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Abstract

Zeolites are essential materials in modern industries due to their uses as cation exchangers, selective adsorbents, and catalysts. In this
study,we report novel procedures for producing zeolite T, which is distinguished by its round crystals that closely resemble Saharan flowers.
An investigation was conducted on the hydrothermal synthesis of T zeolite in alkaline aqueous solutions without templates. Zeolite T crystals
were synthesized via hydrothermal methods with clay-based aluminosilicate gel containing 1Al,03, 25Si0,, 6.5Na,0, 2.25K,0, and 350 H,0.
Zeolite crystals were formed at a temperature of 130°C, with crystallization durations of 3 and 5 days, respectively, using processed natural
bentonite clay as the starting material. A range of analytical methods, such as XRD, FTIR, Raman, SEM, ATD-EDX, BET, ATG, and NH;-
TPD, were used to observe the crystallization stages of zeolite T grains.During the synthesis of Zeolite T, samples were collected at various
intervals, with the samples taken after three and five days of reaction being particularly noteworthy. The T1 zeolite is identified as a mixture
of T2 zeolite and other impurities present in the reaction medium, indicating that T1 zeolite serves as a precursor phase to T2 zeolite (T1 is a
germination phase). The analysis revealed that a treatment temperature of 130 °C for 5 days is optimal. The nucleation of zeolite T from
treated bentonite commenced after 3 days. The results indicate that zeolite T2, composed of uniform crystalline grains formed over 5 days,
yields a mesoporous structure with a size of 1.35 um and a molar ratio of 1.78 between molar quantities of silica and aluminum of this zeolite
(T Zeolite). An analysis of the BET (surface area) revealed a value of 95.75 m2g, accompanied by a pore volume of 0.010 cm3gt. Moreover,
the examination of TPD-NH; desorption revealed a restricted occurrence of the acidic site of Brgnsted, while a significant number of acidic
sites of Lewis were detected. The obtained crystalline zeolite T was examined for its ability to catalyze the Hantzsch reaction. In addition, T2
zeolite prepared was used as a catalyst in the synthesis of the 1,1'-(4-(5-bromo-2-thiophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-
diyl)bis(ethan-1-one) (BTDDB) due to the acidity sites (Lewis and Bransted acid) in the structure of the zeolite. The result of the reaction has
shown a good percentage in the synthetic of BTDDB The results of FTIR, UV, **C NMR, and *H NMR spectrum analyses revealed that the
structure of the 1,4-dihydropyridine compound was well-defined, and the use of molecular docking and density functional theory (DFT)
analysis revealed better performance in the inhibition of the macromolecular targets aminodeoxyfutalosine nucleosidase and DNA gyrase
subunit B.
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1. Introduction

Since the first synthesis of zeolites in the 1940s by Barrer, these alumino-silicate resources have been extensively utilized
for various applications, such as hydrocarbon conversion, size/shape-selective heterogeneous catalysis, gas separation and
purification, as well as ion exchange, desiccation, and sorbing methodologies. Crystalline microporous minerals known as
zeolites are extensively used as chemical catalysts in many sectors, such as refining oil, basic petrochemistry, and fine
chemistry [1]. They exhibit distinct characteristics in terms of activity and selectivity. The primary factors influencing activity
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are the Bransted acid sites of the zeolite and the active metal phase that can be accumulated into the zeolite [2]. Zeolites
possess distinct features, such as precise pore sizes, even charge distributions, large specific areas, and significant porosities.
These properties render them highly desirable for catalysis, adsorption, pervaporation, and gaseous separation [3].

T zeolite type is a compact crystalline structure formed by the intergrowth of offretite (OFF)-erionite (ERI) zeolite
structures, exhibiting strong hydrophilic characteristics. The structural frameworks of the offretite and erionite are distinct yet
intricately connected. This phenomenon of stacking defects or intergrowth is frequently observed in synthetic and natural
forms of these zeolites, including T zeolite and ZSM-34. The catalytic and adsorbent properties of both erionite and
intergrowth-type zeolites of offretite/erionite have been extensively documented in various chemical processes [4]. The zeolite
T synthesized by hydrothermal processes is extensively used and is regarded as a standard approach for regulating the pore
sizes and crystallinities of target products. Furthermore, several researchers have examined the effects of several parameters,
including chemical composition, crystallization duration, and temperature, on the crystal distribution of T zeolite [5].

Metal oxides Al203, SiO2, Na2O and K20 are used in various fields[6-11], are commonly used for the synthesis and
modification of zeolites [12,13]. Many studies have explored the successful synthesis of zeolite T.X.Yin et al They were able
to Ultrasonic-pretreated hydrothermal synthesis of less dense zeolite CHA from the transformation of zeolite T[14]. J. Liu et
al used the assistance of zeolite seed solution to synthesis of hierarchical zeolite T nanocrystals via a simple and cost-effective
process[15]. X. Yin et al. prepared disk-like and pumpkin-like hierarchical zeolite T aggregates, which were also prepared
complete the single-template method [16]. S.E. Arshad et al. synthesized a free template of zeolite T from a formulation of
metakaolin as a silica-alumina source with low energy consumption while also investigating the influence of temperature and
time on hydrothermal synthesis [17]. M. Mirfendereski and T. Mohammadi investigated the effects of hydrothermal synthesis
parameters on the structure of zeolite T crystals [4].

Zeolite catalysis has been essential in fossil fuel refinement and the chemical industry. Given the inherent intricacy of
catalysis and the unique composition of zeolites, comprehending the essence of zeolite catalysis is exceedingly difficult
[18,19]. The research involves the application of several physicochemical methods that, when combined, can yield data on the
quantity, dispersion, nature, and intensity of the acid sites (Brgnsted and Lewis sites), as well as their correlation with the
composition, crystallinity, and structure of the sample. Although kaolin clay provides a vast potential silica-alumina source for
zeolitization, the use of natural kaolin clay resources for zeolite T synthesis is a seldom-discussed subject. The primary
component of kaolin is kaolinite, a mineral composed of a tetrahedral layer of silica alternated with an octahedral layer of
alumina connected by oxygen atoms and hydroxyl groups [20]. The choice of bentonite in this work is based on its possession
of Si-O or Al-O octa -tetrahedral sheets. These sheets generate a charge imbalance in the 2:1 layer and make bentonite a
promising raw material for the synthesis of zeolites. The optimal method for activating natural clay is to undergo a thermal
transformation of the inactive phase into an active phase by calcination method in the presence of alkali hydroxide. This
transformation may also be beneficial for later hydrothermal synthesis [21].

The synthesis of 1,4-dihydropyridine prepared from aldehydes, B-ketoesters and ammonia, documented by A. R. Hantzsch
in 1881, is the best-known three-component reaction (3CR) [22]. Serval literatures have reported on the synthesis and
biological activity of pyridine derivatives[23-25] andalso 1,4-dihydropyridines via heterogeneous catalysis, employing an
important type of zeolite site (Brgnsted or Lewis) used as a heterogeneous-acid catalyst for different petroleum methods and
organic syntheses because of its selectivity as a catalyst catalytic [26,27]. These catalysts have affected the attention of
organic chemists owing to their attractive features, such as small amounts of catalyst, recyclability, reusability and tolerance to
metal leaching into solution [28].Contrary to what was stated in previous literature the novelty of this study the synthesis of
zeolite derived from treated bentonite clay, marking the inaugural investigation of this specific type of zeolite.

