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Waste valorization represents an essential strategy toward achieving sustainable development goal 12
(Responsible Consumption and Production). In this work, coal fly ash was successfully transformed into
Zeolite A and employed as a heterogeneous catalyst for the synthesis of pharmaceutically relevant
bis(indolyl)methane derivatives (BIMs). Structural and morphological studies, conducted using X-ray
diffraction (XRD) and field-emission scanning electron microscopy (FESEM), confirmed the formation of
Zeolite A (ZA). Acid modification with 0.01 M HCl for 30 minutes at 60 °C resulted in ZA2/30, the
most active catalyst among the five synthesized. The ZA2/30 exhibited enhanced surface area (56.1 to
66.2 m? g~1) and pore size (54 to 6.3 nm) compared to ZA. Ammonia temperature programmed
desorption (NHs-TPD), Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS)
analyses revealed an increase in the concentration of Brensted acid sites with decreasing Si/Al ratio,
which directly correlated with improved catalytic activity. The optimized catalyst enabled the synthesis

Received 18th July 2025, of BIMs in yields ranging from 44% to 94%, under mild and environmentally friendly conditions. The

Accepted 21st January 2026 used catalyst was studied for reusability up to five cycles. Leaching studies confirmed the hetero-
DOI: 10.1039/d5ma00772k geneous nature of the catalyst, demonstrated its structural stability and reusability during successive

cycles. This study establishes fly ash-derived zeolites as eco-friendly catalysts for sustainable organic
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1. Introduction

The continuously rising demand for energy has resulted in the
extensive utilization of coal in thermal power plants, leading to
large-scale production of coal fly ash. Each year, approximately
600-800 million tons of fly ash is produced worldwide," of
which only approximately 30% is utilized in sectors such as
cement, concrete, road construction, and brick manufacturing.
The remaining fly ash is disposed of in open pits, which leads
to leaching of heavy metals into the soil, causing environmental
pollution and posing serious health risks.>

The rich chemical composition of fly ash, including silicon
oxide, aluminium oxide, trace alkali metal oxides and iron
oxide, has remained largely underutilized.® Recent studies have
exploited these components for synthesizing aerogels,* metal-
organic frameworks (MOFs),” zeolites® and nanocomposites.”
These value-added products synthesized from fly ash have
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synthesis, reinforcing their role in advancing circular chemistry.

been utilized in biodiesel production,® organic reactions,’
degradation of drugs,'® dyes,” polymers'! and volatile organic
compound remediation.*?

Zeolites derived from abundant feedstocks, such as coal fly
ash, rice husk,"® and coal bottom ash,'* address sustainability
concerns while serving as solid-state catalysts in organic
synthesis. They have high thermal stability, defined pore
structures, high surface areas, and low production costs,
making them attractive alternatives for heterogeneous
catalysis.">'® These zeolites find use as catalysts in reactions
such as Michael addition,’ Friedel-Crafts acylation,"” Claisen-
Schmidt condensation,® and Knoevenagel condensation
reactions."”

Bis(indolyl)methanes (BIMs), a class of bioactive molecules,
are secondary metabolites found in various natural sources, like
cruciferous vegetables, marine life, and terrestrial organisms.>®
Fig. 1 shows the structure of some BIMs known for their anti-
tumor, antibiotic, and antiviral activities.>* Traditionally, these
molecules were synthesized using conventional organic methods,
but a number of homogeneous and heterogeneous catalysts,
such as MOFs,?* enzymes,”® nanomaterials,>® ultrasound,*
metal oxides or complexes supported on alumina or graphene
oxide,***” and ionic liquids®® have been reported recently.
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Fig. 1 Molecular structure of some biologically active bis(indolyl)-
methanes (BIMs) and their general structure.

Although the above catalysts are efficient, environmental
concerns and high costs necessitate the development of
sustainable and eco-friendly alternatives.

This work uniquely employs fly ash—an abundantly avail-
able industrial by-product—as a feedstock to synthesize Zeolite
A, thereby converting waste into a value-added material.
Furthermore, treating Zeolite A with mineral acid added worth
to the material, making it a heterogeneous catalyst for BIM
synthesis with a Turnover number (TON) of 95.5 and Turnover
frequency (TOF) of 3.9. In contrast, previous studies reported
the use of mineral and organic acids along with transition
metals to modify the commercial zeolites (HY, HB, and H-ZSM-
5) for the synthesis of BIMs.?"** Notably, TOF and TON metrics
for the zeolite-catalyzed synthesis of BIMs have not been
reported in previous literature. Thus, to the best of our knowl-
edge, this study reports the first use of a mineral acid-treated,
fly ash-derived zeolite as a catalyst for ethanol-mediated BIM
synthesis. Ethanol, compared to chlorinated solvents, as used
in earlier reports,>* is safe, biodegradable, and renewable.
Overall, this work demonstrates a reduction in dependence on
virgin raw materials, such as high-purity silica and alumina,
by effectively utilizing fly ash waste, thereby diverting it from
landfills and complying with SDG 12 - responsible consump-
tion and production.

2. Materials and methods
2.1 Materials

Coal fly ash (CFA) used as the precursor material in this work
was collected from Guru Gobind Singh Super Thermal Power
Plant, Ropar (Punjab), India. Sodium hydroxide (Loba Chemie,
97%) and sodium aluminate (Otto Chemika Biochemika) were
employed directly without further purification. Distilled water
was used for all washing and dilution procedures. The sus-
pended material from the dispersions was collected using a
centrifuge (Thermo Fisher Scientific, 8000 rpm), and the aging
process was carried out using an ultrasonic probe (ChromTech,
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100 W/220 V/5 A). Fly ash was reduced to fine particles using a
planetary ball mill (Mechmin).

For the synthesis of bis(indolyl)methane (BIMs), benzalde-
hyde, indole and solvent were procured from Avra, Loba
Chemie, and Sigma Aldrich. The progress of the reaction was
monitored using thin-layer chromatography (TLC; Silica gel 60
F254, Merck), and the purification was done using column
chromatography.

