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New sodium alginate-based hydrogels using activated carbon from banana leaves and organo-
modified montmorillonite for water treatment. Activated carbon extracted successfully from banana 
leaves and montmorillonite clay was surface-modified using cetyltrimethylammonium bromide as 
a cationic surfactant. Hydrogels were then synthesized using calcium chloride as the cross-linking 
agent. They were characterized using FTIR, X-ray diffraction, and scanning electronic microscopy. 
Characterization intimated the incorporation of components successfully. Adsorption performance 
was determined using pH, adsorbent dosages, initial dye concentration, and contact time. Sodium 
alginate-based hydrogels demonstrated remarkable efficacy in removing MB and EBT dyes from 
synthetic solutions, achieving removal efficiencies of up to 80.3% and 84.9% respectively within 90 min 
at pH 7. The adsorption process corresponded better to the Freundlich isotherm model. The kinetics 
of EBT dye removal were described by a pseudo-second-order model. Meanwhile, the kinetics of the 
removal of MB dyes were described by both pseudo-first order and intraparticle diffusion models. We 
conducted MTT assays to determine the cytotoxicity of our blends. This showed a dose-dependent 
drop in viability. Sodium alginate-based hydrogels made the cells least cytotoxic. The developed 
hydrogels can be used as safe and effective agents for water treatment, as indicated by the results.
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Water treatment benefits greatly from the use of bio-waste. Waste products like activated carbon or biosolids can 
be used to remove heavy metals and other impurities from water sources. By using a sustainable strategy, waste 
disposal is decreased and water treatment systems’ overall efficacy and cost-effectiveness are improved. These 
biomasses biodegrade, producing substantial CO2 emissions that play a major role in global warming. A portion 
of these biomasses are utilized to produce thermal and electrical energy1,2. Energy production by burning these 
biomasses also produces CO2. By using the carbon in biomasses to manufacture advanced carbon composites, 
farmers can earn more money while reducing their carbon footprint. Furthermore, by doing this, valuable 
petroleum-based compounds that would otherwise be used as precursors for carbon-based products are saved. 
Creation of heteroatom-doped high surface area activated carbon and its derivatives from a variety of biomasses, 
including sawdust3,4, wheat straw5, cornstalk6,7, potato waste8, bamboo chips9, pomelo peel10, cotton11, peanut 
meal12, hemp stem13, coffee ground14, banana peel15 and orange peel16-19 have been reported in the literature. 
These activated carbons find applications as adsorbents for toxic chemicals and heavy metal ions4,20-25, electrodes 
in batteries and supercapacitors8,18,26,27, catalyst supports28, and catalysts for oxygen reduction reactions29. Since 
banana plants can produce up to 80% of their output as waste, agricultural waste from bananas, particularly the 
leaves, is a promising source of adsorbents. For every tonne of harvested banana fruit, around 480 kg of leaves 
are generated30. Banana leaf-based adsorbents are further differentiated by their exceptional stability, excellent 
efficacy over a wide pH range, safety, ease of use, and environmental friendliness, they are also insoluble in most 
solvents31-33. Because sodium alginate (NaAlg) is a biodegradable, renewable, affordable, and environmentally 
safe substance, it is obtained from algae (about 21%) and applied extensively to create composite beads that 
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remove impurities from water34 and is highly soluble in water35. When divalent cations, like Ca2+, are added 
to NaAlg aqueous solutions, stable coagulation occurs at room temperature36. Numerous hydroxyl (− OH) and 
carboxyl (− COOH) groups, which are active adsorption sites utilized to remove organic pollutants such as 
dyes, pesticides, and antibiotics, are present in the molecular structure of NaAlg37. But NaAlg’s stability is a 
problem, so before using it in aqueous systems for the adsorptive removal of contaminants, it must be modified 
by physicochemical techniques, such as adding inorganic materials into the NaAlg matrix to prepare composite 
beads and improve their surface-specific areas and stabilities38-45. The incorporation of sodium alginate into 
the hydrogel appears to enhance the structural integrity of the activated carbon. When activated carbon is 
embedded within the alginate matrix, the hydrogel network helps prevent the dispersion or aggregation of the 
carbon particles, thereby maintaining the porosity and surface area of BLAC. Moreover, sodium alginate’s ability 
to form a stable cross-linked network helps to protect the surface functional groups of BLAC, reducing potential 
deactivation due to external factors (e.g., mechanical stress, chemical interactions). Montmorillonite (MMT) is a 
clay mineral classified as a dioctahedral smectite, characterized by its 2:1 layer phyllosilicate structure, consisting 
of two silica tetrahedral sheets sandwiching one alumina octahedral sheet. Owing to its large specific surface 
area, high cation exchange capacity, significant adsorption properties, and high porosity, MMT is a versatile 
material suitable for a wide range of applications. In drug delivery systems, MMT serves as a pharmaceutical 
excipient, leveraging its strong adsorption capacity to enhance drug entrapment and sustain drug release. It 
is extensively utilized in various environmental applications, such as soil remediation and water purification, 
due to its exceptional adsorption capacity and ion-exchange properties45.The material montmorillonite (MMT) 
clay is frequently utilized and affordable for eliminating impurities from aqueous systems46. Mt is frequently 
added in the form of composite beads to improve the durability and functional capabilities of biodegradable 
polymers like alginate and chitosan44,47,48. Additionally, atomic models for Mt, like SAz-2, indicate that − OH 
forms hydrogen bonds on the surfaces of aluminosilicates, significantly improving the pore structures of alginate 
aerogels with multiple hydrogen bonding networks. Sodium alginate (NaAlg) plays a critical role as the matrix 
in the composite hydrogel (NaAlg/BLAC/OMMT). As a natural polysaccharide, sodium alginate serves as an 
excellent biopolymer for forming hydrogels due to its ability to form cross-linked networks in the presence of 
divalent cations, such as calcium ions (Ca²⁺), which we used as a cross-linking agent. The NaAlg matrix provides 
a stable structure for the incorporation of both activated carbon (BLAC) and organo-modified montmorillonite 
(OMMT), ensuring that these components remain evenly distributed within the hydrogel. The hydroxyl and 
carboxyl groups of sodium alginate interact with the functional groups on the surface of BLAC, improving 
the adsorption of dye molecules from aqueous solutions. The NaAlg/BLAC/OMMT hydrogel’s performance in 
dye removal (e.g., MB and EBT dyes) is attributed to the synergistic effect of sodium alginate, which helps in 
stabilizing BLAC within the hydrogel, thus enabling efficient dye adsorption. Additionally, the NaAlg network 
may contribute to the increased contact time between the dye molecules and the adsorbent surface, further 
improving adsorption efficiency.

In this study, we aim to extract activated carbon from banana leaves as a sustainable source to be used as an 
active substance in water treatment and also to recycle banana farm waste. Montmorillonite MMT was modified 
by Cetyltrimethylammonium bromide as a surfactant. Combining all three substances sodium alginate, 
activated carbon, and modified MMT to prepare hydrogels (NaAlg/ BLAC/OMMT) was successfully done using 
CaCl2 with different clay ratios. The obtained materials were subjected to various analytical techniques such as 
FTIR, XRD, and SEM to confirm the hydrogel formation. An adsorption study was carried out as a function 
of pH, the effect of adsorbent dosage, initial dye concentration, and contact time. Cytotoxicity Assessment of 
the prepared materials was carried out using MTT assay. The results showed that combining sodium alginate, 
activated carbon, and modified MMT enhances their adsorption capacity.

Materials and methods
Materials
The banana leaves were collected from Nasser farm, Beni-Suef district, Egypt. Sodium alginate (Na-Alg; 
(C6H9NaO7)n, MW = 216.12 g/mol, Assay ≥ 99.0%), Techno Pharmchem, India. Montmorillonite MMT (Na+-
MMT) with a cation exchange capacity (CEC) of 0.90 meq/g under the trade name minral colloid PB, was 
purchased Southern clay products Inc. Cetyltrimethylammonium bromide as a surfactant (CTAB, from Merck, 
Darmstadt, Germany) suitable intercalating agents for MMT type clays because of their long chain molecules 
with hydrophilic quaternary amine salt heads and organophilic nonpolar alkyl tails. They are stable, cheap and 
are widely available.

Organic dyes such as Eriochrome black T (EBT; C20H12N3NaO7S, assay = 99%) and Methylene blue (MB; 
C16H18N3SCl, assay = 99%), PIOCHEM, Egypt. Calcium Chloride anhydrous (CaCl2) with assay = 96%, Sodium 
Hydroxide (NaOH) with assay = 98%, and Hydrochloric Acid (HCl) with minimum assay 35 _38%, PIOCHEM, 
Egypt.

Methods
Preparation of activated carbon (AC) from banana leaves
The method described by Srinivasakannan and Bakar involved using Banana leaves as a starting material to 
produce activated carbon49. To begin, the Banana leaves were dried in an oven at 70˚C overnight. Next, the 
dried leaves were soaked in a 2% NaOH solution overnight. After soaking, the samples were subjected to 
semicarbonization in a muffle furnace at 200˚C for 4 h. The semicarbonized material was then dried and cooled 
to room temperature. Subsequently, the dried material underwent further heating in a furnace at 500˚C for 2 h 
to activate it. The resulting activated material, known as BLAC, was washed multiple times with distilled water 
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until all traces of sodium hydroxide were removed, continuing until the wash solution became neutral. Finally, 
the product was dried in a hot air oven for 5 h at 105˚C.

Preparation of modified clay MMT (OMMT)
Unmodified MMT powder (500.0 mg) was dispersed in 400 mL of hot H2O. Different ratio of CTAB (500, 250, 
and 165 mg) was dissolved in 100 mL hot H2O and slowly added into the montmorillonite dispersion at 70 oC. 
Following this addition, the suspension was sonicated overnight at 70 °C using an ultrasonic bath and allowed 
to equilibrate for 12 h at room temperature. The resulting precipitate was filtered and washed multiple times 
with hot deionized water until bromide ions were no longer detected using an AgNO3 solution. The obtained 
organo-clay was dried in a vacuum oven at 70 oC for 12 h and ground in a mortar to obtain fine powder, which 
was denoted as CTAB-MMT, Table 1.

Preparation of the sodium alginate - activated carbon/OMMT hydrogels (NaAlg/ BLAC/
OMMT)
One gram of NaAlg (2%) was dispersed in 50 ml of H2O at 45 °C, and mechanically stirred for 30 min. Then, 
0.25 g of modified clay OMMT1, and 0.25 g of BLAC were added to 20 ml of H2O. The mixture was stirred using 
a magnetic stirrer for 15 min, followed by sonication for 30 min. The two prepared solutions, were then mixed 
together and stirred for one hour. Additionally, one gram of CaCl2 (1%) wt/v as the cross linker was dispersed 
in 100 ml of H2O to prepare the cross linker solution. This solution was gradually dropped to the mixture until 
gelation occurred. The prepared hydrogel was left to dry at 40 °C for 24 h. Hydrogels with other modified clays 
(OMMT2, and OMMT3) were prepared via the same method.