In this work, we developed a bentonite clay route to synthesize small zeolite T crystals with a catalytic application. The
synthetic conditions of zeolite, such as the stirring time and ultrasonic system, were directly associated with the success in a
highly crystalline T2 zeolite, and the roles of the zeolite in the catalysis reactions, crystal growth kinetics, and crystallization
behavior in the ultrasonic system were investigated in detail. These materials are reported to be very attractive as catalysts and
adsorbents for many chemical methods (catalytic cracking, organic synthesis). The zeolite used in the catalytic reaction of
Hantzsch, because of its acidic sites and structure, is determined by several methods of analysis. The 1.4hydropyridine
product results from the synthesis of 5-bromo-2-thiohydroxyaldehyde. We extended our research on the use of 1,4-
dihydropyridine in investigations of molecular docking.
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2. Materials andmethods

2.1. Materials

The reactive include precipitated silica (SiO2, 99.8 wt%, Aldrich), sodium hydroxide pellets (NaOH, 99 wt%,
Merck), and potassium hydroxide (KOH, 85 wt%, Merck), all sourced from Aldrich Sigma. The composition of bentonite
clay, which serves as an aluminum source. Additionally, the materials comprise 5-bromo-2-thiophenecarboxaldehyde
(CsH3Bros, 95%, Sigma Aldrich), 2,4-pentadione (CH3COCH2COCHs, 99%, Sigma Aldrich), ammonium hydroxide (NHs,
30%, Sigma Aldrich), ethanol (>96%), dichloromethane (DCM; anhydrous, >99.8%, Sigma Aldrich), and deionized water.

2.2. Treatment of the Bentonite

Bentonite clay served as the local source of silica and alumina in this study. It was collected from the mountains at Bir
ElAter, Tebessa-Algeria; it was dried at 100 °C for 2 days and then crushed and sieved to obtain 45 um grains. The 45 um
clay was mixed with 50% sodium carbonate and was treated at 800 °C in air for 2 hours in a muffle furnace to dissolve the
quartz grains [29]

2.3. Preparation of T zeolite
Fig. 1 shows the steps of the synthesis of zeolite T. Sodium Hydroxide and Potassium Hydroxide, treated bentonite, and

silica gel were mixed with deionized water to obtain a synthesis mixture with a molar composition of 1Al20s, 25 SiOz,
6.5Na20, 2.25K20, and 350 H20 [4].

Bentonite Treated

NaOH

KOH

SiOy, H,0

Fig. 1: Synthesizing zeolite T.

Under vigorous stirring at ambient temperature for 15 minutes, Sodium Hydroxide and Potassium Hydroxide
were mixed in deionized water until all the pellets dissolved. Treated bentonite was added gradually (to the alkaline solution
prepared above) and mixed strongly. The mixture was agitated for 1 hour to complete the mixing. In the second step, under
slow stirring, the silica gel was added to the solution in a small amount and slowly stirred until it was complete; then, it was
continuously stirred for 3 hours to achieve a homogeneous solution, and the mixture was stirred at 30 °C for 24 hours. Finally,
before the crystallization process began, the gel mixture was pretreated via ultrasonication for 90 minutes to produce a
homogeneous gel. The homogeneous gel was transferred into an autoclave (Teflon-lined stainless steel) and kept in a 130 °C
oven (Muellerlsotemp Oven) for 180 h and 323 h. After that, the autoclave was removed from the oven to halt the
crystallization method. The resulting crystals were filtered and washed with distilled water. Finally, the solid crystals that
formed were dried in a vacuum oven at 130 °C for 3 hours.

2.4. Synthesis of 1,1'-(4-(5-bromo-2-thiophenyl)-2,6-dimethyl-1,4-dihydropyridine 3,5-diyl)bis(ethan-1-one)
(BTDDB)

A mixture containing of ammonium hydroxide (20 mmol), 5-Bromo-2-thiophene carboxaldehyde (15 mmol),
pentane-2,4-dione (15 mmol), and 35 mg of H-T2 zeolite (prepared by stirring zeolite T2 with NH4CI for 24 hours and
subsequently heating at 500°C) was exposed to stirring in a reflux system at 75°C for 7 hours. The progress of the reaction
was monitored using a mix of n-hexane and ethanol, to separate the point of the product 1,1'-(4-(5-bromothiophen-2-yl)-
2,6-dimethyl-1,4-dihydropyridine-3,5-diyl)bis(ethan-1-one) in the CCM test’s from the total solution obtained in the
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reaction, We mixed 1 ml of ethanol and 9 ml of n-hexane to reduce the polarity of the ethanol solvent. Upon completion, 10
mL of ethanol was added and heated to dissolve the resulting product, followed by the introduction of methylene chloride to
induce precipitation of white crystals. The crude product was filtered, washed with methylene chloride, and dried.
Recrystallization from methanol resulted in the isolation of the pure product. After solvent evaporation, 10 mL of CH2Cl2 was
added to recover the catalysts. The yield obtained was 0.2 g (70%), and the product was characterized as a white powder with
a melting point of 187-188°C. Fig. 2 shows the chemical reaction for the synthesis of 1,1'-(4-(5-bromothiophen-2-yl)-2,6-
dimethyl-1,4-dihydropyridine-3,5-diyl)bis(ethan-1-one)[22].

(o]

= H-T2 ZEO
/2 + NH4+ OH- ~ — m—
-H20
(@)
(@]

Fig. 2: The chemical reaction for synthesis of BTDDB

2.4. Characterization

Muffle NABERTHERM MODE Il was used to heat the bentonite clay and calcine, and ultrasonic SONOREX
SUPER RK 106 waves at a frequency of 60 kHz were used to prepare a homogenous solution. The characterization of the
product has been performed via many methods. First, the chemical element of the synthesized product was evaluated via
elemental analysis using a Bruker S8 LION system. A pellet of clay and treated clay with a diameter of 3 0.5 cm and a mass
of 10 g was prepared to define the chemical composites present in the clays. The bentonite and bentonite-treatedsamples were
subsequently characterized via an X-ray diffractometer system (XRD, BRUKER-binary V3 (RAW)) with Cu Ka radiation
(A=1,54060 A). XRD was measured for 20 values ranging from 5° to 88° at a scan step time [s] of 2. The T1 and T2 zeolite
phases were analyzed by X-ray EMPYREAN intelligent diffractometer system (XRD, EMPYREAN, Malvern Panalytical)
with Cu Ka radiation (A=1,54060 A).

Diffraction angles were reflected for 20 values ranging from 5° to 60° at a scan step time [s] of 147.3900. The morphology
and grain size were observed by scanning electron microscopy with a Thermo Scientific (TM Quattro) scanning electron
microscope functioning at 5 kV; the distribution elemental was measured via energy-dispersive X-ray spectroscopy (EDXS)
attached to a scanning electron microscope. The results of the thermal analysis experiments were studied via a combined
analyzer TGA/DrTGA (Detector TGA-51).

The T zeolite was heated in a current of nitrogen (60 mL/min) at 10 °C/min from room temperature to 1000 °C. Specific
surface area, pore volume, and pore size were plotted via Brunner-Emmett Teller (BET), t-plot, and Barrett—Joyner—Halenda
(BJH) methods via a Micromeritics Instrument Corp. (Gemini VV2.00, 2150). The infrared typical vibration bands at 400—4000
cm* were measured by a Fourier transform infrared spectrometer (FTIR-4700, Jasco). Raman was used to determine the
vibrational types of the molecules and to indicate their Brgnsted and Lewis acidity, which were detected by a Raman -
Minerals (FT) — HORIBA Fourier transform infrared spectrometer (FTIR QS300). The programmed desorption of NH3 (TPD-
NHs, Micro-Active for Auto-Chemll 2920 version 6.01, Serial # 205, Unit 1) was used to measure acidity.

