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Abstract

This study aims to support eco-friendly wastewater treatment by converting

lignocellulosic waste into valuable biosorbents, thereby contributing to
sustainable waste management technologies. Wheat straw and its ash were
examined as low-cost adsorbents for the removal of industrial ionic dyes,
including cationic methylene blue and anionic methyl orange. To enhance
adsorption performance, several surface modification approaches, including
alkaline, acidic, and ultrasound-assisted treatments, were evaluated. The
structural and surface characteristics of the modified materials were analyzed
using Brunauer—Emmett-Teller and Fourier transform infrared spectroscopy
techniques. Among all prepared adsorbents, the sodium hydroxide—ultrasound-
modified ash (WSA-U-NaOH) exhibited the highest adsorption efficiency under
initial testing conditions (25 mg/L dye), achieving capacities of 12.38 mg/g for
MB and 4.47 mg/g for MO, evidencing a synergistic enhancement attributable to
the combined effects of alkaline activation and ultrasonic cavitation.
Optimization using the Taguchi model revealed that the maximum adsorption
capacity for MB (53.29 mg/g) occurred at pH=12 with 0.05 g of adsorbent and an
initial MB concentration of 75 mg/L after 45 minutes. For MO, optimal
conditions (pH=2, 0.05 g adsorbent, and 75 mg/L MO) produced a capacity of
22.36 mg/g after 60 minutes. The adsorbent exhibited a markedly higher affinity
toward the cationic dye, consistent with electrostatic interactions governed by
surface charge characteristics. Kinetic analyses showed that adsorption followed
the pseudo-second-order model, suggesting chemisorption as the dominant rate-
controlling step. Equilibrium data were best fitted by the Freundlich isotherm,
indicating heterogeneous multilayer adsorption. Thermodynamic parameters
confirmed that the biosorption of both dyes was spontaneous and endothermic.
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1. Introduction

In recent years, environmental pollution caused by a
high concentration of various pollutants, such as dyes,
heavy  metals, toxic ions, mineral  anions,
micropollutants, and organic compounds like phenols,
pesticides, and detergents, has emerged as a significant
global concern. The release of these toxic pollutants into
natural waters has severely disrupted ecological balance,
causing harmful effects on plant and animal life
(Alizadeh et al., 2019; Jalilnejad et al., 2024).

Among the sources of pollution, dyes used in
industries such as textiles, paper, printing, dyeing,
plastics, and leather are particularly prevalent and
require advanced remediation methods to avoid
environmental pollution. The wastewater from these
industries often contains large amounts of colored waste
materials. Synthetic dyes, in particular, pose a serious
environmental threat and are considered hazardous to
human health. Additionally, the presence of pigments in
water systems reduces oxygen levels and light
penetration, adversely impacting photosynthesis in plants
and aquatic organisms (Alizadeh et al., 2026;
Forouzandeh-Malati et al., 2022; Hemmatzadeh et al.,
2024; Jalilnejad et al., 2025; Ma et al., 2025).

To remove dyes from wastewater, various separation
methods have been employed, including electrochemical
processes, ion exchange resins, filtration, sedimentation,
coagulation, photocatalytic degadation (specially visible-
light-driven systems), and membrane-based techniques
like reverse osmosis and nanofiltration. However, many
of these methods have significant limitations, such as
incomplete pollutant removal, high equipment costs,
energy consumption, and the generation of hazardous
by-products (Aghaeinejad Meybodi et al., 2024; Dawi
and Padervand, 2025; Heidarpour et al., 2020; Hokkanen
et al., 2016; Padervand et al., 2021; Ramrakhiani et al.,
2016; Yaghoobi Rahni and Younesi, 2025).

Among the purification methods available,
adsorption has been highly successful in removing dyes,
heavy metals, and other contaminants. However,
conventional adsorbents like activated carbon, clay,
silica gel, coal, chitosan, and bentonite often involve
high costs and may be inefficient in removing pollutants
at low concentrations. In some cases, they also result in
sludge production. As a result, considerable research has
been devoted to identifying more efficient and cost-
effective adsorbents. Recently, lignocellulosic materials
derived from wood and agricultural waste have gained
attention for their ability to adsorb both organic and
inorganic pollutants. These materials offer comparable
performance to other natural adsorbents and provide the
added advantage of transforming waste products into
valuable resources (Alizadeh et al., 2024; De Quadros
Melo et al., 2016).

Although  unmodified cellulose has limited
adsorption capacity and variable physical stability, it is
renewable, biodegradable, affordable, and contains
numerous active hydroxyl groups. However, to improve
the adsorption efficiency of lignocellulosic biomass, it is
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necessary to modify the material using various methods.
These modification techniques can be classified into four
categories: physical, chemical, physicochemical, and
biological (Alizadeh et al., 2022; Ramrakhiani et al.,
2016).

The choice of modification method depends on the
specific application of the lignocellulosic material in
different fields. For example, biobased-hydrogels are
studied in various works for their excellent adsorption
capacity, attributed to their swelling ability and porous
structure, which allow solutes to diffuse rapidly into
their matrices. This makes them an effective and eco-
friendly option for dye removal, generating significant
research interest in their use as cost-effective adsorbents
(Yang et al., 2022).

In the study by Zhang et al., an innovative and
effective upcycling strategy was investigated in which
low-quality cotton fibers were transformed into high-
value hydrogel biosorbents while maintaining excellent
dye adsorption performance (Zhang et al., 2024).

In the research carried out by Jawad et al., coconut
shell underwent chemical treatment with sulfuric acid
(H,S0,) to create acid-functionalized biosorbent, which

. - . 1
was effectively utilized for removing methylene blue
dye from water (Jawad et al., 2020).