2.2 Instruments and characterization

The characterization of the prepared samples was carried out
using the following instruments. Morphological analysis was
performed using a field-emission scanning electron micro-
scope (FE-SEM; Carl Zeiss Sigma 500 FEG-SEM) operated at
20 kv, while elemental composition was analyzed using an
energy-dispersive X-ray spectrometer (EDX; Bruker QUANTAX
200). The structural characteristics of the synthesized zeolite
were examined using X-ray diffraction (XRD; Smart Lab SE,
Rigaku) with Cu Ko radiation (4 = 1.54 A). Diffraction patterns
were recorded across a 26 range of 5° to 80°, with a step size of
0.013°. Fourier transform infrared spectroscopy (FTIR; Bruker
Alpha II) was used to identify functional groups in the samples
over the spectral range of 400-4000 cm ™. Thermal stability and
decomposition behavior were analyzed by thermogravimetric
analysis (TGA; NETZSCH STA 449 F3 Jupiter) up to 800 °C at a
heating rate of 10 °C min~" under a nitrogen atmosphere. The
surface composition and elemental states were determined
using X-ray photoelectron spectroscopy (XPS; PHI 5000 Versa
Probe II, FEI Inc.) with Al Ko radiation (1486.7 eV) and silver as
the reference standard. After degassing the samples at 100 °C,
specific surface areas and pore distribution were evaluated
from nitrogen adsorption-desorption isotherms using the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) models (Micromeritics ASAP 2020). The point of zero
charge (PZC) for the synthesized zeolites was calculated using
a previously reported method.>* The acidity of the samples
was determined by NH; temperature-programmed desorption
(NH3-TPD) using a chemisorption analyzer (BELCAT II, Micro-
tracBEL). Prior to analysis, samples were pretreated under
helium, followed by NH; adsorption. The desorption process
was then carried out by heating the samples from 100 to 800 °C
at a rate of 10 °C min ', while the released gases were detected
using a thermal conductivity detector (TCD). The hetero-
geneous nature and stability of the catalyst were examined
through microwave plasma-atomic emission spectroscopy
(MP-AES; Agilent 4100).

The synthesized organic compounds, BIMs, were character-
ized using a "H and ">C nuclear magnetic resonance spectro-
meter (NMR, 400 MHz, JEOL) and CDCl; as the solvent. The
molecular weights of the synthesized organic compounds were
confirmed using high-resolution mass spectrometry (HRMS;
Waters XEVO-G2XSQTOF).

2.3 Pretreatment of fly ash

CFA (4 g) was washed with water (3 x 200 mL) to remove water-
soluble impurities and dried in an oven at 90 °C. To remove

© 2026 The Author(s). Published by the Royal Society of Chemistry
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volatiles, the dried CFA was calcinated at 800 °C (5 °C min™")
for 2 h. Furthermore, metallic impurities were removed from
the calcinated material by treating it with a 10% HCI solution
(100 mL), followed by washing with water until neutral pH.
It was then dried overnight in an oven at 90 °C, and the
obtained material was designated as P-FA.

2.4 Reduction of particle size

To reduce the particle size, 20 g of the prepared P-FA was milled
in a planetary ball mill using tungsten carbide jars and tung-
sten carbide balls. The material (P-FA) was milled with a ball-to-
powder weight ratio of 20: 1 for 30 h at 300 rpm, with toluene as
the medium to minimize heat generation. Sodium lauryl sulfate
(200 mg) was used as a surfactant to prevent agglomeration
during the milling process. After milling was complete, toluene
was decanted, and the residual solvent was evaporated by
heating at 120 °C. It was then washed with a 1:1 ratio of
water : ethanol (6 x 25 mL) to remove the surfactant and trace
amounts of toluene. After drying at 120 °C, the product was
sieved through a 200-mesh sieve to obtain an even particle size
distribution and was referred to as B-FA.

2.5 Synthesis of Zeolite A

Zeolite A was synthesised from B-FA via an ultrasonication-
assisted hydrothermal approach using a known procedure with
slight modification.>® B-FA (Si/Al is 1.4:1 determined using
XRD?®) was combined with NaOH (1:1.4) and sodium alumi-
nate (to adjust the Si: Al ratio to 1:1) using a pestle and mortar.
The mixture was then fused in a nickel crucible at 750 °C for 2 h
in a muffle furnace. After cooling to room temperature, the
fused product was ground into a fine powder and dispersed in
water (2 g/20 mL). The resulting suspension was aged at room
temperature for 3 h using an ultrasonic probe. Subsequently,
the suspension was transferred into a Teflon-lined stainless
steel autoclave and heated at 90 °C for 10 h. The crystalline
product was collected, thoroughly washed with water until a
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pH of 7 was achieved, and dried at 80 °C (Fig. 2). The resulting
product was designated as ZA.

2.6 Acid-treated Zeolite A: pathway to ZA2/30

ZA (120 mg) was treated with 20 mL of 0.01 M HCI and stirred
in a round-bottom flask for 30 min to enhance its surface area.
The acid-treated ZA was then collected, washed repeatedly with
water (five times) until a neutral pH was reached, and dried at
80 °C for 10 hours. The sample obtained was referred to as
ZA2/30 and characterized using XRD, FE-SEM, EDS, TGA,
FTIR, BET, XPS, and NH;-TPD. NH;-TPD analysis provided
information on the total acid sites of the zeolite, which was
used to calculate the turnover number (TON) and turnover
frequency (TOF), thereby directly correlating acidity with
catalytic performance.

2.7 Reusability studies

The reusability studies were carried out after recovering the used
catalyst from the organic reaction mixture. The procedure for
setting up the organic reaction mixture is described in Section 2.8.

2.7.1 Catalyst recovery and treatment. After each reaction
cycle, the zeolite ZA2/30 catalyst was separated from the reaction
mixture using centrifugation. Each time the catalyst was washed
with a 60:40 water-ethanol mixture (6 x 15 mL) and stirred in
20 mL of the same solvent ratio at 60 °C for 2 h to remove any resi-
dual organic compounds. The recovered solid was dried overnight
at 80 °C in a hot-air oven, and characterization (XRD and FE-SEM,
Fig. S6) was performed before reuse in subsequent organic reactions.

2.7.2 Leaching studies. The supernatant obtained after
catalyst separation was collected to assess possible leaching
of framework elements. The ethanol was evaporated to dryness,
yielding a residue of ~250 mg. This residue was transferred to
a 50 mL volumetric flask, dissolved in a mixture of 5 mL
concentrated HCl and 45 mL deionized water, and analyzed
by MP-AES to determine the Si and Al content.
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Fig. 2 Schematic representation of zeolite synthesis from ball-milled fly a

© 2026 The Author(s). Published by the Royal Society of Chemistry

sh using an ultrasonic-assisted hydrothermal method.