Characterization of the prepared materials
The materials that were prepared underwent characterization using various techniques. Fourier transform 
infrared spectroscopy (FTIR) was performed on a Bruker-Vertex 70 instrument using the KBr pellet technique, 
covering a spectral range of 400–4000 cm⁻¹ to analyze functional group vibrations. X-ray diffraction (XRD) 
analysis was conducted on a PANalytical Empyrean instrument (Sweden) with Cu-Kα radiation (λ = 0.154 nm) 
operating at 35 mA and 40 kV. The scanning range was set from 5° to 80° (2θ) at a rate of 8° min⁻¹ to assess the 
crystallinity of the materials. Surface morphology was examined using a Zeiss Sigma 500 VP Field Emission 
Scanning Electron Microscope (FESEM, Germany), providing detailed insights into surface characteristics. 
Additionally, X-ray photoelectron spectroscopy (XPS) was performed on a K-ALPHA instrument (Thermo 
Fisher Scientific, USA) with monochromatic Al Kα radiation (10–1350 eV), a spot size of 400 μm, and a pressure 
of 10⁻⁹ mbar. The full spectrum was acquired at a pass energy of 200 eV, while the narrow spectrum was recorded 
at 50 eV.

Hydrogels swelling measurements
The swelling behavior of the hydrogels was investigated by immersing 0.1 g of hydrogel (W0) in 25 mL of distilled 
water at room temperature for various time intervals ranging from 15 to 300  min. At regular intervals, the 
swelled hydrogel was gradually taken out of the aqueous solution, wiped with filter paper to get rid of extra 
surface water, and weighed (Ws). The percentage of swelling degree was determined using the following Eq. 1:

	
Swelling degree% =

[
W s − W0

W0

]
× 100� (1)

Where Ws and W0 represent the weight of swollen and the dry hydrogel, respectively.

Dye adsorption measurements
High-quality Eriochrome black T (EBT) and Methylene blue (MB) were used to create a stock solution with a 
concentration of 1000 mg/L. All adsorption experiments were conducted using the batch method. Specifically, 
20 mg of NaAlg/BLAC/OMMT3 was dispersed in separate 20 mL solutions containing 10 mg/L of the respective 
dyes. The adsorption process took place on a shaker at room temperature with a fixed rotation rate of 140 rpm. 
After 24 h, the adsorbent was magnetically separated from the dye solutions, and the residual dye concentration 
was quantified via UV-visible spectrophotometry (Shimadzu UV-1800) at λmax = 490 nm for EBT and 663 nm 
for MB.

First of all, the impact of pH on the adsorption capacity of the adsorbents for EBT and MB was investigated. 
The initial pH of a 10 mg/L dye solution was adjusted within the range of 2–8 by adding either 0.1 M HCl or 
NaOH solutions. To examine the adsorption kinetics, 20 mg of the adsorbents were dispersed in 20 mL of a 
10 mg/L dye solution at pH 7. At regular time intervals, the concentrations of EBT and MB were measured. For 
the adsorption isotherms, the initial concentration of dyes was adjusted within the range of 5-100 mg/L, at a 
pH of 7, and left for 24 h. The equilibrium adsorption capacities were determined using Eq. 2, which involved 

Sample cods MMT CTAB

CTAB-MMT 1:1 (OMMT1) 500 mg 500 mg

CTAB-MMT 0.5:1 (OMMT2) 500 mg 250 mg

CTAB-MMT 0.33:1 (OMMT3) 500 mg 165 mg

Table 1.  OMMT samples.
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calculating the difference between the initial concentration and the final concentration at equilibrium time. The 
percentage removal of dye was calculated Eq. 3.

	

[
qe=

(C0− Ce) V

W

]
� (2)

	
Dye removal % = C0 − Ce

C0
× 100 � (3)

where, Co and Ce (mg/L) represent the initial and final concentrations of MB and EBT dyes in the solutions 
of adsorption. Additionally, qe (mg/g) signifies the adsorption equilibrium of adsorbents for dyes. The dye 
adsorption trials were repeated three times, and the resultant data was averaged, and reported as the mean value 
with a ± 5 range.

Regeneration (desorption) studies
The desorption investigations of methylene blue (MB) and Eriochrome black T (EBT) loaded NaAlg/BLAC/
OMMT3 hydrogel aimed to investigate the potential for reusing the NaAlg/BLAC/OMMT3 hydrogel adsorbent. 
The MB or EBT loaded NaAlg/BLAC/OMMT3 hydrogel was placed in a glass container with 50 mL of 0.1 M HCl 
solution and agitated at room temperature for 24 h. Following this immersion period, the hydrogel was utilized 
once more for dye adsorption. This adsorption-desorption process was repeated five times, employing a fresh 
dye solution each time under identical experimental conditions. The adsorption capacity of the NaAlg/BLAC/
OMMT3 hydrogel was determined after each of these cycles50.

Cytotoxicity assessment
Cell lines
The cell lines utilized in this paper, was obtained from the Tissue Culture unit of the Holding Company for 
Biological Products and Vaccines (VACSERA) in Giza, Egypt. Vero cells, a cell line originating from African green 
monkey kidney tissue and WRL-68 (normal liver cell line) were cultured in RPMI-1640 medium supplemented 
with 10% fetal bovine serum (FBS), 2 mM glutamine, and antibiotics (100 units/mL penicillin and 100 µg/mL 
streptomycin). The cell cultures were maintained at 37 °C in a humidified atmosphere containing 5% CO2.

MTT assay
The MTT assay was employed to assess the cytotoxicity of NaAlg/BLAC/OMMT hydrogel and hydrogel after 
adsorption MB and EBT on Vero cells. This method quantifies cell viability by measuring the transformation of 
MTT into colored formazan by metabolically active cells. The experimental procedure involved seeding Vero 
cells (1 × 10^4 cells/well) in 96-well plates for 24 h. Following washing and media replacement, the cells were 
treated with varying concentrations of hydrogel befor and after adsorption (7.8–1000 µg/mL) in triplicate for 
24  h. Post-incubation, the cells were washed with PBS and exposed to MTT solution (20 µL, 5  mg/mL) for 
4 h. After discarding the culture medium and excess dye, DMSO (100 µL) was added to dissolve the formazan 
crystals. The mixture was then agitated for 15  min, and the absorbance was measured at 570  nm using a 
microplate spectrophotometer.

Results and discussions
Characterizations
FT-IR spectra
The investigation focused on the alteration of chemical groups as a reliable indicator for the formulation of 
effective hydrogels organo-clay composites NaAlg with BLAC/OMMT3 and the successful loading of the 
obtained hydrogels organo-clay composites by MB, and EBT dyes (Fig. 1). The FT-IR spectra of NaAlg, MMT, 
OMMT3, BLAC, NaAlg/BLAC/OMMT3 loaded with MB, and NaAlg/BLAC/OMMT3 loaded with EBT were 
represented graphically in Fig. 1, and Fig. 2. The Fourier Transform Infrared (FTIR) spectra of NaAlg featured 
prominent absorption broad band 3421  cm− 1 corresponding to the O-H stretching vibration band of its 
structural-functional groups; the peaks at 1615 cm− 1 and 1419 cm− 1corresponded to –COO− stretch vibration, 
respectively. A peak is observed at finger print region around 800–600 cm− 1 due to the presence of the Na–O 
stretching (Fig. 1a)51,52.

Also, the pure phase of BLAC showed its characteristic spectrum reflecting the presence of stretching 
vibrations of C = C, O–H, C-O, bending CH- functional groups, and the band attributed to the C–O–H group 
rocking vibrations of cellulose at the absorption bands of 1644 cm− 1, 3466 cm− 1, 1116 cm− 1, 1400 cm− 1, and 
617 cm− 1 respectively31 (Fig. 1b).

The FTIR spectrum of MMT (Fig. 2f), The unique absorption bands at 3422 cm− 1 in MMT are attributed to 
the –OH stretching band of adsorbed water. The bands at 3635 and 3710 cm− 1 are due to –OH band stretch for 
Al–OH and Si–OH. The shoulders and wideness of the structural –OH band mostly result from the presence 
of many structural –OH groups in the MMT layer. The overlaid absorption peak at 1649 cm− 1 is attributed to 
–OH bending mode of adsorbed water. The primary peaks observed at 1140 and 1013 cm− 1 correspond to the 
out-of-plane and in-plane stretching vibrations of Si–O bonds in layered silicates, respectively. Peaks at 933, 
804, and 790 cm− 1 are attributed to AlAlOH, AlFeOH, and AlMgOH bending vibrations, respectively53-55. FTIR 
spectrum of OMMT3 (Fig. 2g), shows Multiple absorption bands, including MMT characteristic bands, as well 
as novel absorption bands at 1484, 2845, and 2934 cm − 1, suggest the existence of long alkyl chains in the clay. 
This observation implies that CTAB interacts strongly with the MMT layers56-58.
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The Fourier transform infrared spectrum of hydrogels organo-clay composites NaAlg with BLAC/OMMT3 
exhibited several complicated bands between NaAlg and BLAC/OMMT3, which deviated observably from their 
positions in the pure phases (Fig. 1c). This sample contains 16.6% of OMMT3 and 66.6% of sodium alginate, 
16.6% of BLAC and it is easy to observe that the spectrum is a mix of NaAlg, OMMT3, and BLAC spectrum.
The main detected groups are –OH stretching of BLAC that appeared in overlap position with –OH group of 
NaAlg (3433 cm− 1). A new two strong bands which shifted from 1615 to 1419 cm− 1 to 1630 cm− 1 and 1401 cm− 1 
indicates overlap COO− stretching of NaAlg with the C = C stretching vibration band of BLAC. Moreover, the 
peak corresponding to Si–O stretching (out-of-plane) vibration for layered silicates was also found which shifted 
from 1016 cm− 1 to 1113 cm− 1. Additionally, C–O–H group rocking vibrations of cellulose was also identified 
at 613 cm− 1. In brief, all the results stated that NaAlg was effectively composites to NaAlg /BLAC/OMMT3 59,60.

The FT-IR spectrum of NaAlg/BLAC/OMMT3 loaded with MB, and NaAlg/BLAC/OMMT3 loaded with 
EBT was presented in comparison with the FT-IR spectrum of hydrogels organo clay composites NaAlg with 
BLAC/OMMT3 (Fig.  1c) without loading and NaAlg/BLAC/OMMT3 loaded with MB, and NaAlg/BLAC/
OMMT3 loaded with EBT (Fig. 1d), and (Fig. 1e) respectively. The spectra of the synthetic hydrogels organo-clay 

Fig. 1.  FT-IR spectra of NaAlg (f), BLAC (b), NaAlg/BLAC/OMMT3 (c), NaAlg/BLAC/OMMT3/ MB (d), and 
NaAlg/BLAC/OMMT3/ EBT (e).
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composites after loading reveals prominent bands that exhibit significant changes in their position, indicating 
the interaction effect of the added MB or EBT fluorescent dye molecules. Table 2 reports that, in comparison, the 
MB-loaded and EBT-loaded adsorbents showed major band shifts in band intensity. The electrostatic binding 
between the cationic and anionic dyes and the NaAlg/BLAC/OMMT3 hydrogel network may be the cause of the 
slight variations in absorption peak frequencies. The observed changes in absorbance suggest that dye-binding 
mechanisms were occurring on the adsorbents’ active sites.

