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Microwave assisted synthesis of fly
ash based zeolites for degradation
of reactive blue 19 dye from
wastewater
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The current study presents the synthesis and characterization of corn stalk fly ash (CSFA) based
zeolites using a microwave-assisted hydrothermal technique for the removal of reactive blue 19 dye
from wastewater. Fly ash derived from the corn stalk was observed to belong to class “F” having low
moisture and carbon levels. CSFA and synthesized zeolites were characterized by X-ray diffraction
spectroscopy (XRD), energy dispersive x-rays (EDX)-scanning electron microscopy (SEM), and fourier-
transform infrared spectroscopy (FTIR). The synthesized zeolites were found to have a large surface
area and pore size which are suited best parameters for a potential adsorbent. The adsorption ability
of the raw fly ash and synthesized zeolites was studied in batch experiments by varying different
parameters such pH, dye concentration, contact duration, and adsorbent dose. It was observed that
a pH of 8, an adsorbent dose of 2.10 g/100 mL, and a contact period of 40 min were the optimum
parameters for the removal of reactive blue 19 dye up to 98.7%. It can be concluded that CSFA based
zeolites are efficient adsorbent for the removal of reactive blue 19 dye from wastewater and may be an
inexpensive and environmentally viable alternative material for wastewater treatment.
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The unchecked industrialization, urbanization, and flattering trends in agricultural activities are drastically
deteriorating the natural environment!. Among the numerous sources of pollution, comprising on nuclear
reactors, oil refineries, different textiles and chemical based industries, automobiles, farmlands, townships and
ecological heatwaves and landslides are contributing to deteriorate the environment up to various extents?.
Due to heavily contaminated, unchecked and untreated industrial discharge, the air quality index is rising
tremendously, alarming the life sustainability and on the other hand water pollution is emerging as challenging
and intimidating issue around the globe®.

Consumption of coal and agricultural wastes (wood, sugar cane bagasse, corn stalk and rice husk) as cheap
sources of energy is growing exponentially, leading towards the production of fly ash and bottom ash as solid
waste at massive scale around the globe®. Fly ash is not only a waste but also an environmental vulnerability as
particulate and leachate pollutant which also poses a financial liability for its safe disposal®. To meet the energy
requirement around the world, the utilization of huge reservoir of coal and other raw fuel for the generation of
electricity, the production of fly ash is expected to swell further?. Production and disposal of fly ash and bottom
ash as solid waste posturing health and environmental threats all over the world. It is estimated that annual
worldwide production of fly ash is approximately ranging up to 750 million tones/Anum®. Dumping this solid
waste into landfill areas and inappropriate waste management behavior can be fatal for soil fertility and may
have some detrimental effects by possible leakage of toxic heavy metals into ground water, puffing contaminants
into the air as dust particulate and the catastrophic failure of burning residue as surface impoundments and
disrupting ecological cycle’. One of the viable ways to reduce this heavy amount of solid waste is recycling
it to some value-added product®. Fly ashes chemically composed of aluminosilicates and can be modified in
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several ways to produce valuable zeolites for industrial applications like adsorption, catalysis for the removal
of toxic heavy metals and other pollutants from wastewater’. Fly ash-based zeolites have also been reported for
their applications in the field of health sciences, agricultural practices and animal feeds”!?. Zeolite can easily
be synthesized by hydrothermal technique assisted by different modern approaches (microwave, sonication)!!.
Microwave assisted hydrothermal technique provides a short route and eliminates unwanted stages to develop
zeolites with various morphologies'?. Several scientists have designed and employed zeolite as an adsorbent to
eliminate organic compounds from effluent, such as azo reactive dyes'>.

A million tons of synthetic dyes are being produced worldwide for coloring various materials to develop
colorful and attractive articles to compete with the modern marketing challenges®. Reactive dyes account for
60-70% of the total world production of synthetic dyes, used for coloring a variety of products, including leather,
textiles, foodstuffs, and beauty products'. The heavy load of industrial effluents containing unexhausted/
non-fixed reactive/synthetic dyes when discharged to waterbodies/ water system, pose severe medical risks
to people!® and devastate environments!'®. The presence of dyes in wastewater is a serious environmental
concern that can affect human health drastically. Chemical as well as physical procedures including adsorption,
deposition, flocculation, coagulation, and electrochemical degradation approaches are being employed to
remove harmful azo dyes from industrial effluents/wastewater!”. Generally, the wastewater treatment procedure
must have some principal features for a sustainable process viz. cost effective, eco-friendly, and time saving®.
Adsorption has seemed to be an economical, affordable, and easily manageable option for the elimination of dyes
from wastewater'8. Morphology, porosity and functionality are key features of good adsorbent that can aid in
adsorption on surface of materials and scientists are conducting research to develop eco-friendly and sustainable
materials derived from agricultural and industrial wastes as renewable feedstock®.

