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Abstract

White bean straw (WBS), a low-cost, locally available agricultural waste, was used as a biosorbent for the adsorption of Malachite Green,
Alizarin Red S, and Methyl Red dyes. Characterization using scanning electron microscopy, infrared spectroscopy, zeta potential analyzer,
and X-ray diffractometer showed that the surface is coarse and heterogeneous, and detected functional groups essential for effective
adsorption. It was also noted that carbon and oxygen are the primary components of White bean straw. White bean straw is a highly effective
adsorbent material for removing both cationic and anionic dyes, as it exhibits two points of zero charge (1.7 and 10.8). The effects of particle
size, contact time, dosage, solution pH, temperature, and initial dye concentration on the removal efficiency of each dye by WBS were
investigated. It was found that the models that best fit the Methyl Red (MR), Alizarin Red S (ARS), and Malachite Green (MG) dyes were the
pseudo-second-order adsorption kinetics and the Freundlich adsorption isotherm models. The removal efficiency reached approximately
95.7%, 61.2% and 98.2% for MR, ARS, and MG, respectively. Physical adsorption is indicated by values of -62.311 J/mol. K. and -81.358
J/mol. K. for MR and ARS, while chemisorption is indicated by values of -227.37 J/mol. K. for MG. The adsorption process is exothermic
and largely dependent on electrostatic contact, since enthalpy is negative for each dye. For MR, ARS, and MG, the process is spontaneous
because Gibbs free energy is negative for all at 25°C, 35°C, and 45°C.

Keywords: White bean straw; biosorbents; cationic dye; anionic dye; azo dye.

1. Introduction

While industrial advancements have greatly enhanced production capacity and improved the quality of life, they have also
led to significant environmental concerns, particularly the release of hazardous synthetic chemicals and dyes [1, 2]. The
widespread use of synthetic dyes in textiles, paper, cosmetics, printing, food processing, leather, wool, and plastics presents
serious ecological and health risks. Among various industrial pollutants, textile wastewater is a primary source of water
contamination [3].

Dyes fall into two main categories: natural and synthetic. Natural dyes are derived from plants, animals, or minerals, while
synthetic dyes, offering a broader color range and greater stability, are produced through chemical synthesis. Synthetic dyes
are further categorized into various classes, such as acid, basic, reactive, vat, and dispersed dyes, each designed for specific
materials like cotton, wool, silk, or synthetic Fibers. While essential in industries, dyes pose significant environmental and
health risks. Certain classes, like azo dyes, are particularly concerning due to their toxicity and persistence in wastewater,
leading to oxygen depletion, aquatic life suffocation, and disrupted ecosystems [4]. Even at concentrations below 1 ppm, dyes
can visibly alter water quality, prevent light penetration, and harm aquatic plants. Additionally, many dyes are carcinogenic,
mutagenic, and hazardous to both humans and animals, making their removal from wastewater crucial for environmental and
public health [5].

The treatment of dye-contaminated wastewater is essential before its release into the environment due to its harmful
environmental and health effects [6] . Recently, various methods have been devised to address dye contamination,
encompassing physical, chemical, and biological approaches, including electrocoagulation, flotation, photocatalysis,
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flocculation, ozonation, and membrane filtration [7]. Among the various removal techniques, adsorption is widely recognized
as one of the most effective methods due to its simplicity, safety, high effectiveness, ease of application, and cost efficiency
[8].

Adsorbents can originate from various biomass sources, such as grass waste, walnut shells, fungi, berry seeds, rice husk,
and algal waste, or industrial byproducts like red mud and fly ash [9]. While industrial alternatives may pose additional
contamination risks, biomass-derived adsorbents (biosorbents) only require pretreatment to enhance their efficiency. They
have the advantage of offering a cost-effective and widely available solution, requiring only basic processing steps such as
washing and milling [10]. Waste biomass is frequently baled for animal feed, but there is often excess beyond this demand. In
this research, white bean straw (WBS) is employed to remove certain dyes, highlighting the potential of agricultural residues
as sustainable and economical biosorbents, particularly since vegetable harvesting and processing result in around 30% (w/w)
waste [11].

2. Literature Review

Numerous promising biosorbent materials have been explored in the literature for dye removal from wastewater. Babalola
et al. utilized Cedrela odorata seeds to eliminate methylene blue, Congo red, methyl orange, and crystal violet from aqueous
effluents [12], while Georgin et al. applied Araucaria angustifolia wastes for the treatment of crystal violet-contaminated
effluents [13]. Carvalho et al. tested activated carbon derived from jeriva stone [14], and Postai et al. employed Aleurites
moluccana residues for the removal of rhodamine B from aqueous solutions [11]. Dévila-Jiménez et al. investigated the use of
mango rock for eliminating anthraquinone and azo dyes [15], whereas Fontana et al. applied malt bagasse as a cost-effective
biosorbent for textile dye removal [16]. Additionally, Munagapati et al. demonstrated the efficiency of banana peel powder in
removing reactive black 5 and Congo red from aqueous solutions [17].

Alkaline-modified walnut shells have been employed by Halysh et al. [18] for the removal of methylene blue. Similarly,
agro-food waste like dried watermelon peels has been utilized as a natural biosorbent to eliminate Acid Blue 193 (AB193) and
Acid Orange 95 (AO95) from aqueous solutions [19]. Additionally, agricultural by-products such as peanut shells (PS) and
corn cobs (CC) have been applied as eco-friendly adsorbents for the removal of Reactive Red 43 (RR43) [20]. These studies
highlight the ongoing pursuit of sustainable, low-cost biosorbents as viable solutions for treating textile effluents.

Most studies have focused on either cationic or anionic dyes; however, textile wastewater is typically complicated, and
adsorption with a single ionic group type is normally unable to remove different ionic dyes.

This study aims to evaluate the potential of white bean straw (WBS) as an effective, low-cost biosorbent for the removal
of different synthetic dyes from aqueous solutions. It investigates the adsorption behavior of WBS toward various dye types,
including Malachite Green (MG), Alizarin Red S (ARS), and Methyl Red (MR), under varying conditions such as pH, contact
time, adsorbent dosage, temperature, dye concentration, and particle size. In addition, the raw and dye-loaded biosorbent
materials are characterized using FTIR, SEM, and EDX analyses to examine surface functional groups, morphology, and
elemental composition before and after adsorption. It is hypothesized that WBS will exhibit enhanced adsorption performance
due to its surface properties, allowing efficient interaction with different dye molecules through mechanisms such as
electrostatic attraction, hydrogen bonding, and n—r interactions.

