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Abstract

This study investigated the textural properties of 13X zeolite, FeX zeolite, TiO2/FeX zeolite, ZnO/FeX zeolite, and
TiO2+ZnO/FeX zeolite using nitrogen adsorption-desorption data at consistent low temperatures. The adsorption-desorption isotherm
indicated that the studied materials have a type IV mesoporous structure, as defined by the International Union of Pure and Applied
Chemistry. The results of nitrogen adsorption data analysis using the Langmuir, Freundlich, and Brunauer-Emmett-Teller models
indicated that the data were best described by the Brunauer-Emmett-Teller model. The Barrett, Joyner, and Halenda model was used
to analyze the pore size distribution, pore diameter, and average pore volume of the adsorbents. After the ion exchange and loading
process, there was a notable decrease in surface area and pore size distribution values, while the reduction in pore volume was
minimal. Zeolite 13X showed a larger pore diameter, suggesting that some structural damage or the formation of wider pores within
the mesoporous range occurred during the ion exchange steps or modification by the addition of semiconductor oxides. In contrast,
the FeX zeolite exhibited a smaller pore size, indicative of a more compact microporous structure. While the modified zeolites—
TiO2, Zn0O, and TiO2+ZnO—demonstrated a consistent pore structure, suggesting stable mesoporosity with a smaller pore size, this

implies that some of the zeolite's pores were blocked or filled with TiO2 and ZnO particles.
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1- Introduction

Zeolites are crystalline, porous substances primarily
composed of aluminum, silicon, and oxygen, which form
the essential structural components [1]. Nanomaterials
feature at least one nanoscale structural element (ranging
from 1 to 100 nm), which gives rise to various distinct
properties and facilitates a wide array of applications.
According to the International Union of Pure and Applied
Chemistry, porous materials are classified into three
primary categories: microporous materials with pore sizes
under 2 nm, mesoporous materials with pore sizes
between 2 and 50 nm, and macroporous materials with
pore sizes exceeding 50 nm [2]. As crystalline silicates,
zeolites possess three-dimensional frameworks composed
of tetrahedra that create uniform pores [3]. Each pore is
bordered by four oxygen atoms surrounding a central
cation, providing a unique viewpoint for adsorption and
catalysis, particularly when subjected to heat [4].

The zeolite framework is composed of aluminum and
silicon coordinated tetrahedrally with oxygen, along with
water molecules. Also, the chemical composition of
zeolites usually contains mono- or divalent metal ions
such as sodium, potassium, magnesium, calcium, and
barium [5]. The physical and chemical properties of
zeolites change based on the Si/Al ratio. A low Si/Al ratio
(1 to 2) creates a hydrophilic surface, while a high ratio
(10 and above) leads to a hydrophobic surface [6]. Low-

silica zeolites, which are highly hydrophilic, exhibit
stronger interactions with polar molecules, such as water
[7]. The Si/Al ratio typically reflects the structural type
that offers chemical and thermal stability, influencing
zeolite applications. In X-type zeolite, the Si/Al ratio is
between 2 and 5, while in Y-type zeolite, it is 3 or higher
[8]. Expanding zeolite usage involves structural
modifications; ion exchange reactions using cationic
surfactants significantly alter the surface properties of
zeolites. Zeolite is crucial to adjust the chemical makeup
and content of ion exchange materials through appropriate
pretreatment. In order to enhance ion exchange efficiency
and create a porous material with high adsorption
capacity, the zeolite should possess a large specific
surface area and a porous structure rich in micropores.
Moreover, due to its distinctive pore size, zeolite can hold
water and exchangeable cations within its crystalline and
porous framework [9-11].

Zeolites are extensively used for various purposes, such
as adsorbents [12, 13], sorbents for dyes [14, 15], heavy
metals [16, 17], and various contaminants in both
wastewater and natural water [18]. Additionally, zeolites
are used as molecular filters [19], ion exchange materials
[20], and catalysts [21]. Zeolites are generally divided
into two main types: natural and synthetic, each
possessing unique properties and applications [22-25].
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Natural zeolites typically form through the interaction
between groundwater and sedimentary rocks. Common
variations include Clinoptilolite, Mordenite, Chabazite,
Phillipsite, and Analcime. The industrial applications of
natural zeolites are limited, as their properties are closely
tied to their crystal structures, and the channel diameters,
ranging from 0.30 to 4 nm, prevent the adsorption of
larger gas molecules and organic compounds [26, 27].

Synthetic zeolites are created by heating materials such
as China clay, feldspar, and soda ash [23, 28]. Research
has identified over 200 varieties of synthetic zeolites [29],
including zeolite A, X, Y, ZSM5, and Beta [4]. Although
zeolites offer numerous benefits and play a significant
role in chemical processes, they also have drawbacks. The
main challenge is that when the sizes of reactants are
comparable to or exceed micropores, access to active sites
becomes restricted, leading to diffusion difficulties. In the
production of nano zeolites, a notable increase in external
surface area is achieved, producing hierarchical zeolites
that enhance diffusion pathways [30].