Fostering viable commercial and social development, scientists are looking for ways to protect the
environment to guarantee a prosperous future through a sustainable green economy* Investigation for innovative
and multifunctional adsorbents owning the adsorption and catalytic attributes is the momentum of research to
cope with the challenges of wastewater treatment?. Zeolites are reported to be multifunctional material with
tremendous adsorption potential and catalytic properties to tackle the multi-polluted water®. In this context,
corn stalk fly ash-based zeolites were synthesized using the microwave assisted hydrothermal approach to
improve the functionality of material to be used as adsorbent for the removal reactive blue 19 (RB 19) dye from
wastewater. Fly ash-based zeolite: A waste to value is not only a responsible way to manage solid industrial waste,
but it can also serve as a functional mesoporous material for wastewater treatment containing dyes and heavy
metals. The synthesized material is expected to find its way as a sustainable material to mitigate solid industrial
waste and water pollution.

Materials and methods

Sampling of fly ash

The corn stalk fly ash (CSFA) was collected from local factories in Faisalabad, Pakistan. Fly ash samples were
collected directly from the factory’s emission control units with the assistance of boiler engineers. To account for
variability in the composition of ash, multiple batches were collected over different shifts to ensure representative
sampling®!. The washing of collected ash was performed thoroughly with distilled water to eliminate soluble
impurities and dried in oven at 150 °C. The dried ash then sieved with a standard mash size to get fine particle

size and stored in air tight containers?2.

Chemicals and reagents

All the chemicals and reagents were purchased from certified companies and were used without further
purification mainly comprising of sodium hydroxide (Merck), sodium aluminate (Sigma Aldrich), hydrochloric
acid (Sigma Alderich), sodium acetate, (Sigma Aldrich), 2-propanol (Merck), ammonium acetate, (Sigma
Aldrich), sodium silicate, (Merck), double distilled water (DD.H,0).

Synthesis of microwave assisted Hydrothermal zeolites (MAHZ)

Hydrothermal process for zeolitization was performed according to the reported procedure with slight
modification®. CSFA and 0.1 M of NaOH were mixed in a ratio of 1:1.67 in 20 mL of DD.H,0O. And then sodium
aluminate and sodium silicate (at a ratio of 0.4:1) were added to reaction solution. Subsequently, the mixture
was crystallized for 30 min using microwave radiation using a self-adjusting microwave source (2.45 GHz, single
mode, CEM corporation, USA). PTFE tube (28 mm ID X 108 mm) fitted with a complete reflux condenser
mounted in microwave chamber. After decantation and centrifugation, the gel was filtered through a Gooch
crucible using Whatman filter paper number No. 3. The volume of the supernatant was measured and kept in
UHPE bottles for further analysis. The residue was rinsed five times with double distilled water (DD-H20) to
maintain a pH near 8. The gel was dried in an electric oven at around 80 °C for 8 h after rinsing the residues.
After drying, the synthesized product (MAHZ) was kept in a labeled airtight bag for its characterizations and
applications (Fig. 1).

Characterizations

The sorption behavior of ash sample and synthesized products were assessed using their cation exchange capacity
(CEC), which is expressed in SI units as m.eq./100 g. Acetate method was used to determine the cation exchange
capacity of residues?®. The crystal structure was determined using XRD (Bruker D8 Advance) by exposing it to
Cu-Ka radiation. XRD analysis was carried out via contact angles of 10-50°, scanning at 0.02°. The SEM-EDX
analysis was conducted to determine surface morphology?. The functional groups of the fly ash and products
of this study were investigated using FTIR spectroscopy (with KBr pellets and analyzed using a Spectrum 65 of
Perkin Elmer, USA)?*. DTA and TGA (Diamond TG/DTA, Perkin Elmer, USA) set up was used to ascertain the
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Fig. 1. Synthesis and application of microwave assisted hydrothermal zeolites.

thermal effects on CSFA and MAHZ?®. An optical microscope and a CCD detector were used to collect Raman
spectra excited with a 532 nm diode laser?”. CHN Analyzer (Thermo Scientific TM, Waltham, MA, USA) was
used to determine C, H, N, and S weight%ageszs. Water leaching tests as described in ASTM D 3987-85 was
performed on materials exposed to normal precipitation and Perkin Elmer 2280 model was used to measure the
elemental concentrations in leachates using inductively coupled plasma-atomic emission spectroscopy®.

