjected to
calcination in a furnace at a temperature of 550 °C
for 6 hours. The resulting sample was designated
as FBEA.

The FBEA and BEA catalyst was turned into
the H-form (protonated) by a dual consecutive
ion exchange, which was performed utilizing
2 g of the parent sample. The sample underwent
treatment with 10.51 g of NH4NOj salt dissolved
in 100 ml of deionized water. The mixture was
then agitated at 50 °C for 8 hours. The resulting
mixture underwent filtration via a filter paper and
funnel, then washed repeatedly with deionized
water and subsequently subjected to drying in an
oven at 110 °C overnight. Afterward, it undergoes
calcination in air at a temperature of 550 °C for
3 hours. The H-form fibrous silica Beta and
conventional Beta samples will be referred to as
HFBEA and HBEA, respectively.

Catalytic activity

The conversion of methanol to olefins was carried
out in a micro-catalytic pulse reactor operating at
a pressure of 1 atm. The reactor was fitted with an
online collecting valve for gas chromatographic
examination. Here, 0.25 g of the prepared sample
was packed into an 8 mm stainless steel tube using
glass wool to hold the catalyst. Prior to the reaction,
the sample underwent a pre-treatment process
to activate the catalyst and eliminate impurities;
this involved exposing the catalyst to air at a flow
rate of 60 ml/min and heating it to a temperature
of 450 °C for 1 hour. Methanol was injected into
the reactor at a 60 ml/min nitrogen flow rate at
various temperatures ranging from 300 to 500 °C.
The reactor effluent was directed through gas
chromatography (Agilent GC 7820A-FID), which
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was attached to an HP-5 capillary column to analyze
the product composition after the catalytic reaction.
The following equations, equation (1) and equation
(2), were applied to calculate the conversion of the
reactant (X, .manol) and the selectivity of the desired
product (S p):

Xmethanol = nMinn_ Rt x100% (1)
Min
n
S, = <l % 100%
nen (2)

Where nygin, Nyour, Nelo» and Ny, indicate moles of
reactant feed, unreacted reactant, total ethylene
and propylene gases, and undesired hydrocarbon
gases, respectively.

RESULTS AND DISCUSSIONS

Morphological studies

Figure 1 depicts the microscopic morphology of
HBEA and HFBEA samples as analyzed by field
emission scanning electron microscopy (FESEM).
As can be seen, the surface morphology and
overall structure of HBEA have changed from
irregular clustered shapes (Figure la) to well-
defined spherical micro-nanospheres resembling
cockscomb structures. These structures exhibit
uniform particle sizes ranging from 300 to 400 nm,
suggesting the presence of bi-continuous lamellar
silica fibers (Figure 1b). The surface shape and
texture of HFBEA closely resembled those of
KAUST Catalysis Center-1 (KCC-1), which was
first introduced by Polshettiwar, Cha, Zhang, and
Basset, and similar to other fibrous silica Beta

10 pm

Figure 1.

FESEM image of a) HBEA and b) HFBEA.

observed in a prior study [20], [24], [25]. The
formation of the cockscomb-shaped morphology
is likely due to the synergistic interactions among
surfactant (CTAB), hydrolyzing agent (urea),
oil phase solvent (toluene), hydrophilic solvent
(water), and co-surfactant (butanol) during the
microemulsion process. These interactions were
essential in promoting the formation of the compact
dendritic silica fiber zeolite material [20].