Numerous techniques have been developed to
synthesize hierarchical zeolites, which can be broadly
categorized into two primary groups: top-down and
bottom-up methods [30]. Moreover, zeolites exhibit
several characteristics, including molecular sieving, shape
selectivity, large surface area, adjustable pore sizes,
exceptional thermal and hydrothermal stability,
customizable acidity, crystallinity, and ion exchange
capabilities [31-33].

Zeolite X has a Faujasite-type structure, making it a
valuable model for natural zeolites [27, 34], and its
framework exhibits a tetrahedral arrangement of sodalite
elements or truncated octahedra. Each sodalite component
contains six square oxygen atom faces and eight
hexagonal faces, creating an enhanced structure that
defines zeolite X [35]. Zeolite X structure features
substantial cavities, either spherical or elliptical,
approximately 13 A in diameter, referred to as
supercages, which are accessed through channels
measuring 8-9 A in diameter. At the same time, the
interior of the truncated octahedron incorporates smaller
cavities roughly 6.6 A in diameter, with an entrance
through the hexagonal face of about 2.2 A. In zeolite type
13X, the negative charge is offset by an adequate number
of cations, facilitating electrostatic interactions [36].
Zeolite 13X has a low Si/Al ratio in its framework, which
translates into high ion exchange capacity, strong sorption
abilities, and a relatively large pore size that maximizes
photoactivity, positioning it as an optimal adsorbent
among various zeolites [36].

Heterogeneous photocatalysis has emerged as a highly
effective strategy for the degradation and total
mineralization of persistent organic pollutants [37],
attracting significant scientific and industrial interest [38,
39]. Various catalysts have been investigated to degrade
phenol through light irradiation. Among these, titanium
dioxide (TiO;) and zinc oxide (ZnO), which are
semiconducting photocatalysts, hold a prominent position
in photocatalysis [40]. TiO, has a bandgap energy (Eg)
between 3.0 and 3.2 eV, requiring excitation by light
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wavelengths shorter than approximately 400 nm [41],
enabling it to decompose toxic organic pollutants in water
by generating hydroxyl radical with high oxidation
potential. TiO, exists in three crystalline forms: anatase
and rutile, which are the most common, and brookite, an
orthorhombic structure that is rarely utilized [42]. Rutile's
crystalline size is always greater than that of the anatase
phase. ZnO is also a prevalent and low-cost material,
making it one of the most promising substances for the
development of new environmental technologies [43, 44].
The properties of the ZnO semiconductor make this oxide
a catalyst for the degradation of several recalcitrant
substances through heterogeneous photocatalysis [45].
The band gap of bulk ZnO is 3.44 eV at low temperatures
and 3.37 eV at room temperature [46], a value nearly
identical to that of TiO,.

This study examines the textural characteristics of 13X
zeolite and its modified forms, including Fe (Il)-
exchanged FeX zeolite, and synthesizing TiOx/FeX
zeolite, ZnO/FeX zeolite, and TiO,+ZnO/FeX zeolite via
the impregnation technique, using the N adsorption-
desorption method. The data gathered will be fitted to
multiple adsorption isotherms, including the Langmuir,
Freundlich, and Brunauer-Emmett-Teller (BET) methods,
to calculate the BET surface area (Sger) and assess the
total surface area. At the same time, the Halsey equation
will be used to calculate the thickness of the adsorbed
layer on the pore walls. Additionally, the Barrett-Joyner-
Halenda (BJH) method will provide information on pore
size distribution, pore diameter (dgn), and pore volume

(Vp).

2- Experimental work

2.1. Chemicals

All chemicals used in the research were obtained from
local markets and supplied by various companies.
Unmodified zeolite 13X (Nasgs[(AlO2)ss(SiO)106].H20)
provided by Sigma-Aldrich (Germany). The ion exchange
process required the use of 35-38% hydrochloric acid
(HCI) and hydrated ferrous sulfate (FeSO4-7H,0), both of
which were supplied by SDFCL and COH (India).
Absolute ethanol (C,HsOH) with 99.5% purity (Scharlab,
Spain) was used in the surface modification process with
the semiconductors, which were titanium dioxide (TiO2
nanoparticles) with 99.5% purity from US Research
Nanomaterials, Inc., and zinc oxide (ZnO nanoparticles)
with 99.8% purity from Skyspring Nanomaterials, Inc.
(USA).