Mater. Adv., 2026, 7, 2955-2970 | 2957


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00772k

Open Access Article. Published on 27 January 2026. Downloaded on 6/29/2026 11:11:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

2.8 General procedure for the synthesis of
bis(indolyl)methanes (BIMs) using Zeolite A as the catalyst

To synthesize BIMs, indole (0.942 mmol) and aldehyde
(0.471 mmol) were dissolved in ethanol (6 mL) in a 25 mL
round-bottom flask. To initiate the reaction, acid-treated zeolite
(zA2/30, 4 mol%) was added, and the mixture was stirred at
60 °C for 24 h. The progress of the reaction was monitored
periodically using TLC. Once the reaction was complete, the
mixture was centrifuged and washed with ethanol (2 x 5 mL),
and the collected supernatant was evaporated using a rotary
evaporator. DCM (2 x 5 mL) was added to the residue, and the
mixture was washed with water (2 x 5 mL). Evaporation of the
DCM gave a crude product that was purified using column
chromatography (hexane and ethyl acetate polarity gradient) as
the mobile phase. The purified product was characterized using
'H, ’C NMR and HRMS techniques.
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3. Results and discussion
3.1 Coal fly ash to ball-milled fly ash: characterization

Native fly ash (CFA) from the thermal power plant was charac-
terized using XRD, FTIR, FE-SEM, and EDS. The results dis-
played compliance with our previous study, as reported by
Mahajan et al.** The native CFA sample was acid-treated and
calcinated to remove organic and inorganic impurities. This
pretreated fly ash sample (P-FA) was ball-milled to obtain
homogenously reduced particles (B-FA) for efficient fusion in
subsequent steps and to enhance the surface area of the final
product. A comparison of the XRD pattern (Fig. 3a) for the
native CFA with a ball-milled sample (B-FA) showed the broad-
ening of peaks in the latter case due to reduced crystallite size.
The new peak at 48.5 20 in the B-FA sample was due to Al,O;
(ICDD card no. 01-073-1199), as ball milling caused the break-
age of particles and oxidation of surface aluminium.

"
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Fig. 3

(a) XRD patterns of coal fly ash (CFA) and ball-milled fly ash (B-FA), where the peak broadening in B-FA indicates a reduction in crystallite size.

(b) FTIR spectra for CFA and B-FA indicate that native bonds remain intact after ball milling. (c) FE-SEM image of native CFA and (d) B-FA shows
a transition from spherical to an irregular shape after the ball-milling process. (e) At 1 um resolution and at (f) 300 nm resolution, the transformation into

shattered, irregularly shaped particles is clear.
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FTIR spectra (Fig. 3b) displayed no change or shift in the
peaks from CFA to B-FA, indicating that native bonds remained
intact after pretreatment and ball milling. The FE-SEM images
of CFA (Fig. 3c¢) and B-FA (Fig. 3d-f) displayed a transition from
spherical to irregularly shaped particles after the ball-milling
process. At 1 um (Fig. 3e) and 300 nm (Fig. 3f) resolutions,
native spherical particles (CFA) were transformed into shat-
tered, irregularly shaped particles.

3.2 Characterization of the synthesized Zeolite A (ZA)

The ball-milled fly ash (B-FA) was processed to synthesize
Zeolite A using an ultrasonication-assisted hydrothermal
method. The hydrothermal process was carried out at 90 °C
for 6, 8, 10, and 12 h to optimize the crystallization conditions.
The XRD spectra (Fig. S1) show that as the time increased from
6 to 10 h, the amorphous phase gradually transformed into
pure-phase ZA. This was evident from the complete disappear-
ance of the characteristic amorphous hump after 10 h. Increas-
ing the reaction time to 12 h led to the appearance of an
additional crystalline phase, identified as Faujasite-Na (ICDD
card no. 00-012-0246), which coexisted with zeolite A. Crystal-
linity analysis also confirmed that ZA-10H exhibits the highest
crystallinity (Section S1). Thus, the hydrothermal treatment of
10 h was determined to be optimal for obtaining pure-phase
zeolite A (Fig. 4a), which was designated as ZA and used for
further characterization and catalytic studies.
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The XRD pattern of the synthesized material (ICDD card
number 01-089-3859) and the absence of quartz and mullite
peaks in the fly ash confirmed the formation of ZA.*’
A significant shift of the T-O-T bond (where T = Si or Al), in
the FTIR spectra (Fig. 4b) from 1062 cm™' to 966 cm ',
confirmed a structural change resulting from the rearrange-
ment of Si and Al bonds.® The FE-SEM images of the synthe-
sized material (Fig. 4c and d) compared with B-FA (Fig. 3d)
show an evident change from a rough, irregular to a smooth
cubic morphology, confirming the synthesis of ZA with an
average size of 1.7 um.>> EDS data (Table 1) of the synthesized
material displayed Si and Al present in equal amounts, further
confirming pure phase ZA. These results also show that Na is
present as a counterion in the zeolite framework.

As discussed above, the use of ZA was explored for the
synthesis of medicinally important BIMs. The initial results
in the presence of ZA using indole and benzaldehyde in ethanol
at 60 °C for 24 h gave 28% yield for compound 3a, where
R = Ce¢H; (Fig. 1). Although the yield was relatively low, the
positive reports in the literature on acid-treated zeolites with
enhanced surface area and organic reaction yields were the
driving force to take up the acid modification of ZA.>**%3°

3.3 Modification of ZA

Scheme 1(a) shows the modification of ZA with different con-
centrations of HCI to obtain three samples: ZA1, ZA2, and ZA3.

a) b)
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Fig. 4

(a) The absence of quartz and mullite peaks in the XRD pattern confirms the formation of Zeolite A (ZA). (b) FTIR analysis of ZA compared to B-FA

shows a shift in the peak from 1062 cm™ to 966 cm ™! attributed to the rearrangement of Si and Al bonds. (c) FE-SEM images of ZA reveal a smooth cubic

morphology, confirming ZA formation at 2 pm and (d) 1 um resolution.
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Table 1 EDS analysis showing the atomic percentages of constituent elements in FA, B-FA, ZA, ZA2/30, and ZA2/90

Elements (atomic percentage)