3. Materials and Methods
3.1. Adsorbent preparation

White Bean Straw was gathered from fields in the Menoufia region of Egypt following the white bean harvest season. Tap
water and distilled water were used to wash the sample twice to remove the contaminants [21]. After being dried at 105°C, the
straw was allowed to dry in air, then milled into a powder with varying particle sizes.

3.2. Adsorbate preparation

A stock solution was made by dissolving one gram of the applied dye in one liter of distilled water. To create the
experimental solutions at the necessary concentration, the stock solution was subsequently diluted with distilled water. The
properties and molecular structure of these dyes are shown in Table 1.

Table 1: General characteristics of Malachite Green (MG), Methyl Red (MR), and Alizarin Red S(ARS) (Sigma-
Aldrich, 2012)

Common . Empirical Molecular Wavelength(n
Name Chemical Structure Formula C.I. number Weight (@/mol)  m)

ol \

AU
Malachite N C23HasCIN, 42000
Green (MG) l

364.9 g/mol 618
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3.3. Characterization of the as-designed White Bean Straw biosorbents

An X-ray diffractometer was used to examine the biosorbent structure of White Bean Straw (WBS) using Cu K-a radiation
(A=1.5418 A) and a scanning rate of 0.3 degrees per minute. At Altabyin Research Institute, X-ray diffraction (XRD) study
within a 20 range of 5-70 helped in clarifying the crystallinity of the biosorbents. The JSM 7500 FA (Japan) High Resolution
Cold Field Emission was utilized in conjunction with scanning electron microscopy (SEM) to display the samples'
microscopic morphologies. SEM images and energy-dispersive X-ray analysis (EDX) were acquired to examine the materials'
composition. Tanta Central Laboratory performed the analysis of Fourier transform Infrared Spectroscopy (FT-IR) spectra.
Using a Shimazu UV-2450 and a KBr disk for recording, the JASCO spectrophotometer type FT/IR-4100 was operated in the
wave number range of 4000 to 400 cm-1. A zeta potential analyzer (Malvern Instruments Co. Ltd., United Kingdom) was
used to perform zeta potential measurements. The electrolyte solution was 10-3M KCl, and the pH regulators were 0.1N HCI
and NaOH solutions, to measure the particle surface charge.

3.4. Batch Adsorption Experiment

Batch experiments were performed to find the optimal conditions for the equilibrium adsorption of the three colors onto
WBS. Since flocculation, oxidation, and membrane separation all require high pressures and typically result in sludge, batch
adsorption was selected for its dependability and simplicity of use [22]. The impact of initial dye concentration, residence
period, dosage, solution pH and temperature, and particle size was examined.
The batch adsorption process in water treatment typically involves several key steps. First, a known quantity of adsorbent,
WABS, is added to a predetermined volume of contaminated water with dyes. The mixture is then stirred or agitated to ensure
adequate contact between the adsorbent and the dyes. This is followed by a specified contact time during which the dyes are
adsorbed onto the surface of the adsorbent. Once the material has reached adsorption equilibrium, the treated water is
separated from the adsorbent, often through filtration. The filtrate was examined at each dye's maximum absorbance
wavelength using a Perkin-Elmer UV-visible spectrophotometer. Depending on the results, the process may be adjusted by
altering parameters like adsorbent dosage, contact time, or water temperature to improve treatment performance. This batch
process provides flexibility in treating water samples, allowing for optimization of the adsorbent's effectiveness in removing
specific pollutants [23]. The quantity of contamination that can be adsorbed per unit mass of the adsorbent material's surface
is known as its adsorption capacity. -Eq.1 may be used to determine the adsorption capacity (qc), and Eq.2 can be used to
express the adsorption removal efficiency.

_(G=C)xV 1)
(4.) p.

R(%) = [MJX 100 ©)
G

Where q. is the adsorption capacity (mg/g), m is the mass of the adsorbent (g), V is the volume of dye solution (L), and Co
and Ce are the initial and final equilibrium concentrations (mg/L) of dye in solution, respectively [24].

3.4.1. Absorbance and concentration calibration curve

A calibration curve using UV-Vis spectroscopy at specific wavelengths was created to correlate dye concentration with
UV light absorbance, allowing for the conversion of absorbance values into concentrations. UV-Vis was used to assess known
concentrations of MG, MR, and ARS at absorbance wavelengths of 618 nm, 520 nm, and 526 nm, respectively.

3.4.2. Theimpact of solution pH on biosorption

0.05 g of less than 150 um WBS was combined with 15 mL of a 25 mg/L dye solution. The solution's pH was adjusted to 2,
4, 6, 8, 10, and 12 using solutions of sodium hydroxide and hydrochloric acid. For three hours at room temperature, the
mixture was agitated at 120 rpm. The absorbance of the dye after removal was measured using UV-Vis.
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3.4.3. Theimpact of starting concentration on biosorption

15 mL of 5, 10, 25, 50, 100, 150, and 200 mg/L solutions at optimum pH of 8 for MG and MR and 10 for ARS were mixed
with 0.05 g of less than 150 um WBS. The solutions were stirred at 120 rpm for 3 hours at room temperature. To determine
the amount of dye eliminated, the solutions were filtered and subjected to UV-Vis analysis.

3.4.4. The impact of contact time on biosorption

The maximum removal reached for each dye was at 10 mg/L for MG, 100 mg/L for MR, and 25 mg/L for ARS.15 mL of
optimal concentration at pH 8 for MG and MR, and 10 for ARS were mixed with 0.05 g of less than 150 pm WBS, and stirred
at 120 rpm. The solution was filtered every 15 minutes for 3 hours. UV-Vis analysis was used to determine the amount of dye
removed.

3.4.5. The impact of WBS size particle on biosorption

After milling, WBS was sieved with 2 mesh sizes: 300 um and 150 pm. 15 mL of the optimal concentration of each
solution for the three dyes at optimum pH was mixed with 0.05 g of the variously sized WBS (> 300 um, 300-150 pm, and <
150 um), and the mixture was stirred at 120 rpm for two hours, as the maximum removal efficiency achieved after two hours.
The solution was filtered out of solids, UV-Vis was used for analysis.

3.4.6. The impact of WBS dosage on biosorption

The proper dose of biosorbent is crucial for wastewater treatment. The influence of adsorbent dose was examined at a mass
range from 0.01 to 0.1 g of less than 150 um WBS. 15 mL of optimal concentration (10 mg/L for MG, 100 mg/L for MR, and
25 mg/L for ARS) at pH 8 for MG and MR, and 10 for ARS were mixed with 0.01 g ,0.05 g, and 0.1 g of WBS and stirred at
120 rpm for 2 hours. After the solids were removed from the solution, UV-Vis was employed to analyze it.

