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ABSTRACT

The sustainable synthesis of linear alkylbenzenes (LABs), key
intermediates for surfactants and detergents, is essential for
minimizing environmental impact in the chemical industry.
This study investigates the catalytic efficiency and coke
deposition behavior of Al-rich Y and Si-rich Beta zeolites for
the liquid-phase alkylation of toluene with 1-octene. The
experiments varied temperature, catalyst loading, and time-
on-stream to optimize conversion and selectivity. Al-rich Y-
zeolite achieved 90% of 1-octene conversion and superior
monoalkyltoluene selectivity due to its higher acidity and
surface area. Thermogravimetric analyses revealed distinct
soft and hard coke profiles, with Y-zeolite showing slightly
higher coke content. A kinetic model supported an accurate
prediction of coke decomposition behavior. These findings
highlight the potential of Y-zeolite as a robust, eco-friendly
catalyst, aligning with sustainable development goals (SDGs)
and promoting sustainable catalytic processes in
petrochemical industries.
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1. INTRODUCTION

Linear alkylbenzenes (LABs) are important industrial chemicals widely used in the
production of surfactants, lubricant additives, plasticizers, and detergents [1,2]. The Friedel-
Crafts alkylation of aromatic hydrocarbons represents a fundamental approach in many
industrial processes for synthesizing alkyl aromatic compounds [3,4]. Traditionally, these
alkylation reactions are carried out using alkylating agents in combination with Lewis acid
catalysts such as AICl; and ZnCl,, or Brgnsted acid catalysts such as HF and H,SO, [5].
Currently, the majority of the 3.6 million tons of LABs produced annually are synthesized using
homogeneous liquid-phase catalysts such as hydrofluoric acid (HF) or aluminum chloride
(AICl3) [6]. However, these catalysts suffer from significant drawbacks, including
environmental pollution, equipment corrosion, and challenges in product separation [7]. To
overcome these limitations, the detergent industry has been actively exploring
environmentally sustainable processes, particularly those employing solid acid catalysts.
Heterogeneous catalysts, especially solid acids, have emerged as promising alternatives due
to their favorable properties for alkylation reactions, including suitable acidity, high catalytic
activity, safety in handling, and reduced environmental impact [8-11]. Zeolites and
mesoporous molecular sieves are prominent examples of such environmentally friendly
catalysts [12,13] and have been extensively studied in aromatic conversion processes, such
as the alkylation of toluene with 1-heptene [14] and the alkylation of benzene or toluene with
1l-octene [15,16]. Among the various heterogeneous catalysts, zeolites offer particularly
attractive properties for catalytic applications, most notably their ability to enhance product
selectivity.

A significant advancement in the industrial synthesis of ethylbenzene using solid acid
catalysts was achieved by Mobil-Badger, which employed ZSM-5 zeolite in a gas-phase fixed-
bed reactor [17]. Following this development, various corporations refined their proprietary
technologies for ethylbenzene synthesis via solid catalysts [18]. Zeolites such as ZSM-5, Y,
Beta, and Mordenite have since been demonstrated to be effective solid acid catalysts for the
alkylation of aromatics with olefins [8]. For industrial applications, the use of zeolite catalysts
requires efficient coke regeneration while maintaining both catalytic activity and structural
stability. Ensuring the stability of acidic zeolites during reactions is therefore essential.
Synthetic zeolites exhibit catalytic activity through ion exchange, thermal stability, and
diverse acid sites, with selectivity strongly influenced by the ratios of exchanged cations
[19,20]. Among zeolites, Y-zeolite is highly porous and functions as an efficient, selective
catalyst for benzene alkylation with long-chain alkenes [14,21]. Beta zeolite, which possesses
smaller pores and crystal sizes than Y-zeolite, has emerged as a promising catalyst for linear
alkylbenzene (LAB) synthesis [22]. While Beta zeolites display Brgnsted acidity comparable to
Y-zeolite, they share a common limitation with many zeolite catalysts: coke-induced
deactivation [23]. Coke formation represents a major obstacle to zeolite performance, as it
diminishes activity, selectivity, and long-term stability. This deactivation primarily results from
coke accumulation during hydrocarbon polymerization reactions [24]. Specifically, coke
blocks zeolite pores and deactivates acid sites, thereby reducing the efficiency of alkylation
reactions such as the conversion of toluene with 1-olefins [25].

In the alkylation of toluene with 1-octene, various zeolite catalysts, including ZSM-5, ZSM-
11, ZSM-12, Beta, Y, MCM-41, and mordenite, were employed. Micro/mesoporous
composites were also explored, and catalytic activity was correlated with acidic strength in
the toluene alkylation process. Zeolites with a higher density of Brgnsted acid sites achieved
the highest conversion rates in the alkylation reaction [26]. The synthesis of octyltoluene
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using different cation-exchange resin catalysts in the liquid-phase alkylation of toluene with
1-octene has been investigated with Lewatit SP112, Amberlyst 15, and Amberlyst 35. Among
these, Amberlyst 15 and Amberlyst 35 achieved conversion rates above 90%, demonstrating
superior catalytic performance [27]. The effects of fresh and modified modernite and Beta
zeolite catalysts on the alkylation of toluene with 1-heptene at 90 °C were studied in a batch
reactor. Beta zeolite exhibited the lowest conversion due to rapid deactivation caused by coke
deposition. However, dealuminated Beta zeolite improved the conversion of 1-heptene,
achieving 85% in toluene alkylation. In contrast, parent mordenite zeolite demonstrated
optimal selectivity, as its framework possessed a suitable pore volume that facilitated the
desorption of 2-heptyl-methylbenzene isomers, leading to higher toluene alkylation
conversion [25]. Enhanced conversion and selectivity in the alkylation of toluene with 1-
heptene using large-pore acidic Y-zeolite have also been reported, achieving 96% conversion
under a higher toluene-to-1-heptene ratio of 8:1 [8].