Samples Ti Al Si C (0] K Ca Mg Fe Na w Si/Al
Raw fly ash FA 031  13.91  14.99 812 5899 116 036  0.63 139 — — 1.07
B-FA 0.42 9.14  11.65 27.87  49.14 048 — — 075  — 0.56 1.2
Synthesized Zeolite ~ ZA 0.26 9.68 9.46 1640  53.00 — — — 056  10.63  — 0.97
ZA2/30 029 1121 1051  14.17 5715  — — — 0.57 6.47  — 0.93
ZA2/90 030  10.56 9.58  16.58  59.16  — — — 0.56 326 @ — 0.90
Zeolite A (ZA)
HC(Cl,
1 h, 60°C
(a) ACID
CONCENTRATION
OPTIMIZATION
A
Acid Concentration (M) 0.007 M 0.01 M 0.02M
Sample ID ZA1 ZA2 ZA3
% Yield of BIM 21 49 41
(b) TIME
OPTIMIZATION
Treatment Time (min) 20 30 45 60 90
Sample ID Z.A2/20 ZA2/30 ZA2/45 ZA2/60 ZA2/90
% Yield of BIM 35 68 44 49 41

Scheme 1

(a) Post-synthetic modification of ZA with HCl at different concentrations under constant time and temperature gave the most efficient

catalyst (ZA2), affording 49% yield of BIMs. (b) Treatment of ZA with 0.01 M HCl for different durations gave an optimum reaction time of 30 min,

providing the maximum yield of BIMs (68%) with ZA2/30.

A maximum yield (49%) of the compound 3a, a BIM, was
obtained in the case of ZA2, which was achieved by treating
ZA with 0.01 M HCI for 1 h. The other two samples, ZA1 and
ZA3, treated with 0.007 M and 0.02 M HCI, yielded 21% and
41%, respectively. Furthermore, to optimize the time interval
for the HCI treatment, ZA was treated with 0.01 M HCI at 20, 30,
45, and 90 minutes before being used for the synthesis of
compound 3a. Scheme 1(b) further shows that ZA was treated
with 0.01M HCI for 30 min, named ZA2/30, which gave the
maximum yield (68%) as compared to others treated for
20 (ZA2/20), 45 (ZA2/45), 60 (ZA2/60), and 90 (ZA2/90) minutes.
After optimization, ZA2/30 was the final material that was used
to explore the synthesis of other BIMs. Therefore, the charac-
terization of the ZA2/30 was carried out. To understand the
reaction mechanism, characterization studies of ZA2/30 were
compared with those of ZA2/90.

3.4 Characterization of acid-treated zeolites

The XRD of native ZA, ZA2/30, and ZA2/90 (Fig. 5a) was analyzed
to evaluate structural changes due to acid treatment. With
increased treatment time, the material lost crystallinity as

2960 | Mater. Adv., 2026, 7, 2955-2970

evidenced by a reduction in peak intensity. For ZA2/90, the
graph shows a broad hump, suggesting an increase in the
amorphous phase with prolonged acid treatment. These results
suggested that a 30 min treatment with acid was optimal for
preserving the framework of the zeolite.

Fig. 5b compares the FTIR spectra of ZA with acid-treated
samples (ZA2/30 and ZA2/90) to check structural stability and
surface modifications. The band at 3339 cm ™', corresponding
to surface ~OH groups, increased after 30 min of treatment but
decreased after 90 min compared to native ZA. This indicated
that ZA2/30 has maximum Bregnsted acid sites compared to ZA
and ZA2/90. A comparison with the XRD results indicated that
the intensity of the OH peak decreased due to structural
deformation in the case of ZA2/90. A similar trend corres-
ponding to H-O-H bending vibrations was observed at
1639 cm™ "' due to surface-adsorbed water molecules.’® The
bands at 959 and 854 cm ', corresponding to T-O-T vibrations
and Si-O-Al linkages from the crystalline mullite phase, shifted
to 974 and 869 cm™ ', respectively, upon acid treatment. The
bands at 647 cm " (Si-O-Si) and 860 cm ™" (Al-O-Si) remained
intact, confirming that the framework was not deformed.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD of ZA, ZA2/30, and ZA2/90 showing loss of crystallinity with increasing acid treatment. ZA2/30 retains the framework, while ZA2/90

shows an increase in the amorphous nature. (b) Comparative FTIR spectra of the three samples reveal that while the T-O-T (T = Si, Al) bonds remained
intact, the decreased intensity of the OH peak in the case of ZA2/90 indicates structural deformation.

Hence, the FTIR analysis of the materials confirmed that mild
treatment (30 min) helped enhance surface hydroxy groups
without any damage to the framework.

Fig. 6 demonstrates the FE-SEM images of acid-treated
samples, ZA2/30 and ZA2/90. A 30 min acid treatment eroded
the fine edges of original cubic crystals of ZA (Fig. 4c and d) into
rougher ones (ZA2/30, Fig. 6a and b). Furthermore, a prolonged
90 min acid treatment severely degraded and deformed the
crystals (ZA2/90, Fig. 6¢ and d), indicating deterioration of the
framework.

The point of zero charge (PZC) of native ZA and acid-treated
samples (ZA2/30, ZA2/90) was determined by the salt addition
method. As shown in Fig. 7a, increasing acid treatment shifted
the PZC from pH 7.6 (ZA) to 7.2 (ZA2/30) and further to 6.9
(zA2/90). This indicates that prolonged acid treatment
enhances the surface acidity of the zeolite.

The TGA data (Fig. 7b) show that the highest mass loss was
for ZA2/30 (19%), followed by ZA2/90 (17.4%) and ZA (16.1%).
The major weight loss was observed below 200 °C, beginning
at ~100 °C, for all samples, indicating that materials were

Fig. 6 FE-SEM images of (a) and (b) ZA2/30 (30 min acid treatment) and (c) and (d) ZA2/90 (90 min acid treatment) reveal surface roughening and

framework deterioration with increasing treatment time.
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(a) Comparison of ZA and acid-treated samples (ZA2/30 and ZA2/90) reveals that the point of zero charge (PZC) shifts from pH 7.6 to 6.9,

suggesting that prolonged acid treatment enhances the surface acidic characteristic of the zeolite. (b) Comparative TGA analysis of three samples shows
the highest mass loss for ZA2/30, indicating its higher surface area and improved pore accessibility.

thermally stable at higher temperatures. DTG profiles also
displayed two peaks for ZA at 115 °C and 167 °C, corresponding
to surface-adsorbed and pore-confined water molecules.*'**
For ZA2/30, DTG indicated that the sample exhibited a higher
surface area, as reflected by the sharp DTG peak at 120 °C. The
transition from the second peak to the shoulder for ZA2/30
indicated that larger pores facilitated the easier release of pore
water at lower temperatures (162 °C) compared to ZA (167 °C).
In contrast, prolonged acid treatment for 90 min, (ZA2/90)
displayed diminished DTG peaks and reduced porosity, con-
sistent with XRD and SEM evidence of framework degradation.

