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ABSTRACT 

Textile effluents contain persistent organic dyes and ionic pollutants that are inadequately treated by single-

component adsorbents. In this work, hybrid adsorbents composed of Zeolite Y and Coconut Shell-derived 

Activated Carbon (CSAC) were synthesized at different mass ratios using a wet impregnation technique. 

Structural and surface properties were characterized using Scanning Electron Microscopy (SEM), X-ray 

Fluorescence (XRF), X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and Brunauer, 

Emmett and Teller (BET)-N₂ adsorption analyses, revealing complementary features of the two components. 

Thus, CSAC exhibited heterogeneous porosity and abundant oxygenated functional groups favourable to 

hydrophobic dye adsorption, whereas Zeolite Y displayed large crystallite sizes, high crystallinity, and revealed 

ion-exchange capacity. The hybrids displayed coexisting amorphous carbon domains and crystalline Faujasite 

phases, alongside oxygenated carbon functionalities and aluminosilicate framework vibrations. Textural 

properties improved significantly after activation and hybridization, yielding high surface areas (≈512–580 m² 

g⁻¹) and hierarchical micro-mesoporous structures. Carbon-rich hybrids showed potential affinity towards 

adsorbing bulky hydrophobic dyes through pore filling and π–π interactions, whereas zeolite-rich materials 

enhanced electrostatic adsorption and ion exchange towards cationic dyes. Incorporation of zeolite into carbon 

matrices enhanced mechanical stability, rigidity, and selective ion-exchange behaviour, while retaining the broad 

adsorption capacity of activated carbon. These findings underscore the promise of Zeolite Y/CSAC hybrids as 

sustainable, high-performance adsorbents for complex textile wastewater remediation. 

Keywords: Coconut shell, zeolite Y, activated carbon, hybrid 

1.0 INTRODUCTION 

The textile industry is recognized as one of the most 

water-intensive manufacturing sectors, requiring large 

volumes of freshwater and chemical auxiliaries during 

dyeing and finishing processes, which consequently 

leads to the generation of highly polluted wastewater 

streams (Althuri et al., 2020). Textile effluents are 

commonly characterized by strong coloration, high 

chemical oxygen demand (COD) and biological 

oxygen demand (BOD), turbidity, total dissolved 

solids (TDS), high salt content, surfactants, and 

persistent organic substances, which can cause severe 

environmental degradation and pose risks to human 

health if discharged without adequate treatment (Al-

Tohamy et al., 2022; Periyasamy, 2024). Synthetic 

dyes, such as azo dyes, are particularly challenging 

pollutants due to their stable aromatic structures, 

resistance to biological degradation, and toxic, 

mutagenic, and carcinogenic properties (Qasim & 

Ibrahim, 2025). Therefore, the development of 

effective, environmentally friendly, and economically 

feasible treatment technologies for dye-contaminated 

wastewater remains a critical global concern. 

Among available treatment methods, activated carbon 

has been extensively applied as a commercial 

adsorbent owing to its large specific surface area, well-

developed pore structure, and strong affinity for a 

broad range of organic contaminants (Tan et al., 2017). 

Nevertheless, the high production cost of coal-derived 

activated carbon, coupled with challenges related to 

regeneration and disposal, has stimulated interest in 

alternative, low-cost, and renewable carbon sources 

(Tan et al., 2017). Biomass-derived activated carbons 

have emerged as sustainable substitutes due to their 

abundance, renewability, and favourable 

physicochemical properties. Agricultural by-products 

such as coconut shell, palm kernel shell, rice husk, 

corncob, and sawdust have shown strong potential as 

precursors for producing high-performance carbon 

adsorbents (Altenor et al., 2009). In particular, coconut 

shell has attracted considerable attention because of its 

high lignin content and dense structure, which facilitate 

the formation of mechanically stable, micro/meso-

porous carbon materials with excellent adsorption 

capacity (Ajie et al., 2023). 

 

Despite these advantages, biomass-based activated 

carbons exhibit limited selectivity toward ionic and 

polar contaminants due to surface charge heterogeneity 

and restricted accessibility of some pore domains (Vu 
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 et al., 2025). To overcome these limitations, the 

development of hybrid adsorbent systems that integrate 

carbonaceous materials with inorganic porous 

structures has gained increasing research interest. 

Zeolites are attractive inorganic components due to 

their crystalline aluminosilicate framework, uniform 

microporous channels, high thermal stability, and 

exceptional ion-exchange properties (Kordala & 

Wyszkowski, 2024; Shah et al., 2023). The permanent 

negative charge of zeolite frameworks, resulting from 

the substitution of Si⁴⁺ by Al³⁺ in the tetrahedral 

structure, enables strong electrostatic interactions with 

positively charged pollutants, thereby enhancing 

adsorption performance in aqueous systems (Kordala 

& Wyszkowski, 2024). Zeolite Y, a Faujasite-type 

zeolite, is particularly suitable for adsorption 

applications due to its large pore apertures, high 

surface area, and three-dimensional pore network that 

promotes efficient mass transfer (Ibrahim & Al-Slaty, 

2023). However, pristine zeolites, being highly 

crystalline aluminosilicates with uniform micropores, 

are excellent adsorbents for small polar molecules. 

Nevertheless, their hydrophilic nature and narrow pore 

sizes limit their effectiveness for bulky or hydrophobic 

organics. This can lead to reduced adsorption capacity 

and even pore blockage when large molecules attempt 

to enter the microporous framework (Guo et al., 2021; 

Zhan et al., 2025). Conversely, activated carbon 

exhibits strong hydrophobic adsorption and π–π 

electron donor–acceptor interactions but lacks inherent 

ion-exchange functionality (Bernal et al., 2022). 

Combining these two materials into a hybrid composite 

offers a promising strategy to exploit their 

complementary adsorption mechanisms while 

mitigating their individual shortcomings. In addition, 

hybridization can improve mechanical stability and 

structural durability, both of which are essential for 

long-term operation in wastewater treatment systems. 

Despite increasing interest in hybrid adsorbents, 

systematic investigations focusing on the integration of 

Coconut Shell-derived Activated Carbon with Zeolite 

Y for the treatment of textile wastewater remain 

limited. Most previous studies have primarily 

examined biomass-based activated carbon or synthetic 

zeolites as individual adsorbents, with relatively few 

reports addressing the structure–property relationships 

of combined systems.  Studies have documented 

composite adsorbents derived from Coconut Shell 

Activated Carbon and Zeolite for oilfield wastewater 

treatment (Oyedoh & Igbokwe, 2025), sugarcane 

bagasse activated carbon–zeolite composite 

(Mohamed et al., 2022), and algae-based zeolite 

composite (Dryaz et al., 2021). However, these studies 

largely employed fixed mass ratios, typically equal 

proportions of both components, which restricts 

understanding of how compositional variation 

influences properties of the composites, which in turn 

can affect their adsorption performance. This limitation 

highlights a clear research gap and provides strong 

motivation for the present study, which explores the 

synthesis and characterization of Zeolite Y and coconut 

shell activated carbon hybrids at multiple composition 

ratios to optimize adsorbent performance. Scanning 

Electron Microscopy (SEM) (morphology); X-ray 

Fluorescence (XRF) (elemental composition); X-ray 

Diffraction (XRD) (crystallinity); Fourier Transform 

Infrared Spectroscopy (FTIR) (functional groups); and 

Brunauer, Emmett and Teller (BET)-N2 adsorption 

(surface area and pore properties); provides a 

comprehensive understanding of material properties 

and their treatment potential. The outcome of this work 

is expected to contribute to the development of 

sustainable and high-performance hybrid adsorbent 

materials for textile wastewater treatment and broader 

environmental remediation applications. 