The selection of an appropriate zeolite catalyst for toluene alkylation is influenced by
several critical factors, including pore structure and morphology, acidity, Si/Al ratio, and
operating conditions such as reaction time, pressure, temperature, time-on-stream, and
reactant concentration [28]. Product selectivity and catalyst deactivation due to coke
deposition are also essential considerations in catalyst design and performance. Most
hydrocarbon transformations occur within the microporous architecture of zeolites
(comprising voids, cages, and channel intersections) rather than on the external surface [29].
Coke predominantly forms inside these micropores [30], and the degree of catalyst
deactivation is directly proportional to the extent of coke accumulation. However,
characterizing coke composition within zeolite structures remains challenging due to its
complex nature and the difficulty of separating it from the framework [31]. Pore volume, size,
and geometry significantly influence coke formation and diffusion. Zeolites with larger pores
promote the formation of bulky intermediates and products but are more susceptible to
extensive coke buildup. In contrast, smaller pore zeolites can suppress coke formation by
restricting the mobility and entrapment of such intermediates within the pore network.

The objective of this study is to address the lack of comprehensive models for coke
formation in zeolites by developing a mathematical framework to quantify both the amount
and type of coke deposited on two wide-pore zeolites: aluminum-rich Y-zeolite and silicon-
rich Beta zeolite. Simultaneous thermogravimetric and differential thermogravimetric
(TGA/DTG) analyses were employed to investigate coke deposition, and key kinetic
parameters (including pre-exponential factors and activation energies for decoking) were
experimentally determined. Furthermore, this study examines the influence of operating
parameters and concurrent surface reactions, including 1-octene isomerization, toluene
alkylation, and coke formation, on product selectivity and conversion. The integration of
experimental results with kinetic modeling provides valuable insights into the multi-path
reaction mechanisms occurring over zeolite catalysts and establishes a foundation for the
predictive design of more stable and selective catalytic systems. The novelty of this research
lies in the combined experimental and kinetic modeling approach to evaluate catalyst
sustainability, which not only enhances industrial reaction performance but also supports the
United Nations Sustainable Development Goals (SDGs).

2. METHODS
2.1. Materials

The chemicals used in this study were 1-octene (98%, Acros Organics), toluene (99.5%,
Sigma-Aldrich), and n-pentane (99%, Scharlau). The zeolite catalysts employed were Beta and
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Y in their hydrogen form, both obtained from Alfa Aesar—-Thermo Fisher. All reagents and
catalysts were used as received, without further purification or treatment.

2.2. Zeolite Characterization Techniques

Comprehensive characterization of the zeolite materials was conducted using several
analytical techniques to evaluate their structural, morphological, chemical, and thermal
properties. X-ray Diffraction (XRD) analysis was employed to identify the crystalline phases
and structural composition of the zeolites, following established protocols [32]. The
measurements were performed using a STOE STADI P diffractometer equipped with a Cu Ka
radiation source. Scanning Electron Microscopy (SEM) was utilized to examine the surface
morphology and crystal size of the zeolite samples at different magnifications [33]. A JEOL
JSM-6010LA SEM equipped with Energy-Dispersive X-ray Spectroscopy (EDX) was used, and
images were captured at magnifications of 2 um and 10 um to assess surface features and
particle distribution. X-ray Fluorescence (XRF) analysis was conducted to determine the
elemental composition of the zeolite catalysts, using a PANalytical Zetium XRF analyser [34].
The method is based on the detection of characteristic secondary (fluorescent) X-rays emitted
from a material when it is excited by high-energy X-rays or gamma rays. The textural
properties, such as specific surface area, pore volume, and pore size distribution, were
determined using Brunauer—-Emmett—Teller (BET) theory with a QuantaChrome Nova 2200E
surface area analyser [35]. Fourier Transform Infrared Spectroscopy (FTIR) was employed to
identify the functional groups present in the zeolite structure by analysing their infrared
absorption spectra, using a Jasco 4200 FTIR spectrometer (Japan) [36]. Thermogravimetric
Analysis (TGA) and Derivative Thermogravimetry (DTG) were used to assess the thermal
stability and decomposition behaviour of the samples, carried out on a TGA Q600 instrument
(TA Instruments), with data analysis performed using TA Universal Analysis software [37].
Finally, the acidity of the zeolites was evaluated through Temperature-Programmed
Desorption of Ammonia (NHs-TPD) using a Micromeritics AutoChem 1l 2920 analyser,
providing insights into the acid site strength and distribution on the catalyst surface [38].

