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Abstract

Hierarchical zeolite has multilevel porosity to enable accurate and unhindered
diffusion of reactant and product in the zeolite framework. It is an advanced
material used to correct the constraint encountered in the conventional zeolite
with a micropore system. The development of hierarchical zeolites involves
using a mesopore-creating agent to create maximum porosity. This method
usually deposits hazards to the environment and requires very high energy to
remove them after their synthesis procedure. The additive-free synthesis of
hierarchical zeolite is an advanced move to correct the synthesis of hierar-
chical zeolite Y. The report is on additive-free hierarchical zeolite Y from Aloji
kaolin. The synthesized hierarchical zeolite Y has a surface area of 489.09 m?/g,

a pore size of 5.76 nm and can be applied in chemical engineering processes.
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1. Introduction

Zeolites are essential materials in catalysis, separation, and ion exchange pro-
cesses. It is particularly important in industrial processes. The applicability of ze-
olites is linked to their exceptional flexibility as solids whose structure and surface
properties can be tuned to suit a particular purpose. They are valid in water sof-
tening [1], removal of heavy metal from the soil [2], odor control [3], and petro-

chemical industries. Generally, zeolites are synthesized from sodium aluminosili-
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cate gel formed from various silica and alumina sources by hydrothermal treat-
ment. However, the source of synthetic aluminosilicate reagents for preparing
synthetic zeolites has higher cost implications and generates environmental waste
[4] [5]. They are costly because of the high technology involved in their produc-
tion. However, they have the advantage of having minimum impurities. The
search for a cheap source of silica and alumina for the synthesis of zeolite moti-
vated most researchers to use different geological materials and industrial wastes
like coal fly ash [6] [7] and kaolin [8] [9]. The use of kaolin in synthesizing zeolite
has continued to interest researchers over the years due to its easy accessibility,
low impurities, and environmental friendliness. The application of these catalysts
depends mainly on their micropores which possess some constraints to bulky re-
actants and products. However, the small pore sizes restrict molecular diffusion
and mass transport within zeolite crystals and prohibit large molecules from ac-
cessing the intra-crystalline active sites [10]. Consequently, slow diffusion often
limits adsorption processes and catalytic reactions, and zeolites cannot catalyze
reactions involving large molecules [11] [12]. Developing hierarchical zeolites
with qualities such as long lifetime, high catalytic performance, postponed coking,
and deactivation will reduce the constrain observed in the conventional zeolite
catalyst. Traditional synthesis strategies of hierarchical zeolites via post-treatment
or directing synthesis with mesoporous templates are characterized by high en-
ergy consumption and substantial use of expensive and environmentally un-
friendly organic templates. A new green synthesis approach has emerged to effec-
tively synthesize hierarchical zeolites that involve self-pillaring, steaming, seed as-
sistance, and kinetic control of crystallization parameters [13]. These additive-free
synthesis routes of hierarchical zeolite are ones in which the morphology modify-
ing agent (mesoporogen) is avoided [14]. The additive-free route has industrial
importance in zeolite catalysts for catalytic applications. The introduction of mes-
oporosity in zeolite Y is affected by the following factors: reduction of crystalliza-
tion temperature, the precursor’s molar concentration, and the solvent’s quantity
(water). The control of the nucleation and crystal growth of precursor gel by var-
ying the crystallization parameters forms hierarchical zeolites without external
templating agents [15]-[17]. The nucleation and growth of the synthesis precursor
are controlled by adjusting of crystallization parameters. Adjusting the Si/Al ratio
from 1.1 to 1.9 through a hydrothermal process synthesizes hierarchical zeolite Y
without additives. The crystallization of the zeolite in the Teflon stainless steel
autoclave at a temperature of 100°C for 24 h. The synthesized zeolite Y has a mi-
cropore of 0.74 nm and a mesopore of 10 nm [18]. The synthesis precursors of
hierarchical zeolite Y with the molar concentration of AL,Os: 4.9 - 12 Na,O: 3.6 -
14 SiO,: 214 - 300 H,O were ice-bathed for 1 h. aged at room temperature for 24
h and crystallized at 60°C for 48 h [19]. Preparing the synthesis gel at 0°C using
an ice bath is a promising way to synthesize sub-micron-sized zeolite Y particles.
An additive-free hierarchical zeolite Y with a molar concentration of AL,O;: 13.6
- 36 Na,O: 3 - 8 SiO,: 545.5 - 1440 H,0. The precursor was aged at 50°C for 5 h
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and crystallized at 60°C for 24 hours. They used 60°C as their second temperature
step and claimed that at 50°C, their reaction mixture stayed amorphous. The syn-
thesized zeolite has a pore volume of 0.26 cm®/g and a surface area of 544 m*/g
[20]. In another research, a synthesized hierarchical zeolite Y with a molar con-
centration of AL;O,: 10 - 18.3 Na,O: 10 - 22 SiO, and 815 H,O was synthesized
with the precursor gel aged at room temperature for 2 hours, crystallized at 70°C
for 24 hours, and obtained a hierarchical zeolite with a pore volume of 0.33 m*/g.
[21]. The focus of the research is the development of additive free hierarchical