2.2. Madification of 13X zeolite catalyst

Zeolite 13X was ground into a fine powder and sieved
to yield particles with a size range of 70 to 99
micrometers (um). The sieved zeolite underwent thorough
washing with distilled water and deionized water to
eliminate impurities. The washed 13X zeolite was filtered
through filter paper using a Buchner funnel and a vacuum
pump, then dried overnight in an oven. Subsequently, the
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dried 13X zeolite was treated with a 0.1 M HCI solution
at a ratio of 10:1 (HCI solution volume to zeolite weight)
and then separated using filter paper. The treated 13X
zeolite was washed repeatedly with distilled water until its
pH reached 7, dried overnight at 60 °C, and calcinated at
550 °C for 3 hours. The calcined 13X zeolite was then
submitted to an ion exchange process, which was carried
out at 80 °C for 8 hours and involved a 0.319 M solution
of ferrous sulfate heptahydrate (FeSO4-7H,0) as a source
of iron to replace the sodium ions in the zeolite. The
exchanged 13X zeolite was washed and filtered multiple
times with deionized water to remove any unexchanged
Fe (II). The modified catalyst was subsequently dried
overnight in an oven and finally calcined at 550 °C for 3
hours.

2.3. Addition of the semiconductors (TiO2 and ZnO)

Two types of semiconductors, TiO, and ZnO, were
employed to produce three catalyst variants: TiO./FeX
zeolite, ZnO/FeX zeolite, and TiO,+ZnO/FeX zeolite
through the solid-state dispersion technique. Five grams
of FeX zeolite were suspended in 55 mL of absolute
ethanol at room temperature. Then, a semiconductor
comprising 10% by weight of the catalyst and the mixture
was stirred for 10 hours. The catalyst was then dried by
evaporation at 110°C and finally calcined at 450°C for 5
hours.

2.4. Adsorption-desorption measurements

N adsorption and desorption amounts (in cm®/g) were
measured for samples of 0.3246 g for 13X zeolite, 0.1519
g for FeX zeolite, 0.1781 g for TiO2/FeX zeolite, 0.1268 g
for ZnO/FeX zeolite, and 0.1913 g for TiO2+ZnO/FeX
zeolite, using BELsorp, Mini2, JAPAN instrument.
Subsequently, data were taken to study adsorption-
desorption isotherms, determine the specific surface area
(SeeT), particle size distribution, pore diameter, and pore
volume (Vp).

3- Theoretical work

3.1. Langmuir isotherm model

The Langmuir isotherm is an empirical model that
assumes adsorption occurs at a limited number of well-
defined, localized sites, forming a single molecular layer
(monolayer adsorption) on the surface [47]. Eq. 1 can
represent the linear form of the Langmuir isotherm model.
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In this context, P (mmHg) denotes the equilibrium
pressure, and V (cmé/g (STP)) refers to the volume of
nitrogen adsorbed at a specific pressure and constant
temperature. Meanwhile, Vi, (cm3/g (STP)) indicates the
maximum volume of nitrogen that can be adsorbed to
create a complete monolayer on the solid surface. The
term K. (1/mmHg) represents a Langmuir constant,
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reflecting the degree of interaction between the gas and
the solid surface, which correlates with variations in
surface area and porosity of the adsorbent. This model
suggests that a larger surface area and pore volume (Vp)
result in increased adsorption capacity [48]. Plotting P/V
against P should produce a straight line, where the slope
and intercept are utilized to calculate the monolayer
maximum adsorption capacity and the Langmuir constant.

3.2. Freundlich isotherm model

The Freundlich isotherm represents a mathematical
relationship that characterizes non-ideal and reversible
adsorption processes, making it one of the earliest
established models in this field. Freundlich isotherm
applies to multilayer adsorption, assuming energetic
heterogeneity throughout the adsorbent surface. The
model's linear expression can be depicted as Eq. 2 [49].
an:anf+%lnP 2

Here, V (cm3/g (STP)) refers to the volume of nitrogen
adsorbed at a specific pressure and constant temperature.
In contrast, the Freundlich constant is denoted by Ky, and
n represents the heterogeneity factor [49].

3.3. BET isotherm model

The BET isotherm is regarded as one of the most
reliable methods for determining the surface area of solid
materials. The surface area is assessed using the BET
equation, which is based on a specific section of the gas
adsorption isotherm. The analysis isotherm relies on
adsorption isotherms of inert gas molecules, such as
nitrogen or argon, over a pressure range that includes
monolayer coverage. The BET isotherm serves as a
theoretical equation for calculating the surface area of
gas-solid equilibrium systems Eq. 3 [50].