X-ray diffraction
The most efficient technique for establishing that surfactants are loaded into the galleries of the resultant 
organoclays is XRD analysis. Figure 3 illustrates the XRD patterns of NaAlg (a), MMT (b), OMMT1 (c), OMMT2 
(d), OMMT3 (e), BLAC (f), and NaAlg/BLAC/OMMT3 (g). The detected diffraction peak of NaAlg appeared 
as two sharp crystalline peaks at around 2θ = 21 o and 23 o, and two broad peaks at around 2θ = 13o and 17 o 
indicating the presence of a hydrated crystalline structure61,62 (Fig. 3a).

In (Fig. 3b), a typical diffraction peak of MMT is observed at 19.8o (100)54,58. Additional peaks are identified 
at 6 o, 12 o, 20 o,34 o, 38 o,61o matching with the (003), (006), (009), (105), and (300) mirror planes respectively, 

Adsorbent

Absroption band peak 
(cm-1)

Functional groupsBefore After Difference

NaAlg/BLAC/OMMT3
loaded with MB

3433
3190

3426
3193

7
3 O-H

NaAlg/BLAC/OMMT3 loaded with EBT 3433
3190

3426
3185

7
5 O-H

NaAlg/BLAC/OMMT3 loaded with MB 1739 1730 9 C = O

NaAlg/BLAC/OMMT3 loaded with EBT 1739 1737 2 C = O

NaAlg/BLAC/OMMT3 loaded with MB 1630 1630 - C = C, COO-

NaAlg/BLAC/OMMT3 loaded with EBT 1630 1626 4 C = C, COO

NaAlg/BLAC/OMMT3 loaded with MB 1401 1400 1 COO-

NaAlg/BLAC/OMMT3 loaded with EBT 1401 1402 1 COO-

NaAlg/BLAC/OMMT3 loaded with MB 1113 1120 7 C-O

NaAlg/BLAC/OMMT3 loaded with EBT 1113 1112 1 C-O

NaAlg/BLAC/OMMT3 loaded with MB 613 609 4 C-OH

NaAlg/BLAC/OMMT3 loaded with EBT 613 617 4 C-OH

Table 2.  The FT-IR peak positions of NaAlg/BLAC/OMMT3, NaAlg/BLAC/OMMT3 loaded with MB, and 
NaAlg/BLAC/OMMT3 loaded with EBT before and after adsorption. Absroption band peak (cm− 1) before, 
and after loaded for O–H, C = O, C = C, COO-, C-O, and C-OH.

 

Fig. 2.  FT-IR spectra of MMT (f), OMMT3 (g).
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according to the JCPDS card (NO. 00-046-1045)63-65. After intercalation with the CTAB Fig. 3c and d, and 3e 
this peak moves to high angle (20.1◦). This shows that the intercalated MMT with CTAB alteration successfully 
formed66,67. Compared the interlayer spacing of the OMMT3 (Fig. 3e), to that of OMMT1 (d-spacing = 4.13 Å), 
and OMMT2 (d-spacing = 4.41 Å) which had expanded to the highest interlayer spacing value (4.46 Å).

The BLAC sample that was used had a highly crystalline appearance with peaks at 27o, 36o, 39o, 43o, 47o, 
and 48o in addition to the intense peak at 29 are attributed to the presence of native cellulose as the prime 
component, which may be crystalline or amorphous (Fig. 3f)68. The XRD patterns at 2θ = 27° (002), and 43° 
(101) matched well with the reported JCPDS card number (75-2078)69.

As shown in Fig.  3g., it is clear that the hydrogels organo-clay composites NaAlg /BLAC/OMMT3, The 
distinctive peaks of BLAC and OMMT3 totally disappeared, and the resulting pattern showed the formation of 
new materials with an amorphous structure, which were represented by low-intensity peaks, NaAlg molecules 

Fig. 3.  XRD patterns of NaAlg (a), MMT (b), OMMT1 (c), OMMT2 (d) OMMT3 (d), BLAC (f), NaAlg/BLAC/
OMMT3 (g).
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are able to more readily enter the MMT gallery due to the upgraded MMT’s extended gallery distance. The 
disordered intercalated structure is most likely indicated by the decrease in intensity of the MMT plane’s 
diffraction characteristic peak, which suggests that they are associated with the amorphous part of NaAlg59.

SEM analysis
The morphological properties, as well as the internal structures of the synthetic hydrogel organo-clay composite 
of NaAlg/BLAC/OMMT3, appear in Fig. 4A. In SEM image of BLAC (Fig. 4A; a,b, and c), which exhibited an 
interconnected network of porous structures spread across the surfaces, containing a thickly layered structure 
that was highly organized, interconnected, and had a 3D spherical with an average diameter. SEM image 
of modified MMT is showed in (Fig.  4A; d,e and f) appeared as clay texture consist of multilayered silicate 
platelets are consisting of parallel alternating clay layers silicate formed from a loosely parallel layers stacked 
together presented in the form of bulky flakes and aggregated disorderly51,70. The close view on the surface 
of the hydrogel organo-clay composite of NaAlg/BLAC/OMMT3 (Fig. 4A; g,h, and i), it can be noticed as the 
amount of OMMT3 clay increases the surface loses uniformity, an increase of the rougher surface exhibited 
particles sizes with small uneven cavities with micron size on its morphology, and high porosity structure, which 
explains the elevated composite degree of BLAC with NaAlg60. In general, presence of NaAlg in composite 
induce the higher amorphous nature and less crystalline nature. In short, the change of the surface morphology, 
establish the existence of a new solid phase in those binary systems due to a decrease in crystalinity and habitus 
change. This morphology reflected their composition from uneven cavities and sometimes connected with each 
other forming nearly Honeycomb shape that can give the synthetic hydrogel organo-clay composite with highly 
porosity surface and more promising water molecules to be absorbed and interacted with hydrophilic groups on 
dyes. On the other hand, Fig. 4B presents the EDS quantitative analysis of the NaAlg/BLAC/OMMT3 hydrogel 
composite, highlighting its major elements, including C, O, Al, Si, Mg, and Fe, along with minor elements such as 
Na, Ca, and Cl, attributed to the presence of sodium alginate and the calcium chloride (CaCl₂) used as the cross-
linking agent in hydrogel synthesis. Additionally, a trace impurity from montmorillonite (MMT) identified as 
Cd, was also detected.

Swelling kinetics
Figure 5 illustrates the equilibrium swelling of the hydrogels that were prepared in aqueous solutions at room 
temperature (RT) over different time intervals (15–300 min). The swelling degree was examined for hydrogels 
with different compositions (NaAlg/BLAC/OMMT1, NaAlg/BLAC/OMMT2, and NaAlg/BLAC/OMMT3). 
Initially, the swelling degree of all hydrogels increased rapidly until reaching the maximum value, known as 
the equilibrium swelling degree. Subsequently, the rate of increase slowed down considerably until it eventually 
reached a plateau71,72. This can be attributed to the fact that there were initially more gaps and open areas in 
the hydrogel network structure that facilitated the absorption of water molecules. As time progressed, these 
spaces diminished, eventually becoming saturated. Noted that the swelling ratios of the hydrogel samples are 
influenced by the content of OMMT. Among the hydrogels investigated, the NaAlg/BLAC/OMMT3 hydrogel 
exhibited the highest swelling degree. This observation may be attributed to an increase in porosity within the 
hydrogels. This increase in porosity was confirmed by XRD analysis, which revealed that the NaAlg/BLAC/
OMMT3 hydrogel possessed the highest basal spacing degree, measuring 4.46 Å. After 90 min, all hydrogels 
reached their equilibrium swelling.

Adsorption parameters
Effect of pH
The absorption of dye by hydrogels can be explained through the mechanism of absorption transport into swollen 
hydrogel networks. The hydrogel’s higher water content and porous structure enable the diffusion of solutes 
throughout the hydrogel structure. When a hydrogel is immersed in an aqueous medium, it begins to absorb 
water, leading to significant changes in its structure. Whether or not the dye molecules penetrate the hydrogel 
depends on the interactions established between the dye molecules and hydrogels. It is widely recognized that 
the pH of the medium has a significant impact on the adsorption performance of hydrogels for dyes. This is 
because pH influences the binding sites of the hydrogels and the ionization process73,74.

Figure 6a shows the effect of pH variations on the MB and EBT removal from the aqueous solution, for initial 
dye concentration of 10 mg/ L and 20 mg of NaAlg/BLAC/OMMT3 for 90 min. The efficiency of dye removal 
using NaAlg/BLAC/OMMT3 hydrogel was found to be highly dependent on the pH of the solution. In the case of 
the cationic dye (MB), an increase in pH from 2 to 8 resulted in an increase in the removal percentage by NaAlg/
BLAC/OMMT3 hydrogel, reaching a maximum removal percentage of approximately 78% at pH 8. On the other 
hand, for the anionic dye (EBT), a decrease in pH from 8 to 2 led to an increase in the removal percentage 
by NaAlg/BLAC/OMMT3 hydrogel, with a maximum removal percentage of approximately 85% observed at 
pH 2. At elevated pH levels, the sodium alginate’s COOH groups dissociate, forming COO−, which increases 
the number of ionized groups that are fixed in place. As a result, electrostatic repulsion forces arise between 
adjacent ionized groups within the polymer networks, causing the polymer chains to expand within the hydrogel 
structure75,76. This phenomenon facilitates the formation of an ionic complex between the MB molecules and the 
hydrogel networks, resulting in increased removal of MB. Beside, the OMMT surface’s silanol groups undergo 
increased deprotonation when the adsorption system’s pH increases77. Consequently, the number of negatively 
charged adsorbent sites increases, leading to a higher removal efficiency for MB. Conversely, the enhanced 
adsorption of EBT at acidic pH levels can be attributed to the presence of an excess of H+ ions, which compete 
with the dye cations for adsorption sites77. Activated carbon exhibits basic and acidic characteristics. Carboxylic, 
lactonic, and phenolic groups are examples of acid functional groups, whereas oxygen-containing species 
including ketonic, pyronic, chromenic, are examples of basic functional groups, along with the p-electron system 
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found in carbon basal planes78. The surface charge of carbon is primarily determined by the pH of the solution 
containing the adsorbate. A lower solution pH leads to a positive net charge on the carbon surface, thereby 
enhancing EBT removal, whereas a higher solution pH results in a negative net charge, leading to increased 
removal of MB79. Therefore, the electrostatic attraction between the NaAlg/BLAC/OMMT3 hydrogel network 

Fig. 4.  A.  Showed morphological and internal structures of hydrogel organo-clay composite of NaAlg/BLAC/
OMMT3; (a, b, and c) the SEM images of pure BLAC, (d, e, and f) OMMT3, (g, h, and i) the SEM images of 
NaAlg/BLAC/OMMT3. B. The EDS quantitative analysis of NaAlg/BLAC/OMMT3 hydrogel.
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and both cationic and anionic dyes is a significant factor contributing to the observable increase in the removal 
efficiency.