zeolite Y from kaolin.

2. Materials and Methods

Aloji kaolin, Sodium Hydroxides pellets, Sodium metasilicate powder, distilled
water, Ammonium Sulphate.

The kaolin was sourced from Aloji in Ofu Local Government Area of Kogi State.
The kaolin was beneficiated by the sedimentation method and calcined at 650°C
for 3 hours to obtain metakaolin. Some sodium hydroxide pellets of mass 20.8
grams were dissolved in 32 grams of distilled water. 39.36 grams of sodium meta-
silicate and a gram of metakaolin were added to the solution to form aluminosili-
cate gel. The mixtures were homogeneously stirred for complete dissolution. The
aging of the aluminosilicate gel was conducted for 10 hours at 50°C. This was
crystallized in a Teflon-line stainless steel autoclave at 100°C for 9 hours. The
washing of the crystallized zeolite was conducted using deionized water to a pH
of 9 and dried in the oven at 100°C for 8 hours. The mesoporous zeolite Y was
protonated by ion exchange with 10 ml of 1.0 M NH,SO, solution by soaking it
for 24 hours. The synthesized hierarchical zeolite Y was filtered, dried in the oven
at 100°C for 3 hours, and calcined at 550°C for 2 hours. XRD, SEM, and BET were

used to characterize the synthesized zeolite.

3. Characterization of the Synthesized Zeolite

The synthesized zeolite was investigated for its crystallinity, morphology, textural
structures and porosity by XRD, SEM, and BET analysis. The X-ray diffraction
pattern of as-synthesized hierarchical zeolite was recorded on Bruker AXSD8 us-
ing nickel-filtered CuKa X-ray radiation at 40 kV and 30 mA. The two-theta de-
gree range was scanned from 5° to 90° with a scanning rate of 20°/min. The mor-
phology was examined using a Hitachi SU-8010 scanning electron microscope.
Nitrogen isotherms were measured at a nitrogen gas temperature of 77 K as ad-
sorbate to obtain the Brunauaer-Emmett-Teller (BET) surface area adsorption,
average pore size, and pore volume of the hierarchical zeolites Y.

4. Results and Discussions

The morphology of refined Aloji kaolin is shown in Figure 1. The SEM image of
the refined Aloji kaolin shows a platy-like morphology and hexagonal outline and
is loosely packed, which are typical of kaolinite clay. It is also a clear indication
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that the refinement has taken place. The elemental composition of Aloji Kaolin

has its Si/Al ratio of approximately 2.
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Figure 1. Morphology of refined Aloji kaolin and its EDX.

The kaolin is a poorly crystalline kaolinite mineral with high quartz content.
The elemental composition of kaolin has Si/Al ratio approximately I.12.as indi-
cated by the EDX Spectrum. The Aloji kaolin has been adjourned to be a poorly
crystalline kaolinite mineral with appreciable quartz content [22].

The synthesized zeolites Y were characterized for phase/morphology identifi-
cation and structural analysis.