 

2.0 MATERIALS AND METHODS 

2.1 Materials 

The materials, chemicals/reagents used in this study are 

of analytical grade, and the reagents were prepared 

using the established standard procedures. Phosphoric 

acid, H3PO4 (98% purity) (BDH Chemicals Limited, 

Poole, England) was used for the activation process. 

Others include Glassware, Whatman filter papers, 

distilled water, Electric Oven, muffle furnace, 

magnetic stirrer, water bath shaker, weighing balance, 

and funnels, Coconut shell (Central Market, Kaduna), 

and Faujasite-type Zeolite Y (obtained from KRPC, 

Kaduna, which was used without further modification). 

 

2.2 Preparation of Activated Carbon from Coconut 

Shell 

The coconut shells used in this study were collected 

from Bakindogo Central Market, Kaduna State, 

Nigeria. The shells were thoroughly washed repeatedly 

with tap water after picking foreign materials, followed 

by distilled water washing, and then sundried for five 

days, and thereafter oven-dried overnight. This was 

followed by crushing using an industrial crusher and 

grinding machine (Olatunji et al., 2024). The ground 

coconut shell was sieved with a mesh size of 280 

microns to obtain a uniform particle size.  

 

The method described by Onigemo et al. (2024) was 

modified and used to prepare activated carbon from 

coconut shell powder. The ground coconut shell was 

placed in a crucible and subsequently carbonized in a 

muffle furnace at 500 oC for 1 hr. After cooling in a 

desiccator, the carbonized shell was impregnated with 

a 1M solution of phosphoric acid in a ratio of 2:1 

(volume of acid per gram of precursor) for 24 hr at 

room temperature to obtain activated carbon (Oyedoh 

& Igbokwe, 2025). The resultant paste was washed 

with distilled water to a neutral pH of 7.0, and this was 

followed by activation at a temperature of 350 °C for 2 

hr in a furnace (Olatunji et al., 2024), and later oven-

dried overnight at 120 oC. The oven-dried sample was 

cooled in a desiccator and stored in an air-tight labeled 
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 sample bottle for characterization and blending with 

Zeolite Y at different proportions. 

 

2.3 Formulation of Zeolite/Coconut Shell Activated 

Carbon (CSAC) hybrid Adsorbent 

The Zeolite/CSAC hybrid adsorbent was prepared by 

mechanical mixing (Nwafulugo, 2014), followed by a 

wet impregnation technique similar to that used in the 

work of Dryaz et al. (2021); Mohamed et al. (2022). 

To ensure an even particle-size distribution, particle-

size analysis for both the Zeolite and activated carbon 

was carried out by milling and sieving using a 150 µm 

aperture sieve. Specific weight ratios as shown in Table 

1 were measured, mixed, and properly blended with a 

domestic blender to ensure homogeneity of the 

resulting zeolite and activated carbon hybrid 

(Nwafulugo, 2014). To ensure the penetration of 

zeolite into the activated carbon and to achieve 

effective impregnation with strong bonding between 

the two materials, the blends were subsequently mixed 

with distilled water in ratio of 1:10 (mass of blend to 

distilled water) (Dryaz et al., 2021) and stirred at 

500 rpm for 60 min on a magnetic stirrer and then in 

water bath at 300rpm for 60 min at room temperature. 

This was repeated for three times, and after that, the 

resultant Zeolite/CSAC hybrid was filtered and washed 

with distilled water for several times  (to remove 

unreacted ions) and thereafter, dried in an oven at 

60 °C for 24 h. 

 
Table 1: Mixed Ratio of Zeolite Y and Coconut Shell Activated Carbon (CSAC) 

Hybrid Ratio (in grams) 
Identity 

Zeolite Y (%) CSAC (%) 

0 100 Sample 1 

20 80 Sample 2 

50 50 Sample 3 

80 20 Sample 4 

100 0 Sample 5 

 
2.4 Sample Characterizations  

The Shimadzu Fourier Transform Infrared 

Spectrophotometer (FTIR 8400 S) was used for 

functional group determination using the dry KBr 

pellet method. The Rigaku MiniFlex 600 XRD 

Diffractometer with a copper X-ray tube (Cu Kα 1 and 

Cu Kα 2) as radiation sources was used to determine 

the crystallinity of the samples. The instrument settings 

for each test at a temperature of 21-23 °C were: voltage 

= 40kV, Current = 30 mA. The adsorbent sample was 

scanned at a 2θ interval between 2° and 70°. 

PhenomWorld Pro X capable SEM of high-resolution 

imaging working at a high voltage of 15 kV was used 

for analysing the morphology of prepared adsorbents. 

Genius-IF Xenometric XRF was used to determine the 

elemental oxide composition of the adsorbents. To 

determine the surface area and the pore properties, 

nitrogen (N2) physical adsorption-desorption isotherm 

measurement (NOVA 4200e Quantachrome) was used. 

 
3.0 RESULTS AND DISCUSSION 

3.1 SEM Analysis 

SEM analysis of the adsorbents as presented in Figure 

1, provides critical morphological insights into 

Coconut Shell Activated Carbon (CSAC), Zeolite Y, 

and their hybrids, showing how surface texture and 

porosity can influence adsorption performance. Thus, 

CSAC micrograph (Figure 1a) reveals a highly 

heterogeneous and irregular fractured edges, full of 

various sizes of cavity, and a rough surface which 

indicates micro- and meso-porosity resulting from 

carbonization and activation-features that gives CSAC 

a large accessible surface area and pore accessibility 

favorable for non-specific adsorption. The removal of 

volatiles widens micropores into mesopores, producing 

interconnected channels suitable for dye diffusion and 

physisorption. These pores promote π–π interactions 

with synthetic dyes and increase accessibility to 

surface sites (Bernal et al., 2022; Yang et al., 2021). 