3.4.7. The impact of solution temperature on biosorptio

Adsorption was applied at 25°C, 35°C, and 45°C to investigate the effect of temperature. 0.05 g of less than 150 um WBS
were added to 15 mL of dye solution at optimal concentration (10 mg/L for MG, 100 mg/L for MR, and 25 mg/L for ARS)
and stirred for 2 hours. After the solution's solids were removed, UV-Vis was utilized to analyze it.

3.5. Equilibrium Isotherms and Kinetics

The adsorption isotherms were examined with starting dye concentrations of 5, 10, 25, 50, 100, 150, and 200 mg/L. The
kinetic investigation involved using concentrations of 10 mg/L MG, 100 mg/L MR and 25 mg/L. ARS. The optimal pH for
dye solutions removal is 8 for MG and MR, and 10 for ARS. These solutions were agitated with 0.05 g of less than 150 um
WBS biosorbent at room temperature for specified intervals (every 15 minutes for 3 hours). A thermostatic shaker operating at
120 rpm was employed to attain equilibrium at room temperature. Samples were filtered, and the remaining dye concentration
was measured using a UV—Vis spectrometer.

3.5.1. Model validity

Identifying the most suitable models requires more than just relying on the correlation coefficient (R?); it also necessitates
employing additional methods to assess model validity [22]. The model's accuracy was assessed using the sum of squared
errors (SSE) and the root mean square error (RMSE) [19, 22]. SSE was determined using Eq. 3:
SSE = Y (qexp-qlea)’ 3)
Where adsorption from experimental trials is denoted by qexp, and adsorption from kinetic or isotherm studies is denoted by
(cal.
Eq. 4 was used to determine RMSE.

Rvise- 5% @

Where N is the number of data points.
The best-fitting model will be identified by having the lowest SEE and RMSE values and an R? value that is closest to 1.0.

4. Results and discussion

4.1. White Bean Straw (WBS) Characterization

4.1.1. FT-IR measurement results

The functional groups on the WBS biosorbent were characterized using FT-IR spectroscopy, and their interactions with
MG, ARS, and MR Dyes (Fig. 1).
The FTIR spectrum provides valuable insight into the main structural components of WBS. The observed absorption bands
reflect the presence of cellulose, hemicellulose, and lignin—typical of lignocellulosic agricultural biomass.
The IR spectrum for WBS biosorbent displayed the absorption bands (-OH) group at 3332 cm™ !, which are commonly found
in cellulose, hemicellulose, and lignin. The broad nature of the peak may indicate overlapping with amine (-NH) stretching
vibrations. The peaks at 2915 and 1731 cm™ ' are attributed to aliphatic C-H stretching and (C=0) vibration of the carbonyl
group, respectively. The peak at 1617 cm™ ' corresponds to the stretching vibrations of aromatic C=C bonds, indicating the
presence of lignin. The peak at 1033 cm™ ' is assigned to the (C—O—C) stretching vibration bond in polysaccharides,
confirming the presence of cellulose and hemicellulose. Additionally, this region may also contain contributions from Si-O
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stretching vibrations, indicating the presence of silicate-based compounds as detected in the Energy Dispersive X-ray (EDX)
analysis.

FTIR analysis was performed before and after dye adsorption; The relative intensity of some bands, the formation and
disappearance of valleys, and the shift of wavenumbers for particular bands are all displayed in Fig. 1. For WBS/MG, the
observed shifts in key functional groups after adsorption indicate successful interaction between the biosorbent and Malachite
Green, confirming its effectiveness in dye removal. The shift in the hydroxyl (-OH) peak from 3332 cm™ ! to 3310 cm™ '
suggests hydrogen bonding with the dye molecules. The C=C stretching at 1617 cm™ ' shifted to 1625 cm™ !, indicating
possible interaction between the aromatic rings of Malachite Green and lignin components due to 7-m interactions.
Additionally, the C-O-C stretching at 1032 cm™ ! shifted to 1028 cm™ !, suggesting changes in polysaccharide structures due
to adsorption. The appearance of new peaks at 2330 cm™ ' & 2033 cm™ ' supports the chemical interaction between the
biosorbent and nitrogen-containing functional groups of MG dye molecules. Peak at 1340.54 cm™ ! corresponds to C-N
stretching vibrations in MG dye, supporting dye adsorption.

For WBS/MR, several spectral changes were observed, indicating interactions between the dye and the biosorbent. A new
peak at 1430 cm™ ! appeared. These peaks suggest interactions involving nitrogen-containing functional groups of MR dye,
possibly related to azo (-N=N-) bonds. Shift in the peak at 1613 cm™ '. This band corresponds to C=C stretching vibrations in
aromatic rings. The shift suggests interaction between the aromatic rings of Methyl Red and the biosorbent surface, likely
through - interactions. Peak at 1241 cm™ ' may correspond to C-N stretching vibrations, indicating the presence of amine
interactions from Methyl Red.

For WBS/ARS, notable spectral shifts were observed, indicating interactions between the dye and the biosorbent. Shifts in the
peaks at 1731.10 cm™ ! and 1626.40 cm™ ! correspond to the C=O stretching vibrations of carboxyl (-COOH) groups and the
C=C stretching vibrations in aromatic rings, respectively. Their shifts suggest the involvement of these functional groups in
the adsorption process, likely through hydrogen bonding, electrostatic interactions, or n- stacking with Alizarin Red S. Peak
at 1447.21 cm™ ! likely attributed to C-O stretching vibrations. This peak indicates the participation of phenolic or carboxyl
functional groups in the adsorption process. Appearance of a new peak at 539.46 cm™ ' corresponds to C-S bending
vibrations, further supporting the adsorption of Alizarin Red S onto the biosorbent

280 {WBS/MR
260
2430cm™
240 7 N=N 1241cm”
~ 220WBS/ARS on
3 |
< 200 A
§ 180 4 1626 cm™
@ E =
£ 160 —WBS/MG e 539 om™
£ 1 cs
2 140 ) Y !
g 120 8310 om 16250m" 1340 om” v
OH =
{WBS ©=¢ o 1028 cm™
100 c-oc
80 4 1731 cm™
] -1 c=0 “
60 33320m” i:1:ic:l_ 1617 cm 3
1 OH, NH phatic c=C 032 cm
40 T T T T T T € T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™)

Fig.1. FT-IR spectra of raw White Bean Straw (WBS) biosorbents before and after adsorption of Malachite Green
(MG), Methyl Red (MR), and Alizarin Red S (ARS) dyes.
4.1.2. XRD analysis

The XRD pattern of the WBS biosorbents is displayed in Fig. 2. The broad diffraction feature between 20° and 30° (26)
suggests that the material is predominantly amorphous, which is characteristic of lignocellulosic biomass. The peak centered
around 21-23° (20) may correspond to amorphous silica (SiOz ), as reported for similar agricultural residues [26]. Additional
peaks at 15.42°, 26.23°, 31.73°, and 39.49° indicate the presence of semi-crystalline or crystalline components, possibly due
to residual inorganic minerals or organized cellulose regions [27].