Effect of the adsorbent (NaAlg/BLAC/OMMT3) dosage
A dosage study holds significant value within adsorption studies as it establishes the adsorbent’s capability to 
accommodate a specific initial concentration of dye in a solution. Figure 6b shows the effect of NaAlg/BLAC/
OMMT3 hydrogel dosage variations on the MB and EBT removal from the aqueous solution, for initial dye 
concentration of 10  mg/L and pH 7 for 90  min. The efficiency of dye removal using NaAlg/BLAC/OMMT3 
hydrogel was found to be increased with increase the absorbent dosage in the solution. In the case of the cationic 
dye (MB), an increase in dosage from 10 to 100 mg resulted in an increase in the removal percentage from 49 to 
91.60% after 90 min. Also, in the case of the anionic dye (EBT), an increase in dosage from 10 to 100 mg resulted 
in an increase in the removal percentage from 31 to 84% after 90 min. This occurrence was attributed to the 
presence of numerous adsorption sites. Dyes would randomly come into contact with and bind to the adsorption 
sites within the hydrogel. As the number of sites increased, the probability of contact was significantly heightened, 

Fig. 6.  A) Effect of pH on MB and EBT adsorption on NaAlg/BLAC/OMMT3 hydrogel and. B) Effect of 
adsorbent dosage on MB and EBT adsorption on NaAlg/BLAC/OMMT3 hydrogel.

 

Fig. 5.  Swelling behavior of hydrogels samples (NaAlg/BLAC/OMMT1, NaAlg/BLAC/OMMT2, and NaAlg/
BLAC/OMMT3).
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resulting in an enhancement in dye removal80. These findings align with the surface morphology of the NaAlg/
BLAC/OMMT3 hydrogel, which exhibits a structured construction characterized by a greater abundance of 
pores and cavities as adsorption sites40,81.

Adsorption isotherm
To understand how molecules interact with adsorbents and how the molecules distribute between solid and 
liquid phases during an equilibrium adsorption process, it is necessary to optimize the NaAlg/BLAC/OMMT3 
hydrogel adsorbent for removing pollutants from the environment82,83. In this context, experimental data on the 
adsorption of MB (methylene blue) and EBT (Eriochrome black T) were utilized to determine the isotherms.

For this aim, two commonly used isotherm models, namely the Langmuir and Freundlich models were 
utilized. The Langmuir isotherm assumes that the adsorbent’s surface is uniform and approximates the maximum 
monolayer adsorption capacity. It describes the adsorption process as a single layer of molecules being adsorbed 
onto the surface of the adsorbent. The Langmuir isotherm equation is often used to calculate the maximum 
adsorption capacity and the equilibrium constant84. On the other hand, the Freundlich isotherm is utilized to 
characterize the adsorption of multiple layers onto a heterogeneous surface of the adsorbent. It assumes that the 
active surface sites are distributed exponentially, indicating that the adsorption does not occur uniformly across 
the adsorbent surface. The Freundlich isotherm equation is often employed to determine the adsorption capacity 
and the intensity of adsorption85. The linearized form of Langmuir and Freundlich isotherm is presented in 
Table 3.

Table 4; Fig. 7a&b represent the determined values of the isotherm parameters for the removal of MB and 
EBT by NaAlg/BLAC/OMMT3 hydrogel at the initial concentration of dyes within a range of 5-100 mg/L, at a 
pH of 7, and 10 mg of the adsorbent for 24 h. The results obtained that the maximum adsorption capacity of 
MB and EBT removal by NaAlg/BLAC/OMMT3 hydrogel was found to be 136.98 and 66.66 mg/g, respectively. 
Also, the “n” values calculated by the Freundlich model are 1.508, and 1.501 for MB and EBT, respectively. 
Moreover, compared to the R2 value of Langmuir isotherm, the Freundlich isotherm showed a greater R2 value. 
Consequently, it has demonstrated that the Freundlich isotherm model accurately reflected the experimental 
results of MB and EBT uptake onto the NaAlg/BLAC/OMMT3 hydrogel surface.

Adsorption kinetics
The adsorption effectiveness of the NaAlg/BLAC/OMMT3 hydrogel was examined through the manipulation 
of contact time ( 15–180  min) and evaluated at equilibrium after 24  h, while maintaining other parameters 
constant; initial dye concentration of 10 mg/L, a pH value of 7, and 10 mg of the adsorbent. Figure 8a shows 
the increase in the dye removal percentage with increase in contact time can be attributed to the fact that 
more time will be available for dye to an attractive complex with hydrogel. For both Methylene blue (MB) and 
eriochrome black-T (EBT) dyes, the dye removal percentage increased with increasing initial contact time from 

Langmuir isotherm Freundlich isotherm

Adsorbate Qm (mg/g) b (L/mg) R2 Kf (L/g) n R2

MB 136.98 0.021 0.570 1.126 1.508 0.884

EBT 66.66 0.017 0.396 1.125 1.501 0.887

Table 4.  Parameters of Langmuir and Freundlich isotherms.

 

Adsorption isotherm Equation Parameters

Langmuir Ce
/

qe
= Ce

/
Qm

+ 1/
bQm

Ce = the equilibrium concentration of dyes adsorbed in mg/L
qe = the amount of dyes adsorbed in mg/g
Qm = maximum adsorption capacity in mg/g
b = the rate constant of Langmuir in L/mg

Freundlich lnqe = lnKf − 1/
n lnCe

Ce = the equilibrium concentration of dyes adsorbed in mg/L
qe = the amount of dyes adsorbed in mg/g
Kf = the rate constants of Freundlich in L/mg
n = the capability and strength of the uptake process

kinetics models Equation Parameters

pseudo-first-order log (qe − qt) = logqe − K1
2.303 t

qe = the amount of dyes adsorbed in mg/g
qt = the adsorption capacity (mg/
g) of the adsorbent at time t.
k1 (1/h) = the pseudo-first-order
rate constant

pseudo-second-order t
/

qe
= 1/

K2
q2

e + 1/
qe

t
qe = the amount of dyes adsorbed in mg/g
k2 (g/mg/h) = the pseudo-second-order rate constant

Intraparticle diffusion model qt = Kit0.5 + C

qt = the adsorption capacity (mg/
g) of the adsorbent at time t.
C= the intercept
Ki = the intraparticle diffusion rate 
constant (mg/g min0.5)

Table 3.  The adsorption isotherm and kinetics models.
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15 to 180 min. At contact times higher than 180 min for 24 h, the removal percentage did not change owing 
to the saturation of the active sites of the adsorbent. For that reason, the results illustrated that the maximum 
removal percent using the NaAlg/BLAC/OMMT3 hydrogel on removal of MB and EBT dyes was 80.3%, and 
84.9%, respectively at 90 min. In the beginning time from 15 to 90 min, the faster rates of dye adsorption can be 
attributed to the abundance of binding sites available for adsorption on the hydrogel, After 90 min, from 120 to 
180 nim the slower adsorption rates observed towards the end are a result of the saturation of the binding sites 
and the attainment of equilibrium32,76,86,87.

The rate at which a dye is absorbed and the effectiveness of the adsorption process on NaAlg/BLAC/OMMT3 
hydrogel can be determined by studying the kinetics of adsorption. This analysis also helps identify potential 
applications for the adsorbent. The adsorption mechanism relies on both the chemical and physical properties 
of the adsorbent, as well as the mass transfer process76,88. Additionally, studying the kinetics of the adsorption 
process is crucial for designing effective adsorbents, as it provides valuable information about the underlying 
mechanisms and the rate at which pollutants are taken up89,90. The literature indicated that the process of 
removing pollutants can be effectively described by employing various kinetic models, including pseudo-first-
order, pseudo second-order, and intraparticle diffusion models, illustrated in Table 3.

The linear plots of log(qe - qt) versus t and (t/qt) versus t, and qt versus t0.5 were calculated for the are drawn 
for the pseudo-first-order, the pseudo-second-order models, and intraparticle diffusion models, respectively 
(Fig. 8b-d). The values of k1 can be determined from the slope of the linear plot of log(qe - qt) versus t, k2 can be 
calculated from the slope of the linear plot (t/qt) versus t, and Ki can be calculated from the slope of the linear 
plot qt versus t0.5. The values of K1, K2, Ki, qe, and the correlation coefficient (R2) obtained from the linear plots 
are shown in (Table 5).

Comparisons were made regarding the square of the correlation coefficients (R2 obtained from three kinetic 
models applied to MB and EBT adsorption onto NaAlg/BLAC/OMMT3 hydrogel, as demonstrated in Table 5. 
In the case of EBT, the adsorption process exhibited kinetic control, as evidenced by the strong correlation 
coefficients of the pseudo second-order model (R2 = 0.999), which was followed by the pseudo-first-order 
model (R2 = 0.978). These findings suggest that the adsorption of EBT onto the hydrogel is primarily governed 
by chemical interactions, with physical adsorption playing a secondary role89. Conversely, for MB adsorption, 
both the pseudo-first-order and intraparticle diffusion models were found to exert kinetic control, yielding 
correlation coefficients of R2 = 0.931. This observation implies a two-stage adsorption process occurring on and 
within the adsorbent modelwithin the adsorbent model.

Regeneration (desorption) study
The regenerative property of an adsorbent proves highly beneficial for its potential applications. Desorption 
studies are conducted to assess the capacity of a used adsorbent to be recycled the dye once more. Therefore, the 
most effective adsorbent should possess a high adsorption capacity and exceptional regeneration (desorption) 
characteristics to ensure economic viability94,95. The regeneration efficiency of NaAlg/BLAC/OMMT3 hydrogel 
was investigated through five consecutive adsorption-desorption cycles in a 0.1 M HCl solution (pH 7), an initial 
dye concentration of 50 mg/L for 24 h at room temperature, as illustrated in Fig. 9. The results revealed that the 
adsorption capacity for MB and EBT dyes exhibited a very slight decrease after five cycles. The slight decrease 
in adsorption performance across cycles can be attributed to several factors, including partial pore blockage, 
reduced availability of active sites due to incomplete desorption, and possible structural changes in the hydrogel 
matrix after repeated use. This indicates that the NaAlg/BLAC/OMMT3 hydrogel can be utilized across multiple 

Fig. 7.  Adsorption isotherm of MB and EBT adsorption on NaAlg/BLAC/OMMT3 hydrogel, (a) Langmuir 
isotherm, and (b) Freundlich isotherm.
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Adsorbate Pseudo-first-order

qe (mg/g) K1 (1/min) R2

MB 8.839 2.093 0.931

EBT 8.774 2.261 0.978

Pseudo-second-order

qe (mg/g) K2(g/mg min) R2

MB 8.839 0.0104 0.852

EBT 8.774 0.0128 0.999

Intraparticle diffusion model

Ki (mg/g min0.5) C (mg/g) R2

MB -0.791 0.652 0.931

EBT -2.432 0.756 0.969

Table 5.  Pseudo-first-order, Pseudo-second-order, and Intraparticle diffusion kinetics models for MB and EBT 
onto NaAlg/BLAC/OMMT3 hydrogel at initial dye concentration of 10 mg/ L.