While, Zeolite Y micrograph (Figure 1e), by contrast, 

has a well-defined, crystalline octahedral morphology 

with uniform, smooth, and brighter particle sizes - 

characteristic of aluminosilicate frameworks; its pore 

structure is dominated by micro-porosity, which 

underlines zeolite’s strong ion-exchange and 

molecular-sieving capabilities (Perez-Botella et al., 

2022). This morphology aligns with that observed by 

(Ibrahim & Al-Slaty, 2023; Moneim & Ahmed, 2015). 

Unlike CSAC, the zeolite’s adsorption relies less on 

broad porosity and more on framework-driven ion 

exchange.  The hybrids (Figure 1b, 1c and 1d) show 

transitional morphology that correlates with 

composition. The zeolite and activated carbon are well 

combined during synthesis, with zeolite particles 

covering some of the pores of the activated carbon and 

forming agglomerated particles. This may likely 

reduce the pore size of the activated carbon, leading to 

physical and chemical reactions. This observation is in 

line with what was reported by Mohamed et al. (2022) 

after synthesizing an Activated Carbon/Zeolite 

nanocomposite from sugarcane and zeolite for 

methylene blue adsorption.
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Figure 1: SEM images of (a) CSAC, (b) CSAC-80%/Zeolite-20%, (c) CSAC-50%/Zeolite-50%, (d) CSAC-

20%/Zeolite-80%, and (e) Zeolite Y 

 
The CSAC-rich (Figure 1b) hybrid is dominated by the 

carbon’s rough porous matrix with zeolite crystals 

dispersed throughout, preserving large accessible voids 

while introducing some ordered domains from zeolite. 

This structure can enhance dye adsorption capacity 

with some ionic selectivity without significant pore 

blockage, as observed by Alawam et al. (2025).  The 

50% CSAC/50% Zeolite hybrid (Figure 1c) exhibits an 

integrated morphology in which CSAC’s porous 

network and zeolite’s crystalline domains coexist and 

appear well interfaced, producing a more uniform pore 

distribution. This dual-phase morphology provides 

synergistic functionality, where carbon pores enable 

broad adsorption, while zeolite domains contribute ion-

exchange capacity. This balanced ratio and 

morphology may enhance superior dye removal as 

observed by Alawam et al. (2025). Conversely, the 

zeolite-rich composite (Figure 1d) is largely crystalline 

with reduced surface roughness. The reduced carbon 

fraction may diminish the capacity for bulky, non-ionic 

dyes removal, though stability and framework 

selectivity may also be improved. Thus, increasing the 

CSAC content enhances surface heterogeneity and 

larger pore volumes. This is beneficial for bulk 

adsorption, where higher zeolite content increases 

crystalline order and micro-porosity. This is also 

beneficial for selective ion exchange.  

 

3.2 XRF Analysis  

The elemental oxide compositions of the prepared 

CSAC, hybrid adsorbents, and Zeolite Y were obtained 

through XRF analysis, and the results are as presented 

in Table 2 and Figure 2. The chemical composition 

shows various concentration of metal oxides, which 

plays an important role in catalysis and adsorption 

(Ukonkwo et al., 2022). The CSAC contained high 

levels of SiO₂ (53.954 wt%), CaO (5.974 wt%), and 

K₂O (5.963 wt%), reflecting the mineral-rich 

composition typical of biomass. The relatively high 

concentration of silica has the potential to enhance 

structural stability and provide more active sites for dye 

uptake, consistent with observations by Janekarn et al. 

(2020).  The higher ratio of silica to alumina of the 

CSAC can be attributed to the presence of a lower 

content of Al2O3 and a higher content of SiO2 in the 

form of quartz in the sample, which is supported by the 

XRD pattern in Figure 3 and in line with the result 

obtained by Nwafulugo (2014). The Faujasite-type 

Zeolite Y exhibited a composition dominated by SiO₂ 

(57.032 wt%) and Al₂O₃ (27.605 wt%), corresponding 

to a SiO2/Al2O3 ratio of about 2.1. This is well within 

the characteristic range reported for Faujasite Zeolite Y 

in the literature (Kordala & Wyszkowski, 2024). 

 

The hybrid samples showed a gradual transition toward 

the oxide profile of Zeolite Y as the zeolite fraction 

increases. SiO₂ rose from 51.894 wt% (20% zeolite) to 

62.693 wt% (80% zeolite), while Al₂O₃ increased from 

22.122 wt% to 25.231 wt%. At the same time, there is 

a reduction in the amount of CaO, K₂O, and 

characteristic of biomass-derived carbons due to the 

compositional dilution effect. The presence of chloride 

ions can modify the electrical double layer surrounding 

adsorbent surfaces, thereby influencing surface charge 

density and weakening electrostatic attraction between 

adsorbents and charged dye molecules through charge 

screening and competitive ion effects (Wu et al., 2020). 

The presence of transition metal oxides such as TiO₂ 

and Fe₂O₃ can enhance catalytic activity and facilitate 

advanced oxidation processes by promoting the 

formation of highly reactive species, such as hydroxyl 

radicals, thereby improving the degradation efficiency 

of organic pollutants (Anucha et al., 2022; Ukonkwo et 

al., 2022). These findings confirm that zeolite-carbon 

composites combine adsorption, ion exchange, and 

catalytic functions to enable effective treatment of 

textile wastewater.
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Table 2. Elemental Oxides Composition of Prepared Adsorbents from XRF 

Oxide (wt %) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

SiO2 53.954 51.894 45.696 62.693 57.032 

Al2O3 8.308 22.122 22.620 25.231 27.605 

Cl 13.703 8.117 18.85 5.334 11.280 

CaO 5.974 1.017 2.076 0.966 0.844 

K2O 5.963 1.176 ND 0.48 ND 

P2O5 5.39 2.692 6.532 0.543 ND 

SO3 2.438 1.903 0.796 1.134 ND 

TiO2 1.296 3.598 1.058 2.475 2.261 

MgO ND 5.821 ND ND ND 

Fe2O3 1.914 0.829 0.536 0.667 0.407 

Others 1.06 0.831 1.835 0.477 0.571 

SiO2 /Al2O3 6.5 2.2 2 2.5 2.1 

 

 

Figure 2: Comparative oxide composition of adsorbents 
 
3.3 XRD Analysis  

XRD analysis was conducted to gain insight into the 

crystal structure of the samples.  The various 

crystalline phases present in CSAC, Zeolite Y, and the 

hybrid adsorbents in the range of 2θ from 2 to 70 ° are 

shown in Figure 3. The XRD peaks list and crystal size 

are displayed in Table 3. For CSAC, a main peak 

appears at 14.74° with a crystallite size of 29 Å. The 

broad diffraction peak at approximately 2θ=24° 

corresponds to the (002) of the hexagonal carbon-like 

reflections (Mohamed et al., 2022). The broad nature 

of the main peaks at low 2θ and the existence of short-

range order in the carbon structure from the XRD 

pattern indicate high amorphousness with increased 

porosity as a result of chemical activation (Mohamed 

et al., 2022). The lack of sharp graphitic reflections 

suggests that activation enhances disordered carbon 

domains and widens pore structures rather than 

producing crystalline carbon. This disorder is favorable 

for adsorption applications because it increases surface 

defects and functional sites for dye interaction (Zerin 

et al., 2025). The CSAC sample contains significant 

amounts of silicon oxide (34%) and graphite (23%), 

with woodhouseite (19.8%) and calcium aluminum 

silicate hydrate (14.8%). Minor phases include goethite 

(3.5%), sylvine (1.6%), and refikite (C20H32O2, 2.8%). 