2.3. Alkylation Reaction

The experimental procedures were conducted in a 250 mL borosilicate glass vessel
equipped with a reflux condenser and immersed in an oil bath. A magnetic stirring hot plate
was employed to control both temperature and stirring speed, ensuring homogeneous mixing
of the reaction components, as illustrated in Figure 1. The alkylation reactions were
performed at temperatures of 90, 100, and 110 °C under atmospheric pressure with a
constant stirring rate of 200 rom. Before the experiments, two types of zeolites (Al-rich Y-
zeolite and Si-rich Beta zeolite) were activated at 200 °C for 30 min to remove moisture. The
reactant mixture consisted of toluene and 1-octene in molar ratios of 3, 6, and 9, with a fixed
total volume of 10 mL. Different amounts of zeolite catalysts (100, 200, and 300 mg) were
used for each setup. At the end of the designated reaction time, the process was quenched
by immersing the reactor in an ice bath to rapidly cool the system. The reaction mixture was
then subjected to vacuum filtration using filter paper to separate the liquid phase from the
zeolite catalyst for subsequent product analysis. The recovered zeolite was washed with 15
mL of n-pentane for approximately 5 min to remove any residual adsorbed species from the
pore structure, followed by overnight drying.

Product and unreacted reactant concentrations were quantified using GC-FID analysis. To
determine the number of moles of reactants introduced into the reactor, samples were
injected into the GC-FID after being mixed with an internal standard before the reaction. All
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peak areas were normalized against the known amount of the internal standard. The
conversion of the limiting reactant, 1-octene, was calculated as the ratio of the moles
consumed during the reaction to the initial moles present, as expressed in Equation (1).
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Figure 1. Batch reactor schematic for alkylation reactions.

no.of moles of 1—octene consumed

0 inm — %
% Conversion [no.of moles of 1—octene introduced] 100 (1)

While toluene and 1-octene were readily detected, mono-octyl toluene isomers (2-, 3-, and
4-octyl toluene) were more difficult to quantify because they are not commercially available
as reference standards (see Figure 2). Therefore, the moles of each product were determined
using a carbon number balance approach. Initially, the moles of both the starting reactants
and unreacted species were established. The selectivity of all products was then calculated
using Equation (2), which incorporates coke formation as one of the reaction products.

.. no.of moles of mono—octyltoluene
% Selectivity = [ / f Y ] x 100 (2)
no.of moles of 1—octene consumed
H y 1.2 H shift 1.2 H shift
NN\ i NSNS wmms NN, =2 NSNS

+ + +
O/CHJ O/CHa : ,CHy

J | l

Figure 2. Scheme of alkylation of toluene with 1-octene [8].
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2.4. Theoretical Section: TGA Kinetic Modelling
2.4.1. Single-step reaction (model-based method)

The model-fitting method in TGA applies various reaction kinetic models to fit the
experimental TGA curves, thereby enabling the estimation of the kinetic triplet. These
parameters include the pre-exponential factor, activation energy, and the kinetic model
function f(a). However, the assumption of a single activation energy across all temperatures
often poses challenges due to the complexity of solid-state reactions. The fundamental mass-
loss rate equation, which underpins all kinetic analyses in TGA studies, is expressed in
Equation (3).
= = k(F(T) 3)

In this equation, f(a) represents the reaction model, while k denotes the kinetic rate
constant for the decomposition process. The temperature-dependent rate constants of the
reaction model are determined using the Arrhenius equation, as shown in Equation (4). The
specific reaction rate constant (k;) for each step is defined by the following relation in Equation
(4).
ki(T) = Age Fi/RT (4)

In this equation, A; (1/min) represents the pre-exponential factor, E; (kJ/mol) is the
activation energy, R is the universal gas constant with a value of 8.314 J/mol-K, and T denotes
the absolute temperature. The extent of conversion, the value of a reflects the fraction of

catalyst decomposed over time t, as expressed in Equation (5).
mi—meg
p— (5)
i—f
Here, ma, mi, and my refer to the instantaneous, initial, and final mass of the sample
through the experiment, respectively. By substituting Equation (4) into Equation (5), Equation

(6) is obtained.
d

- = Aif (T)e F/RT (6)
As a result, the temperature becomes a time-dependent variable, increasing at a constant

heating rate. The corresponding expression is formulated in Equation (7).

T=pt+T, (7)
In this equation, the initial temperature is denoted by To, the linear heating ramp rate is

represented by [, and the temperature at time t is used to indicate the temperature. The

thermogravimetric analysis (TGA) experiments that employ the non-isothermal approach are

carried out at a linear heating rate of B, as outlined by Equations (8) and (9) [39].

a =

g = Z—: (8)
e = Aof (Te~FalRT )

By incorporating Equation (8) into Equation (9), an approximation for Equation (10) is
obtained.

da _ Ay —Eq/RT
ar =~ g/ (@e (10)

The parameters Ea, R, k(T), and f(a) are computed based on the selected reaction model
and are subsequently used to determine the activation energy, expressed in J-mol™. The
kinetic differential equation applied for model-based analysis is expressed in the form of
differential simulation, as shown below [40,41]. For each TGA model, an error minimization
procedure using stochastic optimization is employed to accurately determine both the
frequency factor and the activation energy. Each interaction model corresponds to a unique
algebraic expression f(a) and its integral form g(a).
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2.4.2. Multi-step reaction

When estimating the kinetic parameters of materials undergoing simultaneous multi-step
reactions, both model-free and model-based approaches encounter significant challenges.
Isothermal conversion methods are only applicable to single-step reactions, and their
accuracy is often insufficient to fully characterize the kinetics of more complex reaction
systems, thereby limiting their applicability. In contrast, multi-reaction models can more
effectively capture the kinetic behavior observed in TGA, particularly for materials that exhibit
a broad range of decomposition temperatures. As shown in Equation (11), the overall
conversion is determined by summing the contributions of the individual conversion steps,
each representing a distinct reaction [42,43].

a = le-vzcl Ciai (11)

The overall conversion rate is determined by summing the contributions of the individual

conversion rates associated with each reaction step, as expressed in Equations (12) and (13).

do 2 da; daq da,
— =i C—=0C—+C(C,— 12
dt =1™0 gy 1 at t L dt (12)

NG =1 (13)
Similarly, the overall activation energy is obtained by summing the individual activation

energies corresponding to each reaction step, as expressed in Equation (14).