) ey, 1
v[1-(%)] T VimC (P") + VinC

Where: V (cm3/g (STP)) represents the volume of
nitrogen adsorbed at a specified pressure and constant
temperature, Vi (cmd/g (STP)) denotes the maximum
volume of nitrogen that can be adsorbed to achieve a
complete monolayer on the solid surface. At the same
time, C consistently reflects the difference between the
heat of adsorption in the first layer and the heat of vapor-
liquefaction.

Applying the BET equation to the nitrogen adsorption
data obtained was only possible within a narrow range of
relative pressures (ranging from 0.05 to 0.3) [51]. A plot

of (f)/(v(l—(f)» versus (Pi) should vyield a

straight line with a positive slope, then V,, and C can be
determined from the intercept and slope [52].
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3.4. Evaluation of the total surface area

The assessment of the aggregate surface area of the
samples was implemented utilizing Eq. 4.

_ VimNAp
v

SA

(4)
Where: N is Avogadro number (6.0221 x 102 mol?),
An is the cross-sectional area of the adsorbate and equals
0.162 nm?, and V is the molar volume for nitrogen, which
equals 22414 cm®mol.
3.5. Thickness of the adsorbed layer
The Halsey equation (Eq. 5) offers a method to

calculate the thickness of the adsorbed layer left on the
pore walls [53].

0333
_ -5
t a 3.54 (ln(§)>

3.6. BJH pore diameter and volume

®)

The BJH method determines desorption pore diameter
(desw) and the pore volume (V,) of the adsorbent from
experimental data by examining N2 adsorption-desorption
isotherm data. The BJH model was developed in 1951
[54], based on the assumption that all pores are
cylindrical, nonintersecting, and have open ends. The pore
radius is regarded as the sum of the Kelvin radius and the
thickness of the adsorbed layer, as noted in the adsorption
process Eq. 6 [55, 56].

n(2) -

Where: (r - t) represents the average pore radius, y
denotes the surface tension of the adsorbate in N/m, v
indicates the molar volume of the adsorbate, 0 is the
contact angle between the adsorbate and adsorbent
(assumed to be 0°) in m3¥/mole, R is the gas constant,
valued at 8.314 J/K mole, and T refers to the absolute
temperature in K.

_ 2yvcos 0
RT(r—t)

(6)

4- Results and discussion

4.1. N, physisorption isotherms

The N isotherms for 13X zeolite, FeX zeolite,
TiOz/FeX zeolite, ZnO/FeX zeolite, and TiO.+ZnO/FeX
zeolite were shown in Fig. 1. The adsorption isotherm,
represented by the thick line, plots P/P° from zero to
vacuum of the absorbate against the amount of N:
adsorbed, known as adsorption. Conversely, adjusting the
isotherm to vacuum pressure yields a well-defined dashed
line, termed desorption, as displayed in Fig. 1.

The maximum amounts of N> adsorbed at P/P° for the
samples were 52.13 cmd3/g for 13X zeolite. After the ion
exchange process, the adsorption amount increased to
173.79 cm3/g for FeX zeolite. The increase in Fe content
in FeX zeolite after ion exchange is attributed to the
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successful substitution of Na* in the zeolite framework
with Fe’* ions from the solution, demonstrating that the
zeolite possesses a high ion exchange capacity and a
strong affinity for Fe** ions. The addition of TiO> resulted
in a reduction in the adsorption rate, measuring 159.07
cm3/g for TiOx/FeX zeolite. The decrease in adsorption
after introducing TiO, may stem from partial pore
blockage and a reduction of specific surface area, as TiO»
particles may coat the surface or accumulate in the pores,
restricting the accessible area for adsorption. The
adsorption rate continued to decline, reaching 155.75
cm3/g for ZnO/FeX zeolite. The reduction in adsorption
after adding ZnO might also be due to the formation of
ZnO agglomerates on the zeolite surface, which could
diminish surface uniformity and obstruct adsorption
pathways, resulting in reduced efficiency. The
combination of TiO, and ZnO produced the lowest
adsorption value among all tested samples, at 150.50
cm¥/g for TiO,+ZnO/FeX zeolite. The decrease in
adsorption could be attributed to possible interactions
between TiO, and ZnO, resulting in denser or less porous
surface structures. Such structural alterations may
decrease the number of available adsorption sites and
hinder the diffusion of adsorbate molecules into the pores,
as portrayed in Fig. 1.

The N2 physisorption data were analyzed to identify the
type of isotherm and characterize the adsorption process
for the chosen zeolites. The quantity of N, adsorbed
showed a gradual increase followed by a steep rise at high
relative pressure (P/P°), as illustrated in Fig. 1, where the
curve displayed a distinct hysteresis loop. The nitrogen
adsorption-desorption isotherm measured at 77 K reveals
type 1V behavior, as classified by the IUPAC, indicating
the presence of mesoporous structures. An H3 type
hysteresis loop, depicted in Fig. 1(a), is characterized by
its open and non-saturating properties at elevated P/P°
(over 0.8), indicating capillary condensation in slit-like
pores commonly observed in materials with layered or
plate-like features. At lower relative pressures, nitrogen
absorption increases steadily, followed by a more
pronounced rise at intermediate to high P/P°, indicating
multilayer adsorption and pore filling through capillary
condensation.