The zeolite wasexposed to NHs at 0-500 °C with a heating rate of 10 °C/min and a gas flow rate of 50 mL/min. TPD-NH3
experiments were executed as follows: first, 144.1 and 133.1 mg of adsorbent zeolite were treated under helium flow (50 mL
min~t) and heated to 500 °C (5 °C min™?t) for 3 h. Then, ammonia diluted for 30 min in He flowed through the sample at 100
°C until saturation, which was identified by a mass spectrometer. Finally, ammonia was desorbed by switching the flow to He
and heating the sample to 500 °C (10 °C min~!). Nuclear magnetic resonance was used to identify the organic products
obtained from the Hentzch reaction, with UV and FTIR analyses.
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3. Results and discussions

3.1. Synthesis of T zeolites expanding diverse crystallization times
3.1.1. FTIR of Bentonite and Treated Bentonite

FTIR spectroscopy is a significant method employed for identifying functional groups that are characteristic of the
adsorbent's surface [30] using a coupled Fourier transform spectrometer, and a digital calculator allowing the tracing of the
spectra between [4000 and 400 cm1], with a “Cary 600 Series FTIR Spectrometer” brand device. These groups are often
responsible for the bonds. Fig. (3) Shows the FTIR spectra of the Bentonite and Treated Bentonite.

120+
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Fig. 3: IR spectra of the Bentonite and Treated Bentonite (a): A=400-2000 cm™'and (b): A=2800-4000 cm"!

The arrangement and form of these bands are strongly affected by the characteristics of the octahedral atoms to which the
OH groups are connected. The absorption bands observed at approximately 3634 cm-! in all measured spectra of
montmorillonites are characteristic of dioctahedral smectite, with a significant proportion of aluminum (more than 50%) in
octahedral positions. This vibration corresponds to the stretching of hydroxyl groups within the structure and is accompanied
by a bending vibration at approximately 907 cm-! involving Al-Al-O. For trioctahedral minerals, the OH stretching vibrations
in the structure are shifted to higher frequencies, often falling within the bands of 3618, 3634 to 3688 cm1. The infrared
spectra verified the existence of water deformation vibrations and carbonate trace O—H absorption bands at 1636 cm-L. and
1421 cmL, respectively, is feasible [31]. The band at 996 cm-! is associated with a stretching vibration occurring within the
plane of the Si—-OH bond. The presence of distinct and intense peaks at 797 and 778 cm™1, together with a less prominent peak
at 695 cm-1, in the spectra of bentonite indicates the existence of quartz. The presence of the adsorption band at 518 cm is
associated with the AIl-O-Si deformation of montmorillonite. The mineral phase is predominantly composed of
montmorillonites, as shown by the presence of absorption bands at 3634, 907, and 518 cm-1[32]. The wide spectral range
centered at 3462 cm-! is caused by the stretching vibrations of OH groups in water molecules that are hydrogen-bonded. On
the other hand, the smaller peak at 3065 cm is associated with the suggestion of the water bending vibration, which is
accountable for the broader peak observed at 1684 ¢cm-1[33]. The 911 cm™! band is a result of the AI-Al-O bending mode,
whereas the 1055 cm-! shoulder adsorption band is attributed to the Si-O stretching mode [32]. The carbonate band of Na2COs
at 1457 cm coincided with the doublet feature specific to amorphous CaCOs.

The out-of-plane deformation mechanism of carbonate likely causes the 849 cm-! band. The presence of quartz is shown
by the bands at 778 cm! and 797 cml. The absorption band at 641 cm-! is caused by out-of-plane Al-O-Si vibrations,
whereas the bands at 581 cm! are associated to Al-O-Si and Si-O-Si bending vibrations. When the clay is heated with 50%
sodium carbonate, the final product is a white powder. This powder is easily dispersed and is composed of a combination of
sodium silicate and alumino-silicate of sodium phases [29]. The properties of octahedral atoms have a substantial effect on the
organization and shape of absorption bands in both processed and unprocessed materials. The distinction between dioctahedral
and trioctahedral minerals is based on the specific vibrations associated with OH stretching and bending. The infrared spectra
also revealed the presence of water and carbonate residues. The lack of clearly visible quartz bands in the treated clay sample
indicates the possible removal of quartz during the treatment procedure. Moreover, the modifications caused using sodium
carbonate suggest changes in composition.
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3.1.2. FTIR of the Zeolite

Fig. 4. Shows the FTIR spectra of the zeolite. In the spectrum range of 4000 to 3200 cm-1, three principal
absorption bands are discernible, attributed to various hydroxyl groups constituting the Brensted acid site (BAS). These
hydroxy| types are differentiated based on their spectral characteristics and association in hydrogen bonding. The first type
resembles an exceptional BAS with an OH vibrational frequency ranging from 3620 to 3646 cm-.
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Fig. 4: IR spectra of the zeolite T1 and T2 (a): 2=420-1500 cm™ and (b): A=2700-4000 cm!

A weak adsorption band at 3647 cm is observed for zeolites T1 and T2, with T2 exhibiting an additional
absorption band at 3613 cm1. The second type of BAS pertains to hydroxyls with bands in the 3400-3600 cm-! region.
Zeolite T1 displays two bands at 3393 and 3545 cm-!, whereas zeolite T2 exhibits three bands at 3501, 3545, and 3562 cm*!

(Fig. 4. b). These associating hydroxyls are not involved in regular hydrogen bonding, which is characterized by nearly linear
O-H...O arrangements.

The third type of BAS corresponds to hydroxyls with linear hydrogen bonds to oxygen centers opposite the zeolite
ring, typically exhibiting an O-H band between 2950 and 3230 cm-1[34]. While Zeolite T1 lacks bands in this region, Zeolite
T2 presents three bands at 2853, 2922, and 3368 cm-1. The most intense vibration in the950-1250 cm-! region is attributed to
stretching of T-O, which primarily involves the motion of oxygen atoms and is designated as an asymmetric stretching mode
«—OT— «O. In Fig. (4. a) Zeolite T1 shows a band at 996 cm-, whereas zeolite T2 displays a band at 994 cm-2.

The subsequent strong band, within the 420-500 cm™! range, is assigned to the T-O bending mode. Zeolite T1 has
two absorption bands at 465 and 483 cm-!, whereas zeolite T2 has three absorption bands at 467, 483, and 500 cm-L.
Symmetric stretch modes are categorized into internal tetrahedron stretches (650-720 cm-1) and external linkage symmetric
stretches (750-820 cm-1), reflecting structure-sensitive external linkages. Zeolite T1 exhibited a band at 732 cm-!, and zeolite
T2 presented two bands at 668 and 730 cm-t. Fundamental tetrahedral modes in silica include the Si-O asymmetric stretching
mode from 800-1100 cm-?, the Si-Si symmetric stretching mode from 600-800 cm-1, and the bending and distortion modes
below 600 cm-1. Additionally, the appearance of the band of the stretching mode of the double ring at 500-650 cm-! and the
bending or distortional mode of the “pore opening" at 300-420 cm* are noted [35]. Zeolites T1 and T2 show three bands at
502, 514, and 629 cm, with zeolite T2 displaying a fourth weak band at 570 cm-l. Ultimately, Zeolite T2 displays
supplementary absorption bands in comparison to those of T1, suggesting differences in the arrangement of the hydroxyl
groups and structural properties.

T2 exhibited heightened vibrational modes within the 9501250 cm-! and 420-500 cm-! ranges, indicating variations
in T-O strains and bending modes. These differences offer a valuable understanding of their varied structures and possible
applications.

3.1.3.  Raman of the treated bentonite clay

Raman of treated bentonite clay allows to characterization of the structural and chemical modifications of this clay
after treatment. Depending on the type of treatment applied, the bands in the Raman spectrum can change in intensity,
position, or shape. Fig. 3 shows Raman spectra of treated bentonite.
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Fig. 5: Raman spectra of treated bentonite.

The significant peak at 966 cm! in the spectrum of Na-bentonite is caused primarily by the symmetric stretching
vibration of Si-O, where O-H represents nonbridging oxygen. This peak also indicates that the original clay is a dioctahedral
phyllosilicate, as shown by the presence of Raman peaks ranging from 800 and 1100 cm-1, according to previous reports. The
presence of OH/H20 vibrational modes in the spectra of Na-bentonite is further validated by the peaks observed within the
3750, 3475, and 2646 cm™* ranges [36]. The intense Raman peak observed at 700 cm is a result of the vibrations of SiO4
units. Additionally, the larger feature observed at approximately 404 cm is attributed to the bending vibrations of M-OH
bonds, as well as the bending modes of Si-O-Si (Al) bonds.