The higher graphite content indicates increased carbon 

ordering, though still disordered rather than highly 
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 crystalline. This combination of amorphous-graphitic 

carbon with mineral inclusions is typical for activated 

carbons derived from biomass (Yang et al., 2021). 
The Zeolite Y sample displays multiple sharp peaks at 

6.44°, 10.44°, 12.21°, 16.00°, and 24.12°, with 

crystallite sizes ranging from approximately 535 Å to 

1725 Å (average around 922 Å). This indicates high 

crystallinity and an ordered faujasite structure in 

Zeolite Y. These prominent reflections align with a 

well-ordered aluminosilicate lattice, consistent with 

reports in the literature on Zeolite Y (Marnani et al., 

2024). The large crystallite sizes highlight the 

mechanical stability and structural rigidity of the 

zeolite framework compared to disordered carbons 

(Auerbach et al., 2003). Zeolite Y predominantly 

consists of the faujasite phase (81%), which is the 

characteristic aluminosilicate framework responsible 

for ion exchange and adsorption. Minor phases include 

silicon oxide (8%) and albite (NaAlSi₃O₈, 10%). The 

high purity of faujasite confirms the structural integrity 

of the zeolite used. This crystallinity, which may 

improve the selectivity of the adsorbents, is reflected in 

zeolite-rich hybrids (Marnani et al., 2024). 

Sample 2 (CSAC 20%/Zeolite 80 %) hybrid exhibits 

peaks at 14.8°, 17.2°, and 22.06°, with crystallite sizes 

ranging between 30-37 Å (average 33 Å). The 

coexistence of broad carbon-related peaks with sharper 

reflections from zeolite, which diminishes as zeolite 

content increases, indicates the successful integration 

of the two phases. Carbon maintains structural disorder 

(amorphous contribution), while zeolite provides 

crystallinity. This dual nature reflects a synergistic 

microstructure, retaining porosity from carbon while 

incorporating zeolitic ion-exchange frameworks. This 

carbon-dominant hybrid is rich in SiO₂ (59%) and 

contains alunogen (Al₂(SO₄)₃·16H₂O, 34%) and minor 

sanjunite (Al₂(PO₄)(SO₄)(OH)·9H₂O, 4.8%) plus traces 

of KCl. The strong silica signal reflects zeolite 

incorporation, while aluminum sulfate phases suggest 

ion-exchange or framework modifications during 

synthesis.  Sample 3 (CSAC 50%/Zeolite 50%) hybrid 

showed a dominant sharp reflection at  

23.75° (d ≈ 14.42 Å) with a moderate crystallite size of 

386 Å. The peak intensity suggests zeolite influence 

dominates. In this balanced hybrid, silicon oxide 

dominates (63%), while zeolite-specific sodium 

aluminum silicate (20.5%) appears, confirming the 

integration of the zeolite crystalline framework. 

Secondary phases include brushite (CaHPO₄·2H₂O, 

10%) and residual graphite (6%). This phase 

distribution reflects a synergistic coexistence of 

crystalline zeolite domains and carbon, with phosphate 

phases likely arising from the biomass precursor. For 

sample 4 (CSAC 80%/Zeolite 20 %) hybrid, with 

increasing zeolite content, peaks become sharper and 

more numerous, notably at 6.36°, 67.36° and 67.85° 

corresponding to the zeolite’s crystalline framework. 

Crystallite sizes are very large (450-548 Å), with an 

average of 502 Å, indicating that highly crystalline 

zeolite phases dominate the structure, with the highest 

coherent scattering domain exhibiting a perfect 

arrangement of unit cells (Akande, 2015). This 

composite exhibits the ordered zeolite framework; 

silicon oxide (51%) and aluminum-silicon oxide (17%) 

dominate, accompanied by significant graphite (28%) 

and minor woodhouseite (3.6%). This hybrid preserves 

zeolite crystallinity while embedding dispersed carbon 

domains. The XRD results correlate well with the 

morphological features observed in the SEM 

micrographs (Figure 1). 

  

 
Figure 3: XRD patterns of CSAC (Sample 1), Zeolite Y (Sample 5), and hybrid adsorbents of CSAC and Zeolite Y 

(Samples 2, 3, and 4) 

 

This synergistic interaction enables multifunctional 

treatment performance by simultaneously facilitating 

adsorption of hydrophobic organic dyes through 

carbonaceous domains and selective removal of ionic 

species through zeolitic ion-exchange mechanisms, 

which is particularly advantageous for addressing the 

complex and heterogeneous contaminant profile 

typical of textile wastewater streams.  
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Table 3: XRD Peaks List and Crystal Size 

Sample 2θ, o dÅ FWMH Crystal size (Å) Ave. size (Å) 

Sample 1 14.74 (12) 6.01 (5) 2.9 (3) 29 (3) 29 

Sample 2 14.8 (4) 5.99 (17) 2.3 (5) 37 (8) 

33  17.2 (2) 5.14 (6) 2.8 (8) 30(8) 

 22.06 (11) 4.03 (2) 2.66 (17) 32 (2) 

Sample 3 6.123 (9) 14.42 (2) 0.22 (2) 386 (41) 386 

Sample 4 6.36 (3) 13.89 (5) 0.16 (4) 508 (109) 

502  67.365 (8) 1.38894 (15) 0.22 (2) 450 (45) 

 67.85 (3) 1.3801 (5) 0.18 (9) 548 (267) 

Sample 5 6.444 (14) 13.71 (3) 0.155 (15) 535 (52) 

922.6 

 10.44 (3) 8.46 (2) 0.15 (3) 574 (130) 

 12.21 (3) 7.242 (18) 0.15 (3) 547 (94) 

 16.008 (8) 5.532 (3) 0.07 (2) 1232 (432) 

 24.12 (2) 3.687 (3) 0.05 (2) 1725 (727) 

