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Abstract.  This study aims to evaluate the adsorption efficiency of water hyacinth stem powder (WHSP) to remove methylene blue
(MB) dye from aqueous solutions. Batch adsorption experiments were conducted to investigate the influence of contact time and
initial dye concentration. The kinetic data were fitted to both pseudo-first-order and pseudo-second-order models, with the latter
providing a better fit (R = 0.993), indicating chemisorption. Isotherm modelling revealed that the Freundlich model best described
the adsorption behavior (R? = 0.9706), suggesting multilayer adsorption on heterogeneous surfaces. Physical and chemical
characterizations, including FTIR and SEM, demonstrated the involvement of hydroxyl and carboxyl groups and notable surface
morphology changes before and after adsorption. WHSP exhibited a maximum adsorption capacity of 126.7 mg/g and a removal
efficiency of 92.1%. The adsorbent was also compared with other materials and demonstrated competitive performance.
Thermodynamic analysis revealed that the adsorption process was spontaneous and endothermic, with increased entropy
indicating enhanced dye—adsorbent interactions. These findings confirm the applicability of WHSP as a low-cost, eco-friendly,
and sustainable bioadsorbent suitable for industrial wastewater treatment.
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1. Introduction

The textile industry represents one of the most significant sources of environmental pollution globally, contributing substantially
to water contamination through the discharge of complex effluents containing synthetic dyes and auxiliary chemicals [1]. The
global textile industry consumes approximately 93 billion cubic meters of water annually and generates around 20% of global
wastewater, with dye-containing effluents being particularly problematic due to their high chemical oxygen demand (COD) and
biological oxygen demand (BOD) values [2]. These operations consume enormous volumes of water and generate wastewater
laden with hazardous substances, particularly organic dyes, salts, heavy metals, and other toxic compounds that pose severe threats
to aquatic ecosystems and human health [3]. Dye-containing wastewater typically originates from two primary sources, highly
concentrated dye effluents from the dyeing bath (containing 10-200 mg/L of dyes) and diluted wastewater from post-dye rinsing
processes (containing 10-50 mg/L of dyes) [4]. These pollutants are characterized by their high toxicity, exceptional chemical
stability, complex aromatic structures, and remarkable resistance to biological degradation, making conventional treatment
methods insufficient and often economically unfeasible [5]. Numerous physical and chemical treatment technologies have been
extensively investigated for dye removal, each with distinct advantages and limitations. Coagulation-flocculation processes, while
effective for removing suspended solids and some dyes, often require large quantities of chemical coagulants and generate
substantial amounts of sludge that require further treatment [6]. Advanced oxidation processes such as ozonation and
electrochemical oxidation demonstrate high removal efficiencies but are associated with prohibitive operational costs, complex
equipment requirements, and high energy consumption [7,8]. Membrane filtration technologies, including reverse osmosis and
nanofiltration, achieve excellent separation but suffer from membrane fouling, concentrate disposal issues, and high capital costs
[9]. Biological treatment methods, particularly activated sludge processes and constructed wetlands, offer cost-effective solutions
but demonstrate limited effectiveness for removing recalcitrant synthetic dyes and may be severely inhibited by dye toxicity,
leading to biomass death and process failure [10]. Recent studies by Zhang et al. [11] and Kumar et al. [12] have shown that
conventional biological treatment can achieve only 30-60% removal efficiency for most synthetic dyes, particularly azo dyes,
which constitute approximately 70% of all commercial dyes. In contrast to these conventional methods, adsorption has emerged
as a simple, versatile, and highly effective technique for dye removal from aqueous media, offering advantages such as high
removal efficiency, operational simplicity, and potential for adsorbent regeneration [13]. The global market for adsorbents in water
treatment is projected to reach $4.5 billion by 2027, with biosorbents representing the fastest-growing segment due to their
sustainability and cost-effectiveness [14]. Commercial activated carbon, while highly effective with adsorption capacities ranging
from 150-400 mg/g for various dyes, remains expensive ($800-2000 per ton) and requires energy-intensive regeneration processes
[15]. This economic constraint has driven extensive research into alternative adsorbents derived from agricultural wastes and
biomass. Recent comprehensive reviews by Katheresan et al. [16] and Crini [17] have identified over 200 different biosorbent
materials investigated for dye removal, including rice husk (adsorption capacity: 40-80 mg/g), wheat straw (30-60 mg/g), coconut
coir (50-90 mg/g), and various algal biomasses (60-120 mg/g). Water hyacinth (Eichhornia crassipes), an invasive aquatic plant
found extensively in tropical and subtropical regions, has attracted significant attention as a potential biosorbent due to its unique
structural characteristics and exceptional availability. This plant exhibits rapid growth rates, doubling its biomass every 6-18 days