The high-intensity band at 551 cm! changed. The location of the prominent peak at approximately 174 cm-! changes
depending on the type of clay mineral. This is likely caused by the presence of SiO4 and is impacted by the substitution of Al
as well as the dioctahedral or trioctahedral nature of the mineral.

The most intense carbonate band is detected at approximately 1078 cm-1 and is present only slightly in the carbonate
admixture found in treated bentonite [37]. Typically, the existence and specific type of cation interlayer can be determined by
observing bands with frequencies below 100 cm-1, which correspond to the vibration of the interlayer cation. Additionally, the
bands at approximately 280 cm-! indicate the bending of the O-H-O triangle.

Based on the literature, both sodium and calcium cations in the interlayer produce a band vibration at approximately
the same wavenumber of 69 cm-1.

Therefore, the only way to distinguish between these two cations is by observing the O—H-O bending band. The
replacement of octahedral central atoms can be inferred from the spectrum range of 785-915 cm-1, which corresponds to
deformations in vibrations. The spectral band related to the bonding of O—H with octahedral cations, specifically Al-Al-OH, is
detected at a frequency of 915 cm-1[32]. The lack or decrease in carbonate bands in the treated bentonite samples suggests that
the treatment may have caused changes in the material.

An especially remarkable observation is the possible removal of quartz from the treated bentonite, as evidenced by
alterations in the spectrum characteristics. Furthermore, observations at lower frequencies offer valuable information about the
composition of cations between layers and the substitutions that occur in octahedral atoms.

3.1.4. Raman spectra of the zeolite

Fig. 6 shows Raman spectra of zeolites (a): T1 and (b). T2. The hydroxyl groups exhibit antisymmetric and
symmetric stretching vibrations, which are observed in the 3700-3420 cm-! spectral range. The infrared spectra exhibit a high
intensity, but the Raman scattering spectra show a low intensity; this is consistent with what was cited in the Ref [38].
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Fig. 6: Raman spectra of zeolites (a): T1 and (b): T2.

The frequencies corresponding to the translational mode of the Na- O bonds can be observed in the far-infrared and
Raman spectra within the wavenumber range of 218-163 cm-1. According toP. M. Kester et al, the wavenumbers below 163
cm? in this study can be attributed to water-cation complex vibrations and the translational modes of K- 0 bonds [39]. The
spectra include a prominent peak at approximately 3750 cm-1, corresponding to silanol groups Si — OH. Additionally, two
peaks detected at 3590 and 3698 cm-! indicate the stretching vibrations of acidic Brensted OH groups Si — O(H) — Al.

Furthermore, a minor peak at 3650 cm-! is observed, corresponding to the stretching vibrations of OHgroups connected
with minority extra framework Al sites. Stretching characteristics were observed at approximately 3590 cm-* and 3698 cm,
which can be attributed to the presence of protons in the sodalite cages and super cages, respectively [40]. The zeolite T1
(Fig.6. a) exhibited three distinct major ring structures detected at 260, 373, and 559 cm -2,

These structures were identified as vibrations of eight-membered, six-membered, and four-membered rings [41]. Fig. 6
(b) shows three distinct primary ring configurations found in Zeolite T2. The vibration of four-membered rings is considered
by a prominent band at 478 cm-!, accompanied by a secondary band at 533 cm-1.

The bands observed at 290 cm-1, 392 cm-2, and 410 cm-! correspond to the bonding of structural units that occurs during
the crystallization process of six-membered rings. The third absorption bands at 218 and 265 cm-! correspond to the vibrations
of eight-membered rings. Consistent with prior research on zeolite T, the bands observed at 675 cm™ in sample T2 were
attributed to stretching symmetric modes of T- O bonds involving T — Si or Alatoms. In contrast, the bands at 955 and 1080
cmwere attributed to asymmetric stretching modes.

The bands at 955 cm-! and 1085 cm-! were associated with lattice oxygen in the skeleton [40]. The band at 636 cm™ in
sample T1 was attributed to T- O stretching symmetric modes, whereas the band at 1079 cm! was attributed to stretching
asymmetric modes.

3.1.4. XRD of bentonite and treated bentonite

Bentonite is characterized by a specific crystal structure that can be analyzed by X-ray diffraction (XRD). Fig. 7
displays the XRD analysis of bentonite and treated bentonite, along with the simulated XRD powder patterns of silicon oxide.
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Fig. 7: XRD analysis of bentonite(a) and treated bentonite(b) with the simulated XRD powder patterns of silicon oxide.

Quartz reflection is observed at 3.35 A°. The quartz concentration of the treated bentonite significantly decreased.
The analyzed bentonite sample exhibited (001) and (002) reflections of kaolinite at 7.22-3.52 A°, respectively. These
reflections vanish when the sample is subjected to heating at 800 °C [42]. The doo1 assessment of the basal montmorillonite
reflection in the original clay is 14.9 A°. Immediately upon activation, the primary reflection aligns most closely with doo1 ~
15.47 A°, with a secondary peak at 12.92 A°, suggesting that some calcium cations were substituted with Na*. After
calcination, the comparative intensity of the shoulder corresponding to the Na-form increased. The cation exchange process
quickly occurs when a large amount of Na2COs is used. As a result, the material studied immediately after the exchange only
displays the basic reflection characteristic of the Na-form of montmorillonite. The XRD pattern remains unchanged after a
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long aging period [33]. The new peaks of oxide aluminum [43] are shown in the treated bentonite with a (26=35.21, 38.3, 41.4
and 44.55°).

3.1.6. XRD of the zeolite

Zeolite T is a crystalline aluminosilicate belonging to the zeolite family. It is characterized by a specific crystal
structure that can be analyzed by X-ray diffraction (XRD). The X-ray diffraction pattern of zeolite T shows characteristic
peaks corresponding to the lattice planes of its crystal structure. These peaks allow to the identificationof the crystalline phase
and confirm the purity of the material. Fig. 08 (a, b) shows XRDspectra of the T1 and T2 zeolites with the simulated XRD
powder patterns of offretite and erionite.
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Fig. 8: XRD spectra of T1 and T2 zeolite nanoparticles with the simulated XRD powder patterns of offretite and
erionite.

The pattern displayed represents a phase of crystalline offretite, which is a well-known zeolite structure. The XRD
powder pattern of the offretite can be observed, andthe product exhibited high crystallinity and was devoid of impurities, as
evidenced by the low baseline and the presence of offretite peaks. Nevertheless, there is a significant discrepancy in the
relative magnitudes of several peaks between the two patterns. Furthermore, the peak sites of T1 zeolite and T2 zeolite
consistently shift toward higher two theta values. The arrangement of cancrinite cages between hexagonal prisms (double 6-
membered rings) distinguishes the architecture of offretite and erionite [44,45]. The erionite XRD pattern exhibits d-spacings
comparable to those of offretite. However, erionite also displays additional reflections, as highlighted by the asterisks in Fig. 6
(b) of T2 zeolite. These reflections are too weak to be clearly distinguished in the XRD pattern of the zeolite product
synthesized by the present method. These data suggest that the product's crystals consist primarily of offretite, with minimal
or negligible stacking faults originating from erionite sheets. Adding potassium ions to the synthesis mixture can shift the
resulting phase from omega zeolite to offretite, clearly illustrating the importance of potassium cations in driving the structural
development of offretite. After approximately 3—5 days, the mixture synthesis underwent crystallization, forming aphase of
the offretite. The process of offretite phase crystallization generally ends within approximately five days [43]. The XRD
patterns of all the zeolite closely correspond to the XRD pattern of the T zeolite structure documented in the literature [3]. T1
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Zeolite and T2 exhibited the distinctive peaks observed in T2 zeolite at 26 values of 7.56°, 12.98°, 17.74°, 20.79°, 23.69°, and
31.5°. The T1 zeolite signal has a significantly lower strength. The intense signal observed at a 26 angle of 17.74° with a (111
reflection: d~ 4.99A°) at T2 zeolite is attributed to the Offretite phase. The results demonstrate the effective synthesis of T
zeolite by applying sono-chemical-assisted pretreatment and growth hydrothermally. The amorphous phase is exclusively
detected in T1. The weak XRD peaks at T1 zeolite at 260 = 7.5, 23.6, and 17.49° suggest a limited quantity of zeolite T
crystals and an incomplete conversion of zeolite T crystals. T2 zeolite has a greater peak intensity than does T1 zeolite. The
outcome suggests that longer hydrothermal growth durations increased from 3 to 5 days, resulting in the formation of more
stable crystalline phases of T2 zeolite. This was observed while maintaining a consistent sonochemical-assisted pretreatment
duration of 90 minutes. Thus, a hydrothermal growth duration of 5 days is necessary to achieve complete crystallization of
zeolite T (T2). Furthermore, as depicted in Fig. 6, a hydrothermal growth period of 3 days had a minimal effect on enhancing
the crystallinity of zeolite T (T1). Therefore, it can be deduced that subjecting zeolite T to pretreatment for 90 minutes via