Er = Y1 CiE; = C1E1 + 3, (14)
The finite difference method was applied to numerically differentiate the conversion data,

enabling the determination of the conversion rate derivative (da/dT), as shown in Equation

(15).

(d_‘l’) — Qi+1—%i—g (15)
ar/i  Ti41-Tiq

The DTG curve was obtained by computing the time derivative of the weight change at
each point in the TGA data, as expressed in Equation (16).
aXi _ Xiv1—Xi _ Xi+1—X; (16)
dt tiv1—ti At

To obtain the optimal kinetic parameters, the nonlinear least-squares method was

employed to minimize the objective function defined in Equation (17).

2
0.F.= Z?zcl (fl_c:)exp,i B (%)calc,i] (17)

2.4.3. Kinetic Parameter Estimation via Non-Linear Optimization

A non-linear curve fitting approach was employed to estimate the pre-exponential factor
(A) and activation energy (E) by minimizing the deviation between experimental TGA data and
model predictions. The TGA model consists of a set of ordinary differential equations (ODEs),
each describing the decomposition behavior of individual components [44]. MATLAB R2020a
was used to implement a stochastic optimization technique, combining the “ga” (genetic
algorithm) function with the “ode45” solver to optimize kinetic parameters. Due to the
analytical complexity of Equation (10), numerical integration was required, with the fourth-
order Runge-Kutta method applied to compute g(a) for given a values. The accuracy of the
model fit was assessed using the correlation coefficient (R?), calculated by comparing
experimental and predicted data over all N measurement points (Equation (18)).

2 Z?’=1(J’exp,i_3/pred,i)2
R®=1- Z?Ll(ﬁVexp,i_yexp)z (18)
In this equation, the subscripts “exp.” and “pred.” denote the experimental results and the
predicted values obtained from theoretical integration, respectively. The variable N refers to
the total number of experimental measurements considered. For the purpose of determining
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the Mean Absolute Error (MAE), Mean Squared Error (MSE), and Mean Relative Error (MRE),
equations (19)-(21) were utilized [45,46].

1
MAE = EZ?]:l'yexp,i - ypred,il (19)
1 2
MSE = N Iivzl(yexp,i - ypred,i) (20)
_1 N Yexp,i—Ypred,i
R (21)

Accordingly, the kinetic evaluation of coke decomposition was performed based on TGA
data, using two independent parallel reactions. The overall decomposition process was
represented by the following reaction model Equations (22)-(24).

a=a+a; (22)
dO(i Ai _ﬂ

o =g () (23)
dc A, -E1 A, _E2

= TeTRIf (o)) + e TR () (24)

3. RESULTS AND DISCUSSION
3.1. X-Ray Diffraction Analysis

X-ray diffraction (XRD) analysis was conducted to determine the crystalline phases and
structural characteristics of the synthesized zeolites, following established protocols [32]. The
XRD patterns of Y- and Beta-zeolites are shown in Figures 3(a) and 3(b), respectively. For Y-
zeolite, four distinct low-angle reflections corresponding to the crystallographic planes [100],
[110], [200], and [210] were observed, consistent with a hexagonal lattice and indicative of
an ordered porous framework [3]. The intense [100] reflection at 20 of 5.87° confirms the
long-range crystallinity of Y-zeolite. Similarly, Beta-zeolite exhibited its strongest reflection at
20 of 7.49°, attributed to the [100] plane. The positions and intensities of these peaks agree
well with literature data [33] and standard patterns from the International Zeolite Association
(IZA). Irregularities in peak shape, particularly in Beta-zeolite, are likely due to partial
framework disorder and smaller crystallite size. According to Scherrer’s equation, the full
width at half maximum (FWHM) is inversely proportional to crystallite size. The broad peaks
observed in the 26 range of 2-40° for Beta-zeolite suggest a partially amorphous phase and a
lower degree of crystallinity compared to Y-zeolite. In contrast, highly crystalline zeolites,
such as Y-zeolite in this study, display sharp diffraction peaks with high intensity and a flat
baseline [35].

3.2. Scanning Electron Microscope Analysis

Scanning electron microscopy (SEM) was employed to examine the morphology and
crystallite size of Y- and Beta-zeolites at various magnifications [51]. As shown in Figures 4
and 5, both samples display uniformly distributed, rounded rectangular crystals and sub-
micron-sized particle clusters, with no significant agglomeration observed. The crystallite
sizes ranged from 0.35 to 0.5 um for both zeolites, as illustrated in Figures 4 and 5 for Y- and
Beta-zeolites, respectively. Figures 4(b) and 5(b) are the high magnification images of Figures
4(b) and 5(b), respectively.