Akar et al. explored the biosorption capabilities of
sugar-beet pulp, which were enhanced through
modification with quaternary ammonium-salt to assess
its potential in wastewater decolorization (Akar et al.,
2015). The surfactant-modified biosorbent exhibited
strong performance in removing Acid Red 1. Silva et al.
chemically altered cellulose using phthalic anhydride
and diethylenetriamine for dye sorption, achievin%
adsorption capacities of 65.45 mg/g for methyl orange
and 56.69 mg/g for eosin (Silva et al., 2018). Wu et al.
employed microwave-assisted alkalization and acid
oxidation pretreatments to develop novel wheat straw
adsorbents for efficient removal of Cd (II) from
simulated waterlogged paddy soil (Wu et al., 2019).
Their findings indicated that wheat straw pretreated with
microwave-assisted soaking in NaOH and ethanol
solution demonstrated the highest Cd (Il) removal
efficiency of 96.4% under specific conditions. Overall,
modifying cellulose is crucial for improving its structural
stability and adsorption effectiveness towards pollutants.

Growing concerns over dye-contaminated
wastewater have intensified the search for low-cost,
sustainable, and high-performance biosorbents. In this
study, wheat straw, a readily available lignocellulosic
agricultural waste, and its ash were employed as
precursor materials for the adsorption of cationic MB
and anionic MO dyes. The work specifically evaluates
the effectiveness of alkaline, acidic, and ultrasound-
assisted modification techniques in enhancing the
structural and surface properties of the biosorbent. Using

! Methylene Blue (MB)
2 Methyl Orange (MO)
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a systematic experimental design approach, the study
identifies the optimal operating conditions (pH, initial
dye concentration, and adsorbent dosage) that maximize
dye removal efficiency and adsorption capacity.
Comprehensive  characterization  through  Fourier
Transform Infrared Spectroscopy1 and Brunauer—

Emmett-Teller? analyses elucidates the chemical and
textural changes induced by each modification method.
Kinetic, isotherm, and thermodynamic models were
further applied to clarify the adsorption mechanism, rate-
controlling steps, and energetic nature of the process.
Overall, the study demonstrates an effective valorization
pathway for wheat straw waste while providing an
environmentally friendly and economically viable
solution for wastewater dye removal.

2. Materials and methods

2.1. Adsorbent preparation

Wheat straw was collected from a local farm in Urmia,
Iran. It was washed three times with distilled water to
eliminate dust and surface contaminants. The washed
straw was then dried in an oven at 60 °C for 24 hours.
The dried straw was ground into powder using a
mechanical grinder, reducing the particle size to a few
millimeters. Straw ash was produced by burning pre-
washed straw in an open environment. The ash was
washed and dried following the same procedure as the
straw.

2.2. Alkali treatment

Wheat straw and ash were treated with NaOH and KOH.
For this purpose, 100 ml of NaOH (0.5 M) and 100 ml of
KOH (0.1 M) were each added to 5 grams of wheat
straw in separate Erlenmeyer flasks (200 ml). The
modification process was performed for 2 hours at room
temperature, with stirring at 300 rpm. The same
procedure was followed for straw ash. After
modification, the samples were separated from the
solution by filtration and washed with distilled water
until they reached a neutral pH, then dried in an oven at
60 °C for 24 hours.

2.3. Acid treatment

The acid treatment of wheat straw and ash was done
using H,SO,4, HCI, H3PO,4, and CgHgO,. For each acid,
100 ml of H,SO, (1 M), HCI (0.1 M), H3PO, (35% wt)
and CgHgO; (0.6 M) were added to 5 gr of straw in
separate 200 ml Erlenmeyer flasks. The modification
process was carried out for 2 hours with stirring at 300
rpm, except for HzPO, which required 24 hours at
ambient temperature. Straw ash was also modified using

! Fourier Transform Infrared Spectroscopy (FTIR)
2 Brunauer-Emmett-Teller (BET)
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the same procedure. After treatment, the samples were
filtered, washed with distilled water until neutral pH, and
dried at 60 °C for 24 hours.

2.4. Ultrasound-based modification

Ultrasonic modification was applied after identifying the
most effective adsorbents from the alkali and acid
treatments. The unmodified straw and ash served as
control samples. 5 gr of the optimal adsorbent was mixed
with 500 ml of distilled water in an 800 ml beaker and
stirred for 10 minutes. The solution was placed in an ice
bath to prevent heating during ultrasound treatment (480
W power, 24 kHz frequency, and 60% fluctuation) for 1
hour. After treatment, the samples were separated from
the solution and dried at 60 °C for 24 hours.

2.5. Determining the point of zero charge (pHp.c)
of the adsorbent

The surface charge of the optimum adsorbent was
determined using the salt titration method. A 0.01 M
NacCl solution was prepared, and its pH was adjusted to a
range of 2 to 12 by adding KOH or HCI. 50 ml of NaCl
solution at various pH levels were added to 100 ml
beakers containing 0.1 g of adsorbent. The solutions
were left for 24 hours, after which the final pH was
measured with a pH-meter.

2.6. Adsorption experiments

2.6.1. Preparation of adsorption solutions

Dye solutions for the adsorption tests were prepared by
diluting stock solutions of MB and MO (500 mg/L
concentration). The pH was adjusted using KOH and 0.1
M HCI. The maximum wavelength (An.) Of MB and
MO was determined with a spectrophotometer,
measuring at 671 and 472 nm, respectively.