sonochemical assistance and a hydrothermal growth period of 5 days results in the desired completely crystalline zeolite T
(T2) [46].

3.1.7. Morphologicalstudy

Micrographs of the treated bentonite clay, T1 and T2 zeolite are shown in Fig 9. SEM analysis of treated bentonite

clay revealed compact and mono dispersed spherical grains of variable sizes of the order of 5 um, these grains have a rough
surface (Fig. 9 a).
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Fig. 9: Scanning electron microscopy (SEM) analysis of: (a) Treated Bentonite clay, (b) T1 zeolite (c) zeolite T2.
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Fig. 9.b represents the SEM image of zeolite T1, it shows a different morphology to that of bentonite clay (Fig. 9. a). Various
morphologies and amorphous substances are noted. Large tiny particles (about 0.2 pum) on the surface indicate that the
formation of crystals occurred naturally and energetically by the combination and accumulation of small particles. The SEM
image of zeolite T2 (Fig.9 c) shows a different morphology from those shown in Fig. 9 revealed the existence of large faceted
spherical crystals resembling Saharan flowers, measuring 1.3 pm. These crystals are representative of zeolite T2. In addition,
tiny crystals were observed, which are probably treated as bentonite clay used as a substrate for the preparation of zeolite. The
aspect ratio of the crystal increased as the reaction time increased. The prolonged duration of zeolite crystallization
significantly influenced the average grain size of the crystals. The particle size was approximately 2.25 um (Fig. 9).This is
agreed with those presented in the XRD and Raman analysis. In summary, the SEM analysis offers valuable information
regarding the unique morphological characteristics observed in the treated bentonite clay, T1 and T2 zeolite configurations. In
the treated bentonite clay structure, spherical grains form globular structures, whereas the T1 zeolite structures are composed
of micro-flowers, micro-sheets, and non-spherical grains within micropores. Additionally, the T2 zeolite exhibits a greater
particle density compared to the T1 zeolite structure. Furthermore, the investigation of T2 zeolite structures evolves from
micro-flowers and pores to micrometric plates and aggregated spherical particles.

3.1.8. Compositional analysis

The elemental analysis of zeolite T1 and T2 particles was conducted via dispersive energy X-ray spectroscopy (EDS), as
shown in Figures 10 (a, b). The study revealed Si/Al and Na/Al ratios of (0.56, 0.26) and (1.78, 1.42) for zeolites T1 and T2,
respectively. These ratios confirm that the composition of sample T2 corresponds to zeolite T [20]. Tables 1 and 2 display the
results of the EDS study. T1 Zeolite has an EDS spectrum (Fig. 8. a and b), representative the presence of Al, Si, and O. The
EDS analysis results in the data (Fig.10 a) indicate that T1 zeolite has the highest percentage of oxygen, followed by
aluminum, and the lowest percentage is in silicon [47]. Additionally, the presence of calcium and magnesium can be attributed
to impurities found in the treated clay. The EDS spectrum of T2 in Fig. 10 (b) indicates the presence of Al, Si, and O. The data
reveal that this T zeolite has the maximum oxygen content, followed by silicon and sodium. Conversely, aluminum has the
lowest content, whereas calcium and magnesium are absent, suggesting that the treated clay has undergone a complete
reaction.

Table 1: EDS study T1 Zeolite

Element | Weight (%) Atomic (%)
o @ 0 48.07 56.02
Na 5.43 434
{il Al 19.99 13.82
. Si 11.34 7.53
K 3.95 1.88

e . Ca 0.62 0.29
17 . Mg 0.76 0.58
i

i "

T

) M 11

aary ™ .
il (b) Table 2: EDS study T2 Zeolite
Element | Weight (%) Atomic (%)
0 57.80 65.06
" Na 11.95 9.37
Al 8.39 5.60
" . Si 14.97 9.60
- L

u
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:-': 10 e % am x x X ¥

Fig. 10: EDX spectrum of (a) : T1 and (b): T2 zeolite.
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3.1.9. BET analysis

Fig. 11 shows the adsorption nitrogen and desorption isotherms of the T1 zeolite and T2 crystals synthesized at
130 °C for 3 and 5 days, respectively. The micropores were rapidly absorbed at approximately p/po = 0.30 within a reaction
time of 3 and 5 days. Once the relative pressure reached approximately 0.77, there was a significant rise in the rate at which
nitrogen was absorbed. The data exhibit an IUPAC type IV isotherm, with the hysteresis loops attributable to the realization of
textural mesoporosity caused by the intergrowth of the crystals [20].

The Type IV isotherm is distinguished by its hysteresis loop, which arises from capillary condensation in
mesopores, and the peak adsorption capacity at elevated p/po values. The initial portion of the Type 1V isotherm is attributed
to monolayer—multilayer adsorption because it closely matches the corresponding portion of a Type II isotherm obtained via
the specified adsorption on the same surface area of the adsorbent in a nonporous situation [48].Table 3 indicates that as the
duration of hydrothermal growth increases from 3 to 5 days, the surface area increases from 88.43 to 95.74 m?/g. Generally,
the Langmuir surface area exceeds the BET surface area.

Table 4 indicates that the surface areas of zeolite T2 are greater than those of zeolite T1. Additionally, the data
reveal that the mesopore volume of zeolite increased starting 0.003 cm?/g for T1 zeolite and 0.010 cm3/g for T2 zeolite.
However, it is value observing that the average pore diameter for zeolite T1 is greater than that for zeolite T2. The increase in
surface area is appropriate primarily to the developed crystallinity of zeolite as the hydrothermal progress period increases.
This finding is consistent with the XRD patterns observed for zeolites T1 and T2, as shown in Fig. 8. The peaks intensity
corresponding to the crystallinity of zeolite T increases as the duration of the hydrothermal growth process increases [3].

Table 3: Results of N2 adsorption isotherms

Zeolite Seer (m2gt) S Mesopore (M2g°1) S Langmuir (M2g1) Pore volume (cm?3g1)? Average pore
diameter
(nm)°
T1 88.44 81.66 137.52 0.003 55
T2 95.75 75.84 146.61 0.010 3.4

a. t-plot micro-pore volume
b. BJHaverageporewidth adsorption
S: Surface area
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Fig. 11: N: adsorption -desorption isotherms of the : (a) T1 and (b) T2 zeolite

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



352 H. Taib et.al.

3.1.10. Thermogravimetric Analysis (TGA)

The decomposition temperature of the zeolites is an important parameter to understand the thermal stability of these
products. In this section, we will focus on the TGA/DrTGA curves of the zeolites T2 and T1 are illustrated in Fig. 12 (a) and

(b).
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Fig. 12: DrTGA and TGAcurves of zeolites T1(A) and T2 zeolite (B).