The wide hump within 20°-30° may also be attributed to disordered carbonaceous structures formed during the preparation
or partial carbonization of the biosorbent, in agreement with literature on biomass-based adsorbents [28], [29].

The crystal size was evaluated according to Scherer’s equation [30] as shown in Eq. 5.

D =09 . )
Where D is the crystal size (um), A is the X-ray wavelength of x-ray = 1.541 A, and is the full width at half maximum
(FWHM). The crystal size is 1.103 pum.
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Table 2: FTIR Peak Shifts of WBS Before and After Dye Adsorption

Tononal group  WBS (Before) After MG After MR After ARS Interpretation / Notes
/ Vibration (em™ Y (em™ 1Y) (em™ 1Y) (em™ 1Y) P

hi H- i
—OH stretching 3332 3310 — _ Shift — H-bonding

with dye molecules

C-H aliphatic

. 2915 — — — No major shift noted
stretching

Int ti i
C=0 (carbonyl) nteraction via

1731 — — 171 h i
stretching 73 718 ydrogen t.)ondlng or
electrostatics
C=C aljomatlc 1617 1625 1613 1626 - 1nteracFlog with
stretching dye aromatic rings
C-Nstretching ~ — 1340 1241 — Indicates amine group
interactions
C-0-C Slight shift —
stretching 1033 1028 — — involvement in
(polysaccharides) adsorption
New functional groups
New peaks — 2330, 2033 1430 539 appearing post-
adsorption
C-O stretching / Involv§ment of
. — — — 1447 phenolic/carboxyl
phenolic groups
groups

15.012 21.909

Intersity,(a.u)

10 20 30 40 50 60 70 80
20°
Fig. 2. XRD patterns of raw WBS biosorbents before adsorption.

4.1.3. Scanning Electron Microscopy combined with Energy Dispersive X-Ray Analysis (SEM-EDX Analysis)

The surface morphology of WBS biosorbent was analyzed using SEM-EDX before and after adsorption of MG, ARS, and
MR dyes. As shown in Fig. 3a, the elongated fibrous structures seen in the picture indicate the existence of cellulose and
lignocellulosic fibers, prevalent in plant-derived biomass. The biosorbent exhibits a rough and fibrous surface with well-
defined pores and cavities, which play a crucial role in providing a high surface area, enhancing the material's effectiveness in
adsorption processes.

Milling and other mechanical processing methods can produce fragmented fibres and irregularly shaped particles, with sizes
ranging from 49.59 pm to 81.06 um. The heterogeneous texture, featuring protrusions, cracks, and layered structures, offers
numerous binding sites, enhancing its efficiency as a biosorbent for dye molecules [31].

SEM images of WBS biosorbent after adsorption of MG dye are shown in Fig. 3b, where significant morphological changes
appeared in the biosorbent surface after MG dye adsorption. The initially rough and porous structure exhibited noticeable
alterations, including the deposition of dye molecules, which partially covered the surface features. Some pores appeared less
defined, suggesting the penetration and entrapment of dye within the material. Additionally, the presence of aggregated
particles and smoother regions indicates possible interactions between the MG dye and functional groups on the biosorbent.
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These observations confirm the successful adsorption of MG dye, likely attributed to electrostatic attraction and hydrogen
bonding, involving both physical and chemical interactions [31].

The SEM images of the WBS biosorbent after MR dye adsorption, shown in Fig. 3c, reveal a highly porous and irregular
surface morphology. The structure appears rough, with numerous cavities, flakes, and fibrous formations, suggesting
significant textural modifications due to dye interaction. Agglomerated and layered structures indicate possible dye deposition
or surface entrapment. These morphological features contribute to the enhanced adsorption capacity, likely due to the
increased surface area and available binding sites. The observed structural alterations confirm successful dye adsorption and
potential chemical or physical interactions between the biosorbent and MR molecules.

In Fig. 3d, the SEM images of the WBS biosorbent after the adsorption of ARS dye reveal significant morphological
modifications. Figure 3d illustrates a layered and fragmented morphology, marked by prominent plate-like structures
approximately 75.80 um in size, suggesting a relatively large microstructure. The surface appears more aggregated and
rougher, indicating the attachment of dye molecules onto the WBS biosorbent structure. The presence of irregular clusters and
reduced porosity suggests that the dye molecules have occupied the available adsorption sites. Additionally, the slight
compaction of the fibrous structure further supports the successful interaction between the biosorbent and the dye. These
observations confirm the efficient adsorption of ARS onto the WBS biosorbent, likely through electrostatic interactions and
hydrogen bonding.

Fig. 3. SEM micrographs (a) White Bean Straw biosorbent (WBS), (b) WBS after adsorption of Malachite Green
(MG), (c) WBS after adsorption of Methyl Red (MR), (d) WBS after adsorption of Alizarine Red S.
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Fig. 4a represents the analysis of the biosorbent's elemental composition, conducted through Energy Dispersive X-ray
Spectroscopy (EDX) before dye adsorption. The initial composition of the raw WBS biosorbent primarily consisted of 37%
carbon (C), 45% oxygen (02), and 13.9% nitrogen (N2), with minor amounts of calcium (Ca), magnesium (Mg), and silicon
(Si). This elemental profile reflects the presence of both organic constituents—mainly cellulose, hemicellulose, and lignin—
and mineral (ash-related) components naturally present in the biomass.

After adsorption of MG, MR, and ARS dyes, notable changes were observed in the elemental composition. In Fig. 4(b &
d), the carbon content increased significantly in the MG and ARS-loaded sample, which may be attributed to the organic
nature of the dye’s molecules binding to the biosorbent surface. In contrast, the oxygen percentage remained nearly constant,
suggesting that the adsorption process did not significantly alter the oxidation state of the surface. Chlorine (CI) appeared in
the MG-loaded sample, and sodium (Na) appeared in the ARS-loaded sample, which were absent in the raw biosorbent. This
suggests that the adsorption of MG and ARS dyes involves ionic interactions, as the MG dye contains chloride counterions
that may have remained attached to the surface. The presence of CI could also indicate possible ion exchange mechanisms
between the biosorbent surface and the dye molecules. The decrease in Ca and Mg content after adsorption may be due to ion
exchange or surface complexation mechanisms involved in the dye removal process.