2.6.2. Batch adsorption of MB and MO

To assess the effectiveness of raw wheat straw, ash, and
modified adsorbents, the adsorption process was
conducted for both dyes. The experimental conditions
were: adsorbent dose of 0.1 g, initial dye concentration
of 25 ppm, solution volume of 50 ml, stirring speed of
300 rpm, pH of 7, and room temperature. Samples were
taken every 15 min for both wheat straw and ash every
15 minutes until equilibrium was reached. Optimal
adsorbents were determined based on dye removal.
Ultrasound modification was then applied to Unmodified
wheat straw (WS-Unmodified), Unmodified ash (WSA-
Unmodified), NaOH-modified wheat straw (WS-U-
NaOH), NaOH-modified ash (WSA-U-NaOH), H3PO,-
modified wheat straw (WS-U-H3;PO4), and H3PO,4-
modified ash (WSA-U-H;PO,) under the same
experimental conditions.The adsorption capacity at time
t (qy) (Eqg. 1) and removal percentage (Re%) (Eq. 2) were
calculated using the following equations

— .0

(4
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Co- C
g = o (1)
Re% = (%C—_Ct) x 100% )
0
Where

Co (mg/L) is the initial dye concentration, C; (mg/L) is
the dye concentration at time t, V (L) is the solution
volume, and M (g) is the mass of the adsorbent (Guo et
al., 2019). Two replicates were conducted in the
experiments and the mean value is used to characterize
the adsorption process.

2.7. Design of experiments via Taguchi method
The Taguchi method, a simple yet powerful tool for
optimizing processes and reducing experimental runs,
was employed to investigate factors affecting adsorption
(Abdolkarimi Mahabadi and Bayat, 2024; Deniz, 2013).
The independent parameters (pH, adsorbent dose, and
initial dye concentration) were examined at different
levels (Table 1-a). For MB and MO removal, 9 tests
were designed (Table 1-b), involving 50 ml of dye
solutions with concentrations of 25, 50 and 75 mg at pH
levels of 2, 7 and 12, and adsorbent dosages of 0.05, 0.1
and 0.15 gr. The tests were conducted at room
temperature, stirring at 300 rpm for the optimal contact
times (45 minutes for MB and 60 minutes for MO).

2.8. Adsorption Kinetics

Kinetic models were used to analyze adsorption
dynamics and the factors influencing the adsorption rate.
Models such as pseudo-first-order, pseudo-second-order,
and intraparticle diffusion (Table 2) were applied to
adsorption systems via Microsoft Excel (Idan et al.
2018; Kecili and Hussain, 2018; Tejada-Tovar et al.,
2021). The best-fitting model was determined by
comparing correlation coefficients (R?) and sum of
squared errors. The larger the R2 and the smaller the
SSE, the better the model fits the data. The SSE is
calculated by

_ 2
SEE = \/Z [(exp.Data—cal.Data)/exp.Data] (3)

n

Where

n is the number of the experiments. Using the optimal
conditions from the Taguchi design, different kinetic
models were tested for MB and MO over 45 and 60
minutes, with 5-minute intervals.

2.9. Adsorption isotherms

Adsorption isotherms describe the relationship between
the adsorbate concentration and the adsorbent’s capacity.
Common isotherm models, such as Langmuir,

! Sum of Squared Errors (SSE)
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Freundlich, and Temkin (Table 3), were used to analyze
the equilibrium adsorption of MB and MO based on the
optimal conditions identified by the Taguchi design
method (Han et al., 2010). The linear forms of the three
utilized models are given by the equations presented in
Table 3 (Gouamid et al., 2013; Hong et al., 2009; Jain
and Gogate, 2017; Salman et al., 2015). Model fitting for
isotherms was performed in Microsoft Excel Solver by
reducing the SSE to its minimum.

2.10. Adsorption thermodynamics
Thermodynamic studies assess whether adsorption
processes are spontaneous. Gibbs free energy change

(AG®), enthalpy (AH®), and entropy (AS°) were
calculated using the following equations (Eqs. 4-6)

AG® = —RT In(K,) (4)
AG°=AH°-TAS° (5)
In(Ky) == — 2= (6)
Where

R is the universal gas constant (8.314 KJ/mol K), and T
is the temperature (K). The enthalpy and entropy
changes were determined from the slope and intercept of
the linear plot of InK® versus 1/T (Gouamid et al., 2013;
Hong et al., 2009). Dye adsorption was examined at 25,
35, and 45 °C using 50 ppm adsorbate in 100 ml
volumetric flasks, stirred at 300 rpm.

3. Results and discussion

3.1. FTIR analysis

The FTIR spectra of wheat straw and ash samples
presented in Fig. 1 have been used to compare the
functional groups of the adsorbents and the effects of
acid and base modifications on them. The absorption
peaks in the range of 3403-3444 cm™ correspond to the
stretching vibrations of the OH groups, and the reduction
in intensity observed in the samples modified with
NaOH is likely due to dehydration and further removal
of OH groups in lignin and hemicellulose. The peaks
observed in the range of 2928-2913 cm™ are attributed
to the C-H stretching vibrations of the aliphatic chain
structure of lignin, which shows a weak intensity and is
almost eliminated in the ash samples due to lignin
removal. The peak at 1734 cm™ corresponds to the ester
groups of wheat straw, which were removed after
modification, and this peak was also not observed in the
ash samples. The peaks appearing in the range of 1633-
1629 cm™ are related to the C=0 groups of carboxylic
acids or their esters. As observed, the intensity of this
peak decreased after the modification of straw and ash
with NaOH, which may be due to the degradation of cell
wall compounds, including proteins and some organic