Adsorption experiment

Batch experiments were conducted using CSFA and MAHZ as sorbent for investigating their dye (RB19)
removal efficiency from synthetic wastewater. Several parameters, including pH (2-11), sorbent mass (0.3-
2.10 g/100 ml), microwave irradiation time (0-70 min), and initial dye concentration (12.5-62.5 mg/L), studied
at room temperature. A UV-VIS spectrophotometer (Lmbda-25 by Perkin Elmer) with a wavelength of 663 nm
was used to determine the uptake concentration of RB 19, The following Equations were used to determine the
percentage of dye removed and the amount of dye adsorbed.

Dye removal (%) = % x 100
_(Ci=C)V
qe = W

Here, Ci, Ct and Ce represent initial concentration, concentration at any time ‘t’ and concentration at equilibrium
respectively. Whereas W is the mass of the adsorbent V represents volume of the solution in gL ™.

Results and discussion

Characterization of CSFA and MAHZ

Physicochemical characterizations

Corn stalk fly ash (CSFA) predominantly consists of substantial volumes of silica (SiO,, 40-60%) and alumina
(AL,O3,20-30%), along with lesser levels of other oxides like calcium oxide (CaO), magnesium oxide (MgO), and
ferric oxide (Fe,Os3). The particle size of CSFA generally spans from 0.5 um to 300 pm, facilitating advantageous
reactivity and processability in synthesis. Synthesized zeolites showed several improved physiochemical
properties relative to the original material. These zeolites consist of precisely structured crystalline aluminosilicate
frameworks, recognized for their durability and consistency. A prominent elevated specific surface area,
generally ranging from 200 to 400 m?/g. This is a significant improvement over the limited surface area of raw
fly ash, typically ranging from 5 to 15 m*/g. The extensive surface area, together with the distinctive micro-
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and mesoporous configurations of zeolites, facilitates exceptional adsorption and ion-exchange capabilities,
rendering them optimal for water purification, gas separation, and catalysis. Another notable characteristic of
synthesized zeolites was their CEC i.e. 200 to 400 meq/100 g. The higher CEC is attributed to the negative charge
of the aluminosilicate framework, which facilitates ion exchange channels. The thermal stability of synthesized
zeolites markedly exceeds that of raw fly ash, being stable up to 700 °C. This thermal stability makes them ideal
for in industrial procedures at high-temperature operations as described in Table 1.

The data from our synthesized zeolites shows significant consistency with existing literature
the effectiveness of the technique used for synthesis and the raw material i.e. corn stalk fly ash.

31-33 indicating

FTIR analysis
The FTIR spectra of CSFA and MAHZ to elaborate their chemical bonding and functionalities are presented in
Fig. 2a,b. The spectrum of CSFA shows a prominent peak at 644.57 cm™ indicates Si-O-Si bending vibrations,
which are typically encountered in amorphous silica. The peak at 1606.23 cm™ indicates the bending vibrations
of adsorbed water molecules (H-O-H), whereas the peak at 2855.82 cm™ shows C-H stretching vibrations,
which are likely derived by leftover organic matter in the fly ash. These data demonstrate that the composition
of CSFA is mainly constituted of siliceous particles, followed by adsorbed water and small organic components.
The FTIR spectrum of the MAHZ exhibits significant differences in comparison to CSFA, indicating the
chemical and structural changes that happened during synthesis process. A prominent peak at 3384.17 cm™ is a
strong representative of O-H stretching vibrations, underscoring the enhanced hydration of the zeolite structure.
The peak at 1648.16 cm™, showed strong H-O-H bending vibrations, is more prominent in MAHZ as compared
to CSFA, shows enhanced water content of obtained zeolites. The peaks at 2363.81 cm™ indicates the presence
of strong asymmetric stretching of CO, while peaks which appeared at 2830.66 cm™ represents the presence of
C-H stretching vibrations. These characteristics illustrate that the hydrothermal treatment generates porous and
hydrated properties in the synthetic zeolite. A comparison of the FTIR spectra reveals that the changes between
CSFA and MHZA, indicating structural rearrangement and higher hydration in the zeolite. The presence of a
prominent O-H stretching vibration at 3384.17 cm™ in MAHZ shows an established hydrated zeolite framework,
while the transition of the silicate network of ash into crystal structure is attenuated by the presence of Si-O-
Si bending vibration at 644.57 cm™ in CSFA and their absence in MAHZ. The stretching intensity of CSFA at
2855.82 cm™' and MAHZ at 2830.66 cm™ suggests decrease in C-H stretching vibrations and partial elimination
of organic residues in the final product. The peak at 2363.81 cm™ indicates CO, absorbance ability of zeolites
due to its excellent porosity and surface area and porosity. The structural and chemical changes seen in this study
are validated by the synthesis of zeolites from CSFA which exhibits strong agreement with results published in
the literature!*3%34,