For the MR-loaded sample (Fig. 4c), a notable increase in nitrogen content was detected, indicating the successful adsorption
of MR, which contains nitrogen in its molecular structure. The slight variations in Si and Ca levels suggest possible surface
interactions between the dye molecules and mineral components of the biosorbent.

These results confirm the successful adsorption of both dyes onto the biosorbent material and suggest that different adsorption
mechanisms may be involved, including electrostatic interactions, hydrogen bonding, and ion exchange.

e ———————————————————————— . ————————————————————————————————————————
800 1000 €
e C N 0 Mg | Si Ca C 0 cl Ca
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Fig. 4. Biosorbent's elemental composition using EDX, (a) WBS biosorbents, (b) WBS after adsorption of Malachite
Green (MG), (c) WBS after adsorption of Methyl Red (MR), (d) WBS after adsorption of Alizarin Red S (ARS).

4.1.4. Zeta potential measurements of WBS
The zeta potential is often seen as a remote effect of the surface charges of the particles. The zeta potential is positive at
extremely low pH levels (about 1). It diminishes swiftly, turning negative as pH increases. The highest negative value (about -
26 mV) is obtained at pH 7. The zeta potential begins to rise once more at elevated pH levels. As depicted in Fig. 5, it crosses
zero at two distinct points: first at a pH of 1.7 and second at a higher pH of 10.8. The second zero point at pH 10.8 indicates
that below this pH, the surface reverts to a positive charge. Within the range of pH 1.7 to 10.8, the material maintains negative
and positive charges, which will be effective for adsorption of both cationic and anionic dyes.
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Fig. 5. Zeta potential analysis of WBS before adsorption.

4.1.5. Adsorption mechanism

The adsorption of both cationic dyes (Malachite Green and Methyl Red) and the anionic dye (Alizarin Red S) onto the
WBS-based biosorbent can be explained through a combination of physicochemical interactions. The FTIR spectra revealed
noticeable shifts and intensity changes in key functional groups such as —OH, —-COOH, —-NH, and aromatic C=C bonds after
dye adsorption, suggesting their active participation in the binding process. These observations indicate the occurrence of
several mechanisms:

e  Electrostatic interactions: between the negatively charged sites on the biosorbent surface (especially under basic
conditions) and the cationic dyes.

e  Hydrogen bonding: between —-OH/~COOH/-NH groups on the biosorbent and polar functional groups in the dye
structures.

e 77 stacking interactions: between the aromatic rings present in both the dyes and the lignocellulosic matrix of the
biosorbent.

Moreover, the SEM images showed clear morphological changes and increased surface roughness after dye loading, which
reflects the deposition of dye molecules on the biosorbent surface. The EDX analysis further confirmed the presence of new
elements such as nitrogen and sulfur (originating from dye molecules), providing strong evidence for successful adsorption
and dye—surface interaction.

Based on these findings, the proposed adsorption mechanism is illustrated in Fig.6, integrating the possible interactions
responsible for dye retention on the WBS biosorbent.

4.2. The impact of solution pH on WBS biosorbents

The initial investigation focused on determining the best adsorption conditions. The investigation focuses on the WBS

adsorption effectiveness of Malachite Green (MG) as a cationic dye, Methyl Red (MR) as an anionic azo dye, and Alizarine
Red S (ARS) as an anionic dye. pH influences the surface charge of the biosorbent, the degree of ionization of functional
groups in the dye, and the biosorbent, as well as the speciation of ions like H* and dye molecules.
Using an initial dye concentration of 25 ppm, 0.05 g of WBS particles smaller than 150 pm, and an equilibrium time of 3
hours at 25°C, the removal efficiency of MG, MR, and ARS dyes by WBS was evaluated across varying pH levels. Since
ARS is greatly impacted by pH variations, as seen in Fig. 7, the pH range for ARS was 2 to 12 (wider range) compared to 2.0
to 9.0 for MG and MR dyes. The findings demonstrate that the optimum pH for MG and MR adsorption is 8, but for ARS, it is
10. The greatest removal efficiencies attained under these circumstances were 86.79% for MG, 84.78% for MR, and 41.7%
for ARS. Determining the adsorbent's point of zero charge (pH_ pZC) is crucial for understanding the adsorption mechanism.
Adsorption of cation dyes is more likely at pH > pHpzc, while that of anionic dyes is more likely at pH < pHpzc. When pH >
10.8 (zero-point charge), as seen in Fig. 5, the surface becomes negatively charged, which encourages the adsorption of
cationic dyes. The removal of anionic dyes is facilitated by the surface becoming positively charged when pH < 1.7. The
compound's mixed surface charges allow it to efficiently remove both cationic and anionic dyes in the pH range of 1.7 to 10.8.
That's why MG (cationic dye) had an ideal pH of 8, and Anionic dyes' MR and ARS values were 8 and 10, respectively.
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Fig. 7. The effect of the initial solution pH on the removal efficiencies of WBS biosorbent removal of MG, MR, and
ARS dyes.

4.3. The impact of dye concentration on adsorption

For the three dyes (MG, MR, and ARS), the effect of starting dye concentration on adsorption was investigated at initial
concentrations of 5, 10, 25, 50, 100, 150, and 200 mg/L. The data presented in Fig.8 indicate that the adsorption capacity rises
with the initial dye concentration across all three dyes. The noted increase can be attributed to the higher availability of dye
molecules, which enhances the chances of interactions between the dye and the adsorbent surface. Consequently, more
adsorption sites are filled. Once the adsorbent reaches its maximum adsorption capacity, no further increase occurs, as all
active sites become saturated.
Assessing the maximum adsorption capacity and removal efficiency is important for evaluating an adsorbent's effectiveness
in dye removal, offering important insights into its potential application in wastewater treatment.
After three hours, MG had the highest removal percentage observed (98.2%) at a concentration of 10 mg/L. MR achieved a
maximum removal of 93.8% at 100 mg/L, whereas ARS showed a maximum removal of 61.3% at 25 mg/L.
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Fig. 8. The impact of starting concentration on adsorption capacity and removal percentage on (a) MG, (b)

MR, and (c)ARS dyes.