VEF Jlo oylede o
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Table 1. a) Factors and their level conducted in the experiment, b) Experimenal design matrix and expected response
a)
In\jiaerrzggfeesnt Code Levell Level2 Level 3
pH A 2 7 12
Adsorbent dosage (g) B 0.05 0.1 0.15
Dye |n|t|zz1:n(;3r|1():entrat|on c 25 50 75
b)
Run . . ..
No. Adsorption process Adsorption efficiency
variables MB MO
A B C Removal Ads. capacity Removal Ads. capacity
(%) (mg/g) (%) (mg/g)
1 2 0.05 25 69.10 17.28 35.09 7.78
2 2 0.1 50 71.11 17.77 50.10 12.52
3 2 0.15 75 80.07 20.01 63.81 15.95
4 7 0.05 50 62.06 31.03 28.44 14.72
5 7 0.1 75 69.25 25.96 31.33 11.75
6 7 0.15 25 98.65 8.22 46.61 3.88
7 12 0.05 75 71.05 53.29 16.27 12.21
8 12 0.1 25 97.80 12.22 27.04 3.38
9 12 0.15 50 98.58 16.43 23.30 3.88
Table 2. Kinetic parameters related to dye adsorption
Kinetic model Parameter MB MO
Pseudo-first-order k1 (1/min) 0.115 0.06
In(0e-0¢)=INQe-Kyt ge (Mg/g) 24.48 15.61
R 0.97 0.93
Pseudo-second-order ks (g/(mg.min)) 0.011 0.002
1 1
i = GG + at ge (Mg/g) 55.55 21.69
R? 0.99 0.96
Intra-particle diffusion kig (mg/(g.min*?)) 4.35 2.26
q: = kig()'? +C C (mg/g) 30.72 0.91
R? 0.95 0.95

components. However, the intensity of this peak in the
modification with H3;PO, indicates less degradation of
glycosidic bonds and hydroxyl groups of hemicellulose.
The absorption peaks in the range of 1094-1041 cm™ are
related to the C-O-C stretching vibrations, and the
increase in intensity in the samples modified with H;PO,
is associated with the P=0 group in phosphate, the O-C
bond in P-O-C, or the P=OOH bond (Silva et al., 2018;
Wu et al., 2019). The peak observed at 903 cm™
corresponds to the phosphorus-oxygen groups, and the

Water and Wastewater
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broad peak in the range of 720-593 cm™ is due to the
oxygen group of HzPO,.

3.2. BET analysis

The specific surface area of an adsorbent plays a crucial
role in determining its adsorption capacity. Table 4
provides information on the specific surface area and
pore volume of adsorbents that have been modified with
NaOH and H3PO,, as well as wheat straw and ash in
their unmodified state. Based on the data obtained, both
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Fig. 1. FTIR spectra of (A) wheat straw: a-unmodified, b- NaOH modified, c- HsPO, modified and (B) wheat straw ash:
d- unmodified, e- NaOH modified, f- H;PO, modified

Table 3. Isotherm parameters related to MB adsorption at different initial dye concentrations

Isotherm model Parameter MB MO

Langmuir isotherm dm (Mg/g) 57.14 15.13

! ! + L K. (L/mg) 0.24 0.39
—=— — m . ;

qe qm quL Ce - g
R? 0.95 0.92
Freundlich isotherm Ks(mg/g) 13.32 6.92
1

logqe = logKF + (H)]ogce 1/n 0.46 0.23

R? 0.99 0.98

Temkin isotherm kr (L/9) 1.43 6.27

de = BIn Ky +BIn C, B (3/mol) 15.48 2.68

R? 0.92 0.94

Om: The maximum adsorption capacity, g. (mg/g): The equilibrium adsorption capacity
C. (mg/L): The equilibrium concentration, K, : The Langmuir constant, C, (mg/L): The initial dye concentration
Kr and n: The Freundlich constants, Kt (L/g): The Temkin constant, B (J/mol) Is the adsorption energy

Table 4. BET analysis results of unmodified and modified WS and its ash

Specific area (m%g) Pore volume (cm®/g)
NaOH-WS 3.266 0.0043
H3PO4,-WS 1.750 0.0028
Unmodified-WS 0.588 0.0020
NaOH-WSA 36.153 0.0988
HiPO,-WSA 9.751 0.0324
Unmodified-WSA 9.426 0.0266
Water and Wastewater oMol 5 ol
Vol. ,No. ,2025 VEr Jlee oslede o) @
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alkaline and acidic modifications resulted in an increase
in the specific surface area and pore volume of wheat
straw and its ash compared to unmodified samples. The
most effective modification was observed with NaOH,
which increased the specific surface area of straw from
0.5884 m?/g to 3.2662 m*/g and ash from 9.426 m?/g to
36.153 m*/g. This increase in specific surface area led to
enhanced adsorption capacity of the modified
adsorbents.

3.3. Impact of different modifications on dye
removal efficiency in various samples

3.3.1. The effect of alkaline and acidic modification
on wheat straw

Fig. 2 illustrates the impact of alkaline and acidic
treatments on wheat straw for dye removal over varying
contact times. The experiments were conducted under
consistent conditions of a dye concentration of 25 mg/L,
an adsorbent amount of 0.1 g, pH=7, and ambient
temperature. In Fig. 2-a, it is evident that the NaOH-
modified adsorbent (WS-NaOH) exhibited the highest
efficiency in removing MB, achieving a removal
efficiency of 96. 4%. In comparison, the HsPO,-
modified (WS-HsPO,) sample showed lower removal
efficiency, along with the H,SO,, HCI, and CgHgO7-
modified samples, which can be attributed to their
reduced pore volume and specific surface area. The
lower removal percentage of the acid-modified
adsorbents may be due to the cationic nature of the MB
dye, leading to repulsion between the dye molecules and
the adsorbent surface. Through FTIR and BET analysis,
it was determined that NaOH modification played a
more effective role in removal by enhancing lignin and
hemicellulose removal, disrupting cell wall components,
and increasing specific surface area and pore volume.