The N2 physisorption results for the synthesized FeX
zeolite, created via ion exchange, exhibited a similar
adsorption behavior to that of the 13X zeolite sample in
terms of isotherm shape. However, the FeX zeolite
demonstrated a significant increase in the amount
adsorbed and a more pronounced hysteresis loop.
According to the IUPAC classification, this behavior
corresponds to a type IV isotherm with an H3-type
hysteresis loop, indicating the presence of mesoporous
structures with either irregular or plate-like morphologies.
This outcome can be attributed to the ion exchange
process, which likely modified the material's structural
properties, increased the number of active surface sites,
and facilitated the formation or opening of additional
mesopores, ultimately enhancing the material's adsorption
capacity, as illustrated in Fig. 1(b).
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After incorporating TiO. into the FeX zeolite, we
observed a notable decrease in adsorption capacity,
characterized by a less pronounced hysteresis loop and a
slight gap between the adsorption and desorption
branches, as seen in Fig. 1 (c). The alteration suggests a
reduced level of mesoporosity, as indicated by a smoother
isotherm and a consistent increase in adsorption.
According to IUPAC classification, the TiO,/FeX zeolite
still falls under type IV and displays an H4-type
hysteresis loop, which is typically associated with
materials having narrow or irregular pore structures. The
observed behavior is likely due to the presence of TiO;
particles coating the surface of the FeX zeolite, which
may have blocked or narrowed some mesopores, thus
decreasing the number of active sites and the available
surface area for adsorption compared to the 13X and FeX
zeolites. After the addition of ZnO to the FeX zeolite, a
further reduction in adsorption capacity was noted;

04

08

(PIP®).-

O]
Fig. 1. N2 adsorption-desorption isotherm for (a) 13X zeolite (b) FeX zeolite (¢) TiO2/FeX zeolite (d) ZnO/FeX zeolite
(e) TiO2+ZnO/FeX zeolite
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however, the ZnO/FeX zeolite maintained its unique
adsorption characteristics, exhibiting a clear and broader
hysteresis loop, as illustrated in Fig. 1 (d). Based on the
IUPAC classification, ZnO/FeX zeolite exhibits a type 1V
isotherm with an H2-type hysteresis loop, typically
associated with irregular pores that possess narrow and
complex openings. This behavior can be explained by the
influence of ZnO particles on the zeolite's porous
structure, which may have led to a redistribution or partial
blockage of some effective pores, ultimately reducing the
number of active adsorption sites. Nevertheless, some
mesoporosity remained, contributing to the hysteresis
pattern observed.

The TiO,+ZnO/FeX zeolite exhibited a behavior similar
to that of the ZnO/FeX zeolite regarding the shape of the
adsorption curve, though with a slightly reduced
hysteresis loop, as shown in Fig. 1 (e). As per IUPAC
classification, the TiO2+ZnO/FeX zeolite corresponds to a
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type 1V isotherm characterized by an H3 type hysteresis  desorption influenced by the effects of pore shape and
loop with an upward-opening shape, typically associated  capillary condensation.

with slit-like or irregular pores. The slight decrease in

mesoporosity is attributed to the presence of 4.2. Adsorption-desorption isotherm models
semiconductors (TiO2 and Zn0O), which may have blocked

or narrowed some pores, thereby reducing the number of The three isotherms-Langmuir, Freundlich, and BET-
active adsorption sites and the overall adsorption capacity, ~and their associated mathematical models were used to
while maintaining the material's overall mesoporous characterize the N, adsorption behavior on the surfaces of
structure. The 13X zeolite displayed a narrower hysteresis 13X zeolite, FeX zeolite, TiOz/FeX zeolite, ZnO/FeX
loop and lower adsorption amounts compared to the other ~ zeolite, and TiO+ZnO/FeX zeolite.