 
3.4 FTIR Spectra Analysis 

The presence of various functional groups on the 

surface of the samples was analyzed using a Fourier 

Transform Infrared (FTIR) spectrometer (Shimadzu 

8400s), and the IR spectra are shown in Figure 4. The 

FTIR spectra provide important information on the 

functional groups responsible for dye adsorption 

during textile wastewater treatment. The CSAC shows 

characteristic peaks of lignocellulosic biomass. A 

broad band around 3402.54 cm⁻¹ corresponds to O–H 

stretching, attributed to alcohols, phenols, and 

absorbed water-common in lignin and cellulose 

structures (Hussaini et al., 2025). The peaks near 

2924.18 cm⁻¹ indicate C–H stretching vibrations of 

aliphatic –CH₂ and –CH₃ groups, typical of 

hemicellulose and cellulose (Salih et al., 2022).  This 

peak is more prominent in Sample 1 and moderately 

present in Sample 2, and gradually weakens with 

increasing zeolite content. This decline signifies 

progressive elimination of hydrocarbon moieties and 

increased dominance of inorganic aluminosilicate 

structures in zeolite-rich composites. The peak 

detected around 1743.71 cm⁻¹ is linked to the C=O 

stretching of carbonyl and ester groups found in 

hemicellulose (Al-Bayati et al., 2025). Peaks near 

1643.41 cm⁻¹ represent aromatic C=C and conjugated 

carbon structures, which are typical of activated 

carbon's graphitic domains (Alawam et al., 2025; 

Janekarn et al., 2020). Overall, the CSAC contains 

numerous oxygen-containing functional groups, which 

can promote surface hydrophilicity and enhance π–π 

interactions with aromatic dyes such as methylene blue 

and disperse blue (Luz Godino-Salido et al., 2014). 

The presence of C–O and C–O–C stretching bands at 

1033.88 cm⁻¹ indicates residual oxygenated sites 

capable of forming hydrogen bonds and electrostatic 

interactions important for adsorbing anionic dyes (Dai 

et al., 2023). These findings confirmed that activation 

increases surface heterogeneity and creates more active 

functional groups, thereby enhancing adsorption 

capacity for both cationic and anionic dyes. 

 

Zeolite Y displays a distinct peak in the 1150-1000 cm-

1 region, a characteristic of crystalline zeolite 

frameworks. The hybrid spectra show a combination of 

activated carbon and zeolite-specific peaks (Si-O-

Si/Al-O-Si). The wide and broad transmission band 

between 3600–3200 cm⁻¹ corresponds to O–H 

stretching of structural hydroxyl groups and adsorbed 

water in zeolite frameworks as reported by Oyedoh et 

al. (2025). This band, whose intensity slightly 

diminishes with increasing zeolite content due to 

reduced surface hydroxylation in crystalline zeolite 

structures, is located at 3402.43 cm⁻¹ for all the hybrids 

and at 3394.83 cm⁻¹ for zeolite. The appearance of 

peaks at 1080.17, 1087.89, and 1087.89 cm⁻¹ for 

Samples 3, 4, and 5, respectively, is more pronounced 

than in CSAC, indicating asymmetric stretching of Si–

O–Al and Si–O–Si (Alawam et al., 2025), confirming 

the incorporation of zeolite into the hybrid adsorbents, 

and indicating the retainment of zeolite structure. 

Additionally, characteristic low-wave number bands at 

455.22 and 833.28 cm⁻¹ (zeolite lattice bending modes) 

for zeolite-rich samples correspond to symmetric 

stretching and bending of Si–O–Al, identifying the 

crystalline nature of the zeolitic component (Alawam 

et al., 2025; Shah et al., 2023).  Similar FTIR bands 

were observed among the samples; differences in band 

https://portal.issn.org/resource/ISSN/3027-1118
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 intensities and small wave number shifts provide 

evidence of successful formation and interfacial 

interaction within the hybrid materials. 

From an adsorption standpoint, the carbon phase 

provides aromatic domains and oxygen-containing 

surface functionalities that promote hydrophobic 

interactions, hydrogen bonding, and π–π electron 

donor–acceptor interactions with organic dye 

molecules, while the zeolite phase introduces 

permanently negatively charged framework sites that 

enhance electrostatic attraction and ion-exchange 

capacity toward cationic dyes such as methylene blue 

(Arias et al., 2026). 

 
Figure 4: FTIR Spectra of CSAC (Sample 1), Zeolite Y (Sample 5), and hybrid adsorbents of CSAC and Zeolite Y 

(Samples 2, 3 and 4) 

 

3.5 Surface Area and Pore Characteristics   

The adsorption capacity of the prepared adsorbents was 

evaluated by measuring their surface area, pore 

volume, and pore size, parameters widely recognized 

as critical determinants of dye uptake from textile 

wastewater. The BET surface area and pore structural 

parameters of CSAC, Zeolite Y, and their hybrids are 

summarized in Table 4. The raw Coconut Shell (CS) 

and Coconut Shell Char (CSC) exhibit relatively low 

BET surface areas of 141 and 252 m²/g and total pore 

volumes of 0.08666 and 0.1394 cm³/g, accompanied by 

limited micropore development of 0.05902 and 

0.09935cm³/g, respectively. These characteristics 

indicate poorly evolved pore structures that restrict 

diffusion and limit adsorption capacity for dye 

molecules, which require mesoporous channels for 

effective diffusion and retention. This observation is 

consistent with previous studies, which reported that 

untreated lignocellulosic precursors generally possess 

poor porosity and limited adsorption capacity due to 

their dense structure, as reported by (Foo & Hameed, 

2010). Although CSC shows moderate improvement 

over CS due to pore formation during carbonization, as 

observed by Mohammad (2015).  

The CSAC (Sample 1) exhibits substantial 

improvements in textural properties, with a BET 

surface area of 483.1 m²/g and a pore volume of 0.2355 

cm³/g. The increased micropore volume (0.1700 cm³/g) 

reflects effective activation, which generates abundant 

adsorption sites through the development of mesopores 

(pore size of 2.135 nm), which is highly favourable for 

adsorption of both cationic and anionic dyes through 

pore filling, hydrophobic interactions, and π–π electron 

donor–acceptor interactions with aromatic dye 

structures (Luz Godino-Salido et al., 2014). The 

surface area, pore volume, and pore size are slightly 

higher than the values of 479.17m²/g, 0.15cm³/g, and 

0.62 nm, respectively, obtained by Lee et al. (2018). 

 

The prepared hybrid adsorbents exhibit progressively 

enhanced surface area and pore characteristics as the 

zeolite content increases, reflecting synergistic 

interactions between the carbon and zeolite phases. 