In Fig. 2-b, the impact of alkaline and acidic
modification on the efficacy of wheat straw in removing
MO is presented. The findings demonstrate that both
alkaline and acidic modifications enhance the adsorption
efficiency of wheat straw. The NaOH-modified
adsorbent achieved the highest removal percentage at
25.6%, followed by the HsPO4-modified adsorbent at
18.66%, compared to 3.9% for the unmodified
adsorbent. The increased removal of MO can be
attributed to the higher porosity and specific surface area
of the NaOH-modified adsorbent (WS-NaOH) compared
to other straw samples. Additionally, the adsorption by
the H3PO,-modified adsorbent was notable due to the
introduction of new functional groups on the wheat
straw’s surface. Similar results, indicating enhanced
efficiency in removing the anionic dye of acid-violet 17
with lignocellulosic adsorbent modified with NaOH
compared to H,SO,-modified adsorbent, were also
reported by Jain and Gogate (Jain and Gogate, 2017).

Water and Wastewater
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3.3.2. The effect of alkaline and acidic modification
on wheat straw ash

Fig. 3 depicts the impact of alkaline and acidic
modifications on wheat straw ash for dye removal. The
results indicate that modification with NaOH, KOH and
HsPO, positively influenced the MB adsorption process
(Fig. 3-a), enhancing removal efficiency and adsorption
capacity. Conversely, other acid-modified adsorbents led
to decreased dye adsorption due to repulsion between the
pollutant and adsorbent surface, as well as shorter
modification times compared to HsPO,. This trend
differed in MO adsorption, where all modified
adsorbents increased the percentage of MO removal
compared to unmodified ash (Fig. 3-b). The use of straw
ash improved adsorption rate and early equilibrium due
to enhanced accessibility of dye molecules to adsorption
sites. In particular, NaOH-modified adsorbent (WSA-
NaOH) exhibited the highest percentage of dye removal
for MB (97.1%) and MO (31.6%), attributed to its
porosity and high specific surface area (36.153 m%(g)
compared to unmodified (9.426 m?g) and phosphoric
acid-modified (9.751 m?g) samples. Based on the data
collected regarding dye removal, it was found that the
most effective methods for modifying wheat straw and
ash involved the use of NaOH as alkaline modification.
This modification significantly enhanced the removal of
MB and MO as cationic and anionic dyes, respectively
(Song et al., 2023). Additionally, ultrasound treatment
was applied in the next step to further improve the
efficiency and adsorption capacity.

3.3.3. The effect of ultrasound modification on wheat
straw and its ash

Ultrasound modification alters the morphology and
structure of the adsorbent, leading to increased
exfoliation, surface cleaning, and enhanced porosity and
permeability. The impact of ultrasound modification on
the efficiency of both unmodified straw and ash
adsorbents, as well as optimally modified adsorbents,
was assessed. Fig. 4 illustrates the adsorption process of
dyes at a concentration of 25 mg/L, with an adsorbent
amount of 0.1 g, pH=7, and at ambient temperature.
Based on the data presented in Figs. 4-a and 4-b, the
highest adsorption capacity for MB was achieved by ash
when subjected to combined modification with NaOH
and ultrasound (WSA-U-NaOH), reaching a value of
12.38 mg/g. These results indicated that the combined
modification of ash was more effective in MB removal
compared to wheat straw modified with ultrasound (WS-
U). The adsorption capacities of the other samples
followed the order:

WSA-U-NaOH > WS-U-NaOH > WSA-U >
WS-U-H3PO, > WSA-U-H;3PO,

Furthermore, as shown in Figs. 4-c and 4-d, the
efficiency of the ash modified with sodium hydroxide
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Fig. 2. Effect of acidic and alkaline modification of wheat straw on adsorption of (a) MB and (b) MO dyes (adsorbent
dosage=0.1 g/L, initial dye concentration=25 mg/L, pH=7, stirring speed=300 rpm)
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Fig. 3. Effect of acidic and alkaline modification of wheat straw ash on adsorption of (a) MB and (b) MO dyes
(adsorbent dosage=0.1 g/L, initial dye concentration=25 mg/L, pH=7, stirring speed=300 rpm)

and ultrasound (WSA-U-NaOH) in removing MO
surpassed that of the other samples (q=4.47 mg/g).
Ultrasound modification not only increased the
adsorption capacity of the samples but also enhanced
adsorption speed and facilitated early equilibrium (Hu et
al., 2024).

Ultrasound enhanced the efficiency of alkali
modification through the acoustic cavitation mechanism,
where the collapse of microbubbles produces microjets
and shock waves that disrupt the lignocellulosic matrix.
These intense mechanical forces open clogged pores,
remove surface debris, and facilitate deeper penetration
of NaOH, leading to greater delignification and exposure
of active functional groups. As a result, a clear
synergistic improvement in porosity, surface area, and
adsorption capacity was observed for the ultrasound—
alkali modified adsorbent (Akar et al., 2015; Hokkanen
etal., 2016; Hu et al., 2024).

Through the evaluation of various modification
methods for dye removal, it was concluded that WSA-U-

Water and Wastewater

NaOH exhibited superior adsorption capacity compared
to the other adsorbents studied. Subsequently, additional
parameters influencing the adsorption process were
examined on this specific adsorbent for the adsorption of
MB and MO.

3.4. Adsorption experiments

3.4.1. Point of zero charge (pHpzc)

The zero point of charge is an important factor that
determines the linear sensitivity range of pH as well as
the type of active surface sites of the adsorbent and its
surface capacity. According to Fig. 5, for the ash
modified with sodium hydroxide and ultrasound, a pHp,c
of 7.5 was obtained. At pH>pH,,., the adsorbent surface
carries a negative charge, and at pH<pH,, it becomes
positively charged.