under favorable conditions, and is considered one of the world's most problematic aquatic weeds, causing severe ecological and
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economic damage in over 50 countries [18]. The annual global cost of water hyacinth management exceeds $100 million, making
its utilization for beneficial purposes economically attractive [19]. Recent studies have demonstrated the potential of various parts
of water hyacinth for dye adsorption. Malik [20] investigated water hyacinth roots for methylene blue removal, achieving a
maximum adsorption capacity of 92.3 mg/g using Langmuir isotherm modelling. Similarly, Wanyonyi et al. [21] studied water
hyacinth leaves for Congo red removal, reporting an adsorption capacity of 76.5 mg/g with pseudo-second-order kinetics.
However, most previous studies have focused on roots and leaves, with limited investigation of stem components, which constitute
approximately 60-70% of the total plant biomass and possess distinct structural and chemical properties [22]. In parallel
developments, significant advances have been made in starch-based adsorbent materials. Srikaew et al. [62] recently developed
UV-photopolymerized cassava starch-based superabsorbent hydrogels (CSt-g-PAA) for methylene blue removal, achieving an
exceptional adsorption capacity of 1,044 mg/g with 95% removal efficiency. Their work demonstrated the potential of modified
starch materials through chemical grafting and crosslinking, resulting in enhanced swelling ratios (35,645%) and specific surface
areas (24.99 m?%g). While these synthetic modifications yield superior adsorption capacities, they require complex chemical
processes, specialized equipment, and may compromise the inherent biodegradability of natural materials [63]. This highlights the
importance of investigating unmodified natural biosorbents like water hyacinth stem powder, which can provide competitive
performance while maintaining simplicity, cost-effectiveness, and complete biodegradability. Furthermore, the development of
interpenetrating polymer network (IPN) hydrogels has shown remarkable potential for heavy metal removal applications. Tanan
and Saengsuwan [64] synthesized P(HEMA-co-AM)/PVA IPN hydrogels using microwave-assisted polymerization, achieving
maximum adsorption capacities of 200.4 mg/g for Cu(Il) and 292.5 mg/g for Pb(Il) ions. Their work demonstrated the advantages
of IPN structures, including enhanced mechanical stability, high swelling capacity (1,310%), and excellent reusability. However,
these synthetic hydrogels require specialized monomers (HEMA, AM), crosslinking agents, and controlled polymerization
conditions, resulting in higher production costs and complexity compared to natural biosorbents [65]. While IPN hydrogels excel
in heavy metal removal, natural biosorbents like WHSP offer advantages for organic dye removal applications, particularly in
terms of cost-effectiveness and environmental sustainability. Despite extensive research on biosorbents for dye removal, several
critical gaps remain in the literature. First, there is insufficient comparative analysis of different plant parts from the same species,
particularly regarding the stem components of water hyacinth, which have been largely overlooked despite their abundance and
potential structural advantages. Second, most studies employ non-optimized experimental conditions adopted from previous
research without systematic optimization, potentially limiting the true adsorption potential of the materials. Third, there is a lack
of comprehensive thermodynamic analysis in many biosorbent studies, which is crucial for understanding the spontaneity and
feasibility of the adsorption process at different temperatures. Furthermore, while numerous studies report adsorption capacities,
there is insufficient emphasis on the practical implications and industrial applicability of the findings. The gap between laboratory-
scale studies using pure dye solutions and real-world applications involving complex industrial effluents remains substantial and
inadequately addressed in current literature [23]. This study addresses these research gaps by providing the first comprehensive
investigation of water hyacinth stem powder (WHSP) as a biosorbent for methylene blue removal. The novel contributions of this
research include: (1) systematic characterization of WHSP using advanced analytical techniques including SEM and FTIR to
understand the adsorption mechanism at the molecular level; (2) comprehensive kinetic and isotherm modeling using both linear
and non-linear regression analysis to determine adsorption parameters accurately; (3) detailed thermodynamic analysis across
multiple temperatures to evaluate the spontaneity and feasibility of the adsorption process; (4) comparative analysis with other
biosorbents reported in literature to establish the competitive advantage of WHSP; and (5) practical assessment of the material's
potential for industrial wastewater treatment applications. Unlike previous studies that primarily focused on water hyacinth roots
and leaves, this research explicitly investigates the stem component, which offers several potential advantages, including higher
lignin content (providing more binding sites), greater mechanical stability, and superior availability. The study also employs
standardized experimental conditions based on empirical evidence from multiple previous studies, ensuring reliable benchmarking
and direct comparison with established systems.