The observed particle sizes and morphological characteristics are consistent with literature
values [37,38], confirming the typical crystal morphology and particle distribution for these
zeolite types.
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Figure 4. SEM-images of Y zeolite. Figure (b) is the high magnification image of Figure (1).
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Figure 5. SEM-images of Beta zeolite. Figure (b) is the high magnification image of Figure (1)
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3.3. Texture Property of Zeolite

The textural properties of the zeolite samples were evaluated using the BET method. As
summarized in Table 1, the measured surface areas were 660 m?/g for Beta-zeolite and
875 m?/g for Y-zeolite. The higher surface area of Y-zeolite indicates an enhanced potential
for reactant diffusion and adsorption due to its larger external pore volume, which is
advantageous for catalytic performance, particularly in surface-controlled reactions such as
heterogeneous catalysis [47]. The nitrogen adsorption—desorption isotherms, shown in Figure
6, exhibit a Type | profile, characteristic of microporous materials in both zeolites. This further
underscores the suitability of Y-zeolite for catalytic processes such as alkylation, where higher
external pore volume improves accessibility and available surface area. During such reactions,
organic molecules of appropriate size are adsorbed into the external pores, where catalytic
transformation occurs. The measured surface areas and isotherm behavior are consistent
with literature values for similar zeolite materials [9,48,49], confirming the structural integrity
and potential reactivity of the synthesized samples.

300 |
250 - _

] Y-zeolite
200 //f

150 | Beta zeolite

V,/cm3(STP) g'!

0 0.1 02 03 04 05 06 0.7 08 09 1
PPy

Figure 6. BET profiles and of Y-zeolite and Beta zeolite.

Table 1. Textural properties of zeolite catalysts.

" BET - " "Total " *Average
Micropore  External wer External
. surface pore Micropore pore
Zeolite Surface Surface Pore )

area Area Area volume Volume Volume diameter

(m?/g) (m*/g) (nm)

Beta
. 660 594 66 0.3950 0.2383 0.1567 1.77
zeolite
Y-zeolite 875 861 14 0.3886 0.0656 0.3230 2.39

* Brunauer-Emmett-Teller (BET) equation, **t-plot of Harkins—Jura equation.
3.4. Metal Content and Si/Al Ratio of Zeolites

The elemental composition of the zeolite catalysts was determined using X-ray
fluorescence (XRF) and energy-dispersive X-ray spectroscopy (EDX) coupled with scanning
electron microscopy (SEM). The Si/Al molar ratios of Y- and Beta-zeolites are presented in
Table 2. The results from XRF and EDX analyses were in close agreement, with XRF providing
slightly higher precision due to its bulk-sample analytical capability. The Si/Al ratio is a key
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parameter influencing zeolite acidity. Zeolites with a Si/Al ratio below 5 are generally
classified as acidic catalysts, whereas those with higher ratios are more siliceous and less
acidic. In this study, Y-zeolite exhibited a lower Si/Al ratio, indicating higher acidity, which is
often associated with greater catalytic activity. In contrast, Beta-zeolite showed a significantly
higher Si/Al ratio (exceeding 250), classifying it as a siliceous material with a lower density of
acid sites. These findings are consistent with previously reported data for similar zeolite
structures [50,51], confirming the reliability of the synthesis and characterization methods
employed in this work.

Table 2. Si/Al molar ratio by XRF and EDX analyses of zeolite catalysts.

X-ray Instrument Y-Zeolite Beta Zeolite
Si/Al by XRF analysis 3.51+0.1 293.93+0.11
Si/Al by EDX analysis 2.6 +0.07 259.1+0.14

3.5. Acidity of Zeolites

The acidity profiles of Y- and Beta-zeolites were evaluated using NHs-temperature
programmed desorption (NHs3-TPD), as shown in Figure 7 and summarized in Table 3. The Al-
rich Y-zeolite exhibited significantly higher acidity compared to the Si-rich Beta-zeolite, with
a total acid amount of 2.18 mmol/g, approximately 4.5 times greater than that of Beta-zeolite
(0.48 mmol/g). In the weak acid region, Y-zeolite also demonstrated substantially higher
acidity, with a measured value of 1.53 mmol/g, about 7.7 times higher than the 0.24 mmol/g
observed for Beta-zeolite. Although Beta-zeolite displayed relatively low total acidity, the
presence of 0.48 mmol/g of acid sites still indicates potential catalytic activity, particularly in
reactions favoring mild acid strength. These results are consistent with the expected behavior
based on the Si/Al ratio, where a lower ratio, as observed in Y-zeolite, typically correlates with
higher acidity. The acidity distribution further explains the observed differences in catalytic
performance between the two zeolite types.

Beta zeolite

Y-zeolite

Signal (a.u.)

 Ne—

70 140 210 280 350 420 490 560
Temperature, °C

Figure 7. Zeolite acidity measured by NH3-TPD of Y-zeolite and Beta zeolite.
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Table 3. Acidity of Y and Beta zeolites measured by NH3-TPD.

Catalyst Weak acid amount, Strong acid amount, Total acid amount,
mmol/g mmol/g mmol/g