Scanning electron microscopy (SEM)
SEM images of this study showed comprehensive morphological comparison of CSFA and synthesized zeolites.
The irregularly shaped particles of fly ash with rough surfaces and heterogeneous distribution represents
amorphous aluminosilicates in their raw condition. The SEM micrographs of CSFA and MAHZ of distinct
magnifications i.e. 300 nm, 500 nm, 1 um and 3 pm were used to illustrate the shape, structure, and grain size of
the component minerals (Fig. 3). Carbon, silicon, calcium, magnesium, sodium, aluminum, sulfur, potassium,
chlorine, and oxygen were quantified through EDX. In CSFA, the percentage of carbon weight was 87.11%
which concludes that our separation approach worked well based on the CHNS analysis results. In contrast,
MAHZ showed remarkable alteration, exhibiting clear crystalline structures, organized morphologies, and
porous surface. These modifications indicated that the hydrothermal synthesis method was successful for the
conversion of fly ash into zeolites. Table 2 elaborates the specifications analyzed by SEM graphics.

Zeolites synthesized in this study showed prominent resemblance with the characteristic of zeolitic materials
documented in the literature!2.

XRD analysis

Figure 4 presents the phase composition of both CSFA and MAHZ as determined by X-ray diffraction (XRD).
The XRD patterns showed a remarkable change when fly ash turns into zeolite. This is shown by the fact that
new crystalline peaks are shown up in the XRD spectra of zeolite frameworks. The CSFA spectrum has small,
sharp peaks that show crystalline phases like quartz and mullite. It also has a big hump in the 20°-30° (2-theta)
region, which showed an amorphous phase. On the other hand, the MAHZ spectrum exhibits distinct and
strong diffraction peaks at specific 2-theta angles, suggesting the formation of a distinct crystalline structure
associated with zeolite formation. The emergence of unique peaks in the MAHZ spectrum, exclusive to zeolite
structures and not present in the CSFA spectrum, signifies the successful conversion of fly ash into zeolites.

Parameter Fly Ash | Zeolite (Synthesized)
SiO, content (%) 50-60 60-70

ALOj content (%) 20-30 25-35

Surface area (m?/g) 50-100 | 200-400

CEC (meq/100 g) <50 200-400

Thermal stability (°C) | <500 ~700

Table 1. Physiochemical properties of CSFA and MAHZ.
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Fig. 2. FTIR spectra of (a) CSFA and (b) MAHZ.

The removal of peaks responsible for quartz and mullite during synthesis further supports the consumption
of fly ash’s first crystalline phases. The clear new peaks in the zeolite spectrum, which correspond to certain
zeolite types reported in the established literature, demonstrated the production of a pure and crystalline zeolitic
product”,

Raman analysis

Raman spectra of CSFA showed a wide, less defined spectral pattern, indicating heterogeneous, amorphous,
and non-uniform phases. The amorphous form reduces the sharpness of the main peaks, which correspond to
the silica and alumina structures. In contrast, MAHZ exhibits sharper and more distinct peaks, indicating the
creation of a crystalline zeolite structure. Figure 5 illustrates this change in the spectral area, which includes
Si-O and Al-O vibrations. The CSFA Raman spectra showed that the aluminosilicate phases are not ordered
because of the large hump and scattered peak features. These characteristics developed into stronger peaks when
converted to MAHZ, particularly in the 400-600 cm™ and 1000-1400 cm™ ranges. Zeolite frameworks usually
have vibrations that are caused by the stretching of Si-O-Al bonds in tetrahedral units in both symmetric and
asymmetric ways. The appearance of these peaks in MAHZ clearly demonstrated the structural reorganization
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Fig. 3. SEM micrographs of CSFA and MAHZ. under different magnifications (300 nm, 500 nm, 1 pm, 3 pm).