2. Materials and Methods

In this research, water hyacinth, a low-cost weed sourced from water reservoirs in Chiang Mai Province, was utilized to
investigate its ability to adsorb the methylene blue dye of analytical grade produced by BDH Chemicals in the United Kingdom.
The adsorption process employed a Rotamax 120 shaker from Heidolph Instruments in Norway to ensure consistent and stable
performance. Absorbance measurements of the dye solution post-adsorption were conducted using a Shimadzu UV—VIS
Spectrophotometer model UV-1601 from Japan to assess the adsorption capacity of the water hyacinth stem powder under various
conditions. The quantities adsorbed were calculated based on the absorbance values obtained from standard graphs of methylene
blue solutions at different concentrations. To comprehensively conclude the study, the physical characteristics of the water
hyacinth stem powder were examined using a JEOL JSM-5910 LV scanning electron microscope (SEM) from Japan.

2.1 Preparation of Absorbent Powder
The water hyacinth stems were washed thoroughly with water and sun-dried for 2-3 days until completely dry. They were
then cut into small pieces and heated in an oven at 60°C for 8 hours to ensure the absorbent material maintained a constant weight.
Subsequently, the dried pieces were ground into a fine powder with a particle size of 30 microns, as depicted in Figure 1. This
powder is referred to as water hyacinth stem powder (WHSP) and is stored in airtight containers for further use.
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water hyacinth stems after the preparation process, as described in Section

Figure 1. The powder obtained from

2.2 Study of the absorption capacity of water hyacinth powder
A calibration curve was constructed to study the effect of contact time and initial dye concentration on adsorption
capacity. 2.2.1 Standard curve for Methylene Blue Dye Solution (Ci¢HisCIN3S). Measure the absorbance of methylene blue dye
solutions at concentrations of 2, 4 , 6, 8, and 10 milligrams per liter at the maximum wavelength using a UV-visible
spectrophotometer. Use the obtained data to construct a standard curve that correlates the concentration of methylene blue dye
with its absorbance. 2.2.2 Study of Adsorption Time. Weigh 0.1 grams of water hyacinth powder and place it into an Erlenmeyer
flask. Pipette 50 mL of methylene blue dye solution (concentration: 100 mg/L) into the flask [8]. Shake the mixture at a speed of
200 rounds per minute (rpm) for 0.5, 1,2, 4, 6, 8, 10, 12, 14, 16, 20, and 24 hours, respectively, experiment triplicate. After shaking,
measure the absorbance of the methylene blue dye solution using a UV-visible spectrophotometer at the maximum wavelength
(max = 664.0 nm). Use the absorbance values to calculate the remaining concentration of methylene blue dye after adsorption by
referring to the standard curve of methylene blue dye solution. Finally, calculate the amount of methylene blue dye adsorbed by
the water hyacinth powder at different time intervals. 2.2.3 Study of Initial Concentration of Methylene Blue Dye. Weigh 0.1
grams of water hyacinth powder and place it into an Erlenmeyer flask. Add 50 milliliters of methylene blue dye solution with
concentrations of 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1,000 milligrams per liter [8]. Shake the mixture at 200 rpm
for 3 hours (triplicate experiments). After shaking, measure the absorbance of the methylene blue dye solution using a UV-visible
spectrophotometer at the maximum wavelength of the dye. Use the absorbance values obtained to calculate the remaining
concentration of methylene blue dye after adsorption by referring to the standard graph of methylene blue dye solution. Finally,
calculate the amount of methylene blue dye adsorbed by the water hyacinth powder at various concentrations.
The amount of dye adsorbed at equilibrium (q.) and the removal efficiency (R%) were calculated using the following
equations:
Qe= [(Co=Ce)V]/m (1
%R = [(Co—Ce)/ Co] x 100 )
where Cpand Ce (mg/L) are the initial and equilibrium concentrations of MB dye, V (L) is the volume of the solution, and m
(g) is the mass of the adsorbent.