Vibrational spectroscopy

The Fourier transform infrared spectroscopy-
potassium bromide (FTIR-KBr) method was
employed to analyze the chemical properties of both
HBEA and HFBEA. Figure 2 illustrates the FTIR
spectrum in the 1400 - 400 cm™! wavenumber range.
Both catalysts show a similar sequence of vibrational
peaks, detected at 1230, 1084, 970, 800, 620, 545,
and 463 cm™!. The initial segment comprises four
distinct peaks detected at 1230, 1084, 800, and
463 cm™!, corresponding to the external and internal
asymmetric stretching, symmetric stretching, and
bending vibrations of T-O-T (where T represents Si
and Al) within the framework, respectively [23].The
peak at 970 cm™! is attributed to the external silanol
group (Si-OH) [26], [27].The peaks observed at 620
and 545 cm™!, respectively, confirmed the existence
of five- and six-membered rings within the Beta
catalyst framework [24]. The synthesized HFBEA
shows a higher intensity, which is dominated by a
strong band at 1084 cm™!, 800 cm™!, and 463 cm™"
and an additional peak at 970 cm™!. This confirms
the presence of silica fibers surrounding the Beta
seed, as evident in FESEM results (Figure 1).
These results confirmed the successful synthesis
of HFBEA while maintaining the framework of
Beta seed.

200 nm
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Surface analysis

The catalyst’s textural properties were thoroughly
analyzed using the N, adsorption-desorption
technique. Figure 3a depicts the N, physisorption
isotherms of HBEA and HFBEA. According to the
isotherms graph, HFBEA has a greater nitrogen
uptake than HBEA at higher relative pressure (P/
Po between 0.8 to 1.0), implying the existence of a
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Figure 3.
HBEA and HFBEA.
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higher number of mesopores. These outcomes are
further evident when the non-local density functional
theory (NLDFT) approach is applied, which was
employed to obtain the pore size distributions of
HBEA and HFBEA. A peak within the less than
2 nmrange signifies the existence of micropores,
whereas a peak within the greater than 2 nm
range indicates the presence of mesopores. Both
samples exhibit a micro-mesoporous structure, as
demonstrated in Figure 3b. However, in HFBEA,
there is a reduced peak within the micropore range
and an elevated peak within the mesopore range.

Overall, HBEA exhibited a BET-specific surface
area of 405 m?/g and a total pore volume of
0.8 cm3/g, while HFBEA showed a BET-specific
surface area of 547 m?/g and a total pore volume
of 1.4 cm3/g. In HFBEA, mesopores dominate
with a 1.3 cm3/g volume, comprising 93% of the
total pore volume. Conversely, HBEA exhibits
a mesopore volume of approximately 7 cm3/g,
constituting 87.5% of the total pore volume. The
increased surface area and volume of mesopores
in HFBEA can be attributed to a bi-continuous
lamellar silica framework produced within the
catalyst. The textural characteristics of both
catalysts were examined, concluding that the
microemulsion, coupled with the seed-assisted
synthesis method, is effective in creating
mesoporosity while maintaining microporosity.
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Acidic properties

The ammonia-temperature programmed desorption
(NH;-TPD) technique was utilized to examine the
acidities of the catalysts throughout a temperature
range of 100 to 500 °C. The NH;-TPD peaks of
prepared catalysts were analyzed using Gaussian
curve fitting, with the dashed curve representing
the summation of fitted Gaussian curves. Figure 4
illustrates that the NH3-TPD curves before and
after the deconvolution for all the samples exhibit
comparable patterns and can be divided into two
primary regions. The first region is a desorption
peak occurring at low temperatures, specifically
between 100 and 300 °C. This band is associated
with ammonia weakly bonded on defect sites
such as n-OH (where n represents Si, Al, and
P). The second part is a band observed at higher
temperatures, ranging from 300 to 500 °C. This band
corresponds to ammonia adsorbed on strong bridge
hydroxyl Si-(OH)-Al acidic groups [28]-[30]. The
desorption peak areas of the weak and strong acid
sites for HFBEA are lower than those of HBEA,
indicating a reduction in both types of acid sites.

o |- BE B

TCD Signal {a.u}

160 200 300 400 500 600
Temperature {7C}

NH3-TPD profiles for HBEA and
HFBEA catalysts. The bold curves
represent the raw experimental data,
while the dashed line corresponds to
the individual component curves of
acid sites obtained through Gaussian
peak deconvolution.

Figure 4.