Thermal analysis was conducted on the synthesized samples of zeolites T2 and T1. Fig. 15 displays the
thermogravimetric plots. It can be inferred that when the temperature increases (30-995 °C), a slight decrease in weight is
observed in zeolites T1 and T2, which can be attributed to the evaporation and dehydration of water. The weight loss
percentages of the physically adsorbed water for the T1 and T2 zeolites are 19.2% and 16.4%, respectively [49]. TGA of
zeolites T2 and T1 revealed a progressive reduction in mass, with an initially rapid rate of weight loss (Fig. 12).

The weights of both samples consistently decreased but at a slower rate after reaching a temperature of 450 °C. A slight
inflection point was detected at approximately 518 °C for sample T2. The TGA of the zeolite T forms, T2 and T1, derived
from the treated bentonite clay revealed the existence of a solitary dominant phase consisting of aluminum and silicon (Al-Si).
This phase was observed at approximately 518 °C for the T2 sample [47].

The mass of zeolite T2 decreased, as observed in the TG curve, which occurred within the temperature range of 32 to 418 °C.
This specific range was used to calculate the conversion factor. This stage involves the process of removing adsorbed surface
water, extracting water molecules from the channels-void system of the zeolite structure, and dehydrating the hydrated cations
within the zeolite framework [50]. There is a progressive weight reduction, reaching approximately 16.4%. Nevertheless,
there is negligible thermal transfer within this temperature range; the weight reduction could be attributed to the evaporation
of water. Between 418 and 648 °C, there is a slight weight reduction, approximately 2.1%.

This stage of weight loss is likewise linked to an exothermic reaction. Fig. 15 displays the differential thermal analysis
(DTA) and TGA results for the zeolite T powders. The DTA curves for zeolites T1 and T2 exhibited wide endothermic peaks
at approximately 88 and 91 °C, respectively. This signaled the elimination of water molecules that had been adsorbed. The
thermal analysis revealed two exothermic peaks, T2 and T1, occurring at temperatures of 487 and 711 °C, respectively. These
peaks indicate disintegration of the zeolitic lattice [51]. Two endothermic peaks were subsequently observed at temperatures
of 578 and 871 °C for T2 and T1, respectively, indicating recrystallization of the material in a nonzeolitic form [52].

3.1.11. Temperature-programmed desorption (TPD)

The zeolite T2 has been found to have a peak at a lower temperature (referred to as the L peak), which is assigned
to a weakly bound ammonia molecule, likely hydrogen-bonded. However, this peak does not correspond to the ammonia
species that are adsorbed on the acidic site, as shown in Fig. 13.
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Fig. 13: NH3-TPD profiles of zeolites T1 (a)and T2(b).

The peak observed at higher temperatures (referred to as the H peak) is attributed to the presence of a highly acidic site.
The L peak does not indicate acidic properties. In contrast, the strength of the H peak indicates the existence of acid sites [53].
At high temperatures, T2 had a desorption peak that was stronger than that at low temperatures. This showed that there was
not much Brgnsted acid present, but there were many Lewis acid sites. The prevailing consensus in the literature is that
desorption-NHs peaks occurring at low temperatures (100-300 °C) are typically associated with acidic sites of Brgnsted,
however, peaks observed at high temperatures (400-650 °C) are ascribed to acidic sites of Lewis [54]. Zeolite T1 exhibited a
single peak at 256 °C (L peak), with a desorption of 0.177 mmol/g in NHs. The absence of the H peak would be expected
because the sample lacked any Lewis acid sites. The NHs desorption capacity for zeolite T2 was 0.277 mmol/g, and the
greatest desorption occurred at 327 °C.

3.2. Characterization of BTDDB
3.2.1. The infrared spectrum

The spectrum infrared (Fig. 14) exposes a weak stretching band at 3385 cm-! for the N-H system, four strong bands
in the 3000-2850 cm! range due to the C-H stretching vibrations of asymmetric and symmetric CH and CHs functional
groups, and at 1599 and 1493 cm-% two strong bands characterize the stretching of non-localized double bonds (C=C) of the
aryl groups. The strong band at 1462 cm-! is due to in-plane symmetric deformation of the C-H band of the methyl group CHs,
the medium strong band at 1370 cm-! is due to symmetric deformation of the methyl group CHs, and the strong sharp band at
550 cm-! results from the stretching vibration of the C-Br bond. In the deformation zone (fingerprint region), the strong band

at 759 cm! is due to out-of-plane deformation of the C-H aryl system, which is consistent with what is stated in the Refs
[55,56].
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Fig. 14: FTIR study of BTDDB
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3.2.2. The *H NMR spectrum

The 'H NMR spectrum shows that the methyl proton groups resonated as singlets at 2.28 ppm (Fig. 15). The
distinct CH group is detected as a singlet at 5.30 ppm. The protons of the aromatic system manifest as multiplets within the
range of 6-7 ppm. Ultimately, the proton of the azote (NH) is observed at 7.4 ppm,which is consistent with what was
mentioned in Ref [57].

15 14 13 412 11 10 - a T 1] 5 &4 3 2 1 o -1 -2 Ppm

Fig 15: '"H NMRstudy of BTDDB

3.2.3BC NMR

The 13C NMR spectrum (Fig. 16) shows that the carbon atoms of the methyl group are present at chemical shifts of
6 20.19 ppm and 29.97 ppm. Additionally, the carbon atom of the CH group is present at a chemical shift of § 35.66 ppm. The
carbon atoms of the Br group are observed at a chemical shift of 8 110.44 (Br-C-Ar), whereas the remaining carbon atoms of
the aryl groups are observed at chemical shifts of & 113.300, 223.94, 229.34, 144.12, and 151.84 ppm (-HC=C-) [57], and the
carbon atoms of acetone are observed at 8 196.98 ppm (0=C- R). The peaks at & 76.70, 77.02, and 77.34 ppm originate from

the solvent. The chemical structure is shown in Fig. 2.
N )
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Fig. 16:NMRC study of BTDDB
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3.2.4. UV study

The ultraviolet spectrum of BTDDB (Fig. 17) shows a weak signal at 270 nm, characteristic of the n — =*
transition, and at 180nm and 380 nm, characteristic of the = — 7* transition [58].
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Fig. 17: UV study of BTDDB

3.3. Molecular docking

Molecular docking is a computational modeling technique used in chemistry, structural biology, and drug design. It
allows predicting the interaction between a small molecule (ligand) and a target macromolecule (protein, DNA, RNA). In this
section, we have presented the three-dimensional crystal structures of the receptor targets were downloaded from the Protein
Data Bank with the PDB codes 4WKO and 8BN6 [59,60]. They are correctly defined structures with good resolution and are
essentially determined by X-ray crystallography and NMR spectroscopy. These targets are of very interesting therapeutic
interest, such as the PDB 4WKO complex,which is a gram-negative bacterial target, Helicobacter pylori, that is accountable
for most peptic ulcers and constitutes a significant risk aspect for gastric cancer. On the other hand, the B subunit
macromolecule of DNA gyrase agrees to PDB 8BN6 of the gram-positive Staphylococcus aureus bacterial target, which uses
the rigid docking technique with MOE (Molecular Operating Environment) software [61]. This method consists of an
exhaustive search in space for the optimal pose of the ligand, which is limited to positioning within the active site of the
protein [62,63]. Initially, the water molecules and cocrystallized ligands were removed because of the selectivity of
intermolecular interactions. The preparation and minimization of the energies of two structures (ligand and protein) were
carried out by the field forces in the MMFF94x implanted in the MOE. Likewise, these structures are corrected by the addition
of hydrogen [64]. The DHP ligand to be simulated is grouped in a database in mdb form, and then the docking simulation
parameters are set by default. The insilico determination of the interaction domain of the DHP ligand on
aminodeoxyfutalosine nucleosidase (PDB: 4WKO; Resolution: 1.90 A) and Subunit B of DNA gyrase (PDB: 8BNS;
Resolution: 1.60 A) was performed. In addition, simulations of the docking of the DHP ligand in the necessary site for each
target made it possible to identify the groups essential for the stabilization of this ligand. The values of the scoring energies of
the ligands and their RMSDs are listed in Table 4.