BET analysis further corroborated these results. Both sam-
ples ZA and ZA2/30 exhibited type II isotherms with H3 hyster-
esis loops, characteristic of slit-shaped mesopore particles®”
(Fig. 8). Acid treatment for 30 min increased the surface area
(Fig. 8a) from 56.1 to 66.2 m> g~ and the average pore size
(Fig. 8b) from 5.4 to 6.3 nm (ZA to ZA2/30), confirming the
enhancement of porosity upon acid treatment. These results
were further validated by EDS and XPS analyses.

To ensure the safety of the material for any further application,
EDX analysis was performed at all stages of the zeolite
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optimization. The data in Table 1 show the progression of
material transformation from raw fly ash (FA) to acid-treated
zeolite (ZA2/90). It was observed that K, Ca and Mg were
eliminated following ball milling and washing. Fe, on the other
hand, decreased during the ball milling and remained constant
after ZA formation. In the case of B-FA, W was introduced from
the ball mill but was subsequently removed during further
treatments. The analysis of ZA shows a Si:Al ratio of 0.97,
which decreases to 0.93 and 0.90 after 30 and 90 minutes of
acid treatment, respectively, indicating an increase in the Al
percentage. Additionally, Na ions, which were introduced dur-
ing the conversion of ball-milled fly ash to ZA, were effectively
removed upon acid treatment, as their atomic percentage
decreased from 10.63 to 3.26, while the percentage of O
increased. These changes collectively indicate significant struc-
tural modifications in the zeolite framework induced by acid
treatment.

High-resolution XPS studies were carried out to investigate
the surface chemical states and elemental composition of the
synthesized zeolites. The deconvoluted spectra (Fig. S2) and the
corresponding quantitative results are summarized in Table 2.
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(a) N, absorption and desorption isotherm and (b) pore size distribution reflecting enhanced surface area and pore size for ZA2/30 compared
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For O 1s, the zeolites displayed multiple peaks corresponding
to different oxygen environments (0®~, Al,0;/C=0, Si-O-Si/
Al-OH, C-OH, Si-OH, and H,0/0,).** The total atomic percen-
tage after 30 min of acid treatment (ZA2/30) showed an increase
in 0>~ and C-OH contents while reducing Si-O-Si/Al-OH,
Si-OH, and H,0/0,. For C 1s, a decrease in C-Si and an
increase in C—C bonds were observed after acid treat-
ment.*"*®> Si 2p spectra showed peaks for Si-C, Si-O, and
$i0,.*® Upon acid treatment, the atomic percentage for the
Si-O bond decreased from 44.0 to 39.4%, attributed to the
breaking of Si-O-Al bonds, while SiO, increased from 23.3 to
29.2%. Similarly, the Al 2p spectra revealed the Al-O (84.1%)
framework and Al-OH (15.8%) extra-framework, which, after
30 min acid treatment, shifted to 95.1% Al-O and 4.8% Al-OH,
confirming the formation of new Al-O bonds and loss of Al-
OH.” Na atomic percentage decreased from 4.44 to 1.38
(Table 2), reflecting sodium leaching and contributing to
increased surface acidity.*® Thus, the high-resolution XPS ana-
lysis confirms that ZA, after 30 minutes of acid treatment,
induces significant bond reorganization, leading to a rearran-
gement of the zeolite framework.

Previous studies have demonstrated that Al removal and
subsequent reinsertion occur during the acid treatment of zeo-
lites, thereby inducing structural changes on their surfaces.**"
These findings support the structural changes in the framework
of ZA upon acid treatment to obtain ZA2/30, justifying the
decrease in the Si:Al atomic ratio from 1.5 (ZA; Si: 16.70%, Al:
10.93%) to 1.08 (ZA2/30; Si: 15.63%, Al: 14.45%), which also
corroborates the EDS results.

To evaluate the strength and distribution of acid sites in
zeolites, NH;-TPD analysis was performed. Fig. 9 presents the
NH;-TPD profiles of the parent zeolite (ZA) and the acid-treated
samples (ZA2/30 and ZA2/90). The desorption curves were
deconvoluted using the Pearson VII function to determine the
distribution of weak, moderate, and strong acid sites, as shown

Table 2 XPS parameters for the ZA and ZA2/30 samples obtained from
the deconvoluted high-resolution spectra of C 1s, O 1s, Na 1s, Al 2p, and Si
2p after spectral fitting

Individual ZA ZA2/30
sample Total Atomic Total Atomic
component Group atomic % % atomic % %
C1s C-Si 22.76 18.1 20.34 11.3
C—C 44.7 49.4
C-O0 11.3 12.1
C—0 15.1 15.8
O0—C-0 10.5 11.2
O 1s 02— 45.18 12.2 48.20 16.2
C=0/Al,0;4 17.0 17.4
Si-O-Si/AlI-OH 40.5 36.0
C-OH 10.6 23.3
Si-OH 15 5.6
H,0/0, 4.4 1.09
Si 2p Si-C 16.70 32.5 15.63 31.3
Si-O 44 39.4
Sio, 23.3 29.2
Al 2p Al-O 10.93 84.1 14.45 95.1
Al-OH 15.8 4.8
Na 1s Na 4.44 100 1.38 100

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 NHs3-TPD data showing comparison of ZA with acid-treated
samples.

in Fig. S3. The deconvoluted peak data (Table 3 and Fig. S3)
revealed that acid treatment significantly modified both the
number and strength distribution of the surface acid sites. The
total acid sites and acidity were determined using the formula
described in Section S4.1.

The parent ZA exhibited desorption primarily in the 100-
250 °C range, corresponding to weak acid sites (39.04%), while
moderate acid sites (50.06%) dominated in the 250-400 °C
region. Only a small fraction (10.88%) of the strong acid sites
desorbed above 450 °C.>” After 30 min of acid treatment (ZA2/
30), the proportion of strong acid sites increased markedly to
26.80%, accompanied by a rise in weak acid sites (44.36%) and
a decrease in moderate sites (28.83%). However, prolonged
treatment for 90 min (ZA2/90) was less favorable, as weak
sites increased to 60.03%, while moderate and strong sites
decreased to 19.86% and 20.10%, respectively, indicating pro-
gressive framework degradation. Overall, 30 min acid treatment
(zA2/30) yields an optimal balance of acid sites, enhancing its
suitability for catalytic applications that require strong acidity.