4.4. The impact of contact time on WBS removal

Contact times varying from 0 to 180 minutes (every 15 min) were used to determine their effect on adsorption removal
percentage (%). Since equilibrium had not yet been achieved and many active adsorption sites were still vacant, it was found
that the adsorption removal increased with contact time. Adsorption continued until equilibrium was reached, with the
adsorption sites becoming fully saturated at approximately 120 minutes.
From the results presented in Fig. 9, after 120 minutes, the maximum Removal percentage measured experimentally in this
investigation were 98.2, 86.8, and 61.27 % for MG, MR, and ARS, respectively. Identifying the equilibrium point is essential,
as extending contact times beyond this point leads to increased operating costs without significant gains in adsorption.
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Fig. 9. The impact of contact time on MG, MR, and ARS adsorption.
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4.5. The impact of WBS dosage on biosorption

The dosage of the adsorbent was a crucial element in the color removal process. Fig. 10 presents a graph illustrating the
relationship between dye removal percentage and adsorbent dosage in g/L. This figure shows that when the adsorbent dosage
is increased from 0.01 to 0.05 g/L, the amount of dyes removed increases. The reason for this is that there are more adsorption
sites accessible. At greater dosages (0.1g/L), this benefit will end because the adsorption sites will overlap and collide, due to
the higher number of unsaturated sites per mass of biosorbent. Using 0.05 g/L of WBS, the maximal experimental elimination
for MG, MR, and ARS was 98.2%, 95.7%, and 61.2%, respectively.
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Fig. 10. Effect of WBS dose on adsorption removal percent.

4.6. The impact of particle size on removal percentage

Three particle size ranges were utilized to examine how particle size influences adsorption: greater than 300 um, less than
300 pm but greater than 150 um, and less than 150 pm. The results of the analysis recorded after two hours and illustrated in
Fig. 11, showing that adsorption efficiency for MG and ARS is improved by decreasing particle sizes. Adsorption mostly
takes place on the adsorbent's surface, where MG and ARS had removal efficiencies of 98.2% and 61.8%, respectively. The
larger surface-to-volume ratio, which offers more accessible adsorption sites, is responsible for the higher adsorption
efficiency at smaller particle sizes.
In contrast to MG and ARS, which showed better adsorption at smaller particle sizes, MR demonstrated the highest removal
effectiveness (96.02%) at the biggest particle size (>300 pm). This implies that for MR, adsorption might be influenced by a
variety of parameters, including pore structure, diffusion mechanisms, and interactions between the dye and the adsorbent, in
addition to the surface area. In comparison to bigger particles, the smaller particles may exhibit restricted diffusion or distinct
binding behavior, which would result in no appreciable improvement in adsorption. The particles below 150 pm were
successful, thus, this size was adopted in all of the research.
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Fig. 11. Effect of particle size on removal percentage.
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4.7. The impact of dye solution temperature on adsorption

The impact of temperature on biosorption was examined at 25°C, 35°C, and 45°C. As mentioned in section 4.4, for MG,
MR, and ARS, the optimal dye concentrations with the highest elimination efficiency were 10 mg/L, 100 mg/L, and 25 mg/L,
respectively. Since adsorption is at lower temperatures, the results shown in Fig. 12 suggest that the process is exothermic.
Since the energy of the adsorbed state is less than that of the free dye molecules in the solution, this energy release takes place.
The process's exothermic nature allows it to be efficiently conducted at room temperature without requiring additional heating.
Moreover, operating at room temperature ensures that the size of the filtration system is not constrained by temperature,
enhancing both the scalability and cost-effectiveness of the process.
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Fig. 12. Effect of solution temperature on (a) MG and MR, (b) ARS adsorption capacity.
4.8. Adsorption isotherms
The equilibrium between the dye concentration in the bulk solution and the dye absorbed by the adsorbent can be
theoretically described using an isotherm model [32]. The biosorbent examined in this study employed the Langmuir and the
Freundlich isotherm models. The Langmuir isotherm equation is presented in Eq. 6:

Qmax KL Ce (6)

e 1+ X,C,

where q. is the amount of adsorbate adsorbed per unit mass of adsorbent, C. is the equilibrium solution adsorbate
concentration (mg/L), K is the Langmuir isotherm constant, which is connected to the binding site affinity and the adsorption
free energy (L/mg), Qmax is the maximum amount of adsorbate adsorbed at equilibrium when the adsorbent is saturated (mg/g),
and Eq. 7, which is based on the Langmuir isotherm constant, can be used to get the separation factor (Rvr), i.e. the adsorption
process's favorability. Adsorption can be classified as irreversible (R. = 0), favorable (Rr < 1), linear (Rr = 1), or unfavorable
(RL > 1) [33]. Co is the starting concentration (mg/L).

R-—— )

1+K, G,

The Langmuir isotherm model assumes a uniform surface with evenly distributed adsorption energy, a single adsorbed
molecule per adsorption site, no interaction between molecules, monolayer adsorption, and the irreversibility of the process
[34]. These assumptions facilitate the calculations of monolayer capacity.

For MG, MR and ARS, the separation factor (RL) was 0.2,0.6, and 0.3, respectively at a concentration of 5 mg/L for MG
and ARS and 10 mg/L for MR. At 200 mg/L, the separation factor was 0.007,0.08, and 0.01 for MG, MR, and ARS,
respectively. It can be concluded that the process is favorable within these ranges of concentrations for each dye as RL < 1.

However, according to the Freundlich adsorption isotherm model, which was created in 1906 [35] The adsorbent material
has a heterogeneous surface with a variety of active adsorption sites. Additionally, this model can accommodate multilayer
adsorption. The Freundlich model explains multilayer adsorption when physisorption is the dominating process, but it
adequately captures monolayer adsorption when chemisorption is dominant. Eqs. 8 and 9 present the nonlinearized and
linearized Freundlich isotherm equations, respectively:

Egypt. J. Chem. 69, No. 2 (2026)



112 Amany G. Abo-Mousa et.al.
g.=KC" ®
Log g.=log K¢+ 1/n log C: )

where n is the strength coefficient and K is the coefficient of the Freundlich isotherm model (mg/L). Temperature and
adsorption parameters, such as surface heterogeneity or adsorption capacity, affect the value of 1/n [36].

When the process does not meet the criteria of the Langmuir isotherm, as in situations involving heterogeneous surfaces
and multi-layering, the Freundlich model can be used [37] . For comparison, the experimental data are shown in Fig. 13
together with the two isotherm models, computed and shown in Table 3.

Table 3: The isotherms of the Langmuir and the Freundlich models' adsorption parameters.