 

Fig. 8.  (a) Effect of time on removal of MB and EBT by NaAlg/BLAC/OMMT3 hydrogel, and Regressions of 
kinetic plots for the adsorption of MB and EBT adsorption on NaAlg/BLAC/OMMT3 hydrogel; (b) Pseudo-
first-order modal, (c) Pseudo-second-order modal, and (d) intraparticle diffusion model.
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cycles, showcasing notable structural stability even with repeated use. The results obtained exhibited parallels 
with prior research on the regeneration of composite materials involving polyacrylic acid grafted carboxymethyl 
cellulose and activated carbon, for the removal of methylene blue (MB) dye [78]. Additionally, similarities 
were noted with studies on polyvinyl alcohol/porous carbon composite hydrogels for the removal of organic 
pollutants from wastewater [79], and with the utilization of hydrogel biocomposites (PPAC/TG) consisting of 
activated carbon derived from pomegranate peels (PPAC) embedded in tragacanth gum (TG) for the removal of 
crystal violet dye (CV) from aqueous solutions [80].

Adsorption mechanism
The adsorption process of MB and EBT onto NaAlg/BLAC/OMMT3 hydrogel is shown in Fig.  10. The 
exceptional adsorption capacity of the NaAlg/BLAC/OMMT3 hydrogel for MB and EBT relies heavily on the 
internal folded structure of the active carbon and the modified montmorillonite clay, as well as the porosity 
of the hydrogel’s surface. FTIR and XPS analyses were performed to investigate the adsorption mechanism of 
MB and EBT onto the NaAlg/BLAC/OMMT3 hydrogel. The FTIR results, as discussed before (Fig. 1), revealed 
that electrostatic interactions between the cationic and anionic dyes and the hydrogel network likely caused 
the slight shifts in absorption peak frequencies. These changes in absorbance indicate the involvement of 
dye-binding mechanisms at the active sites of the adsorbent. XPS analysis provided further insights into MB 
adsorption. High-resolution XPS spectra of the hydrogel before and after MB adsorption (Fig.  11) revealed 
key changes in O 1s, N 1s, and C 1s peaks. Before adsorption, the C 1s and O 1s peaks appeared at ~ 286.4 eV 
and ~ 533.8  eV, respectively, corresponding to functional groups such as C = O/C-O, C–C, C–N, and C–O 
(Fig.  11b&c)96,97. After MB adsorption, these peaks shifted to ~ 287.5  eV for C 1s and ~ 534.8  eV for O 1s, 
confirming the successful adsorption of MB onto the hydrogel98. Additionally, a new peak at ~ 169.9  eV (S 
2p) emerged after adsorption, indicating the presence of sulfur species from MB. The significant shift in the 
C = O/C-O peak implies complex formation between MB and hydrogel oxygen-containing groups (O-MB)99, 
while the increase in C 1s binding energies suggests interactions between MB and adjacent nitrogen or oxygen 
atoms100. The N 1s peak in the hydrogel before adsorption, attributed to the quaternary ammonium groups of 
MMT modified with cetyltrimethylammonium bromide, appeared at ~ 406.7 eV. After MB adsorption, this peak 
shifted to ~ 407.3 eV, alongside the emergence of a new peak at ~ 414.8 eV Fig. 11d. MB contains nitrogen atoms 
in its aromatic rings (thiazine group) and + N(CH₃)₂ groups. The appearance of the ~ 414.8 eV peak strongly 
indicates a chemical interaction or reaction between MB and the hydrogel composite, attributed to nitrogen 
KLL Auger electron emission from the MB molecule101,102. This suggests notable changes in the electronic 
environment of the nitrogen atoms in MB’s thiazine structure. The adsorption mechanism involves multiple 
interactions: (i) Electrostatic attraction occurs between the positively charged nitrogen in MB and the negatively 
charged montmorillonite clay and sodium alginate. Conversely, the anionic dye EBT interacts electrostatically 
with the positively charged functional groups in the hydrogel, such as quaternary ammonium groups from the 
modified clay. These interactions facilitate rapid adsorption by promoting strong attraction between oppositely 
charged species, thereby enhancing the hydrogel’s selectivity for both cationic and anionic dyes. (ii) π–π stacking 
interactions take place between the aromatic rings of MB and EBT, contributing to higher adsorption capacity by 
enabling dye molecules to align with the carbon-rich adsorbent surface, including activated carbon. (iii) Potential 
hydrogen bonding and hydrophobic interactions are facilitated by NaAlg and OMMT, further supporting the 
adsorption process103,104. This observation highlights the strong affinity and interaction mechanisms between 
MB and EBT and the hydrogel composite, confirming its potential as an effective adsorbent for dye removal in 
wastewater treatment applications.

Fig. 9.  Desorption and regeneration experiment using NaAlg/BLAC/OMMT3 hydrogel for MB and EBT 
adsorption.
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On other hand, Table  6 presents a comparison of the adsorption capacity of the NaAlg/BLAC/OMMT3 
hydrogel composite with other hydrogel composites previously utilized for the removal of MB and EBT dyes. 
Notably, studies on hydrogel composites for EBT removal are scarce in the literature. As indicated, the NaAlg/
BLAC/OMMT3 hydrogel demonstrates significant potential as a promising material for the removal of both 
cationic and anionic dyes. It achieves high maximum adsorption efficiencies for MB and EBT dyes, reaching up 
to 80.3% and 84.9%, respectively, within a contact time of 90 min at pH 7.

Cytotoxicity of NaAlg/BLAC/OMMT3 hydrogel and hydrogel after adsorption MB and EBT 
against Vero and WRL-68 cell line
The potential cytotoxic effects of NaAlg/BLAC/OMMT3 hydrogel and hydrogel after adsorption MB and 
EBT against on Vero and WRL-68 cells were assessed using the MTT assay, as depicted in Fig. 12. The cells 
were treated with various concentrations of these compounds and incubated for 24 h. Control cells received 
only the diluent. The results indicate that Both cell lines (WRL-68 and Vero) show a clear dose-dependent 
decrease in cell viability as the concentration of the hydrogel increases from 7.8 µg/ml to 1000 µg/ml across all 
treatment conditions. NaAlg/BLAC/OMMT3 hydrogel shows the least cytotoxicity among the three treatments 
followed by hydrogel after adsorption MB and after adsorption EBT. The cell viability of NaAlg/BLAC/OMMT3 
decreases with increasing concentration. At the highest concentration (1000  µg/mL), cell viability is around 
60% against WRL-68 cells and 65% on Vero cells.For hydrogel after Adsorption of MB, the cell viability at 
the same concentration was 55% and 60% against WRL-68 cells and vero cells, respectily. The most significant 
decrease in cell viability, with around 55% and 50% viability againist WRL-68 cells and vero cells for hydrogel 
after Adsorption of EBT. Up to 31.25 µg/ml, all treatments maintain relatively high cell viability (> 80%) for 
both cell lines.Significant decreases in cell viability are observed at concentrations of 62.5 µg/ml and above. The 
WRL-68 cell line appears slightly more sensitive to the treatments compared to the Vero cell line, especially 
at higher concentrations. The cytotoxicity assessment indicates that while the NaAlg/BLAC/OMMT3 hydrogel 
and its variants after adsorption of MB and EBT are generally biocompatible at lower concentrations, higher 
concentrations (especially of the EBT-adsorbed hydrogel) pose significant cytotoxic risks. These findings are 
crucial for determining safe application concentrations in water treatment processes, ensuring that the hydrogels 
do not adversely affect human health or the environment.

Environmental sustainability and economic feasibility of sodium alginate-activated carbon/
OMMT hydrogels
The evaluation of the environmental sustainability and economic viability of sodium alginate-activated carbon/
OMMT hydrogels necessitates a comprehensive cost feasibility analysis to assess the practicality and performance 
of the synthesized materials. Cost-effective methodologies are pivotal for real-world applications, particularly 

Fig. 10.  The proposed adsorption mechanism for MB and EBT onto NaAlg/BLAC/OMMT3 hydrogel.
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in the domain of environmental remediation. The sodium alginate-activated carbon/OMMT hydrogels, which 
are both biodegradable and renewable, serve as a fundamental material in the synthesis, thereby enhancing the 
environmental sustainability of the entire process.

In accordance with the method outlined by Srinivasakannan and Bakar, activated carbon is derived from 
banana leaves, with each kilogram of banana leaves yielding approximately 5 gm of activated carbon. The 
production of activated carbon entails the use of sodium hydroxide (costing $0.013) as well as the energy 
expenditure associated with equipment such as a muffle furnace and a dryer, which incur costs of $2.03 and 
$1.88, respectively. Consequently, the production cost for one gram of activated carbon amounts to $0.784.

As detailed in Table  7, the cost estimation for the preparation of one gram of sodium alginate-activated 
carbon/OMMT hydrogel is approximately $0.279, which demonstrates a cost-effective alternative compared 
to previous studies110-112. In practical applications, 0.02 gm of hydrogel is utilized to remove dye from 25 mL 
of synthetic dye solution. To treat approximately one cubic meter of wastewater, 800 g of hydrogel would be 
required, incurring a cost of $235.40.

Fig. 11.  XPS of NaAlg/BLAC/OMMT3 hydrogel before and after MB adsorption.
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This cost analysis highlights the economic feasibility of the production process, while ensuring alignment 
with sustainable material development principles.

Conclusion
The present study successfully demonstrated the preparation of sodium alginate-based hydrogels incorporating 
activated carbon derived from banana leaves and organo-modified montmorillonite (NaAlg/BLAC/OMMT). 
The activated carbon was effectively produced from the abundant and renewable banana leaf biomass, and 
the montmorillonite clay was surface-modified using a cationic surfactant. The hydrogel synthesis using 
calcium chloride as the cross-linking agent resulted in the successful integration of the activated carbon and 
organo-modified montmorillonite within the sodium alginate matrix, as evidenced by the comprehensive 
characterization techniques.

The adsorption studies revealed the pH-dependent performance of the NaAlg/BLAC/OMMT hydrogels. The 
hydrogels also demonstrated promising removal capacities concerning the initial adsorbate concentration and 
contact time. The results obtained that the maximum adsorption capacity of MB and EBT removal by NaAlg/
BLAC/OMMT3 hydrogel was found to be 136.98 and 66.66 mg/g, respectively at a pH of 7. Importantly, the 
cytotoxicity analysis reveals that all hydrogels maintain high cell viability at concentrations up to 31.25 µg/ml 
but show significant effects at higher levels. WRL-68 cells are slightly more sensitive than Vero cells. The EBT-
adsorbed hydrogel is the most cytotoxic, emphasizing the need to optimize concentrations for safe use in water 
treatment to avoid adverse health and environmental impacts.

Given these findings, further research should focus on optimizing hydrogel dosages, improving 
biocompatibility through surface modifications, and implementing protective handling measures to enhance 
safety in practical applications. Additionally, the hydrogel’s performance should be validated under real 
wastewater conditions, considering the presence of competing contaminants, fluctuating pH, and complex 
organic and inorganic compositions. Future studies should also explore long-term stability, regeneration 
efficiency beyond five cycles, and large-scale applicability in continuous-flow systems to ensure its feasibility for 
industrial wastewater treatment.