Structure Irregular and amorphous | Ordered and crystalline
Surface morphology Rough Uniform, porous features
Particle size distribution | Heterogeneous Comparatively homogeneous
Application potential Low High (adsorption and catalysis)

Table 2. Surface and structural comparison of CSFA and MAHZ.

of the aluminosilicates throughout the hydrothermal synthesis process, confirms the effective production of
zeolitic frameworks. The main peak seen in MAHZ at around 1100-1400 cm™ is linked to the fact that zeolites
have symmetric vibrations in silicate tetrahedra. The elimination of disordered vibrational patterns further
supports the assertion that the fly ash underwent a phase transition into a crystalline substance with zeolitic
characteristics. The recorded Raman spectra confirm the validity and repeatability of the fly ash-based zeolite
synthesis, and the literature also supports the observed characteristics*!-.

Adsorption study

Zeolites are ideal material for adsorption of dyes and other pollutants from wastewater due to their large
surface area, homogeneous micro porosity, and ion-exchange capacity which is clearly indicated by advance
characterization approaches adopted in this work. MAHZ was used to remove RB 19 dye from aqueous solution
using customized structural features to optimize the dye removal process.
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Effect of pH

The pH of a solution has a significant impact for the removal of dye from synthetic wastewater. pH can
influence the surface charge of zeolite, the ionization state of the dye molecules, and finally the interactions
between the zeolite and dye molecules. Therefore, the optimization of pH is essential for obtaining optimal
adsorption and degradation efficiency of zeolites for dye molecules (Fig. 6). Previous studies have shown that
altering the pH can increase electrostatic interactions, surface reactions, and the overall the efficiency of dye
removal process®”. At lower pH values (acidic circumstances), protonation causes the zeolite surface to become
positively charged which can inhibit the adsorption of anionic dyes i.e. RB 19 due to electrostatic repulsion
between the dye molecules and the positively charged surface. At higher pH levels (alkaline settings), the zeolite
surface becomes negatively charged, hence can improve anionic dye adsorption through attractive electrostatic
interactions between adsorbent and sorbate. Furthermore, degradation methods may vary with pH, since high
pH stimulates the generation of hydroxyl radicals, which aids and facilitate the breakdown of dye molecules.
According to findings of this experimental study which was conducted at various pH ranges (2-12) and keeping
the other parameters constant, at pH 8, the zeolite surface has a balanced charge, allowing for strong electrostatic
interactions with dye molecules while minimizing competition from hydroxide ions. Furthermore, breakdown
efficiency is greater at pH 8 compared to highly acidic or strongly alkaline situations. The finding of this study
are in line with the results presented in previous literature®®,

Effect of adsorbent dose

The estimation of the number of active sites on adsorbent available for dye molecules to attach is determined
by dosage that reflects its total adsorption capacity. Generally, the lower removal efficacy can be attributed to
fewer active sites on adsorbent being accessible to dye molecules in the solution and vice versa. Therefore, the
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Fig. 6. Effect of pH on the removal efficiency of RB 19 dye at time 40 min, adsorbent dose: 2.10 g/100mL,
initial dye concentration: 100ppm.
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optimization of dose level of adsorbent is crucial. Generally, a higher dose results in more active sites that results in
efficient adsorption process*®*. However, at a certain point, saturation of accessible sites and possible adsorbent
particle aggregation, which can lower the effective surface area, may cause subsequent increases in adsorbent
dose to provide little gains in dye removal efficiency®. In this study different adsorbent doses (0.5 g/100 mL to
3.0 g/100 mL) were examined in a series of batch adsorption experiments to find the most efficient quantity
for eliminating RB 19 dye from synthetic wastewater (Fig. 7). The findings showed that dye removal efficiency
improved by increasing the dose of adsorbent up to a certain point and then the rate of improvement levelled
off. According to the findings of this study the adsorption capacity peaked at 2.10 g/100 mL adsorbent dose with
more than 95% of the dye removal in a fair amount of time. The slight improvement in removal efficiency after
this dosage indicates that the zeolite surface’s active sites were adequately used at 2.10 g/100 mL. Since excessive
adsorbent usage does not proportionately increase removal efficiency, this dose strikes a compromise between
optimizing adsorption capacity and guaranteeing cost-effectiveness. The results demonstrate the potential of
CSFA based zeolites as effective adsorbents for RB 19 dye removal which is fairly in close agreement / in line with
the fundamentals of adsorption theory explained in the published literature”.