Table 4. Scores of interactions associated with rigid docking of the inhibitors studied.

S (Kcal/mol) RMSD (A)

4AWKO DHP2 -4.7203083 0.979141951
GMDP -8.86972618 1.04567194
8BN6 DHP? -6.39183378 1.06948066
R53¢ -8.37425709 1.37301409

a. DHP: 1,1-(4-(5-bromo-2-thiophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-diyl)bis(ethan-1-one)
b. GMD: (3R,4S)-1-[(4-amino-5H-pyrrolo[3,2-d]pyrimidin-7-yl)methyl]-4-{[ (4-hydroxybutyl) sulfany]
methyl}pyrrolidin-3-ol
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c. R53:  2-[[3,4-Bis(chloranyl)-5-methyl-1-{H}-pyrrol-2-yl]carbonylamino]-4-morpholin-4-yI-1,3-benzothiazole-6-
carboxylic acid
In our investigation, the ligand—receptor complexes formed were adapted to the most stable conformation, which
corresponds to the lowest energy score. On the other hand, a better assessment of the prediction of the values of the source
mean square deviation (RMSD) of the designed model does not exceed 2 A [65]. Considering these results, the DHP ligand
presents a better pose docked in the binding site of each target with an affinity of -4.7203 kcal/mol and -6.3918 kcal/mol,
which are score functions for the DHP-4AWKO and DHP-8BN6 complexes, respectively. These complexes have very
significant RMSD values compared with those of the complexes formed with the standard ligands GMD and R53. A better
appreciation of the docking affinity results shown in figure 18

4WKO 8BN6

Ligands: DHP (Blue), GMD (Green) Ligands: DHP (Blue), R53 (Green)

Fig. 18: Illustration of the ligands positioned in the active site for each target

The docking results for complexes with RMSD values lower than 2A are shown in Figure 18. The best conformation
of the ligand generated (DHP) by docking (blue) is superimposed on the experimental pose of the cocrystallized ligand
(colored green). In particular, to better understand the binding mechanisms involved by our ligand in the active site pocket of
aminodeoxyfutalosine nucleosidase and DNA gyrase subunit B, increasing the affinity of the DHP ligand by establishing a
greater number of hydrophobic interactions with respect to the aminodeoxyfutalosine nucleosidase receptor, these interactions
appear with the residues Phe153, Glul173, Ala200, VVal172, and Phel53, as well as hydrogen interactions with the DNA gyrase
subunit B receptor (Table 5). It will therefore be very interesting to consider the mode of interaction in Fig. 19 toward the
active sites of each protein target.

Table S: Summary of the different interactions ensuring the stability of the best complexes formed with the DHP
ligand.

Types of interaction From receptor (4WKO) To ligand (DHP) Distances
Pi-Sulfur MET174: Sulfur Pi-Orbitals 4,5629
Pi-Sulfur PHE153: Pi-Orbitals Sulfur 4,50861
Pi-Lone Pair PHE208: Pi-Orbitals Lone Pair (O) 2,74712
Hydrophobic (Pi-Pi T-shaped) PHE153: Pi-Orbitals Pi-Orbitals 4,33914
Hydrophobic (Amide-Pi Stacked ) GLU173:C,O;MET174:N Pi-Orbitals 5,33891
Hydrophobic (Alkyl ) ALA200: Alkyl Alkyl 4,28445
Hydrophobic ( Alkyl) VAL172: Alkyl Alkyl 4,48962
Hydrophobic (Pi- Alkyl) PHE153: Pi-Orbitals Alkyl 4,39695
Types of interaction From receptor (8BN6) To ligand (DHP) Distances
Conventional Hydrogen Bond ASP75:0 NH 2,49058
Carbon Hydrogen Bond PRO81; H-Donor Oxygen 2,62877
Pi-Donor Hydrogen Bond ASN48 ; H-Donor Pi-Orbitals 2,50785
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Fig. 19: 2D and 3D interaction modes of the best poses docked in the binding sites of protein targets.

At the active site, the interaction process is carried out by electron donor and electron withdrawing groups of the
ligand with the residues of the protein pocket. This association is ensured owing to several types of weak bonds. Indeed, the
superimposition of the interactions of aminodeoxyfutalosine nucleosidase (DHP) and DNA gyrase subunit B (DHP)
complexes with redocking of the cocrystallized ligand shows good positioning and better selectivity within the cavity of the
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4WKO and 8BN6 targets, which is in good conformity with the experimental results. The bonds are hydrophobic, hydrogen
and electrostatic in nature, particularly the amino acids Met174, Phe208, Phel53, Glu 173, and Vall172, compared with the
GMD ligand; however, the DHP ligand interacts with the amino acids Asp75, Pro81, and Asn48 compared with the R53
ligand.

3.4. Pharmacokinetic properties (ADME)

Using the server in the Refs [66,67] We were able to predict the physicochemical and pharmacokinetic properties
governing the ADME criteria of the DHP ligand that inhibits both targets (Table 6).

Table 6: Physicochemical properties and ADME profile of the DHP ligand

Physico-chemical Properties

Num. Num. H-bond | Num. H-bond Bioavailability
rotatable acceptors donors TPSA Lipinski's rule \eber's rule Score
bonds
3 2 1 74.41 A2 Yes; 0 violation Yes; 0 violation 0.55
Profile ADME

Absorption

Water Caco2 Intestinal Skin

solubility permeability absorption Permeability P-glycoprotein | P-glycoprotein| | P-glycoprotein
(log (log Papp in (human) (% (log Kp) substrate inhibitor Il inhibitor

mol/L) 106 cm/s) Absorbed)

-4.463 1.399 89.299 -2.403 No Yes No
Distribution

VDss (human) Fraction unbound (human) (Fu) BBB permeability (log BB) CNS permeability (log

(log L/kg) PS)
0.321 0.151 0.045 -2.42

Metabolism

CYP2D6 CYP3A4 CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4

substrate substrate inhibitor inhibitor inhibitor inhibitor inhibitor

No Yes Yes Yes No No No
Excretion
Total Clearance (log ml/min/kg Renal OCT?2 substrate
-0.203 No

The Caco-2 cell monolayer is generally used as an in vitro model of the human intestinal mucosa to predict the
absorption of orally directed drugs [68]. Indeed, it is important to predict the Caco-2 permeability of the DHP ligand, which
was high because the higher predicted value of 0.9 for the percentage of the ligand absorbed by the human small intestine was
89.299%, which means that the absorbance of the ligand is considered elevated by the intestine.

The ligand has a solubility logS = -4.463 log mol/L, which reflects that this ligand has moderate solubility. The predicted
ligand model is likely to be a nonsubstrate of P-gp. In addition, the ligand was characterized by the ability to inhibit
glycoprotein I transport, which can be explained by specific therapeutic advantages [69]. The DHP ligand is of interest for the
progress of transdermal drug delivery because the predicted value of relatively low skin permeability is log Kp = -2.42 > -2.5.

The steady-state distribution volume VDss of the ligand is considered low because it is less than 0.71 L/kg, and the ability of
the ligand to penetrate the brain is relatively easy according to the predicted value of BBB permeability, with a positive logBB
= 0.045. Penetration into the central nervous system (CNS) was found to be moderated by LogPS = -2.42 lying between -3 <
Log PS <-2.