samples, as indicated in Fig. 1(a), suggesting a weaker

interaction between the material surface and nitrogen  4.2.1. Langmuir isotherm model

molecules, along with a diminished number of effective

pores. Fig. 1 (b), (c), (d), and (e) illustrate significant The Langmuir model results were obtained from
increases in nitrogen adsorption, indicating enhancements ~ experimental data using the appropriate equation (Eg. 1).
in surface area and pore volume after ion exchange and  Constants were calculated from the slope and intercept of
loading procedures. The measurements conducted at 77 K the linearized version of the model, which was plotted in
reveal a gradual adsorption trend at low P/P°, followed by ~ Fig. 2. These results indicate that the model poorly
a significant spike in the P/P° range from 0.45 to 0.80, represents the adsorption process, as indicated by a low
reflecting multilayer adsorption and incremental pore  correlation coefficient (R?) value, suggesting that
filling. The hysteresis loops remain open, indicating slow  adsorption does not occur on a uniform surface or as a

single layer.
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The adsorption capacity (Vm) was measured at a low
value of 74.07 cmd/g for the 13X zeolite, demonstrating
inadequate adsorption performance. After the ion
exchange, the adsorption capacity significantly increased
to 227.27 cm®g for the FeX zeolite, likely due to the
creation or activation of extra adsorption sites. However,
the inclusion of TiO, caused a decline in capacity to
208.33 cm’/g for the TiO,/FeX zeolite, potentially
because of active site blockage or alterations in surface
properties. Conversely, adding ZnO boosted the capacity
to 312.50 cm®/g for the ZnO/FeX zeolite, likely by
enhancing surface reactivity. The concurrent addition of
both TiO, and ZnO resulted in a further reduction in
capacity to 204.08 cm3/g for the TiO2+ZnO/FeX zeolite,
possibly due to interference or diminished accessibility of
active sites, as in Table 1. When comparing these findings
with those from a previous study [11], the adsorption
capacity of NaX zeolite was found to be greater than that
of the 13X zeolite, while the FeX zeolite showed a lower
capacity compared to the present FeX zeolite. The
variability in performance is likely due to differences in
particle size, which in this study (70 to 99 um) were
larger than the 75 um particles used previously [11].

Larger particle sizes typically result in a reduced surface-
to-volume ratio, leading to a smaller available surface
area and fewer active adsorption sites, which could
notably affect adsorption efficiency, particularly in porous
materials, where surface area and porosity play critical
roles in pollutant capture.

4.2.2. Freundlich isotherm model

The physisorption of N, gas on the samples was
assessed using Eq. 2, where plotting In V against In P
produces a straight line with an intercept of In K and a
slope of 1/n, as illustrated in Fig. 3. All samples displayed
straight line graphs with R? greater than that of Langmuir
and less than that of BET, signifying a moderate
interaction between the synthesized zeolites and nitrogen
gas at 77 K. The "n" value indicates the adsorption
intensity for the physisorption mechanism, ranging from
1.05 to 1.48 for the samples analyzed. The modified
zeolites FeX and TiOJ/FeX show higher "n" values
(1.5017 and 1.5436) and Ky values (1.1638 and 1.0748),
respectively, in comparison to the other synthesized
catalysts, as detailed in Table 1.
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Fig. 3. N2 adsorption isotherm by the Freundlich model for (a) 13X zeolite, (b) FeX zeolite, (c) TiOz/FeX zeolite, (d)
ZnO/FeX zeolite, (e) TiO,+Zn0O/FeX zeolite
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4.2.3. BET isotherm model

The BET isotherm model (Eq. 3) aligns closely with the
nitrogen adsorption data presented in Fig. 4, confirming
the mesoporous nature of the samples. All five samples
exhibited the highest R2 values, as in Table 1, when fitted

0.220

0.200

0.180

0.160

using the BET model, indicating that this model most
accurately represents the nitrogen adsorption behavior and
validates the materials' mesoporous structure. Although
closely aligned with the BET model, the adsorption
capacity showed erratic trends and significant variations
during the different treatment phases.
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Fig. 4. N2 adsorption isotherm by the BET model for (a) 13X zeolite (b) FeX zeolite (c) TiO2/FeX zeolite (d) ZnO/FeX
zeolite (e) TiO,+ZnO/FeX zeolite

Table 1. The parameters and R? for the isotherm models

Isotherm model 13X zeolite FeX zeolite TiO,/FeX zeolite ZnO/FeX zeolite TiO,.ZnO/FeX zeolite
Vi, cm’/g 74.07 227.27 208.33 312.50 204.08
Langmuir K, V/mmHg 0.0003 0.0010 0.0008 0.0004 0.0008
R?, - 0.0217 0.241 0.1645 0.0572 0.1495
K, cm*/g/(mmHg)'"™ 0.0397 1.1638 1.0748 0.5467 0.8658
Freundlich n, - 1.0595 1.5017 1.5436 1.3424 1.4896
R?, - 0.7185 0.8408 0.7939 0.7968 0.8012
Vi, cm’/g 9.62 21.79 16.39 13.62 14.99
BET C,- 76.85 51.00 87.14 73.40 95.29
R?, - 0.9999 0.9997 0.9999 0.9999 0.9999
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The 13X zeolite displayed a low capacity of 9.62 cm?3/g,
which significantly increased to 21.79 cm?3/g following
the ion exchange of FeX zeolite, likely due to the
activation of surface sites. However, after loading TiO,
onto the TiOx/FeX zeolite, the capacity declined sharply
to 16.39 cm3/g, and remained low at 13.62 cm3/g after
ZnO was loaded solo onto the ZnO/FeX zeolite. A slight
uptick was observed after the combined loading of TiO;
and ZnO onto the TiO,+ZnO/FeX zeolite, rising to 14.99
cm?3/g. These results indicate that, while the mesoporous
structure remained relatively stable, as confirmed by the
BET model, the chemical alterations made at each
treatment stage directly impacted the adsorption
efficiency. In contrast to a prior study [57] higher
adsorption capacities were reported for NaX and FeX, due
to smaller particle sizes compared to the present study.
Larger particle sizes tend to have a lower surface area-to-
volume ratio, which can potentially reduce the availability
of active sites and result in diminished adsorption
performance.