Isotherm Model Parameter MG MR ARS
Experimental Qumax.exp (ME/g) 54.9 59.5 56.8
Langmuir Qmax(mg/g) 31.25 20 30.12
Ki(L/mg) 0.487 0.0616 0.316
R 0.2 -0.007 0.6 -0.08 0.3-0.01
R? 0.9791 0.8764 0.9553
SSE 996.77 5544.47 1678.9
RMSE 11.93 30.399 15.49
Freundlich Kr(mg/L) 7.5 24.457 6.839
1/n 0.6776 3.0884 0.887
R? 0.9912 0.9682 0.9864
SSE 26.17 384.52 19.87
RMSE 1.93 8 1.69
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Fig. 13. Langmuir isotherm, Freundlich isotherm, and experimental isotherm for (a) MG, (b) MR, and (c) ARS.
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As shown in Fig. 13, For all dyes MG, MR, and ARS, the Freundlich isotherm demonstrated a superior R? value along with
reduced SSE and RMSE values when compared to the Langmuir isotherm. So, the Freundlich isotherm was the only model
that adequately represented the experimental data.
4.9. Adsorption kinetics

Kinetic models are essential for evaluating functional performance, interpreting the interactions between adsorbents and
pollutants, and understanding the complexities of the adsorption process. There are various kinetic models, including pseudo-
first-order (PFO) [38], and pseudo-second-order (PSO) [39] which were utilized in this study.
Based on Eq. 10, the pseudo-first-order model is the most commonly used for the liquid-solid adsorption [40].

In (qe-g) = In (q.) - Kit (10)
Where q. represents the quantity of adsorbate present in the adsorbent at equilibrium (mg/g), q: is the quantity of adsorbate in
the adsorbent at a specific time t (mg/g), K, is the rate constant associated with first order (min™'), and t indicates the contact
time (min).

The kinetics of pseudo-second-order reactions involve adsorption occurring at two surface sites. The second-order differential
equation Eq. 11 can be used to depict this process [41].

r__1 1, (11)

at B KZ 052 Os

Where K; (g/mg. min) is the adsorption rate constant for pseudo-second-order adsorption, and q. and q; are the amounts of
adsorption dye (mg/g) at equilibrium and at time t, respectively.

The parameters of the kinetic models are calculated using Eqs. 10 & 11, and presented in Table 4 and Fig.14 alongside the
experimental values for comparative analysis. qeexp represents the maximum experimental adsorption attained at 10 mg/L for
MG and 25 mg/L for MR and ARS. qecan represents the theoretical adsorption capacity, calculated from Eqs. 11 & 12. For the
three dyes, the PSO kinetic model exhibited a higher R? value along with lower SSE and RMSE compared to the PFO kinetic
model. The values of qe(ay in the pseudo-second order closely matched those of qeeexp). The PSO kinetic model is applicable
for describing the process. The majority of biosorbents can be characterized by PSO kinetics.

4.10.Adsorption thermodynamic parameters

Accurate calculations of the thermodynamic values: Gibbs’ free energy AG°®, enthalpy AH®, and entropy AS® are essential
for gaining deeper insights into the characteristics of the contaminant adsorption technique, including its thermodynamic
behavior (whether endothermic or exothermic), spontaneity, and overall feasibility. The variation of AG®, AH®, and AS® can
be calculated at different temperatures using Eq. 12&14
AG=-RTIn (K.) 12)
Where AG represents the change in Gibbs free energy (J/mol), R is the universal gas constant (8.314 J/mol.K), T is the
absolute temperature (K), and Kc is the thermodynamic equilibrium constant, which can be determined using Eq.13:

= (13)
Where Cads,e refers to the concentration of dye adsorbed by the adsorbent at equilibrium (mg/L).

Gibbs free energy can also be expressed in Eq.14

AG=AH-TAS (14)

Where AH is the enthalpy change (J/mol), AS is the entropy change (J/mol K), and T is the absolute temperature (K). The
variations in entropy and enthalpy can be derived from the slope and intercept of the graph plotting Gibbs free energy against
temperature, as illustrated in Fig. 15. When molecules migrate from a higher-entropy state (solution) to a more ordered state
(on the solid surface), entropy is negative [42] . chemisorption is indicated by values of -217.36 J/mol.K. for MG, while
physical adsorption is indicated by values of -52.301 J/mol.K. and -71.348 J/mol.K. for MR and ARS.

Table 5 shows all the thermodynamic data. The enthalpy is negative, indicating that the adsorption process is exothermic.
The process is thermodynamically spontaneous, as the Gibbs free energy value is negative.
Table 4: Kinetic model parameters.

Model Parameter MG MR ARS
Experimental Qeexp (ME/) 1.74 7.29 7.202
Pseudo-first-order Qe(cay(Mg/g) 0.698 1.53 1.43

K (min') 0.0403 0.0564 0.0318
R? 0.8465 0.7631 0.631
SSE 9.05 271.37 277.82
RMSE 1 4.967 5.56
Pseudo-second-order  qe(cany(mg/g) 1.753 7.27 7.24
K> (g mg ' min) 0.522 1.007 0.139
R? 0.9999 0.9999 0.9998
SSE 0.00098 0.0089 0.038
RMSE 0.0105 0.028 0.065
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Fig.14. The pseudo-first-order model and pseudo-second-order model plotted with experimental results for (a) MG,

(b) MR, and (c) ARS dyes.

Table 5: The thermodynamic variables of MG, MR, and ARS.

Dye Temperature (K) K. AG(J/mol) AH(kJ/mol) AS (J/mol K)

Malachite green 298 54.73 -9.916

MG) g 308 10.15 -5.934 -74.087 217.36
318 8.22 -5.569
298 120.64 -11.875

?ﬁ;g;y' red 308 69.55 -10.863 27.297 -52.301
318 60.08 -10.829
. 298 2423 -7.898

é:‘é;;‘“ Red § 308 20.19 -7.695 29.330 71.348
318 11.56 6.471
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Fig.15. Gibb’s free energy changes with temperature for MG, MR, and ARS.

4.11.Selectivity for a mixture of the three dyes.

Selectivity refers to the favored adsorption of one dye over others, influenced by differences in molecular structure,
functional group interactions, and electrostatic charge affinities. This work uses experimental comparison to assess the
preferential adsorption of cationic Malachite Green, anionic Alizarin Red S, and anionic Methyl Red on White Bean Straw.

As mentioned in section 4.1.4, WBS zeta potential tests showed two zero potential points of 1.7 and 10.8, making it an
effective adsorbent for both cationic and anionic dyes.

The molecular sizes of these dyes play a significant role in their adsorption behavior; larger molecules, such as MG and ARS,
can experience steric hindrance within micropores, whereas smaller molecules, like MR, can penetrate and diffuse more easily
into these microscopic pores. Table 6 displays the other structural and chemical distinctions.

Table 6: Structural and chemical differences between MG, MR and ARS.