Fig. 10 schematically illustrates the chemical transforma-
tions that occurred during acid treatment. The surface of the
parent zeolite contained extra-framework AI-OH groups
responsible for Lewis acidity and framework Si-O(H)-Al lin-
kages that contributed to Brensted acidity.>® Upon acid expo-
sure, both silicon and aluminum atoms were partially leached
from the surface and bulk of the framework. However, XPS
analysis revealed that only aluminum was reinserted into the
framework, while the leached Si does not reincorporate, as
evidenced by the overall decrease in the Si atomic percentage in
Table 2. During the early stages of acid treatment, the loosely
bound surface Al-OH species were preferentially removed
compared to the Al atoms bonded within the bulk of the zeolite
framework. This was supported by XPS data, which showed a
decrease in the AI-OH component from 15% in ZA to 4.8% in
ZA2/30 (Table 2).

Once aluminum was extracted from the zeolite, it formed
Al(OH), species, which were protonated in the acidic medium

Mater. Adv,, 2026, 7, 2955-2970 | 2963
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Table 3 Comparison of the total acid sites for ZA and modified zeolites (ZA2/30 and ZA2/90), along with the turnover number (TON) and turnover

frequency (TOF), as determined from NH3-TPD analysis

Sample ID Weak acid site (%) Moderate acid site (%) Strong acid site (%) Total acid site (mmol) Acidity (umol g*) TON TOF (h™ %)
ZA 39.04 50.06 10.88 0.0130 222.8 9.8 0.40
ZA2/30 44.36 28.83 26.80 0.0033 62.1 95.5 3.9
ZA2/90 60.03 19.86 20.10 0.0046 82.1 41.7 1.7
®a Osi @o
HCI Treatment HCI Treatment
0.01M 0.01M
Al removal Al reinsertion
| Al removal I | Al reinsertion I
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Fig. 10

(a) General scheme for aluminum removal and reinsertion. (b) Schematic equation showing removal of surface Al-OH groups with acid

treatment, generating Al(OH),* species. (c) AL (OH)," species reinserts to occupy framework vacant surface sites to form [Si—-O-All~ species generating a

(d) Brensted site as shown in box Si—O(H)-AL

to generate Al(OH)," ions. These ions migrated back and
occupied the vacant framework sites, leading to the formation
of new bridging Si-O(H)-Al linkages.*®>® This conjecture is
supported by XPS data, which show an increase in bonded Al-O
from 84% in ZA to 95% in the case of ZA2/30. This reinsertion
process enhanced the Brgnsted acidity, as evidenced by the
increased number of strong acid sites in the ZA2/30 sample
(Table 3). Simultaneously, the loss of surface Al-OH groups
accounted for the reduction in moderate and weak acid sites in
ZA2/30 relative to the parent ZA.

Prolonged acid treatment (90 min) caused further dealumi-
nation and partial breakdown of the zeolite framework. This
was confirmed by the characterization of the ZA2/90 sample,
which, in comparison with ZA, showed degraded and deformed
cubic morphology (Fig. 6), reduced -OH band intensity in the
FTIR spectra, and lower peak intensities in the XRD patterns
(Fig. 5). This structural degradation reduced the Si-O-Al connec-
tivity and generated additional silanol (Si-OH) groups, consistent
with the predominance of weak acid sites and the loss of strong
Brensted sites observed in the NH;-TPD results (Table 3).

2964 | Mater. Adv, 2026, 7, 2955-2970

3.5 Catalyst application in organic synthesis

Many organic transformations typically require stoichiometric
amounts of mineral or organic acids. Motivated by this, we
envisioned utilizing the intrinsic acidity of ZA2/30 as a solid
catalyst. The synthesis of BIMs was selected as a model reaction
to evaluate the catalytic efficiency of the acid sites in the fly
ash-derived zeolite.

BIMs were synthesized by reacting indole (2 equivalents)
with benzaldehyde (1 equivalent) in the presence of ZA2/30.
A control experiment, conducted without the use of a catalyst,
showed no product formation, confirming the essential cataly-
tic role of ZA2/30. The reaction was further optimized
by varying catalyst loading, solvents, time, and temperature.
Among the tested solvents (Table 4), ethanol proved to be the
most effective, while dichloromethane, propanol, toluene, THF,
and DMSO showed no product formation. Temperature studies
revealed that the reaction proceeded only at 60 °C, with no
conversion at room temperature. The reaction afforded yields
of 20%, 40%, and 68% at 10, 16, and 24 h, respectively,
confirming 24 h as the optimal reaction time for maximum

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Optimization of reaction conditions for the synthesis of BIM (3a)
using 4 mol% of ZA2/30

View Article Online
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Table 5 Scheme for the synthesis of different BIMs with structures and
yields using different aldehydes

Yield® Dipole Boiling LD50
Solvent (%) moment point (°C) (mL kg™ )
CH;CH,OH 68 1.68 78.3 22.6
CH;0H 29 2.87 64.7 5.6
CH;CH,CH,0H  NR 3.09 97.2 2.3
ACN 37 3.44 81.6 3.9
H,0 17 1.87 100 >90
DCM NR 1.60 39.7 1.6
DMSO NR 4.10 189 17.9
Toluene NR 0.31 110 6.4
THF NR 1.75 66 3.6
H,O:EtOH
80:20 12 — — —
50:50 10 — — —

“ Conditions: 60 °C, 24 hours; NR = no reaction.

yield. The reduced efficiency of ZA2/30 at 2 and 6 mol%
(vielding only 20% and 40%, respectively) led to the identifi-
cation of 4 mol% as the optimal loading to achieve maximum
yield. Thus, the optimal conditions for BIM synthesis were
found to be using ethanol at 60 °C for 24 h with 4 mol% of
ZA2/30 to explore the substrate scope.

A diverse set of substituted aldehydes (Table 5), including
electron-donating (methoxy, hydroxy), electron-withdrawing
(nitro, cyano, and fluoro), and disubstituted groups, was selected
to evaluate substrate scope and the influence of electronic
and steric effects. As shown in Table 5, the yields of different
BIMs varied from 44% to 94%, depending on the nature of
the aldehyde substituents. Aldehydes containing electron-
withdrawing groups gave enhanced yields as compared to
electron-donating groups.