Y-zeolite 1.53 0.65 2.18

Beta zeolite 0.24 0.20 0.48

3.6. Fourier-Transform Infrared Spectroscopy Analysis

FTIR spectroscopy was employed to investigate the framework structure and surface
functionalities of Y- and Beta-zeolites, with the spectra presented in Figures 8(a) and 8(b).
Both materials exhibit characteristic vibrational bands corresponding to their tetrahedral
framework and Si/Al composition. For Beta-zeolite, a strong and broad absorption band
between 1099-1224 cm™ is assigned to asymmetric stretching vibrations of Si—0-Si and Si—
O-Al bonds, indicative of high crystallinity and a high Si/Al ratio. Bands at 801 cm™ and
576 cm™ correspond to symmetric stretching and double-ring vibrations, respectively,
characteristic of the Beta framework. A band at 465 cm™ is attributed to T-O bending
vibrations (T = Si or Al). The presence of adsorbed water is confirmed by the H—O-H bending
vibration at 1635 cm™, while a broad O-H stretching band near 3445 cm™ reflects surface
hydroxyl groups. The relatively weaker and narrower O—H band suggests a more hydrophobic
surface, consistent with the siliceous nature of Beta-zeolite, which favors nonpolar catalytic
reactions [52]. In contrast, the FTIR spectrum of Y-zeolite displays framework bands in the
1052-1161 cm™ range, corresponding to asymmetric Si—-O-Si and Si—O—Al stretching. A band
at 669 cm™ is associated with external tetrahedral and double-ring (D6R) vibrations,
characteristic of the Faujasite framework, while the 453 cm™" band confirms T-O bending. The
O-H stretching band near 3430 cm™ is broader and more intense than in Beta-zeolite,
indicating greater hydroxylation and a higher concentration of Brgnsted acid sites, consistent
with Y-zeolite’s lower Si/Al ratio and stronger hydrophilic character. These spectral features
confirm the structural integrity of both zeolites and highlight their contrasting surface
properties and acidity profiles, which are critical for catalytic applications. The higher hydroxyl
content and Al-rich composition of Y-zeolite favor acid-catalyzed and polar reactions, in
agreement with previous studies [14,53-55], whereas the high-silica Beta-zeolite is better
suited for hydrophobic and nonpolar processes.

3.7. Thermogravimetric Analysis of Coke Deposition over Zeolite

Thermogravimetric (TGA) and derivative thermogravimetric (DTG) analyses were
employed to evaluate the structural stability and coke deposition behavior of Y- and Beta-
zeolite catalysts following the alkylation reaction. Figures 9 and 10 present the thermal
analysis profiles for beta zeolite and Y-zeolite, respectively, at heating rates of 5, 10, 15, and
20 °C/min. Figures 9(a) and 10(a) are the TG analysis results, and Figures 9(b) and 10(b) are
the DTG results. The DTG curves for both catalysts display two distinct peaks. The first peak,
appearing below 200 °C, corresponds to the desorption of physically adsorbed water and the
removal of soft coke, a loosely bound carbonaceous deposit that blocks pores and restricts
reactant diffusion. The second peak, observed between 200 and 350 °C, is attributed to the
decomposition of hard coke, which strongly adheres to active sites and significantly
deactivates the catalyst by covering acid sites through chemisorption. These observations are
consistent with previous studies [14,56], which classify coke into two types: soft (or light)
coke, formed at lower temperatures through condensation and molecular rearrangement,
and hard (or heavy) coke, formed at higher temperatures (>350 °C), primarily via hydrogen
transfer reactions on acidic sites, resulting in stable polyaromatic structures. Coke is widely
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recognized as a secondary byproduct of hydrocarbon transformations, consisting of complex,
non-volatile species with high boiling points. Consequently, total coke content represents a
combination of soft precursors and more stable heavy coke deposits. The TG profiles
exhibited minor variations with heating rate. As the heating rate increased, decomposition
peaks shifted to higher temperatures by approximately 10 °C due to thermal gradients
between the particle surface and core [41,57]. This behavior reflects the influence of heating
rate on coke decomposition dynamics, which depend on coke type, quantity, catalyst
structure, and acid site distribution [58]. Notably, the maximum decomposition rate was
higher for Y-zeolite compared to Beta-zeolite, indicating greater coke accumulation. This is
attributed to the higher acidity of Y-zeolite, associated with its lower Si/Al ratio, which
promotes carbon buildup both on the surface and within the porous framework.
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Figure 8. FTIR spectra results: (A) Beta zeolite and (B) Y-zeolite.
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Figure 9. (a) TGA analysis of Beta zeolite, and (b) DTG analysis of Beta zeolite at different
heating rates.
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Figure 10. (a) TGA analysis of Y-zeolite, and (b) DTG analysis of Y-zeolite catalyst at different
heating rates.

3.8. Catalytic Activity of Alkylation of Toluene
3.8.1. Effect of toluene/1-octene molar ratio

The influence of the toluene-to-1-octene molar ratio on olefin conversion and
monoalkylation selectivity was investigated at 110 °C using an equal catalyst amount of
300 mg for both Y- and Beta-zeolites, as shown in Figures 11(a) and 11(b). Increasing the
toluene-to-1-octene molar ratio from 3 to 9 significantly enhanced the conversion of 1-
octene, from 31 to 87% for Y-zeolite and from 20 to 69% for Beta-zeolite. Furthermore, the
selectivity toward 2-octyltoluene reached maximum values at a molar ratio of 9, measuring
approximately 38% and 20% for Y- and Beta-zeolites, respectively. The elevated toluene-to-
1l-octene ratio facilitates the suppression of bulky byproducts, such as di- and tri-
octyltoluenes, thereby favoring the formation of mono-octyltoluenes via transalkylation
reactions [14]. In addition, the selectivity toward monoalkylated products (2-, 3-, and 4-
octyltoluenes) increased linearly for both catalysts, with 2-octyltoluene consistently
remaining the dominant isomer. Accordingly, the optimal molar ratio was determined to be
9:1, which aligns well with previous studies [15].