For metabolism, the ligand DHP inhibits cytochrome p450 for the isoforms CYP 1A2 and CYP 2C19, and this ligand is a
substrate of the CYP3A4 isoform, which is responsible for metabolism. Furthermore, in excretion flight, total clearance is
expressed as a grouping of hepatic and renal clearance and excretion by the kidney, which is linked to oral bioavailability.

The predicted drug likeness properties were acceptable and perfectly met the rules of Lipinski and Veber [70,71];therefore,
the drug can be administered orally. The results revealed that the DHP ligand presented a good ADME profile and validated
the Lipinski rule, thus indicating good oral bioavailability with ease of absorption or permeability in the body without causing
problems. Furthermore, high oral bioavailability is frequently an important thought in the advance of bioactive molecules as
therapeutics.

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



Hydrothermal Synthesis of Zeolite T from Bentonite Clay: Catalytic Applications and Molecular.. 359

3.5. DFT methods

3.5.1. Density functional theory (DFT)

The computational method was applied via density functional theory (DFT) to study the electronic structure of the
synthesized DHP ligand to determine the geometric structure, frontier molecular orbitals (HOMO, LUMO) and reactivity
indices of this ligand, with the standard B3LYP 6-31G (d) base using Gaussian 09 software [72]. Energy minimization
corresponds to the optimization of the most stable ligand geometry, and the identification of the Mulliken atomic charge
distributed on the DHP ligand atoms is presented in Fig. 23.

Fig 20: Optimized structure of the ligand with Mulliken atomic charge identification

Atoms that carry negative partial atomic charges of the molecular system can produce electronic orbitals to establish
bonds [73].The alternating negative charges distributed on the carbon atoms, including the nitrogen atom in the pyridine ring,
result in delocalization of the m electrons, leading to a mesomeric effect favoring hydrophobic interactions. Therefore, the
nucleophilic attack sites are the atoms that carry negative charges, while the positive atoms probably participate in the
formation of the electrophilic sites.

3.5.2. Analysis of frontier molecular orbitals and the MEP surface

The distributions of electrons in the orbital (HOMO, LUMO) and molecular electrostatic potential (MEP) of
the DHP ligand are shown in Fig. 24. Molecular orbitals show a principal role in chemical reactions and the reactivity of
molecules. The highest employed molecular orbital (HOMO) is associated with the ability of a molecule to donate electrons to
an acceptor. On the other hand, the lowest unoccupied molecular orbital (LUMO) is associated with the capacity of a
molecule to accept electrons. Notably, the higher the value of the Enomo energy of the molecule is, the greater its ability to
donate electrons. Therefore, electrophilic attacks can be well correlated with atomic sites having a high density of the HOMO
orbital; likewise, the higher the value of the ELumo energy is, the greater its ability to accept electrons [74]. Concerning the
reactivity indices of the DHP ligand, the energy values (EHomo, ELumo) allow us to calculate the reactivity indices, which are
summarized in Table 7.

Ecar
ALPHA 0,07631
state Ev
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Enowmo Alpha (82) = -0.14955 eV ELumo Alpha (83) =-0.07324 eV

9

Ecar
BETA 0,13789
state eV
\ . )
) J/‘J
9
Enomo Beta (81)=-0.21297 eV ELumo Beta (82)=-0.07508 eV
97872 [N f L BB
MEP
surface

Electron density from Total SCF Density (isoval=0.001)

Fig. 21: Molecular orbital [HOMO (Alpha), LUMO (Beta)] and molecular electrostatic potential (MEP) surface of the
DHP ligand; DFT/UB3LYP (Basis set 6-31G (d)) with spin doublet

Table 7: Calculated values of the reactivity indices of the DHP ligand in the gas phase

Electronic reactivity parameters DHP ligand
Alpha state Beta state
Eromo (eV) -0.14955 -0.21297
Erumo (eV) -0.07324 -0.07508
Gaps Energy (eV) 0,07631 0,13789
Total Energy (a.u) -3677.0226 3677.0226
lonization Potential (1) (eV) 0.14955 0.21297
Electron Affinity (A) 0.07324 0.07508
Electronegativity () 0,111395 0,144025
Chemical potential (w) -0,111395 -0,144025
Chemical hardness (1) 0,038155 0,068945
Electrophilicity (o) 0,16249 0,15040
Dipole moment (Debye) 10.4133 10.4133

When comparing the values of the energy gap (Ecap) of the alpha and beta molecular orbitals to excite an electron
from a low orbital level to a higher orbital, according to the theory of molecular orbitals, the reactivity chemical is a function
of interactions between frontier molecular orbitals, i.e., the highest occupied HOMO (highest occupied molecular orbital) and
the lowest vacant LUMO (lowest unoccupied molecular orbital) [75,76]. Indeed, the greater the energy gap between these
orbitals is, the harder and more stable the molecule is and therefore the less reactive it is [77]. The shape of the beta orbital
(Ecap = 0.13789 eV) is less reactive than that of the alpha orbital (Ecap = 0.07631 eV).

The application of molecular electrostatic potential (MEP) mapping is a useful indicator for determining the active
centers responsible for electrophilic and nucleophilic reactions, which are associated with electron density [78]. The molecular
electrostatic potential (MEP) of the DHP ligand was calculated and is presented in Figure 3. The red and yellow colors
represent the negative areas of the MEP associated with electrophilic reactivity, whereas the blue color represents the positive
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areas related to the reactivity of the nucleophile. Notably, the DHP ligand, which contains the negative site, is located at the
level of the O carbonyl group, while the positive regions possible for nucleophilic attack are around the hydrogen atoms.

4. Conclusion

This study successfully synthesized zeolite T aggregates with spherical crystals resembling Saharan flowers. This was
achieved by using the hydrothermal method with different durations of crystallization with bentonite treated as an aluminum
source. An inclusive investigation was conducted on the crystallization process of zeolite T. The optimum treatment
temperature for producing zeolite T2, which has a molar composition of 1A1203, 25 SiOz, 6.5Na20, 2.25K20, and 350 H20 as
the dominant phase in the system, was determined via analytical techniques such as FTIR, RAMAN, DRX, SEM, EDS, TPD,
ATG, and N2 adsorption—desorption (BET). The analysis revealed that an optimal treatment temperature is 130 °C for 5 days.
Nucleation of zeolite T from treated bentonite began after 3 days. The results indicate that zeolite T2, composed of uniform
nanocrystalline grains produced over 5 days, forms a mesoporous zeolite T with a size of 1.35 pm and a molar ratio of 1.78.
An analysis of the BET (surface area) revealed a value of 95.75 m?gt, accompanied by a pore volume of 0.010 cm3g.
Moreover, TPD-NHsanalysis revealed limited Bransted acid sites but a significant number of Lewis acid sites. Due to their
unique morphology and microporosity, zeolite T2 aggregates show promise for industrial applications, including catalysis,
adsorption, and separation. The application of zeolite T2 as a catalytic agent in the Hantzsch reaction was effective in the
synthesis of BTDDB , achieving a yield of 70%. FTIR, NMR, UV spectroscopy, and mass spectrometry confirmed that the
crystalline product was indeed BTDDB. The molecular docking method and computational method were applied via density
functional theory (DFT) to BTDDB. During this work, we considered a computational study involving molecular docking to
evaluate the inhibition of the targets aminodeoxyfutalosine nucleosidase (PDB: 4WKO) and DNA gyrase subunit B (PDB:
8BN6), making it possible to highlight the main interactions that guide and orient the best conformers of DHP within these
targets, which are of the hydrophobic or hydrogen type. The results revealed the possibility of retaining the DHP ligand to
obtain a new structure for therapeutic use. These materials (zeolite T2) offer large advantages in terms of recyclability,
energy efficiency, and waste reduction, aligning the practice of chemistry with the principles of green chemistry. Continued
research in this area is essential to overcome the remaining challenges and fully exploit the potential of these materials for
future applications.
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