Sample 2 (20% Zeolite/80% CSAC) shows a higher 

BET surface area of 512.4 m²/g and pore volume 

0.2866 cm³/g than CSAC, with increased micropore 

volume (0.1929 cm³/g). This improvement indicates 

that zeolite incorporation enhances microporosity 

while preserving carbon-derived adsorption sites. 

https://portal.issn.org/resource/ISSN/3027-1118
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 Sample 3 (50% zeolite/50% CSAC) maintains a high 

surface area (554.9 m²/g) and a pore volume (0.3074 

cm³/g). Sample 4 (80% Zeolite/20% CSAC) exhibits a 

further increase in BET surface area (580 m²/g) and the 

highest pore volume among the hybrid samples (0.3268 

cm³/g), together with elevated micropore volume 

(0.2298 cm³/g). Synergistic effects of carbon–zeolite 

composites have been reported in previous studies, 

where the combination of carbon’s high surface area 

and zeolite’s crystalline framework improved 

adsorption efficiency (Alawam et al., 2025; Mohamed 

et al., 2022). Zeolite Y (Sample 5) has the highest BET 

surface area (659.6 m²/g) and a highly ordered 

microporous structure, as evidenced by its substantial 

micropore volume (0.2319 cm³/g). The crystalline 

framework and high surface area enable selective 

adsorption and ion exchange for cationic dyes and 

small molecules (Auerbach et al. 2003). Overall, the 

results demonstrate that activation and hybrid 

adsorbent formation markedly improve the adsorption 

properties of coconut shell-derived adsorbents. 

Activated carbon and zeolite-rich composites provide 

mesoporous structures with high surface area and pore 

volume, enabling efficient removal of diverse dye 

molecules from textile wastewater. These findings 

corroborate earlier reports that mesoporous adsorbents 

with pore sizes in the range of 2-3 nm and high surface 

areas are optimal for dye removal (Foo & Hameed, 

2010).  

 
Table 4: Surface Area and Pore characteristics of adsorbents 

 

Sample SBET (m2/g) SLangmuir (m2/g) Pore volBJH (cm3/g) 
Micropore volDR 

(cm3/g) 

Pore sizeBJH  

(nm) 

CS  141 424.9 0.08666 0.05902 1.132 

CSC  252 1365 0.1394 0.09935 2.126 

Sample 1 483.1 11830 0.2355 0.1700 2.135 

Sample 2 512.4 1452 0.2866 0.1929 2.093 

Sample 3  554.9 3329 0.3074 0.2111 2.123 

Sample 4 580 1490 0.3268 0.2298 2.072 

Sample 5 659.6 75500 0.3303 0.2319 2.125 

 
4.0 CONCLUSION 

This study demonstrated the successful synthesis and 

characterization of Zeolite Y/Coconut Shell Activated 

Carbon (CSAC) hybrid adsorbents, highlighting their 

structural and functional advantages over the 

individual components. Multi-technique 

characterization validates zeolite-carbon composites as 

effective, sustainable adsorbents suitable for textile 

wastewater. SEM confirms porous morphology, XRD 

shows increasing crystallinity with zeolite content, 

FTIR reveals functional group evolution, XRF 

confirms elemental composition supporting 

multifunctional performance, and a surface area 

analyzer reveals high surface area of (≈512–580 m² 

g⁻¹). Together, these techniques demonstrate that 

composites strategically balance the strengths of 

carbon and zeolite, offering a robust solution for 

complex textile effluent treatment. 

 

The results of analysis demonstrate that increasing 

zeolite incorporation progressively shifts surface 

chemistry from carbon-dominated functional groups 

toward aluminosilicate-rich frameworks. This 

transition alters the dominant adsorption mechanisms 

from hydrophobic and π–π interactions to electrostatic 

attraction and ion-exchange processes. Such tunable 

surface characteristics are particularly advantageous 

for treating complex textile wastewater containing 

diverse organic and ionic dye contaminants. 

 

 

REFERENCES 

Ajie, A., Idris, J., Md Sofwan, N., Husen, R. & Seli, H. 

(2023). Coconut shell and husk biochar: A review of 

production and activation technology, economic, 

financial aspect and application. Waste Management 

& Research, 41(1) 37-51. DOI: 

http://doi.org/10.1177/0734242X221127167   

Akande, H.F. (2015). Multiple Response Surface 

Optimization of Quicklime Production from 

Limestone Using Design of Experiment. Ph.D 

Dissertation, Federal University of Technology, 

Minna, Nigeria. 

Alawam, A.S., Mahgoub, S.M., Allam, A.A., Radalla, 

A.M., Shemy, M.H. & Mahmoud, R. (2025). 

Sustainable zeolite/activated carbon nanocomposite 

for dual-dye adsorption, kinetic and thermodynamic 

studies, and urea electrooxidation applications. RSC 

Adv., 15(51), 43983-44006. DOI: 

http://doi.org/10.1039/d5ra06559c  

Al-Bayati, I.S., Waisi, B.I., Mohammed, M.A., 

Alobaidy, A.A. & Kadhom, M.A. (2025). Crystal 

Violet Dye Removal from Aqueous Solution Using 

Corn Silks as an Environmentally Friendly 

https://portal.issn.org/resource/ISSN/3027-1118
http://doi.org/10.1177/0734242X221127167
http://doi.org/10.1039/d5ra06559c


 

392 

 

IJSGS FUGUSAU VOL. 12(3)                                                                             WEBSITE: https://fugus-ijsgs.com.ng 

DOI: https://doi.org/10.57233/ijsgs.v12i3.1200 

 

ISSNp: 2488-9229; ISSNe:  3027-1118 

 

 Adsorbent. Tikrit Journal of Engineering Sciences, 

32(2), 1876.  http://doi.org/10.25130/tjes.32.2.16   

Altenor, S., Carene-Melane, B. & Gaspard, S. (2009). 

Activated Carbons from lignocellulosic waste 

materials for water treatment: A review. Int. J. 

Environmental Technology and Management, 

10(3/4), 308. 

https://doi.org/10.1504/IJETM.2009.023737  

Althuri, A., Tiwari, O.N., Gowda, V.T.K., Moyong, M, 

& Mohan, S.V. (2020). Small/Medium scale textile 

processing industries: case study, sustainable 

interventions and remediation. Indian Chemical 

Engineer, DOI: 

http://doi.org/10.1080/00194506.2020.1821795   

Al-Tohamy, A., Ali, S.S., Li, F., Okasha, K.M., 

Mahmoud, Y.A.G., Elsamahy, T., Jiao, H., Fu, Y. & 

Sun J. (2022). A critical review on the treatment of 

dye-containing wastewater: Ecotoxicological and 

health concerns of textile dyes and possible 

remediation approaches for environmental safety. 

Ecotoxicology and Environmental Safety 231, 

113160. 

https://doi.org/10.1016/j.ecoenv.2021.113160   

Anucha, C.B., Altin, I., Bacaksiz, E. & Stathopoulos, 

V.N. (2022). Titanium dioxide (TiO₂)-based 

photocatalyst materials activity enhancement for 

contaminants of emerging concern (CECs) 

degradation: In the light of modification strategies. 

Chemical Engineering Journal Advances, 10, 

100262. https://doi.org/10.1016/j.ceja.2022.100262 

Arias, F.E., Tubon-Usca, G., Moreno-Samaniego, M., 

Penafiel-Ojeda, C., Corrente, G.A., Milone, C., 

Caputi, L.S. & Beneduci, A. (2026). Comparative 

adsorption of methylene blue on GO- and rGO-

modified natural clinoptilolite: Role of carbon 

oxidation state and pore blocking. Journal of Material 

Science, https://doi.org/10.1007/s10853-026-12300-

2 

Auerbach, S.M., Carrado, K.A., & Dutta, P.K. (2003). 