3.8.2. Effect of reaction temperature

Reaction temperature has a significant impact on the alkylation of toluene with 1-octene.
As shown in Figures 12(a) and 12(b), both the conversion of 1-octene and the selectivity
toward mono-octyltoluene and other octyl isomers (2-, 3-, and 4-octyl toluene) were
monitored over a range of temperatures using Y- and Beta-zeolite catalysts. In general, 1-
octene conversion increased with rising temperature. For Y-zeolite, after 3 hours, the
conversion reached approximately 61, 77, and 87% at 90, 100, and 110 °C, respectively. In
contrast, Beta-zeolite exhibited lower conversions of about 17, 42, and 69% at the same
temperatures. The highest selectivity for 2-octyltoluene was observed at 110 °C, with values
of 38% for Y-zeolite and 20% for Beta-zeolite, whereas at 90 °C, the production of 2-
octyltoluene was significantly lower. As conversion increased, the distribution of octyl isomers
shifted, with the proportions of 2-, 3-, and 4-octyl toluene decreasing. For example, over Y-
zeolite, the 2-octyl toluene fraction decreased from 24% at 90 °C to 9% at 110 °C, while over
Beta-zeolite, it declined from 20 to 16%. This behavior is likely due to enhanced diffusion of
reactants into the bulkier mono-octyltoluene products at higher temperatures, combined
with faster isomerization of 1-octene toward equilibrium.
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Figure 11. (a) Y-zeolite and (b) Beta zeolite catalysts at 110 °C.

100
80
60 i
40

(a) Y zeolite

Conversion and selectivity (%)

B9 °C m100°C @110°C

100

:'E\

g 603

g B

CRRLEN=

2 0}

g o ik ] L Eﬁl m
§ @‘Qo & i oés. -e"‘& 4—"& -'@'&. @@ :@}a

= o xé\ \\ \f} _Qg Q‘ Dc %{"

S N

E90°C m100°C B110°C
Figure 12. (a) Beta zeolite and (b) Y-zeolite catalysts at toluene-to-1-octene molar ratio 9:1.
3.8.3. Effect of catalyst loading on 1-octene conversion and selectivity

The effect of catalyst loading and the contrasting acidity of Al-rich Y-zeolite and Si-rich

Beta-zeolite on 1-octene conversion was investigated by varying the catalyst amount from
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100 to 300 mg. As shown in Figures 13(a) and 13(b), conversion increased with catalyst
loading, reaching a maximum at 300 mg for both catalysts. This enhancement is attributed to
the higher number of accessible acid sites and increased surface area (Tables 1 and 3),
particularly for Y-zeolite, which facilitates carbenium ion formation and thus accelerates the
alkylation reaction [14]. Under these conditions, 1-octene conversion using Y-zeolite reached
approximately 78, 82, and 88% at 100, 200, and 300 mg, respectively. In comparison, Beta-
zeolite exhibited lower conversions of 45, 61, and 69% under identical conditions, reflecting
its higher Si/Al ratio and lower acidity. Catalyst loading also influenced the selectivity toward
monoalkyltoluene isomers. For Y-zeolite (Figure 13(a)), the selectivity of 2-octyltoluene
increased from 24 to 38%, 3-octyltoluene from 18 to 24%, and 4-octyltoluene from 17 to 22%
with increasing catalyst amount. Similar trends were observed for Beta-zeolite (Figure 13(b)),
although at lower selectivity levels: 2-octyltoluene increased from 11 to 19%, 3-octyltoluene
from 7 to 16%, and 4-octyltoluene from 5 to 11%. At a reaction temperature of 110 °C and a
toluene-to-1-octene molar ratio of 9:1, product distribution favored the formation of the 2-
octyltoluene isomer for both catalysts. This preference is particularly pronounced for Beta-
zeolite, whose lower external pore volume (Table 1) restricts the formation of bulkier
alkylated products within internal channels, thereby promoting reactions primarily on the
external surface [59].
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Figure 13. (a) Y-zeolite, and (b) Beta zeolite catalysts at 110 °C and toluene-to-1-octene
molar ratio 9:1.

3.8.4. Effect of time on stream study of catalytic performance

Figure 14 illustrates the effect of time on stream (TOS) on the catalytic performance of Y-
and Beta-zeolites. The reactions were conducted at 110 °C with a toluene-to-1-octene molar
ratio of 9:1 and a catalyst loading of 300 mg, conditions under which both catalysts achieved
relatively high conversions. For Y-zeolite, the conversion of 1-octene increased from
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approximately 65% at 30 minutes to around 90% at 180 minutes. Notably, after 120 minutes,
the conversion reached a plateau, rising only slightly from 87% at 120 minutes to 90% at 180
minutes, indicating that the reaction likely approached a steady state beyond the 2-hour
mark. In contrast, Beta-zeolite exhibited a more gradual conversion profile, starting at 33%
after 30 minutes and reaching 70% at 180 minutes. Overall, Al-rich Y-zeolite demonstrated
superior catalytic performance compared to Si-rich Beta-zeolite, achieving nearly 20% higher
conversion after 180 minutes. This enhanced activity is likely due to Y-zeolite’s lower Si/Al
ratio, which provides a higher density of acid sites, facilitating carbenium ion formation and
promoting the alkylation reaction more effectively.
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Figure 14. Effect of TOS of alkylation reaction at 110 °C and toluene-to-1-octene molar ratio
9:1.