It is essential to note that ZA2/30 exhibits highly acidic sites,
which strongly interact with the carbonyl carbon of aldehydes.
When electron-withdrawing groups are attached, this interaction
stabilizes the resulting carbocation (Fig. 11a), thereby enhancing
the electrophilicity of the carbonyl centre.’* As a result, aldehydes
with electron-withdrawing substituents afforded higher yields
than those with electron-donating groups (Fig. 11b), due to
increased electrophilicity that facilitated attack by the C-3
position of the indole. Notably, aldehydes containing hydroxyl
substituents yielded approximately 30% with inseparable side
products under the applied conditions (not shown in Table 5),
and the methoxy group gave only a 46% yield. Comparatively,
cyano (2d) and nitro (2e, 2f) groups gave enhanced yields of
BIM 3d (94%), 3e (76%) and 3f (80%). For the comparatively
weak electron-withdrawing chloro group on aldehyde (2c),
a moderate yield (63%) was observed, which increased to 72%
when two chloro groups (2h) were present. Similarly, the
presence of two electron-donating groups (methoxy and hydroxy)
in the case of compound 2i resulted in a lower yield (44%).

A comparison of the products from the monochlorinated
aldehyde (3c) and the dichlorinated aldehyde (3h) reveals that
substitution at the ortho and meta positions did not reduce the
yield due to steric hindrance; however, a higher yield was
obtained for 3h instead (Table 5). This was attributable to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 (continued) Table 6 Synthesis of zeolite A from coal fly ash using different methods
Hydrothermal
Fusion Aging conditions Ref.
CHO
m . @ Z.A2/30 550 °C, 1 h  Stirring, 16 h 100 °C, 7 h 65
N Ethanol, 60°C, 24 h 550 °C, 1 h  Incubated, 5 h 90 °C, 5 h. 66
H R 750 °C, 2 h  Stirring, 12 h 75 °C, 18 h. 35
) (2a-2i) 550 °C, 1 h  Incubator shaking, 16 h, 30 °C 100 °C, 1 h 67
750 °C, 2 h 3 h, RT, probe sonication 90 °C, 10 h. This
work

R =Cl, OH, CN, NO,, OCH;, F, H

Entry Aldehyde Product Yield (%)”
CHO
Cl
8. 72
Cl
2h
CHO
OH
9. 44
OCH,
2i
HCHO
10. 2j 68

“ Isolated yield after purification.

dominant electron-withdrawing effect of the two chloro groups.
Similarly, the methoxy- (3b) and hydroxy, methoxy disubsti-
tuted (3i) aldehydes, bearing mono- and disubstituted electron-
donating groups, afforded nearly identical yields (46% and
44%, respectively), further confirming that steric hindrance
has little influence on the reaction outcome.

The synthesis of BIMs demonstrates a sustainable strategy
for valorizing abundantly available coal fly ash through its
zeolitization. The synthesized zeolite effectively promotes the
formation of pharmaceutically important compounds 3b and
3c (Table 5), which have been reported to exhibit anticancer
and antiparkinsonian activities, respectively.>® The synthesis of

Arundine (3j), a natural bisindole alkaloid with potent anti-
cancer properties, further underscores the pharmaceutical rele-
vance of this approach.>® It has been reported to inhibit the
growth of colon (IC5y: 50-60 pM), prostate (ICso: 20-40 pM), and
breast (ICso: 17-30 puM) cancer cells.’’>° Interestingly, acetal-
dehyde and propionaldehyde produced negligible amounts
of BIMs. This can be attributed to the fact that formaldehyde
and benzaldehyde, owing to their higher polarity, interact more
effectively with the zeolite surface, resulting in enhanced
reactivity. The previous report also supports this trend, showing
that zeolites catalyze reactions of aromatic aldehydes more
efficiently than their aliphatic counterparts, thereby enabling
selective reactivity.®’

Thus, the dual outcome of waste valorization and its use
in synthesizing bioactive molecules offers a greener alternative
to conventional catalysts, which are often costly and non-
renewable. Industrial-scale production of these important
organic molecules would require further optimization of the
synthesis conditions for ZA2/30 according to the production
volume. This approach nonetheless indicates a shift towards
reducing the environmental burden and promotes resource
efficiency, directly supporting SDG 12 (responsible consump-
tion and production).

3.6 Plausible mechanism of BIM synthesis using ZA2/30 as a
catalyst

The higher density of strongly acidic sites, as indicated by NH;-
TPD analysis (Fig. 9 and Table 3), and the enhanced hydroxy
peaks on ZA2/30 in FTIR (Fig. 5b), suggest the availability of

2 EWG _—
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O” H (.) H
EWG = Electron i _
Withdrawing Group H-O-Zeolite
More stable carbocation
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Fig. 11
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(a) Electron-withdrawing substituents stabilize the carbocation, increasing carbonyl electrophilicity and resulting in higher BIM yields compared
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Scheme 2 Mechanism of BIM formation: ZA2/30 activates benzaldehyde

(2) for nucleophilic attack by indole (1) to form intermediate (B), which

dehydrates to iminium ion (C) and reacts with a second indole to give the final product (E).

Bronsted acid sites that play a crucial role in the catalytic
activity. The plausible reaction pathway is illustrated in Scheme 2.
Initially, the acidic sites on ZA2/30 activate the carbonyl group of
benzaldehyde (2), facilitating its nucleophilic attack by indole (1)
to form intermediate (B). Subsequent dehydration of this inter-
mediate produces the iminium ion (C), which then undergoes a
second nucleophilic attack by another indole (1) molecule,
resulting in the formation of the target BIM product (E). Notably,
in the absence of ZA2/30, the starting materials remained
unreacted, confirming the essential catalytic role of ZA2/30 in
the transformation.

To further confirm that Brensted acid sites were primarily
responsible for the catalytic activity of the zeolite, ZA2/30 was
treated with NH,OH solution. After washing with water and
drying at 80 °C, it was again employed for the synthesis of BIMs.
The experiment did not give product formation, as confirmed
by TLC (Fig. S6). This indicated the role of the Brgnsted acid
sites in BIM synthesis, which, after being poisoned by NH;, did
not give the desired product. Jacobs et al. have shown the role
of ammonia in blocking the Brensted acid sites of zeolites to
form stable NH,  species through proton transfer, thereby
neutralizing these active sites.®!

3.7 Recyclability and leaching studies of ZA2/30

The catalyst ZA2/30 demonstrated reusability in the synthesis of
BIMs (compound 3a), retaining stable catalytic activity for up to
five consecutive cycles (Fig. 12). To confirm the activity of the
catalyst after its use in organic reactions, a post-reaction
evaluation was carried out using XRD and FE-SEM. The XRD
pattern of the recycled ZA2/30 showed no noticeable shift or
broadening of peaks (Fig. S7a) compared with the fresh ZA2/30
sample. Likewise, FE-SEM images of the fresh catalyst ZA2/30
(Fig. 6a and b) and the recycled ZA2/30 (Fig. S7b) revealed
no significant morphological deterioration, confirming that
ZA2/30 maintained its crystalline structure and characteris-
tic cubic framework. To evaluate the heterogeneous nature of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Recyclability studies of zeolite (ZA2/30) for the synthesis of BIMs
up to five cycles.