Property Malachite Green (MG) Methyl Red (MR) Alizarin Red S (ARS)

Chemical Structure Triphenylmethane dye Azo dye (-N=N-) Anthraquinone dye

Molecular Size (A) ~14.2 ~10.5 ~11.5

Charge at Neutral pH Cationic (+) Anionic (-) Anionic (-)

Solubility in Water (mg/L) High Moderate High

. Contains hydroxyl (-OH)

Functional Groups -C-NH- (amine) -COOH, -N=N- &carboxyl (-COOH)

groups

Experimentally, three samples with different pH and concentrations were prepared as follows:

Sample 1: 25 mg/L of each dye, all at pH 8.

Sample 2: optimum concentration for each dye as reached experimentally, as mentioned in section 3.2: 10 ppm for MG, 100
ppm for MR, and 25 ppm for ARS, all at pH 8.

Sample 3: optimum concentration of each dye, all at their natural pH (8.8 for MG, 7.4 for MR, and 9 for ARS).

0.05 g of less than 150 um WBS was added to 5 mL of each sample with the conditions mentioned above. The solution was
agitated at 120 rpm for 2 h. Then, the solution was filtered and analyzed using UV-Vis to find the selective dye based on the
calculated qc. The absorbance data from the spectrophotometer for the three samples before and after adsorption are shown in
Fig. 16.

The wavelength for MG, MR, and ARS was around 617 nm, 521 nm, and 433 nm, respectively, as the peaks for the three
dyes are visible in Fig. 15, particularly for sample 1. Each dye's absorbance was measured at the same wavelength both before
and after adsorption, and the concentrations were then computed. To compare the three samples, adsorption capacities can be
calculated using Eq.1, and the results are shown in Table 7.
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Fig. 16. The spectrum of the three samples before and after adsorption.

Table 7: Adsorption capacities for MG, MR & ARS dyes.

Dye/sample condition de [Sample 1]

(25 ppm, pHB)

de [Sample 2]
(opt. conc, pHS)

Je [Sample 3]
(opt. conc, Nat.pH)-

Malachite Green (MG) 7.157 2.631 2.633
Methyl Red (MR) 7.171 29.645 29.647
Alizarin Red S (ARS) 6.887 6.927 6.933

From Table 7, we concluded that WBS is selective to MR over the two other dyes, as MR has the highest qe.

4.12.Comparative Evaluation of WBS and Other Biosorbents in Terms of Adsorption Performance and Sustainability

Table 8 presents a comparative overview of the adsorption parameters for MG, MR, and ARS dyes using various
adsorbents. White bean straw (WBS) exhibited high adsorption efficiency for MG and MR dyes, and moderate to high
performance for ARS dye. Compared to other biosorbents listed in the table, WBS offers a balanced combination of good
removal capacity, ease of preparation, and minimal processing requirements. Unlike some chemically modified or nano-based
adsorbents that require complex synthesis and higher costs, WBS is locally available, requires no activation steps, and can be
used in its raw or simply treated form. These advantages reduce operational costs and material consumption, making WBS a
cost-effective and sustainable biosorbent for practical wastewater treatment applications.

Table 8: Comparison between MG, MR, and ARS dyes adsorption using various adsorbents.

Time Removal%/ Capacity

Adsorbent dye pH (min) (mg/g) Ref.
3-aminopropyltriethoxysilane ARS <6 20 18.2 mg/g [43]
Polypyrene-coated Fe3Os nanoparticles ARS 4-5.4 60 116.3 mg/g [44]
Chitosan ARS 2 10 42.48 mg/g [45]
Sulfuric Acid- ARS 3 30 90.53% [46]
Modified Avocado Seeds

Phenyl/amine end-capped tetraaniline ARS 5-6 30 236 mg/g [47]
(TANI)

Lantana camara ARS 2 80 90 % [48]
sheep wool ARS 2 90 93.2% [49]
Chicken feathers ARS - - 157 mg/g [50]
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biochar-based nanocomposite ARS 5 60 250 mg/g [51]
Reduced graphene oxide MG 8 120 96.3% [52]
. 3.26 mg/g
Sodium carboxymethyl cellulose MG 10 120 96.92 % [53]
Rice Husk MG 10 - 8.688 mg/g [54]
palm leaves powder MG - 60 95 % [55]
Oil Palm Empty Fruit Bunch MG - 420 94.5% [56]
chlorella-based biomass MG 7 60 18.7 mg/g [57]
zinc oxide nanoparticle loaded on
activated carbon MG 7 15 95% [58]
Sphagnum peat moss (SPM) MG 6.5 60 121.95 mg/g [59]
Activated Potassium Hydroxide Clove
Leaf A growaste MG 6 120 31.6 mg/g [60]
NaAlg-g-CHIT/nZVI MR 3 60 68% [61]
White Potato Peel Powder MR 2 80 30.48 mg/g [62]
Activated Carbon MR 4 100 82.81% [63]
Banana Trunk Fibers MR 3 80 96 % [64]
WBS- adsorbent ARS 10 120 61.3%
WBS- adsorbent MG 8 120 98.2% 5 %
WBS- adsorbent MR 8 120 93.8% ~§

5. Conclusion

In this research, MG, MR and ARS were extracted from a dye mixture using WBS. The material was characterized by
FTIR, XRD, and SEM-EDX. The surface was identified as mainly comprising carbon and oxygen, exhibiting roughness and
heterogeneity. Analysis of the primary biomass components confirmed the presence of hydroxyl, carboxyl, and aromatic
functional groups, all of which contribute effectively to adsorption. The impact of contact time, adsorbent dose, starting dye
concentration, particle size, pH, and temperature were examined for WBS. A small particle size of less than 150 um, a dosage
of 0.05 g/L, and an agitation of 120 rpm for 2 hours at a lower temperature of 25°C were all recommended to optimize the
adsorption process for all dyes.

The pseudo-second-order model effectively explained the observed adsorption kinetics of WBS, while the Freundlich
isotherm model provided the most fitted model of the adsorption isotherms for MG, MR, and ARS. The feasibility and
spontaneity of the adsorption process were assessed using calculated thermodynamic parameters like entropy, enthalpy, and
Gibbs' free energy. The biosorption process was exothermic and spontaneous at low temperatures, according to the
thermodynamic analysis. The removal efficiency reached approximately 98.2%, 95.7% and 61.2% for MG, MR, and ARS
respectively. This study highlighted the effectiveness of WBS as a biosorbent, demonstrating its enhanced efficiency in
removing both cationic and anionic dyes. Thus, WBS is a novel and exciting option for treating wastewater and will be
particularly helpful in recently industrialized nations that are facing severe water contamination and need a prompt, affordable,
and efficient remedy. WBS regeneration, physical or chemical treatment to improve its adsorption to other pollutants, and
economic analysis are possible for future research topics.
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