The XRD diffraction pattern shows a characteristic peak at 26 = 10.13°,
12.14°, 14.65°, and 15.97°, as the reference ultra-stable hierarchical zeolite Y as
shown in Figure 2 (Dekum et al, 2017). The diffraction at 26 value of 26.65°
denotes some crystalline phase of quartz, an impurity in synthesizing zeolite
with kaolin [23].
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Figure 2. XRD Pattern of hierarchical Zeolite Y.
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The SEM, EDX, and the crystallite diameter distribution of the synthesized hi-
erarchical zeolite Y are shown in Figure 3. The SEM image of the synthesized
zeolite Y shows a plate-like morphology arranged in a cuboctahedral manner of
hierarchical zeolites Y. These agree with the work of [17] who obtained a same
shaped hierarchical zeolite of high silica layered zeolite Y. The EDX spectra re-
vealed the hierarchical zeolite’s elemental composition, showing the presence of
Fe, Ti, S, and Na. These elements are the kaolin’s impurities and remain as such
in the synthesized zeolite. These researchers observed that the zeolite catalyst
framework composition (Si/Al ratio) could be tuned from 1 to infinite by altering
the hydrothermal synthesis or post-synthetic modifications. The diameter distri-
bution was obtained giving an average crystallite diameter of 219.10 nm.

The BET analysis of the synthesized hierarchical zeolite was conducted, and the
following results were obtained. The gas adsorption-desorption isotherm graph
was plotted and shown in Figure 4. The adsorption isotherm is a type IV and
hysteresis of H4 according to IUPAC classification for a porous material. The hys-
teresis H4 is associated with narrow pores and connected internal voids of irreg-
ular shape. The thin hysteresis loop observed at the low-pressure region of p/p° of
less than 0.2 is evidence of the presence of mesopores. The hysteresis loop at the
high-pressure region of p/p° greater than 0.2 indicates macro-pores in the synthe-
sized zeolite [24] [25]. The synthesized zeolite Y has a BET surface area of 489.09
m?/g, pore volume of 0.023178 cm?®/g. The BJH pore size distribution profile of the
hierarchical zeolite Y has twenty modes centered at 2.00 nm to 5.00 nm, 10.59 nm,
12.09 nm, and 20.00 nm 30.00 nm, 35.00 nm, 40.00 nm and 90 and average pore
size of 50.676 A or 5.0676 nm, indicating a meso-porosity. The BJH plot for pore

size distribution indicated creation of a pore ranging from 2 nm to 90 nm.
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Figure 3. SEM image, crystallite diameter distribution, elemental percentage weight of Hierarchical
zeolite Y (c).

DOI: 10.4236/aces.2025.154006

73 Advances in Chemical Engineering and Science


https://doi.org/10.4236/aces.2025.154006

R.A.Usmanetal.

N
~

—=— Adsorption
& 244 —-—Desogtion 0.030+
5] - —_~
@’ 200,025+
mg 184 £
= 15 3 0.0204
3 £
£ 12] 5
2 ol 20.0154
< =1
z 50_010.1',"
g 3
3o

———————— 0.005 ———
00 01020304 050607 08091011 0 10 20 30 40 50 60 70 80 90 100
Relative Pressure (p/p°) Pore diameter (nm)

Figure 4. The nitrogen adsorption—desorption isotherm loops of the synthesized hierarchical
zeolite Y and BJH pore distribution.

5. Conclusion

Hierarchical zeolite Y was successfully synthesized from Aloji kaolin for the first
time by template-free synthesis. This synthesis route is mainly the variation of
synthesis parameters such as the crystallization temperature, the ageing time and
temperature, the concentration of the reacting aluminosilicate gel and the solvent
in the reacting mixtures. The ageing temperature has played a vital role in this
additive-free synthesis route. The synthesized zeolite structure and morphology
were characterized with BET, XRD, and SEM. A hierarchical zeolite Y with a mi-
cro-mesopore was synthesized. The mesopores zeolites Y has an average crystallite
diameter of 219.10 nm, a surface area of 489.09 m?/g, a pore size of 50.676 A, and
a pore volume 0.23178 cm’/g and can be applied in chemical engineering pro-

cesses.
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