3.4.2. Effect of contact time
Fig. 6 depicts the impact of adsorbent contact time on
the removal of MB and MO dyes using an adsorbent

Vol. , No. , 2025
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WSA-U-NaOH

amount of 0.1 g, a dye concentration of 25 mg/L, pH=7,
a volume of 50 ml, and ambient temperature. The
adsorption rate of the adsorbent was notably rapid within
the initial 30 minutes for both dyes, followed by a slower
rate between 30 to 60 minutes until saturation was

achieved. The optimal contact time for MB was
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Fig. 6. Effect of contact time on adsorption of MB and
MO by WSA-U-NaOH adsorbent (adsorbent dosage=0.1
g/L, initial dye concentration=25 mg/L, pH=7, stirring
speed=300 rpm)

determined to be 45 min, while for MO, it was 60 min.
As time progressed and the adsorbent surface sites
became saturated, the removal process reached a
constant value.

>
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3.4.3. Experimental design results

The effect of different parameters, including pH,
adsorbent dosage, and pollutant concentration, on dye
removal was investigated using the Taguchi
experimental design method. The test conditions and
removal results of each sample, based on removal
percentage and adsorption capacity, are presented in
Table 1-b. The Qualitek-4 software was utilized to
analyze the results and determine the optimal conditions
for dye removal.

3.4.3.1. Optimal conditions for MB adsorption

The results of the analysis of variance! for MB
adsorption, focusing on removal efficiency and
adsorption capacity, are detailed in Table 5. The data
indicates that the dye concentration exerts a more
significant influence on the adsorption process compared
to the pH of the solution and the adsorbent dosage used
regarding the adsorption capacity as response.

Fig. 7 illustrates the impact of these parameters at
different levels. In Fig. 7-a, the adsorption rate of MB
dye on the adsorbent surface is influenced by the pH of
the solution, likely attributed to the cationic nature of
MB* in aqueous solutions. The graph demonstrates that
the adsorption capacity is minimum at pH=2 and peaks
at pH=12. This behavior is a result of an abundance of
H* ions in an acidic environment leading to repulsion
and reduced adsorption, while the presence of OH" ions
in an alkaline environment enhances dye adsorption. Fig.
7-b shows a decrease in adsorption capacity with an
increase in adsorbent dosage at constant concentration
and volume, possibly due to the saturation of adsorption
sites caused by particle overlap effects, including particle
aggregation on the adsorbent surface. In Fig. 7-c, the
most significant impact on adsorption capacity was
observed when the pollutant concentration was
increased. The findings indicated that as the initial
concentration of the MB solution increased, the removal
efficiency decreased while the equilibrium adsorption
capacity increased. This suggests that as the
concentration rises, the driving force for mass transfer
also increases, leading to greater dye adsorption. The
optimization analysis was conducted with respect to both
adsorption capacity and removal efficiencty and the
target criterion was set as maximum values for the two
responses.

The optimum adsorption conditions obtained were
presented in Table 6. At optimal conditions, the MB
removal efficiency was found to be 114.7%. The
predicted value by the software (114.7%) can be
interpreted as the maximum possible adsorption of MB
ions from the aqueous solution. However the
experimental values obtained at optimum conditions for
MB and MO removals were 98.85% and 67.92%

! Analysis of Variance (ANOVA)

Water and Wastewater
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respectively, showing good agreement between the
experimental values and those predicted from the
models.

3.4.3.2. Optimal conditions for MO adsorption

The ANOVA results in Table 5 indicate that pH has the
most significant impact on the adsorption process,
regarding removal efficiency as response. The adsorbent
dosage and dye concentration of the solution also
contributed to the process, with effects of 26.59% and
14.45%, respectively. Fig. 7-d shows that higher
adsorption of MO occurred at acidic pH, possibly
attributed to electrostatic attraction forces between dye
anions and positive ions. This sensitivity is influenced by
the ionization degree of functional groups in the
adsorption sites and substances present in the solution. In
Fig. 7-e, increasing the adsorbent dosage to 0.1 g led to a
slight increase in adsorption capacity due to the
availability of more adsorption sites. However, at a
dosage of 0.15 g, the adsorption capacity did not
increase, likely due to the saturation of adsorption sites.
Examination of the concentration of MO adsorption in
Fig. 7-f revealed a similar effect to the MB adsorption
process.

Using the Taguchi model, the optimal adsorption
conditions for MO removal were identified as shown in
Table 6. At optimal conditions, the MO removal
efficiency was found to be 71.94%.The recounted
adsorption percentage removal and optimum adsorption
capacity at optimum conditions based on experimental
values for removing MO were 67.92% and 22.36 mg/g,
respectively, which showed good agreement between
predicted and experimental data. Through the ANOVA
data and parameter investigation in this study, it was
concluded that the efficiency of the optimal adsorbent in
removing the cationic dye MB surpassed that of the
anionic dye MO, promoting the industrial application of
modified wheat straw at achieved optimal conditions.
The adopted approach was very effective and the results
obtained indicated that the Taguchi method provided
high percentage of MB removal values based on several
scenarios given by the software.

3.4.4. Kinetics, 1sotherms and thermodynamic study
for MB adsorption

Kinetics: The linear plots depicting the three kinetic
models for MB adsorption, namely pseudo-first-order,
pseudo-second-order, and intraparticle diffusion, can be
observed in Figs. 8(a-c). The corresponding calculated
parameters are detailed in Table 2. Notably, the R?
values associated with the pseudo-second-order model
approached unity, surpassing the regression coefficients
of the other models. This suggests that the pseudo-
second-order model provides a superior description of
the adsorption kinetics, as evidenced by the close match
between the experimental (qe,=53.02) and calculated
(0ca=55.55) values derived from this model. The pseudo-

Q
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Fig. 7. Effect of pH, adsorbent dosage and dye concentration on adsorption of MB (a-c) and MO (d-f)

second-order model implies a dual-reaction mechanism,
with the initial reaction achieving equilibrium rapidly,
followed by a slower, prolonged secondary reaction.
This model indicates that the adsorption process is
contingent upon the availability of surface sites on the
adsorbent and that the rate-limiting step involves surface
adsorption, specifically chemisorption.