3.9. Effect of TGA Kinetics

The pre-exponential factors (Arrhenius constants) and the corresponding decoking
activation energies of the two zeolites were determined through computational optimization
of kinetic parameters to fit the experimental TGA data for coke-deactivated Beta- and Y-
zeolite catalysts at various heating rates (Figures 9 and 10). The simulated TGA results are
summarized in Table 4. Kinetic evaluation based on reaction model calculations yielded high
correlation coefficients (R? = 0.995) for both catalysts, indicating excellent agreement with
experimental data. For Beta-zeolite, the decoking activation energies were 29.21 and 65.07
kJ/mol for soft and hard coke, respectively. For Y-zeolite, the corresponding activation
energies were 37.20 and 67.41 kl/mol for soft and hard coke, respectively. The increase in
hard coke content, consisting mainly of amorphous carbon, led to higher activation energies
for its decomposition. Since the spent zeolites contain a mixture of coke types, the decoking
process proceeds via two primary reactions, corresponding to the pyrolysis of soft and hard
coke at different temperature ranges. The determined decomposition activation energies
(Ea), pre-exponential factors (Ao), and weight fractions of carbonaceous deposits for both
coke types were in reasonable agreement with values reported in the literature [14,60].

Figures 15 and 16 present a comparison between the experimental and simulated TGA
curves for Beta- and Y-zeolite catalysts deactivated by coke, respectively. TGA measurements
were conducted at four heating rates: 5, 10, 15, and 20 °C/min. The correlation coefficients
for all eight curves were consistently high, indicating that the multi-curve kinetic model
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accurately captures the decomposition behavior of both Beta and Y zeolites. Overall, a strong
agreement is observed between the developed reaction model and the experimental data,
particularly within the two-step reaction framework. In this model, oy and a, represent the
degrees of conversion associated with the removal of soft coke and hard coke, respectively.

Table 4. Kinetic parameters of the catalyst decoking process of two zeolites.

Soft Coke Hard Coke Soft Coke Hard Coke Soft Coke Hard Coke
Catalyst Ao Ao Ea Ea % Weight % Weight R?
(kJ/mol) (kJ/mol) fraction fraction
Beta zeolite 32889.054 1172392.81 29.213 65.073 0.447 0.549 0.995
Y-zeolite 63259.456 2162227.39 37.196 67.411 0.451 0.553 0.996
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Figure 15. Comparison of experimental and predicted TGA for Beta zeolite catalyst at
different TGA heating rates: (a) 5, (b) 10, (c) 15, and (d) 20 °C/min.

The TGA simulation results indicate that the decomposition of soft coke (blue curve) occurs
at temperatures between 100 and 200 °C, while hard coke (green curve) decomposes at
higher temperatures, from 200 to 350 °C. The amount of soft coke accumulated on both
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catalysts is lower than that of hard coke. Notably, the fractions of soft and hard coke
deposited on Y-zeolite (0.451 and 0.553 wt%, respectively) are slightly higher than those on
Beta-zeolite (0.447 and 0.549 wt%). This observation is consistent with the physical properties
of Y-zeolite, which possesses higher acidity, larger surface area, and greater pore volume,
facilitating increased coke deposition. As presented in Table 4, the activation energy for the
second reaction step, corresponding to hard coke removal, is higher for both catalysts,
indicating that hard coke is more strongly bound to the zeolite surface, likely via chemical
interactions with the catalyst framework, and thus requires more energy for decomposition.
In contrast, soft coke, being primarily physically adsorbed, is removed more easily at lower
temperatures. Overall, the activation energies for coke decomposition on Beta-zeolite are
generally lower than those on Y-zeolite, reflecting that Beta requires less energy for coke
removal. This difference is attributed to the higher catalytic activity of Y-zeolite during the
alkylation reaction, which promotes greater coke formation and higher pre-exponential
factors, corresponding to an increased frequency of molecular collisions during
decomposition. These findings are in agreement with previously reported literature [61].
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Figure 16. Comparison between the experimental and the predicted data for Y zeolite
catalyst at different TGA heating rates: (a) 5, (b) 10, (c) 15, and (d) 20 °C/min.
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4. CONCLUSION

In this study, the catalytic performance of Al-rich Y-zeolite and Si-rich Beta zeolite was
systematically evaluated for the liquid-phase alkylation of toluene with 1l-octene under
varying reaction conditions, including reaction temperature, feed ratios, and catalyst loading,
to assess their impact on conversion and product selectivity. Reaction temperature
significantly influenced both 1-octene conversion and monoalkyltoluene selectivity, which
can be attributed to enhanced diffusivity and accelerated olefin isomerization at elevated
temperatures. Increasing catalyst loading improved conversion for both zeolites, with Y-
zeolite consistently showing higher selectivity across all isomers due to its greater density of
acid sites, resulting from a lower Si/Al ratio and larger external pore volume. Time-on-stream
studies demonstrated steady-state behaviour, suggesting that the higher acidity and superior
pore structure of Y-zeolite facilitated more efficient formation of carbenium ions required for
alkylation. Thermogravimetric analysis (TGA/DTG) revealed two distinct coke decomposition
peaks corresponding to soft and hard coke, reflecting catalyst deactivation patterns. The
activation energies for coke removal were slightly lower for Beta-zeolite (29.2 and 65.1 kJ/mol
for soft and hard coke) compared to Y-zeolite (37.2 and 67.4 kJ/mol), indicating that coke
deposited on Beta is less strongly bound. Nevertheless, Y-zeolite accumulated slightly more
coke, consistent with its higher catalytic activity and acid site density. In summary, Al-rich Y-
zeolite exhibited superior catalytic performance in terms of conversion, selectivity, and
reaction stability, attributed to its higher acidity, larger external pore volume, and favorable
pore architecture. These results emphasize the critical role of catalyst composition and
structural features in optimizing the alkylation of toluene with long-chain olefins.
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