This observation of the acidities indicates that the
formation of fibrous silica on the BEA catalyst
significantly reduced the acidity of the samples
since the fibrous silica framework is composed
solely of silica, which lacks surface acidity [31].
Furthermore, the acidity of aluminosilicate zeolite is
closely related to its silica-to-alumina (Si/Al) ratio;
changes in this ratio can significantly influence its
overall acidity [32], [33]. Thus, introducing fibrous
silica into the zeolite BEA framework resulted in
a high Si/Al ratio, which decreased the abundance
of acid sites and subsequently reduced the overall
acidity of the catalyst.

Catalytic activity

The comparative catalytic activities of HFBEA
and commercial HBEA catalysts are illustrated in
Figure 5, showing methanol conversion, total light
olefin selectivity(Figure 5a), and product distribution
(ethylene and propylene) across various reaction
temperatures. It was noted that both HFBEA and
HBEA catalysts exhibited higher methanol conversion
and hydrocarbon selectivity with increasing reaction
temperature.

Despite the HFBEA sample operating at a lower
reaction temperature of 300 °C, it displays enhanced
catalytic activity, reaching a methanol conversion
rate of 80.7% and a total light olefin selectivity of
22%. By contrast, the conventional HBEA catalyst
exhibited a conversion rate of 75.1% and a selectivity
of 10% under the same conditions. Similarly, when
exposed to elevated reaction temperatures of 500 °C,
HFBEA demonstrates notable catalytic efficiency,
achieving a methanol conversion rate of 95.4%
and a selectivity of 78.1% towards light olefins;
this represents an improvement of 3.3% and 4%
compared to the HBEA catalyst. Regarding ethylene
and propylene distribution, HFBEA displays a
similar trend to HBEA, with ethylene emerging as
the predominant product as the reaction temperature
increases and reaches the highest production at
500 °C, as depicted in Figure 5b and Figure 5c.
Nevertheless, HFBEA exhibits superior selectivity
towards ethylene and propylene across all reaction
temperatures compared to HBEA.

The enhanced catalytic activity can be attributed
to modifying the physicochemical characteristics
of HFBEA. The introduction of a mesoporous
structure in HFBEA, as illustrated in the N,
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distribution of b) HBEA and c¢) HFBEA catalysts.

adsorption-desorption data (Figure 3), effectively
mitigates the diffusion constraints inherent in the
commercial Beta material’s micropores. The superior
diffusion properties of HFBEA are advantageous
in MTO reactions. They facilitate efficient mass
transport of methanol molecules and diffusion of
more significant hydrocarbon compounds through
the pores, thereby enhancing catalytic performance
[34], [35]. Furthermore, the decrease in the number
of acid sites in this sample, as indicated in the NH;-
TPD analysis (Figure 4), is crucial for enhancing
light olefin formation; this is because decreasing
the number of acid sites in catalysts has advantages
in terms of minimizing undesirable reactions, such
as olefin aromatization, in MTO processes, thereby
reducing the formation of bulkier hydrocarbon
by-products [36]. These factors contribute to the
excellent catalytic performance of HFBEA.

CONCLUSIONS

In conclusion, fibrous silica Beta (HFBEA) was
effectively synthesized using a combination of
microemulsion and seed-assisted methods. The
physicochemical attributes of the prepared sample
were evaluated using different characterization
techniques, such as FESEM, N, adsorption-
desorption, and NH5-TPD. The characterization
outcomes indicated that HFBEA exhibited uniform
spherical morphology, offering increased surface
area and mesopore volume while reducing acidity.
Based on its catalytic performance, the HFBEA
catalyst shows a significant improvement in methanol

conversion, achieving 95.4%, and exhibits a high
selectivity for light olefins at 78.1%, surpassing the
commercial HBEA catalyst, which achieves 92.1%
conversion and 74.1% selectivity. The formation
of mesoporous structure and the reduction in the
amount of acid sites in HFBEA are responsible for
these outcomes. These discoveries signify a notable
progression in advancing effective catalysts for
producing light olefins, offering potential benefits
for the petrochemical sector and the environment.
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