Handbook of Zeolite Science and Technology (1st 

ed.). CRC Press. 

https://doi.org/10.1201/9780203911167  

Bernal, V., Giraldo, L. & Moreno-Piraján, J.C. (2022). 

Physicochemical Properties of Activated Carbon: 

Their Effect on the Adsorption of Pharmaceutical 

Compounds and Adsorbate–Adsorbent Interactions. 

Carbon Research, 4, 62. 

http://doi.org/doi:10.3390/c4040062   

Dai, F., Zhuang, Q., Huang, G., Deng, H. & Zhang, X. 

(2023). Infrared Spectrum Characteristics and 

Quantification of OH Groups in Coal. ACS Omega, 

8(19), 17064-17076. doi: 

https://doi.org/10.1021/acsomega.3c01336  

Dryaz, A.R., Shaban, M., Al-Mohamadi, H., 

AbuAl-Ola, K.A., Hamd, A., Soliman N.K. & 

Ahmed, S.A. (2021). Design, characterization, and 

adsorption properties of Padina gymnospora/zeolite 

nanocomposite for Congo red dye removal from 

wastewater. Scientific Reports, 11:21058. 

https://doi.org/10.1038/s41598-021s-00025-y 

Foo, K.Y. & Hameed, B.H. (2010). An overview of dye 

removal via activated carbon adsorption process. 

Desalination and Water Treatment, 19:1-3, 255-274. 

DOI: http://doi.org/10.5004/dwt.2010.1214    

Guo, Z., Hao, W., Ma, J. & Li, R. (2021). Probing the 

pore structure of hierarchical EU-1 zeolites by 

adsorption of large molecules and through catalytic 

reaction. Journal of Chemical Research, 187-193. 

DOI: http://doi.org/10.1177/1747519820936594  

Husaini, M., Danladi, Y. & Hamza, M. (2025). 

Preparation and Characterization of Activated 

Carbon from Almond Seed Shell found in the Federal 

Polytechnic Idah Metropolis. J. Mater. Environ. Sci., 

16(9), 1609-1621. http://www.jmaterenvironsci.com  

Ibrahim, K.M. & Al-Slaty, F. (2023). Synthesis and 

Characterization of Faujasite-Type Zeolite from 

Kaolin Clay from Jordan. Kongzhi yu Juece/Control 

and Decision, 38(2), 1017-1026 

Janekarn, I., Hunt, A.J., Ngernyen, Y., Youngme, S. & 

Supanchaiyamat, N. (2020). Graphitic mesoporous 

carbon-silica composites from low-value sugarcane 

by-products for the removal of toxic dyes from 

wastewaters. R. Soc. Open Sci., 7, 200438. 

http://dx.doi.org/10.1098/rsos.200438 

Kordala, N. & Wyszkowski, M. (2024). Zeolite 

Properties, Methods of Synthesis, and Selected 

Applications. Molecules, 29, 1069. 

http://doi.org/10.3390/molecules29051069   

Lee, C.L., H’ng, P.S., Paridah, M.T., Chin, K.L., 

Rashid, U., Maminski, M., Go, W.Z., Raja Nazrin, 

R.A., Rosli, S.N.A. & Khoo, P.S. (2018). Production 

of bioadsorbent from phosphoric acid pretreated 

palm kernel shell and coconut shell by two-stage 

continuous physical activation via N2 and air. R. Soc. 

Open Sci., 5: 180775. 

http://dx.doi.org/10.1098/rsos.180775  

Luz Godino-Salido, M., López-Garzón, R., Gutiérrez-

Valero, M.D., Arranz-Mascarós, P., Melguizo-

Guijarro, M., López de la Torre, M.D., Gómez-

Serrano, V., Alexandre-Franco, M., Lozano-Castelló, 

D., Cazorla-Amorós, D. & Domingo-García, M. 

(2014). Effect of the surface chemical groups of 

activated carbons on their surface adsorptivity to 

aromatic adsorbates based on π–π interactions. 

Materials Chemistry and Physics, 143, 1489-1499. 

http://dx.doi.org/10.1016/j.matchemphys.2013.12.0

05 

Marnani, N.N., Tezel, F.H. & Basu, O.D. (2024). 

Adsorptive Removal of Dyes: A Comparison of 

Graphene Oxide to Granular Activated Carbon and 

Zeolite NaY. Appl. Sci., 14, 9811. 

https://doi.org/10.3390/app14219811 

Mohamed, F., Shaban, M., Zaki, S.K., Abd‑Elsamie, 

M.S., Sayed, R., Zayed, M., Khalid, N., Saad, S., 

Omar, S., Ahmed, A.M., Abanoub Gerges, H.R., 

El‑Mageed, A. & Soliman, N.K (2022). Activated 

carbon derived from sugarcane and modified with 

https://portal.issn.org/resource/ISSN/3027-1118
http://doi.org/10.25130/tjes.32.2.16
https://doi.org/10.1504/IJETM.2009.023737
http://doi.org/10.1080/00194506.2020.1821795
https://doi.org/10.1016/j.ecoenv.2021.113160
https://doi.org/10.1016/j.ceja.2022.100262
https://doi.org/10.1007/s10853-026-12300-2
https://doi.org/10.1007/s10853-026-12300-2
https://doi.org/10.1201/9780203911167
http://doi.org/doi:10.3390/c4040062
https://doi.org/10.1021/acsomega.3c01336
https://doi.org/10.1038/s41598-021-00025-y
http://doi.org/10.5004/dwt.2010.1214
http://doi.org/10.1177/1747519820936594
http://www.jmaterenvironsci.com/
http://dx.doi.org/10.1098/rsos.200438
http://doi.org/10.3390/molecules29051069
http://dx.doi.org/10.1098/rsos.180775
http://dx.doi.org/10.1016/j.matchemphys.2013.12.005
http://dx.doi.org/10.1016/j.matchemphys.2013.12.005
https://doi.org/10.3390/app14219811


 

393 

 

IJSGS FUGUSAU VOL. 12(3)                                                                             WEBSITE: https://fugus-ijsgs.com.ng 

DOI: https://doi.org/10.57233/ijsgs.v12i3.1200 

 

ISSNp: 2488-9229; ISSNe:  3027-1118 

 

 natural zeolite for efficient adsorption of methylene 

blue dye: Experimentally and theoretically 

approaches. Science Reports, 12:18031, 

https://doi.org/10.1038/s41598-022-22421-8 

Mohammad, Y.S. (2015). Performance Evaluation of 

Treated Rice Husk Activated Carbon in Water 

Treatment and Removal of Phenol. PhD. 

Dissertation, Ahmadu Bello University, Zaria, 

Nigeria. 