Isotherms: The adsorption isotherms for MB are
depicted in Figs. 8(d-f), using the optimal conditions
derived from the Taguchi experimental design at
concentrations of 20, 40, 60, and 80 mg/L, an adsorbent
dosage of 0.05 g, pH of 12, and an equilibrium contact
time of 45 minutes. Analysis of the coefficients in Table

Water and Wastewater
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3 revealed that the Freundlich model, with a regression
coefficient of R?=0.9915, exhibited a superior fit to the
experimental data compared to the Langmuir and
Temkin isotherms. The Freundlich equation is applicable
to both homogeneous and heterogeneous surfaces,
suggesting multilayer adsorption. According to this
model, surface concentration never reaches saturation
with increasing solute concentration due to the presence
of surface sites with high free energy for adsorption. The
parameter 'n' in this equation signifies the desirability of
adsorption, with values of 'n">1 indicating a favorable
adsorption process and ‘'n'<l indicating a weak
adsorption potential (Sheikhmali et al., 2024). The value
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Table 5. ANOVA table for Taguchi regression model: a) R(%), b) q;

a) Removal percent as response

Source DF Seq. SS Variance PS Contribution (%)
MB MO MB MO MB MO MB MO MB MO

A 2 2 4.553 61.932 2276  30.966 4515 61.554 23.05 57.55

B 2 2 11.072 28.813 5.536 14.406 11.034  28.435 56.32  26.59

C 2 2 3.929 15.829 1964 7914 3.891 15.451 19.86 1445

Error 2 2 0.037 0.377 0.018 0.188

Total 8 8 19.594  106.954

b) Adsorption capacity as response

Source DF Seq. SS Variance PS Contribution (%)
MB MO MB MO MB MO MB MO MB MO

A 2 2 4.555 66.204 2277  33.102 4518 57.814 2.574 24.19

B 2 2 73.239 39.604 36.619 19.802 73.201  31.215 41.720 13.06

C 2 2 97.637 124.829 48.818 62.414 97.599 116.439 55.620 48.71

Error 2 2 0.036 8.388 0.018 4.194

Total 8 8 175.469  239.027

DF: Degree of Freedom, Seq. SS: Sequential Sum of Squares, PS: Pure Sum

Table 6. Optimal conditions for MB and MO adsorption based on R% and g,

MB MO
(R%) 0. (Mg/g) (R%) 0. (Mg/g)
pH 12 12 2 2
Adsorbent dosage (g) 0.15 0.05 0.15 0.05
Dye initial Conc. (mg/L) 25 75 25 75
Expected value 114.70 52.80 71.94 25.40
Actual value 98.85 53.29 67.92 22.36

of 'KF' denotes the adsorption capacity, and for this
study, a value of 'n'=2.151 indicates the favorable nature
of MB adsorption by the adsorbent.

Thermodynamics: The In Ky versus 1/T plots are
shown in Fig. 9 and the thermodynamic parameters
computed from these plots are given in Table 7. These
parameters provide insights into the spontaneity,
feasibility, and nature of the adsorption process The
results indicate that the negative Gibbs free energy
values across all tested temperatures signify the
spontaneous nature of the MB adsorption process on the

Water and Wastewater

Vol. , No. ,2025

adsorbent surface. In addition, the values of AG® in the
range of —20 to O kJ/mol indicating that the
physisorption is the dominating mechanism in this
process. Additionally, the positive enthalpy value
suggests that the adsorption process is endothermic,
aligning with the observed increase in adsorption with
rising temperature. The positive entropy value implies an
enhanced likelihood of collision between dye molecules
and the adsorbent surface, indicating an increased
tendency for the adsorbent to adsorb MB dye molecules
through diffusion (Sheikhmali et al., 2024).
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Fig. 8. Linear regression of kinetic models for the MB adsorption process using (a) pseudo-first-order model, (b)
pseudo-second-order model, (c) intraparticle diffusion model; and linear regression of isotherm models for the MB
adsorption process using (d) Langmuir, (e) Freundlich, and (f) Temkin models
Table 7. Thermodynamic parameters for MB adsorption
T (K) Ky AG° (KJ/mol) AHP° (KJ/mol) AS° (J/mol.K)
MB MO MB MO MB MO MB MO
298 3.799 1.325 -3.307 -2.132 42.169 20.94 152.45 72.483
308 5.408 1.542 -4.322 -1.099
318 11.012 2.240 -6.342 -0.697

3.4.5. Kinetics, 1sotherms and thermodynamics study
for MO adsorption

Kinetics: Drawing upon the results outlined in Table 2,
it was determined that the R? values associated with the
pseudo-second-order model surpassed those of other

Water and Wastewater

Vol. , No. , 2025

models. Consequently, the adsorption kinetics are more
accurately depicted by the pseudo-second-order model.
The coefficients derived from this model indicate that
the maximum adsorption capacity of MO on the
adsorbent is 21.69 mg/g, with adsorption occurring
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through two parallel reactions: a rapid initial reaction
followed by a slower reaction that necessitates more
time. As per this model, it can be inferred that the
chemical adsorption mechanism prevails over physical
adsorption and is characterized by a single-layer
adsorption process.