ZA2/30 as a catalyst, the reaction mixture was separated from
the catalyst. After evaporation of the solvent, the sample was
treated with HCl and diluted with water. MP-AES analysis
revealed the presence of 0.047% Al and 0.05% Si, well below
the permissible limit as reported in the literature.®>®® These
results clearly establish the robustness of ZA2/30 in terms of its
structural integrity and catalytic efficiency for the organic
transformations.

3.8 Turnover number (TON) and turnover frequency (TOF)

The catalytic performance of ZA2/30 was further evaluated in
terms of TON and TOF (Table 3) using NH3-TPD results as
shown in Section S4.2. Acid treatment was found to signifi-
cantly enhance the catalytic efficiency, with ZA2/30 exhibiting a
TON (102.5) and TOF (4.27) that are nearly way higher than
those of the parent ZA (11.21 and 0.46). ZA2/90, in contrast,
displayed moderate activity (TON 44.9, TOF 1.8). In conclusion,
ZA2/30 shows good catalytic activity and reusability, with struc-
tural and morphological stability maintained over repeated use
and negligible metal leaching, confirming its robustness as a
stable heterogeneous catalyst.
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Table 7 BIM synthesis using commercially available zeolites compared to fly ash-derived zeolite A

Commercial Zeolite Treatment Solvent BIMs yield (%) Ref.

HY — CH,Cl,, RT 85 32

Hp, HY, and H-ZSM-5 Zn** ion exchange CH,Cl,, RT 85 33

HY, Hp, and H-ZSM-5 — CH,Cl,, RT 85 31

Hp Citric acid Fixed bed reactor at 120 °C 90 30

Hf and MCM-41 Lactic acid CH,CI, at 30 °C 97 29

Coal fly ash-derived Zeolite A Hydrochloric acid Ethanol, 60 °C 94 This work

(non-commercial, lab synthesized)

3.9 Literature comparison of Zeolite A synthesis from fly ash

This work presents a faster and more sustainable route for
zeolite A synthesis from coal fly ash. Unlike earlier methods
(Table 6), which require 5-16 h of aging, the present protocol
achieves precursor activation in just 3 h with probe sonication
and uses hydrothermal processing at moderate temperature.
High-temperature fusion ensures complete conversion of fly
ash, while sonication provides an energy-efficient alternative to
prolonged incubation. By reducing time, energy, and reliance
on commercial zeolites, this method ensures waste valorization
and cost-efficient catalyst preparation, aligning primarily with
SDG 12 (responsible consumption and production) and secon-
darily with SDG 7 (affordable and clean energy).

3.10 Comparing commercial and fly ash-derived Zeolite
(zA2/30) for BIM synthesis

BIM synthesis has been mostly reported using commercial
zeolites (HY, HPB, H-ZSM-5, Table 7) with dichloromethane
(LDsy ~ 1.6 mL kg ), yielding up to 97% of the product.
In this work, coal fly ash-derived zeolite A (ZA2/30) was used
with a green and sustainable solvent, ethanol (LD50 ~ 22.5 mL
kg~ ")** to achieve yields comparable to those already reported
(Table 7). The atom economy remained high at 94.3%, consis-
tent with earlier reports using the same reactants for zeolite-
based systems. The process mass index (PMI) and E-factor for
our protocol were 30.9 and 29.9, respectively (Section S8), and
are comparable to those of similar studies.”®*'* The larger
PMI value reflects differences in mass efficiency; it does not
diminish the broader advantages of our ethanol-based system
in terms of lower toxicity, greater sustainability, and biodegrad-
ability. Overall, our approach combines waste valorization with
the use of benign solvents to reduce environmental impact
while maintaining catalytic efficiency, providing a more sus-
tainable alternative to conventional methods.

4. Conclusion

The present study demonstrates the successful valorization of
coal fly ash into Zeolite A, establishing an eco-friendly and
sustainable application. Acid treatment enhanced the catalyst,
with ZA2/30 exhibiting superior physicochemical properties
and a well-defined crystalline framework characterized by an
enhanced surface area, porosity, and acidity. These features
enabled high catalytic activity, affording moderate to excellent
yields of various BIM derivatives, including the synthesis of the

2968 | Mater. Adv., 2026, 7, 2955-2970

bioactive natural product Arundine. The stable performance
over five reuse cycles further confirmed the robustness of the
catalyst. However, the scope of this catalytic system can be
further expanded by exploring a wider range of nucleophiles
and improving its applicability through reduced reaction times,
which can be achieved by optimizing catalyst loading in combi-
nation with energy-efficient techniques such as microwave
or ultrasound irradiation. Beyond these optimizations, the
approach also holds promise for diverse catalytic reactions that
can lead to valuable industrial compounds relevant to pharma-
ceutical and petrochemical sectors. Further studies may be
required to evaluate the long-term stability of the zeolite under
various storage conditions (pH, moisture, and other environ-
mental factors). Additionally, any potential toxicity arising from
residual fly ash-derived impurities, depending on their source,
particularly in pharmaceutical applications, needs to be
addressed. Overall, the work underscores the dual potential of
fly ash-derived zeolites in environmental remediation and fine
chemical synthesis, evidencing circular chemistry practices.
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Abbreviation

CFA Coal fly ash

P-FA Pretreated fly ash

B-FA Ball-milled fly ash

ZA Zeolite A

ZA1 Zeolite A HCI treatment at 0.007 M, 1 h
ZA2 Zeolite A HCI treatment at 0.01 M, 1 h
ZA3 Zeolite A HCI treatment at 0.02 M, 1 h
ZA2/20 Zeolite A (0.01 M) HCI treated for 20 min
ZA2/30 Zeolite A (0.01 M) HCI treated for 30 min
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ZA2/45 Zeolite A (0.01 M) HClI treated for 45 min
ZA2/60 Zeolite A (0.01 M) HCI treated for 60 min
ZA2/90 Zeolite A (0.01 M) HCI treated for 90 min
BIMs Bis(indolyl)methane derivatives

TON Turnover number

TOF Turnover frequency

MP-AES Microwave plasma-atomic emission

spectroscopy
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