The successful development of this multifunctional hydrogel highlights its potential as an effective, 
sustainable, and eco-friendly adsorbent for dye removal. With further optimizations and field-scale evaluations, 
it can serve as a viable solution for wastewater treatment and other environmental applications.

Adsorbents Dyes
Adsorption
capacity (mg/g) Reference

Nanocellulose on sodium alginate/polyacrylamide hydrogel
(SA/PAAm/TCNFs) MB 51 105

Poly(vinyl alcohol)-sodium alginate-chitosan-montmorillonite nanosheets (MMTNS) MB 137.2 106

Carboxymethyl cellulose/activated carbon/hydroxyapatite (CMC/AC/HAp) MB 43.86 90

Chitosan–montmorillonite/polyaniline MB 111 107

Chitosan/GO composite adsorbent MB 81.5 108

NaAlg/BLAC/OMMT3 MB 136.98 This study

Alginate based Bio-composite of basil seed mucilage EBT 2.8 52

(Dihydroxypropyl) chitosan/glycidyl methacrylate-g-acrylamide (DHPC-GMA-g-Aam) EBT 38.02 109

NaAlg/BLAC/OMMT3 EBT 66.66 This study

Table 6.  Comparison of the adsorption capacity of NaAlg/BLAC/OMMT3 hydrogel composite with other 
hydrogel composites used for the removal of MB and EBT.
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Fig. 12.  Cell viability (%) of NaAlg/BLAC/OMMT3 hydrogel and hydrogel after adsorption MB and EBT 
against Vero and WRL-68 cells at different concentrations after 24 h (n = 3) ± SD.

 

Scientific Reports |        (2025) 15:16197 18| https://doi.org/10.1038/s41598-025-99343-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Data availability
All data generated or analysed during this study are included in this published article.

Received: 25 February 2025; Accepted: 18 April 2025

References
	 1.	 Babu, S. et al. Exploring agricultural waste biomass for energy, food and feed production and pollution mitigation: A review. 

Bioresour Technol. 360, 127566 (2022).
	 2.	 Daza Serna, L., Solarte Toro, J., Serna Loaiza, S. & Chacón Perez, Y. Cardona Alzate, C. Agricultural waste management through 

energy producing biorefineries: the Colombian case. Waste Biomass Valorization. 7, 789–798 (2016).
	 3.	 Zhang, H., Yan, Y. & Yang, L. Preparation of activated carbon from sawdust by zinc chloride activation. Adsorption 16, 161–166 

(2010).
	 4.	 Liu, S., Huang, Z. & Wang, R. A carbon foam with a bimodal micro–mesoporous structure prepared from larch sawdust for the 

gas-phase toluene adsorption. Mater. Res. Bull. 48, 2437–2441 (2013).
	 5.	 Aslam, M. A. et al. Low cost 3D bio-carbon foams obtained from wheat straw with broadened bandwidth electromagnetic wave 

absorption performance. Appl. Surf. Sci. 543, 148785 (2021).
	 6.	 Yang, F. et al. Fabrication and characterization of hydrophilic corn stalk biochar-supported nanoscale zero-valent iron composites 

for efficient metal removal. Bioresour Technol. 265, 490–497 (2018).
	 7.	 Jing, Z. et al. Flexible, versatility and superhydrophobic biomass carbon aerogels derived from corn bracts for efficient oil/water 

separation. Food Bioprod. Process. 115, 134–142 (2019).
	 8.	 Khalafallah, D., Quan, X., Ouyang, C., Zhi, M. & Hong, Z. Heteroatoms doped porous carbon derived from waste potato Peel for 

supercapacitors. Renew. Energy. 170, 60–71 (2021).
	 9.	 Wang, G., Lai, D., Xu, X. & Wang, Y. Lightweight, stiff and Heat-Resistant Bamboo-Derived carbon scaffolds with gradient 

aligned microchannels for highly efficient EMI shielding. J. Chem. Eng. 446, 136911 (2022).
	 10.	 Chen, S. et al. Reticulated carbon foam derived from a sponge-like natural product as a high-performance anode in microbial fuel 

cells. J. Mater. Chem. 22, 18609–18613 (2012).
	 11.	 Gu, H. et al. Versatile biomass carbon foams for fast oil–water separation, flexible pressure-strain sensors, and electromagnetic 

interference shielding. Ind. Eng. Chem. Res. 59, 20740–20748 (2020).
	 12.	 Zhao, G. et al. Biomass-based N, P, and S self-doped porous carbon for high-performance supercapacitors. ACS SUSTAIN. 

CHEM. ENG. 7, 12052–12060 (2019).
	 13.	 Viscusi, G. et al. Natural fiber reinforced inorganic foam composites from short hemp Bast fibers obtained by mechanical 

decortation of unretted stems from the wastes of hemp cultivations. Mater. Today. 34, 176–179 (2021).
	 14.	 Hu, X., Huang, H., Hu, Y., Lu, X. & Qin, Y. Novel bio-based composite phase change materials with reduced graphene oxide-

functionalized spent coffee grounds for efficient solar-to-thermal energy storage. Sol Energy Mater. Sol Cells. 219, 110790 (2021).
	 15.	 Priyadarshana, R., Kaliyadasa, P., Ranawana, S. & Senarathna, K. Biowaste management: banana fiber utilization for product 

development. J. Nat. Fibers. 19, 1461–1471 (2022).
	 16.	 Subramani, K., Sudhan, N., Karnan, M. & Sathish, M. Orange Peel derived activated carbon for fabrication of high-energy and 

high‐rate supercapacitors. ChemistrySelect 2, 11384–11392 (2017).
	 17.	 Wei, Q. et al. Preparation and electrochemical performance of orange Peel based-activated carbons activated by different 

activators. Colloids Surf. A: Physicochem Eng. Asp. 574, 221–227 (2019).
	 18.	 Parveen, N., Al-Jaafari, A. I. & Han, J. I. Robust Cyclic stability and high-rate asymmetric supercapacitor based on orange peel-

derived nitrogen-doped porous carbon and intercrossed interlinked urchin-like NiCo2O4@ 3DNF framework. Electrochim. Acta. 
293, 84–96 (2019).

	 19.	 Hublikar, L. V., Shilar, F. A., Mathada, B. S. & Ganachari, S. V. Comprehensive investigation of green solutions for sustainable 
wastewater remediation: A review. J. Mol. Liq, 124532 (2024).

	 20.	 Kadirvelu, K. & Namasivayam, C. Activated carbon from coconut coirpith as metal adsorbent: adsorption of cd (II) from aqueous 
solution. Adv. Environ. Res. 7, 471–478 (2003).

	 21.	 Misran, E., Bani, O., Situmeang, E. M. & Purba, A. S. Banana stem based activated carbon as a low-cost adsorbent for methylene 
blue removal: isotherm, kinetics, and reusability. Alex Eng. J. 61, 1946–1955 (2022).

	 22.	 Li, Z. et al. Bio-based multifunctional carbon aerogels from sugarcane residue for organic solvents adsorption and solar-thermal-
driven oil removal. J. Chem. Eng. 426, 129580 (2021).

	 23.	 Zahed, M., Jafari, D. & Esfandyari, M. Adsorption of formaldehyde from aqueous solution using activated carbon prepared from 
Hibiscus rosa-sinensis. J. Environ. Anal. Chem. 102, 2979–3001 (2022).

	 24.	 Nobakht, A., Jafari, D. & Esfandyari, M. New insights on the adsorption of phenol red dyes from synthetic wastewater using 
activated carbon/Fe2 (MoO4) 3. Environ. Monit. Assess. 195, 574 (2023).

	 25.	 Khedri, A., Jafari, D. & Esfandyari, M. Adsorption of nickel (II) ions from synthetic wastewater using activated carbon prepared 
from Mespilus germanica leaf. Arab. J. Sci. Eng. 47, 6155–6166 (2022).

	 26.	 Taer, E., Taslim, R., Mustika, W., Kurniasih, B. & Afrianda, A. Production of an activated carbon from a banana stem and its 
application as electrode materials for supercapacitors. Int. J. Electrochem. Sci. 13, 8428–8439 (2018).

Chemicals Amount Cost in USD

Sodium alginate 2 gm ≈ 0.320 $

Activated carbon 0.25 gm ≈ 0.196 $

MMT 0.25 gm ≈ 0.021$

CTAB 0.0825 gm ≈ 0.041 $

CaCl2 0. 1 gm ≈ 0.010 $

Total yield of hydrogel 2 gm ≈ 0.588 $

Total cost for one gm ≈ 0.294 $

Total cost for 10 gm ≈ 2.942 $

Table 7.  Cost Estimation to prepare 10 g of each sodium alginate - activated Carbon/OMMT hydrogels 
(NaAlg/ BLAC/OMMT).

 

Scientific Reports |        (2025) 15:16197 19| https://doi.org/10.1038/s41598-025-99343-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	 27.	 Rangaswamy, R., Manohara, S., Nethravathi, S. & Basavarajaiah, S. Studies on design, fabrication and electrochemical performance 
of Cobalt aluminate modified pencil electrode towards Urea detection. Appl. Surf. Sci. Adv. 15, 100409 (2023).

	 28.	 Adeleye, A. T. et al. Efficient synthesis of bio-based activated carbon (AC) for catalytic systems: A green and sustainable approach. 
J. Ind. Eng. Chem. 96, 59–75 (2021).

	 29.	 Demir, M., Farghaly, A. A., Decuir, M. J., Collinson, M. M. & Gupta, R. B. Supercapacitance and oxygen reduction characteristics 
of sulfur self-doped micro/mesoporous bio-carbon derived from lignin. Mater. Chem. Phys. 216, 508–516 (2018).

	 30.	 Castillo, M., de Guzman, M. J. K. & Aberilla, J. M. Environmental sustainability assessment of banana waste utilization into food 
packaging and liquid fertilizer. Sustain. Prod. Consum. 37, 356–368 (2023).

	 31.	 Darweesh, M. A. et al. Adsorption isotherm, kinetic, and optimization studies for copper (II) removal from aqueous solutions by 
banana leaves and derived activated carbon. S Afr. J. Chem. Eng. 40, 10–20 (2022).

	 32.	 Foroutan, R., Peighambardoust, S. J., Mohammadi, R., Peighambardoust, S. H. & Ramavandi, B. Cadmium ion removal from 
aqueous media using banana Peel biochar/Fe3O4/ZIF-67. Environ. Res. 211, 113020 (2022).

	 33.	 Foroutan, R., Peighambardoust, S. J., Mohammadi, R., Peighambardoust, S. H. & Ramavandi, B. The potential of Biochar derived 
from banana peel/Fe3O4/ZIF-67@ K2CO3 as magnetic nanocatalyst for biodiesel production from waste cooking oils. Results 
Eng. 22, 102005 (2024).