Isotherms: The adsorption isotherms illustrate the
relationship between the amount of adsorption and the
quantity of adsorbate present. Analysis of the results in
Table 3 reveals that the R® value for the Freundlich
isotherm surpasses that of the other two models,
suggesting a stronger alignment of this model with the
experimental data. Based on this model, it can be
inferred that the adsorption process of MO involves
unlimited surface coverage and multilayer adsorption on
the surface. The inhomogeneity factor n, with a value
greater than 1, signifies the favorable nature of MO
adsorption by the adsorbent. Furthermore, this model

3 A
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= ue
2.5 1 °. Re=0.9986 AMethyl Orange
o I
g . ....‘ ......
S y=-25195x+87182 e °
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Fig. 9. Linear regression of the Van-Hoff equation to
study the thermodynamic behavior of MB and MO
adsorption process

does not offer insights into the saturation of the
adsorbent surface by the adsorbate.

Thermodynamics: As per the linear diagram
depicted in Fig. 9 and the thermodynamic calculations
showed in Table 7, the negative Gibbs free energy values
observed within the tested temperature range suggest the
favorable nature of the adsorption process. Furthermore,
the escalation of these values at higher temperatures
signifies the heightened affinity of dye molecules and the
dehydration reaction with the adsorbent surface, thereby
facilitating their interaction and subsequently enhancing
adsorption. The positive AHe value indicates that the
adsorption of MO on the adsorbent is endothermic,
implying a robust chemical bond between the dye
molecules and the adsorbent surface. Additionally, the
positive ASe value points towards an increase in disorder
and ion exchange, contributing to the stability of the
adsorption process and inducing certain structural
alterations on the adsorbent surface.
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3.5. Mechanistic 1nsights and

performance comparison

The superior adsorption performance of the NaOH-
ultrasound-modified wheat straw ash arises from
combined chemical and physical mechanisms. Alkali
treatment removes lignin and hemicellulose, exposes
additional —OH and oxygen-containing groups, and
increases pore accessibility, as supported by FTIR and
BET results. Ultrasound intensifies these effects through
acoustic cavitation, where collapsing microbubbles
generate microjets and shock waves that fracture cell-
wall structures, remove pore-blocking residues, and
create new micro-/mesopores, producing a clear
synergistic improvement. The higher affinity toward
cationic MB is governed by electrostatic attraction
between MB* and the negatively charged surface
(pHpc=7.5), whereas MO~ experiences partial repulsion.
The excellent fit to pseudo-second-order kinetics and the
Freundlich isotherm indicates a surface-controlled
mechanism  involving  heterogeneous  multilayer
adsorption. Thermodynamic parameters (negative AG®,
positive AH® and AS°) further confirm that the process is
spontaneous, endothermic, and associated with increased
interfacial disorder. Together, these mechanisms explain
the enhanced adsorption capacity of the modified
adsorbent.

The maximum adsorption capacity obtained for MB
using the NaOH-ultrasound—modified wheat straw ash
(WSA-U-NaOH) in this study (gmax=53.29 mg/g)
demonstrates a considerable improvement over many
low-cost lignocellulosic biosorbents reported in the
literature. Untreated or mildly activated agricultural
residues such as banana peel, orange peel, and date palm
leaves typically exhibit MB adsorption capacities in the
range of 20-55 mg/g, placing the performance of WSA-
U-NaOH at the upper end of naturally derived
adsorbents (Annadurai et al., 2002; Zainol et al., 2022).
Even compared with alkali-treated sawdust, sugarcane
bagasse, and wheat straw, which generally Show Qmax
values between 30-70 mg/g depending on treatment
severity, the present adsorbent performs competitively
(Hokkanen et al., 2016; Ofomaja, 2008). Although
strongly  acid-functionalized or highly activated
biosorbents such as H,SO,-treated coconut shell can
reach much higher capacities (up to ~174 mg/g), these
materials involve harsher chemicals, higher processing
costs, or more complex synthesis routes (Jawad et al.
2020). Thus, the adsorption capacity achieved in this
work is notable given the simplicity, low environmental
burden, and synergistic effect of combined NaOH and
ultrasound modification. These findings highlight that
the structural enhancement and increased surface
accessibility resulting from alkali—ultrasonic treatment
allow WSA-U-NaOH to rival or surpass many
conventional low-cost adsorbents reported for MB
removal.

Although this study demonstrates the effectiveness of
NaOH-ultrasound-modified wheat straw ash for dye
removal, further research is needed to evaluate its

adsorption
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regeneration potential, structural stability, and adsorption
capacity over multiple reuse cycles. Assessing the
adsorbent’s performance in real wastewater matrices
with competing ions and variable physicochemical
conditions would also enhance practical relevance.
Future studies may extend the application of this
material to additional pollutants such as heavy metals,
pharmaceuticals, and emerging contaminants. Moreover,
investigations under dynamic conditions (fixed-bed or
continuous-flow systems) and preliminary techno-
economic assessments of the ultrasonic modification
process are recommended to support scale-up and
industrial implementation.

4. Conclusion

This study demonstrates that wheat straw and its ash can
be effectively transformed into high-performance
biosorbents for dye removal through simple and
environmentally friendly modification strategies. Among
the tested materials, the NaOH-ultrasound—-modified

adsorption performance, achieving maximum capacities
of 53.29 mg/g for MB and 22.36 mg/g for MO under
optimized conditions determined by the Taguchi design.
Kinetic, isotherm, and thermodynamic analyses
confirmed that adsorption proceeds through a surface-
controlled process with heterogeneous multilayer
interactions  and occurs  spontaneously  and
endothermically for both dyes. When compared with
lignocellulosic biosorbents reported in the literature,
WSA-U-NaOH performs competitively and, in many
cases, surpasses conventional low-cost agricultural
residues, underscoring its potential as an efficient and
economically viable adsorbent. The modification
approach used in this work offers a practical route for
valorizing wheat straw waste while reducing dye
pollution in wastewater systems. Future research should
focus on exploring regeneration performance, long-term
stability, and scale-up potential to broaden the
applicability of the developed adsorbent.

wheat straw ash (WSA-U-NaOH) exhibited the highest
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