Moneim, M.A. & Ahmed, E. (2015). Synthesis of 

Faujasite from Egyptian Clays: Characterizations and 

Removal of Heavy Metals. Geomaterials, 5, 68-76.  

http://dx.doi.org/10.4236/gm.2015.52007. 

Nwafulugo, F.U. (2014). Application of Zeolite 4A-

Metakaolin Matrix for the Removal of Some Heavy 

Metals from Crude Oil Tank Farm Wastewater. Ph.D 

Dissertation, Ahmadu Bello University, Zaria. 

Nigeria  

Okonkwo, C.U., Okonkwo, B.O., Uwadiae, S. & 

Njoku, C. (2022). Optimizing the Effect of Coconut 

Shell/Zeolite Adsorbent Blend for Treatment of 

Oilfield Produced Water. Int J Environ Sci Nat Res. 

29(5), IJESNR.MS.ID.556275. DOI: 

http://dx.doi.org/10.19080/IJESNR.2022.29.556275  

Olatunji, M.A., Salam, K.A. & Evuti, A.M. (2024). 

Simultaneous Adsorption of Aqueous Pb2+, Cu2+, 

Zn2+, and Cd2+ Using Surfactant-Modified and 

Unmodified Activated Carbon in a Fixed Bed 

Column. Journal of Encapsulation and Adsorption 

Sciences, 12, 1-24. 

https://www.scirp.org/journal/jeas 

Onigemo, M.T., Balogun, A.A., Odeh, L.U., Udoh, 

E.A., Mohammed, A., Omolusi, A.R., Ankomah, 

N.O., Akyea Mensah, S.B., Onele, E.J. & Akoh, 

M.D. (2024). Production and Characterization of 

Activated Carbon from Coconut Shell for Adsorption 

of Lead (II) Ion from Waste Water. Adv. J. Chem. B: 

Nat. Prod. Med. Chem, 6, 269-283. doi: 

https://doi.org/10.48309/AJCB.2024.472061.1240 

Oyedoh, E.A. & Igbokwe, O.P. (2025). Evaluation of 

novel NaOH/activated carbon/zeolite biocomposite 

as an efficient adsorbent for oilfield produced water 

treatment. South African Journal of Chemical 

Engineering, 51, 302-314. 

https://doi.org/10.1016/j.sajce.2024.12.006 

Pérez-Botella, E., Valencia, S. & Rey, F. (2022). 

Zeolites in Adsorption Processes: State of the Art and 

Future Prospects. Chem. Rev. 122, 24, 17647-17695. 

https://doi.org/10.1021/acs.chemrev.2c00140 

Periyasamy, A.P. (2024). Recent Advances in the 

Remediation of Textile-Dye-Containing Wastewater: 

Prioritizing Human Health and Sustainable 

Wastewater Treatment. Sustainability, 16, 495. 

https://doi.org/10.3390/su16020495. 

Qasim, S.H. & Ibrahim, D.R. (2025). An overview of 

azo dyes environmental impacts. GSC Advanced 

Research and Reviews, 24(1), 102-111. DOI: 

https://doi.org/10.30574/gscarr.2025.24.1.0196     

Salih, S.J., Abdul Kareem, A.S. & Anwer, S.S. (2022). 

Adsorption of anionic dyes from textile wastewater 

utilizing raw corncob. Heliyon, 8, e10092. 

https://doi.org/10.1016/j.heliyon.2022.e10092 

Shah, K. J., Yu, J., Zhang, T. & You, Z. (2023). Y-Type 

Zeolite Synthesized from an Illite Applied for 

Removal of Pb(II) and Cu(II) Ions from Aqueous 

Solution: Box-Behnken Design and Kinetics. Water, 

15, 1171. https://doi.org/10.3390/w15061171 

Tan, I.A.W., Abdullah, M.O., Lim, L.L.P. & Yeo, 

T.H.C. (2017). Surface Modification and 

Characterization of Coconut Shell-Based Activated 

Carbon Subjected to Acidic and Alkaline Treatments. 

Journal of Applied Science & Process Engineering, 

4(2), 186-194. 

https://doi.org/10.33736/jaspe.435.2017  

Vu, T.M., Phuong Nguyen, T.M., Van,H-U., Le, N.T. 

& Tran, D-T. (2025). Biomass-derived hydrochar 

and activated carbon in pharmaceutical pollution 

mitigation: A comprehensive overview”, RSC Adv., 

15, 43053-43084. DOI: 

http://dx.doi.org/10.1039/d5ra04857e   

Wu, Z., Ye, X., Liu, H., Zhang, H., Liu, Z., Guo, M., 

Li, Q. & Li, J. (2020). Interactions between 

adsorbents and adsorbates in aqueous solutions. Pure 

Appl. Chem., 92(10), 1655-1662. 

https://doi.org/10.1515/pac-2019-1110  

Yang, Q., Sun, Y., Sun, W., Qin, Z., Liu, H., Ma, Y. & 

Wang, X. (2021). Cellulose-derived biochar: 

Preparation, characterization and Benzo[a]pyrene 

adsorption capacity. Grain & Oil Science and 

Technology, 4(4), 182-190. 

https://doi.org/10.1016/j.gaost.2021.10.001 

Zerin, N.H., Rasul, M.G., Jahirul, M.I., Sayem, 

A.S.M., Quadir, Z. & Haque, R. (2025). XRD 

Characterization of Activated Carbons Synthesized 

from Tyre Pyrolysis Char via KOH Activation. 

Technologies, 13, 565. 

https://doi.org/10.3390/technologies13120565 

Zhan, J., Zhang, C., Zhang, Y. & Jia, M. (2025). 

Optimizing the Hydrophobic Environment of 

Zeolite-Based Catalysts for Promoted Application in 

Heterogeneous Catalysis. Molecules, 30, 3670. 

https://doi.org/10.3390/molecules30183670 

https://portal.issn.org/resource/ISSN/3027-1118
https://doi.org/10.1038/s41598-022-22421-8
http://dx.doi.org/10.4236/gm.2015.52007
http://dx.doi.org/10.19080/IJESNR.2022.29.556275
https://www.scirp.org/journal/jeas
https://doi.org/10.48309/AJCB.2024.472061.1240
https://doi.org/10.1016/j.sajce.2024.12.006
https://doi.org/10.1021/acs.chemrev.2c00140
https://doi.org/10.3390/su16020495
https://doi.org/10.30574/gscarr.2025.24.1.0196
https://doi.org/10.1016/j.heliyon.2022.e10092
https://doi.org/10.3390/w15061171
https://doi.org/10.33736/jaspe.435.2017
http://dx.doi.org/10.1039/d5ra04857e
https://doi.org/10.1515/pac-2019-1110
https://doi.org/10.1016/j.gaost.2021.10.001
https://doi.org/10.3390/technologies13120565
https://doi.org/10.3390/molecules30183670