	 34.	 Mohammed, A., Rivers, A., Stuckey, D. C. & Ward, K. Alginate extraction from Sargassum seaweed in the Caribbean region: 
optimization using response surface methodology. Carbohydr. Polym. 245, 116419 (2020).

	 35.	 Benavides, S., Villalobos-Carvajal, R. & Reyes, J. Physical, mechanical and antibacterial properties of alginate film: effect of the 
crosslinking degree and oregano essential oil concentration. J. Food Eng. 110, 232–239 (2012).

	 36.	 Liao, J. et al. Injectable alginate hydrogel cross-linked by calcium gluconate-loaded porous microspheres for cartilage tissue 
engineering. ACS Omega. 2, 443–454 (2017).

	 37.	 Zhang, H., Chu, L., Wang, J., Guo, Q. & Zhang, W. Iron/nickel decorated palygorskite-sodium alginate beads for Tetracycline 
removal. Chem. Eng. Res. Des. 190, 106–116 (2023).

	 38.	 Gao, X., Zhang, Y. & Zhao, Y. Zinc oxide templating of porous alginate beads for the recovery of gold ions. Carbohydr. Polym. 200, 
297–304 (2018).

	 39.	 Gao, X., Li, M., Zhao, Y. & Zhang, Y. Mechanistic study of selective adsorption of Hg2 + ion by porous alginate beads. J. Chem. 
Eng. 378, 122096 (2019).

	 40.	 Pashaei-Fakhri, S., Peighambardoust, S. J., Foroutan, R., Arsalani, N. & Ramavandi, B. Crystal Violet dye sorption over acrylamide/
graphene oxide bonded sodium alginate nanocomposite hydrogel. Chemosphere 270, 129419 (2021).

	 41.	 Alizadeh, M., Peighambardoust, S. J. & Foroutan, R. Efficacious adsorption of divalent nickel ions over sodium alginate-g-poly 
(acrylamide)/hydrolyzed Luffa cylindrica-CoFe2O4 Bionanocomposite hydrogel. Int. J. Biol. Macromol. 254, 127750 (2024).

	 42.	 Pakdel, P. M. & Peighambardoust, S. J. Review on recent progress in chitosan-based hydrogels for wastewater treatment 
application. Carbohydr. Polym. 201, 264–279 (2018).

	 43.	 Pakdel, P. M. & Peighambardoust, S. J. A review on acrylic based hydrogels and their applications in wastewater treatment. J. 
Environ. Manage. 217, 123–143 (2018).

	 44.	 Park, J. H. et al. Application of montmorillonite in bentonite as a pharmaceutical excipient in drug delivery systems. J. Pharm. 
Investig. 46, 363–375 (2016).

	 45.	 Atigh, B. Q., Sardari, Z., Moghiseh, P., Asgari Lajayer, E., Hursthouse, A. S. & B. & Purified montmorillonite as a nano-adsorbent 
of potentially toxic elements from environment: an overview. Nanotechnol Environ. Eng. 6, 1–21 (2021).

	 46.	 Zhu, R. et al. Adsorbents based on montmorillonite for contaminant removal from water: A review. Appl. Clay Sci. 123, 239–258 
(2016).

	 47.	 Hou, D. et al. Preparation and characterization of novel drug-inserted-montmorillonite Chitosan carriers for ocular drug delivery. 
Nano Adv. 4, 70–84 (2015).

	 48.	 Safarzadeh, H., Peighambardoust, S. J. & Peighambardoust, S. H. Application of a novel sodium alginate-graft-poly (methacrylic 
acid-co-acrylamide)/montmorillonite nanocomposite hydrogel for removal of malachite green from wastewater. J. Polym. Res. 
30, 157 (2023).

	 49.	 Srinivasakannan, C. & Bakar, M. Z. A. Production of activated carbon from rubber wood sawdust. Biomass Bioenergy. 27, 89–96 
(2004).

	 50.	 Mittal, H., Kumar, V. & Ray, S. S. Adsorption of Methyl Violet from aqueous solution using gum xanthan/Fe3O4 based 
nanocomposite hydrogel. Int. J. Biol. Macromol. 89, 1–11 (2016).

	 51.	 Etcheverry, M., Cappa, V., Trelles, J. & Zanini, G. Montmorillonite-alginate beads: natural mineral and biopolymers based sorbent 
of Paraquat herbicides. J. Environ. Chem. Eng. 5, 5868–5875 (2017).

	 52.	 Javanbakht, V. & Shafiei, R. Preparation and performance of alginate/basil seed mucilage biocomposite for removal of eriochrome 
black T dye from aqueous solution. Int. J. Biol. Macromol. 152, 990–1001 (2020).

	 53.	 Abu Elella, M. H. et al. Novel high-efficient adsorbent based on modified Gelatin/montmorillonite nanocomposite for removal of 
malachite green dye. Sci. Rep. 14, 1228 (2024).

	 54.	 Horue, M. et al. Antimicrobial activities of bacterial cellulose–Silver montmorillonite nanocomposites for wound healing. Mater. 
Sci. Eng. C. 116, 111152 (2020).

	 55.	 Bounabi, L., Mokhnachi, N. B., Haddadine, N., Ouazib, F. & Barille, R. Development of Poly (2-hydroxyethyl methacrylate)/clay 
composites as drug delivery systems of Paracetamol. J. Drug Deliv Technol. 33, 58–65 (2016).

	 56.	 Kenawy, E. R. et al. Cetyltrimethylammonium bromide intercalated and branched polyhydroxystyrene functionalized 
montmorillonite clay to sequester cationic dyes. J. Environ. Manage. 219, 285–293 (2018).

	 57.	 Osman, A., Haroun, A. A., Ahmed, S. A. & Elghandour, A. Preparation and in vitro release study of ibuprofen-loaded modified 
montmorillonite using miniemulsion technique. J. Appl. Chem. Sci. Int. 6, 203–209 (2016).

	 58.	 Haloi, S., Goswami, P. & Das, D. K. Differentiating response of 2, 7-dichlorofluorescein intercalated CTAB modified Na-MMT 
clay matrix towards dopamine and ascorbic acid investigated by electronic, fluorescence spectroscopy and electrochemistry. Appl. 
Clay Sci. 77, 79–82 (2013).

	 59.	 Malektaj, H., Drozdov, A. D., Fini, E. & Christiansen, J. d. C. The effect of pH on the viscoelastic response of Alginate–
Montmorillonite nanocomposite hydrogels. Molecules 29, 244 (2024).

	 60.	 Kenawy, E. R., Azaam, M. M. & El-nshar, E. M. Sodium alginate-g-poly (acrylic acid-co-2-hydroxyethyl methacrylate)/
montmorillonite superabsorbent composite: preparation, swelling investigation and its application as a slow-release fertilizer. 
Arab. J. Chem. 12, 847–856 (2019).

	 61.	 Arafa, E. G. et al. Eco-friendly and biodegradable sodium alginate/quaternized Chitosan hydrogel for controlled release of Urea 
and its antimicrobial activity. Carbohydr. Polym. 291, 119555 (2022).

	 62.	 Bukit, B. F. et al. Review of alginate-based composites for 3D printing material. Polym. Renew. Resour. 15, 256–277 (2024).
	 63.	 Gunarathne, P. P. B. & Karunadasa, K. S. P. Low-cost heterogeneous composite photocatalyst consisting of TiO2, kaolinite and 

MMT with improved mechanical strength and photocatalytic activity for industrial wastewater treatment. Insight - Mech. 6 
(2023).

	 64.	 Gokhale, T. A., Raut, A. B. & Bhanage, B. M. Comparative account of catalytic activity of Ru-and Ni-based nanocomposites 
towards reductive amination of biomass derived molecules. J. Mol. Catal. 510, 111667 (2021).

	 65.	 Sun, H., Peng, T., Liu, B. & Xian, H. Effects of montmorillonite on phase transition and size of TiO2 nanoparticles in TiO2/
montmorillonite nanocomposites. Appl. Clay Sci. 114, 440–446 (2015).

Scientific Reports |        (2025) 15:16197 20| https://doi.org/10.1038/s41598-025-99343-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	 66.	 Kıranşan, M., Soltani, R. D. C., Hassani, A., Karaca, S. & Khataee, A. Preparation of cetyltrimethylammonium bromide modified 
montmorillonite nanomaterial for adsorption of a textile dye. J. Taiwan. Inst. Chem. Eng. 45, 2565–2577 (2014).

	 67.	 Zhou, L. et al. Organophilic worm-like ruthenium nanoparticles catalysts by the modification of CTAB on montmorillonite 
supports. J. Colloid Interface Sci. 392, 201–205 (2013).

	 68.	 Darweesh, M. A. et al. A unique, inexpensive, and abundantly available adsorbent: composite of synthesized silver nanoparticles 
(AgNPs) and banana leaves powder (BLP). Heliyon 8 (2022).

	 69.	 Rajabathar, J. R., Sivachidambaram, M., Vijaya, J. J., Al-Lohedan, H. A. & Aldhayan, D. M. Flexible type symmetric supercapacitor 
electrode fabrication using phosphoric acid-activated carbon nanomaterials derived from cow Dung for renewable energy 
applications. ACS Omega. 5, 15028–15038 (2020).

	 70.	 Thue, P. S. et al. Intercalation of organosilane in clay mineral for the removal of Procion red MX-5B: investigational and theoretical 
studies. Sep. Purif. Technol. 347, 127491 (2024).

	 71.	 Arafa, E. G., Sabaa, M. W., Mohamed, R. R., Elzanaty, A. M. & Abdel-Gawad, O. F. Preparation of biodegradable sodium alginate/
carboxymethylchitosan hydrogels for the slow-release of Urea fertilizer and their antimicrobial activity. react. Funct. Polym. 174, 
105243 (2022).

	 72.	 Zheng, Q. et al. High-strength and high-toughness sodium alginate/polyacrylamide double physically crosslinked network 
hydrogel with superior self-healing and self-recovery properties prepared by a one-pot method. Colloids Surf. A: Physicochem 
Eng. Asp. 589, 124402 (2020).

	 73.	 Mittal, H., Maity, A. & Ray, S. S. Effective removal of cationic dyes from aqueous solution using gum ghatti-based biodegradable 
hydrogel. Int. J. Biol. Macromol. 79, 8–20 (2015).

	 74.	 Liu, C., Omer, A. & Ouyang X.-k. Adsorptive removal of cationic methylene blue dye using carboxymethyl cellulose/k-
carrageenan/activated montmorillonite composite beads: isotherm and kinetic studies. Int. J. Biol. Macromol. 106, 823–833 
(2018).

	 75.	 Zhou, Y., Fu, S., Liu, H., Yang, S. & Zhan, H. Removal of methylene blue dyes from wastewater using cellulose-based superadsorbent 
hydrogels. Polym. Sci. Eng. 51, 2417–2424 (2011).

	 76.	 Pakdel, P. M., Peighambardoust, S. J., Foroutan, R., Arsalani, N. & Aghdasinia, H. Decontamination of Fuchsin dye by 
carboxymethyl cellulose-graft-poly (acrylic acid-co-itaconic acid)/carbon black nanocomposite hydrogel. Int. J. Biol. Macromol. 
222, 2083–2097 (2022).