The main feature evaluated by the BET model was the
surface area, which was calculated and listed in Table 2.
The calculated values were 104.37 m2/g for 13X zeolite,
94.79 m2/g for FeX zeolite, 71.33 m&g for TiOz/FeX
zeolite, 59.28 m2/g for ZnO/FeX zeolite, and 65.20 m#/g
for TiO2+ZnO/FeX zeolite. The surface area of 13X
zeolite is lower than that measured for NaX zeolite [11]
and 13X zeolite [58]. This discrepancy may result from
variations in the raw zeolite source, as factors like purity,
initial moisture content, impurity levels, storage
conditions, and the grinding and sieving process can all
influence the zeolite's surface properties. Additionally, the
change in particle size distribution after grinding may
alter the accessibility of micropores, further influencing
the measured surface area. For the current FeX sample,
the surface area was also less than that of FeX zeolite [11]
and Fe,03-13X [58]. The reduction in surface area for the
FeX zeolite in this study, compared to earlier findings,
may be attributed to wvariations in ion exchange
conditions, including iron solution concentration,
exchange duration, and temperature. These factors may
cause some iron ions to deposit partially within the
micropores or on the internal surfaces of the zeolite,
blocking specific pore channels and consequently
reducing the effective surface area. Furthermore, uneven
distribution of iron ions within the porous structure might
also explain the decrease in observed surface area values.

The BET surface area of TiO./FeX zeolite surpassed
that of TiOy/natural zeolite [59] and TiOJ/natural zeolite
[60]; however, the BET surface area was greater than that
of TiO2/ZSM-5 [61]. The higher BET surface area of
TiO2/FeX zeolite compared to TiO2/natural zeolite can be
explained by the more ordered pore structure and
enhanced initial purity of the synthetic 13X zeolite, which
facilitates better dispersion of TiO; nanoparticles.

In comparison to TiO2/ZSM-5, the TiO,/FeX composite
exhibited a greater surface area, likely due to the more
open pore structure of 13X zeolite. On the other hand,
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ZSM-5 has a denser and narrower channel system, which
restricts surface accessibility. The BET surface area of
ZnO/FeX was lower than that of ZnO/NaY zeolite and
ZnO/Na-a zeolite [62, 63]. The reduced BET surface area
of ZnO/FeX relative to ZnO/NaY and ZnO/Na-a zeolite
can be attributed to variations in framework structure and
pore volume, as Y-type zeolites typically have larger
supercages and greater mesoporosity, enabling better ZnO
dispersion and resulting in a higher surface area, while
Na-a zeolite has a tighter and more limited pore system.

Additionally, the t-plot method is crucial for accurately
evaluating the surface area and pore volumes of
mesoporous zeolites. In the t-plot, the N2 adsorption
volume was plotted versus the thickness of the adsorbed
layer (in nm) as shown in Fig. 5. As shown in Fig. 5 (a)
and Fig. 5 (b), FeX zeolite has a significantly larger N;
adsorption capacity across all t values compared to the
13X zeolite. This result indicates that the ion exchange
process (Na with Fe(ll)) has positively contributed to the
increase in adsorption capacity. Furthermore, Fig. 5 (c),
Fig. 5(d), and Fig. 5 (e) unequivocally show a decrease in
N2 adsorption after the loading of semiconductors. In
contrast, the step of adding semiconductors to the FeX
zeolite was accompanied by an apparent decrease in the
ability to absorb N>, as shown in Fig. 5 (c), Fig. 5 (d), and
Fig. 5 (e), and these results were in good agreement with
previous works [64, 65].

The external surface area described by the t-plot is
calculated using the Halsey Eq. 5. The internal surface
area (Sin) was calculated by subtracting the external
surface area (Sext) from the total surface area obtained by
the BET model (Sger), and the results are listed in Table
2.