Effect of time

Contact time is the reaction duration required for maximum interaction between adsorbent and sorbate.
Insufficient contact time may result in partial dye removal, while long reaction periods may be inefficient and
costly for industrial applications®. Adsorption happens via electrostatic interactions, hydrogen bonding, and
van der Waals forces, depending on the characteristics of the zeolite and dye molecules. In this study, the contact
time was frequently varied to discover the most efficient period for dye removal. During the first 20 min of
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Fig. 7. Effect of adsorbent dose on the removal efficiency of RB 19 dye at time 40 min, pH =38, initial dye
concentration: 100ppm.
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contact it was observed that the adsorption of RB 19 was quick, which can be attributed to the abundance of
active sites for adsorption on zeolites. Then during 20 to 40 min, the adsorption process slowed down as active
sites on the zeolite surface were gradually occupied (Fig. 8). The dye molecules continue to interact with less
accessible or weaker locations on the zeolite and hence the rate of adsorption slowed down and after 40 min,
the adsorption process reaches a plateau, which indicated the establishment of equilibrium. At this point, the
adsorption sites are practically saturated, and the driving force for mass transfer between the solution and the
zeolite has greatly decreased. Additional reaction time yielded a non-significant improvement in dye removal
efficiency which can affect the cost of process making it unfit for commercial applications. The dynamic trends
and mechanism of adsorption process of this study was found fairly consistent with the previous investigation
in this field*.

Effect of initial dye concentration

This study examined zeolite’s adsorption ability for RB 19 and investigated how the initial dye concentration
(IDC) affects adsorption effectiveness. The original concentration (Co) of dye in a solution is another factor
that can affect the adsorption of RB 19 dye molecules. Figure 8 exhibits the impact of initial dye concentration
on CSFA and MAHZ for removal / degradation (%) of RB 19. Keeping the pH 8.0 and temperature 25 °C,
adsorbent (zeolites) dose 2.10 g/100L for 40 min constant experiments were conducted using initial dye (RB 19)
concentration 50 to 300 mg/L. These findings revealed that although the adsorption capacity rises with increasing
dye concentrations, until the zeolite’s active sites become saturated, resulting in a drop in the percent removal
of RB 19. Figure 9 clearly demonstrates that at higher IDC the removal efficiency was maximum (98.7%). To
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Fig. 8. Effect of time on the removal efficiency of RB 19 dye at pH =8, adsorbent dose: 2.10 g/100mL, initial
dye concentration: 100ppm.
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Fig. 9. Effect of initial dye concentration on the removal efficiency of RB 19 dye at pH =8, adsorbent dose:
2.10 g/100mL, time =40 min.

highlight the adsorption dynamics, data were examined, and experimental results were analyzed with respect to
published works. The results are in close agreement with the adsorption studies which are reported in literature.

Conclusion

The present study demonstrated that corn stem based raw fly ash having 1.112% LOI and 1.411% MC
hydrothermally converted into zeolites followed by the comprehensive characterization has revealed many,
structural, morphological and other potential aspects of material for potential applications. The utilization of
microwave irradiation following the acid treatment of raw material (CSFA) yields great purity, as indicated by the
XRD data. Zeolite crystallites deposited on undissolved (CSFA) particles were visible in the SEM micrographs.
At pH=8, MAHZ removed almost 98.7% of the RB 19 dye in 40 min at a dosage of 2.10 g/100 mL. It can
be concluded on a logical ground that CSFA based zeolites can be a sustainable approach to recycle the one
industrial waste (fly ash) to treat the other waste (wastewater) produced in the industry as a slogan of “zero waste
economy” for efficient removal of dyes and other organic and inorganic pollutants. The exploration of further
dimensions of this study can open the horizons of repurposing waste or waste to value strategies a way forward
to entrepreneurship.
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All data generated or analyzed during the study are included in this article.
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