	 77.	 Hamdaoui, O. Batch study of liquid-phase adsorption of methylene blue using Cedar sawdust and crushed brick. J. Hazard. 
Mater. 135, 264–273 (2006).

	 78.	 Demiral, İ., Samdan, C. & Demiral, H. Enrichment of the surface functional groups of activated carbon by modification method. 
Surf. Interfaces. 22, 100873 (2021).

	 79.	 Aniagor, C. O. et al. Equilibrium and kinetic modelling of aqueous cadmium ion and activated carbon adsorption system. Water 
Conserv. Sci. Eng. 6, 95–104 (2021).

	 80.	 Wang, W. et al. Synthesis of Chitosan cross-linked 3D network-structured hydrogel for methylene blue removal. Int. J. Biol. 
Macromol. 141, 98–107 (2019).

	 81.	 Peighambardoust, S. J., Mahdavi, Z., Gholizadeh, M., Foroutan, R. & Ramavandi, B. Pyrolytic carbon/cloisite 30B/ZnFe2O4 as 
reclaimable magnetic nanocomposite for methylene blue decontamination. Colloids Surf. A: Physicochem Eng. Asp. 704, 135543 
(2025).

	 82.	 Babaei, A. A. et al. Optimization of cationic dye adsorption on activated spent tea: equilibrium, kinetics, thermodynamic and 
artificial neural network modeling. Korean J. Chem. Eng. 33, 1352–1361 (2016).

	 83.	 Khurana, I., Shaw, A. K., Khurana, J. M. & Rai, P. K. Batch and dynamic adsorption of eriochrome black T from water on magnetic 
graphene oxide: experimental and theoretical studies. J. Environ. Chem. Eng. 6, 468–477 (2018).

	 84.	 Liu, Q., Yang, B., Zhang, L. & Huang, R. Adsorption of an anionic Azo dye by cross-linked Chitosan/bentonite composite. Int. J. 
Biol. Macromol. 72, 1129–1135 (2015).

	 85.	 Wang, S., Boyjoo, Y., Choueib, A. & Zhu, Z. Removal of dyes from aqueous solution using fly Ash and red mud. Water Res. 39, 
129–138 (2005).

	 86.	 Abass, A. K. & Kadhim, Z. M. in Journal of Physics: Conference Series. 052030 (IOP Publishing).
	 87.	 Mahmoud, G. A., Mohamed, S. F. & Hassan, H. M. Removal of methylene blue dye using biodegradable hydrogel and reusing in 

a secondary adsorption process. Desalin. Water Treat. 54, 2765–2776 (2015).
	 88.	 Gupta, A. K., Uddameri, V., Majumder, A. & Nimbhorkar, S. K. Wastewater Engineering: Issues, Trends, and Solutions (CRC, 

2023).
	 89.	 Mahmoud, R., Moaty, S. A., Mohamed, F. & Farghali, A. Comparative study of single and multiple pollutants system using Ti–Fe 

Chitosan LDH adsorbent with high performance in wastewater treatment. J. Chem. Eng. Data. 62, 3703–3722 (2017).
	 90.	 Peighambardoust, S. J., Vatankhah, M., Pakdel, P. M., Foroutan, R. & Mohammadi, R. Carboxymethyl cellulose/activated carbon/

hydroxyapatite composite adsorbent for remediation of methylene blue from water media. Int. J. Biol. Macromol. 276, 133764 
(2024).

	 91.	 Kang, D. et al. Performance and mechanism of mg/fe layered double hydroxides for fluoride and arsenate removal from aqueous 
solution. J. Chem. Eng. 228, 731–740 (2013).

	 92.	 Mezenner, N. Y. & Bensmaili, A. Kinetics and thermodynamic study of phosphate adsorption on iron hydroxide-eggshell waste. 
J. Chem. Eng. 147, 87–96 (2009).

	 93.	 Özacar, M. Equilibrium and kinetic modelling of adsorption of phosphorus on calcined alunite. Adsorption 9, 125–132 (2003).
	 94.	 Ghorai, S. et al. Enhanced removal of Methylene blue and Methyl Violet dyes from aqueous solution using a nanocomposite of 

hydrolyzed polyacrylamide grafted Xanthan gum and incorporated Nanosilica. ACS Appl. Mater. Interfaces. 6, 4766–4777 (2014).
	 95.	 Pal, S. et al. Carboxymethyl tamarind-g-poly (acrylamide)/silica: a high performance hybrid nanocomposite for adsorption of 

methylene blue dye. Ind. Eng. Chem. Res. 51, 15546–15556 (2012).
	 96.	 Godiya, C. B., Cheng, X., Li, D., Chen, Z. & Lu, X. Carboxymethyl cellulose/polyacrylamide composite hydrogel for cascaded 

treatment/reuse of heavy metal ions in wastewater. J. Hazard. Mater. 364, 28–38 (2019).
	 97.	 Xie, X. et al. Polyethyleneimine modified activated carbon for adsorption of cd (II) in aqueous solution. J. Environ. Chem. Eng. 7, 

103183 (2019).
	 98.	 Feng, Y., Li, Y., Xu, M., Liu, S. & Yao, J. Fast adsorption of Methyl blue on zeolitic imidazolate framework-8 and its adsorption 

mechanism. RSC Adv. 6, 109608–109612 (2016).
	 99.	 Kang ShiChang, K. S. et al. Enhanced removal of Methyl orange on exfoliated Montmorillonite/chitosan gel in presence of 

Methylene blue. (2020).
	100.	 Lv, S. W. et al. Simultaneous adsorption of Methyl orange and Methylene blue from aqueous solution using amino functionalized 

Zr-based MOFs. Microporous Mesoporous Mater. 282, 179–187 (2019).
	101.	 Wagner, C. Chemical shifts of Auger lines, and the Auger parameter. Faraday Discuss. R Soc. Chem. 60, 291–300 (1975).
	102.	 Bhattacharjee, S. et al. Bare-carbon-ion-impact electron emission from adenine molecules: differential and total cross-section 

measurements. Phys. Rev. A. 100, 012703 (2019).
	103.	 Tran, H. N., Wang, Y. F., You, S. J. & Chao, H. P. Insights into the mechanism of cationic dye adsorption on activated charcoal: the 

importance of π–π interactions. Process. Saf. Environ. Prot. 107, 168–180 (2017).
	104.	 Fan, S. et al. Removal of methylene blue from aqueous solution by sewage sludge-derived Biochar: adsorption kinetics, 

equilibrium, thermodynamics and mechanism. J. Environ. Chem. Eng. 5, 601–611 (2017).

Scientific Reports |        (2025) 15:16197 21| https://doi.org/10.1038/s41598-025-99343-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	105.	 Yue, Y. et al. Effects of nanocellulose on sodium alginate/polyacrylamide hydrogel: mechanical properties and adsorption-
desorption capacities. Carbohydr. Polym. 206, 289–301 (2019).

	106.	 Wang, W. et al. Methylene blue removal from water using the hydrogel beads of Poly (vinyl alcohol)-sodium alginate-chitosan-
montmorillonite. Carbohydr. Polym. 198, 518–528 (2018).

	107.	 Minisy, I. M., Salahuddin, N. A. & Ayad, M. M. Adsorption of methylene blue onto chitosan–montmorillonite/polyaniline 
nanocomposite. Appl. Clay Sci. 203, 105993 (2021).

	108.	 Fan, L. et al. Fabrication of novel magnetic Chitosan grafted with graphene oxide to enhance adsorption properties for Methyl 
blue. J. Hazard. Mater. 215, 272–279 (2012).

	109.	 Oladipo, A. A. Synthesis and Characterization of Modified Chitosan-based Novel Superabsorbent Hydrogel: Swelling and Dye 
Adsorption Behavior (Eastern Mediterranean University (EMU), 2011).

	110.	 Mahmoud, M. R. et al. RP-HPLC method development and validation for the quantification of prednisolone and salbutamol with 
their simultaneous removal from water using modified clay–activated carbon adsorbents. RSC Adv. 15, 8675–8695 (2025).

	111.	 Syafiuddin, A. et al. Removal of silver nanoparticles from water environment: experimental, mathematical formulation, and cost 
analysis. Water Air Soil. Pollut. 230, 1–15 (2019).

	112.	 Abdelazeem, R. et al. A selective, efficient, facile, and reusable natural clay/metal organic framework as a promising adsorbent for 
the removal of drug residue and heavy metal ions. Colloids Interfaces. 8, 50 (2024).

Author contributions
Authors [Esraa Gaber Arafa]1- conceived the original idea for the research 2- Designed the methodology and 
experiments. 3- Collected and analyzed the data. 4- Drafted the initial manuscript and revised it based on feed-
back from co-authors. Authors [Marina Medhat Ibrahim, and Shimaa Ahmed Abd elghafour] 1- Contributed to 
the interpretation of results. 2- Assisted in drafting and revising the manuscript. Autor [Zienab E. Eldin]1- Pro-
vided expertise and guidance in a specific area related to the research idea. 2- Contributed to the design of the 
methodology and experiments. Author [Omayma Fawzy Abdel Gawad and Ali H. M. Osman]1- Contributed to 
the development of the research idea and design. 2-Assisted in data collection and analysis. 3-Provided critical 
feedback and suggestions during the manuscript drafting and revision process. All authors have read and ap-
proved the final version of the manuscript and have agreed to take responsibility for its content.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in cooper-
ation with The Egyptian Knowledge Bank (EKB).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.G.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |        (2025) 15:16197 22| https://doi.org/10.1038/s41598-025-99343-8

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Sustainable sodium alginate hydrogels incorporating banana leaf activated carbon and organo-clay for enhanced dye removal
	﻿Materials and methods
	﻿Materials

	﻿Methods
	﻿Preparation of activated carbon (AC) from banana leaves
	﻿Preparation of modified clay MMT (OMMT)
	﻿Preparation of the sodium alginate - activated carbon/OMMT hydrogels (NaAlg/ BLAC/OMMT)
	﻿Characterization of the prepared materials
	﻿Hydrogels swelling measurements
	﻿Dye adsorption measurements
	﻿Regeneration (desorption) studies
	﻿Cytotoxicity assessment
	﻿Cell lines
	﻿MTT assay


	﻿Results and discussions
	﻿Characterizations
	﻿FT-IR spectra


	﻿X-ray diffraction
	﻿SEM analysis
	﻿Swelling kinetics
	﻿Adsorption parameters
	﻿Effect of pH
	﻿Effect of the adsorbent (NaAlg/BLAC/OMMT﻿3﻿) dosage

	﻿Adsorption isotherm
	﻿Adsorption kinetics
	﻿Regeneration (desorption) study
	﻿Adsorption mechanism
	﻿Cytotoxicity of NaAlg/BLAC/OMMT﻿3﻿ hydrogel and hydrogel after adsorption MB and EBT against Vero and WRL-68 cell line
	﻿Environmental sustainability and economic feasibility of sodium alginate-activated carbon/OMMT hydrogels
	﻿Conclusion
	﻿References