4.3. BJH pore diameter and volume

The N adsorption-desorption measurements of 13X
zeolite, FeX zeolite, TiO,/FeX zeolite, ZnO/FeX zeolite,
and TiO2+ZnO/FeX zeolite were used to determine the
pore size distribution via Eq. 6, and they were plotted in
Fig. 6.

The pore size distribution for FeX zeolite (Fig. 6, b) was
noted to be narrower than that of the other materials (Fig.
6 a, ¢, d, and e), indicating a more consistent pore size.
The calculated mode pore size diameter was tabulated in
Table 3, and was 6.91 nm for 13X zeolite, 1.87 nm for
FeX zeolite, and 2.12 nm for each of TiO./FeX zeolite,
ZnO/FeX zeolite, and TiO,+ZnO/FeX zeolite. Variations
in total pore volumes were also evident among the
adsorbents, with values of 0.3166 cm3/g for 13X zeolite,
0.2528 cm?/g for FeX zeolite, 0.2339 cm3/g for TiO./FeX
zeolite, 0.2314 cmd/g for ZnO/FeX zeolite, and 0.2228
cm3/g for TiO,+ZnO/FeX zeolite. FeX zeolite exhibited
not only a narrower pore size distribution but also the
highest total pore volume. Moreover, the addition of TiO»
or ZnO to the FeX zeolite led to slightly decreased total
pore volumes compared to FeX zeolite.



R. H. Ali et al./ Iragi Journal of Chemical and Petroleum Engineering 26, 4 (2025) 73 - 88

Table 2. Specific surface area of different modified zeolites

; 2
seolite Specific surface area, m°/g Reference
SeET Sext Sint
13X 104.37 16.12 88.25 Current study
Na-X 569.14 - - [11]
13X 573.00 - - [58]
Fe-X 94.79 8.34 86.45 Current study
FeX 213.31 - - [11]
Fe205-13X 541.00 - - [58]
TiO2/ FeX 71.33 7.53 63.80 Current study
TiO»/ natural zeolite 31.4 - - [60]
TiO2/ZSMS (TZ2600) 47.10 - - [61]
ZnO/FeX 59.28 6.55 52.72 Current study
ZnO /NaY 417.8 35.7 382.1 [62]
ZnO/Na A 91.73 - - [63]
TiO2+ZnO/FeX 65.20 6.87 58.33 Current study
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Table 3. The BJH pore diameter and volume of different modified zeolites

Zeolite dpyu, NM Vo, cm‘/g Reference
13X 691 0.3166 Current study
Na-X 2.45 0.3490 [11]
13X 2.30 0.3600 [58]
FeX 1.87 0.2528 Current study
FeX 5.19 0.2768 [11]
Fe,05-13X 2.60 0.2100 [58]
TiO,/FeX 2.12 0.2339 Current study
TiO,/ natural zeolite - 0.067 [60]
TiOy/ZSMS5 (TZ2600) - - [61]
ZnO/FeX 2.12 0.2228 Current study
ZnO /NaY - - [62]
ZnO/Na A 22.60 0.0005 [63]
TiO,+ZnO/FeX 2.12 0.2228 Current study
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5- Conclusion

The physical adsorption-desorption technique of nitrogen
gas was employed to investigate the textural properties of
zeolite samples and modified zeolites by ion exchange
and incorporation of semiconductor oxides on their
surface. The studied zeolites showed IUPAC type IV
adsorption isotherms with distinct hysteresis types H2,
H3, and H4, indicating a mesoporous structure. The
obtained experimental data for the studied zeolites did not
conform to the Langmuir and Freundlich adsorption
models, indicating that the adsorption process was neither
ideal nor straightforward. This implies that multiple
potential mechanisms were involved in the adsorption.
The Langmuir model assumes uniform adsorption on the
surface and a monolayer. In contrast, the Freundlich
model is empirical and ignores saturation effects,
rendering both models insufficient for accurately
describing actual adsorption behavior. Conversely, the
BET model provided the best fit to the experimental data
for all tested samples and was used to estimate the total
surface area values of the zeolites. The calculated surface
area of the zeolites decreased with the modification and
addition steps, and the external surface area also exhibited
a similar behavior according to the Halsey model. A
significant decrease in surface area was observed upon the
addition of TiO, and ZnO, which was attributed to the
partial blockage or filling of the zeolite pores by these
semiconductor metal oxide particles. These findings were
supported by the results of the BJH model, which
demonstrated that FeX zeolite exhibited the narrowest
pore size distribution and the highest pore volume.
Meanwhile, the addition of TiO, and ZnO resulted in a
slight decrease in the overall pore volume without
significantly changing the pore size. The treated samples
exhibited distinct surface characteristics, indicating that
the modification processes significantly altered the
physical properties of the zeolite.
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