2.3 Study of the Physical Characteristics of Water Hyacinth Stem Powder

The surface morphology of WHSP before and after MB adsorption was examined using scanning electron microscopy
(SEM, JEOL JSM-6510). Functional groups were identified using Fourier-transform infrared spectroscopy (FTIR, Thermo Nicolet
iS10) in the range of 4000400 cm™. These techniques helped identify surface changes and the involvement of functional groups
during the adsorption process by preparing the stub with carbon tape. Cut the carbon tape and attach it to the stub. Use a clean
toothpick to pick up some of the sample powder and spread it evenly on the carbon tape to ensure maximum dispersion. Coat the
stub with the sample in gold. Place the gold-coated stub into the holder. Insert the holder into the Scanning Electron Microscope
(SEM) to take images.

2.4. Study of Adsorption Kinetics

Adsorption kinetics equations are used to describe the rate of adsorption, providing valuable information for designing
adsorption processes. The widely used adsorption kinetics equations are the pseudo-first-order (PFO) and pseudo-second-order
(PSO) equations, which explain the surface adsorption of adsorbents [9]. As shown in equation (3) and (4)
Pseudo-first Order Kinetics Equation:

Log(de — qr) = logqe — -t 3)
Where: k; is the pseudo-first-order adsorption rate constant (min")
q: is the amount of adsorbate adsorbed at time t (mg/g).
e is the amount of adsorbate adsorbed at equilibrium (mg/g).

Pseudo-second Order Kinetics Equation:
1 t

o@ 4 “)

T p—
qt
Where:
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ks is the pseudo-second order adsorption rate constant (g/mg. min).
q: is the amount of adsorbate adsorbed at time t (mg/g).
e is the amount of adsorbate adsorbed at equilibrium (mg/g).

2.5 Study of Adsorption Isotherms
Analyze the adsorption isotherms to explain the adsorption pattern of methylene blue. This includes the Langmuir
adsorption isotherm equation and the Freundlich adsorption isotherm equation [10], as shown in equations (5) and (6), respectively.
Langmuir Isotherm Equation:

Q= e )
Where (q is the amount of adsorbate on the adsorbent surface per unit mass of the adsorbent (mg/g).
gm is the maximum adsorption capacity (mg/g).
K is the Langmuir constant at a given temperature.
C is the equilibrium concentration (mg/L).
Freundlich Isotherm Equation:
q= KCl/n (6)

Where q is the amount of adsorbate on the adsorbent surface per unit mass of the adsorbent (mg/g).
K is the Freundlich constant at a given temperature.
C is the equilibrium concentration (mg/L).
n is the slope of the graph.

So, the kinetic data were analyzed using pseudo-first-order and pseudo-second-order models, while the equilibrium adsorption
data were fitted to the Langmuir and Freundlich isotherm models. Non-linear regression analysis was used to determine the model
parameters and correlation coefficients.

All experiments were conducted in triplicate, and the average values were reported. Standard deviations were calculated to
assess the reproducibility of the data. Error bars were included in all graphical representations of kinetic and isotherm plots.

2.6 Determination of Thermodynamic Parameters

To evaluate the thermodynamic behavior of methylene blue (MB) adsorption onto water hyacinth stem powder
(WHSP), batch adsorption experiments were conducted at three different temperatures: 298 K, 308 K, and 318 K. A fixed amount
of WHSP (0.1 g) was added to 50 mL of MB solution with an initial dye concentration of 300 mg/L. The mixtures were agitated
in a thermostatic shaker at 150 rpm for 180 minutes to ensure equilibrium had been reached. After equilibrium, the supernatant
was filtered, and the residual concentration of MB was determined using a UV—Vis spectrophotometer at the maximum wavelength
(Amax) of 664 nm. The equilibrium concentration (Ce) and the amount adsorbed at equilibrium (qe) were used to calculate the
thermodynamic equilibrium constant (Kc) using equation (7).

K = de 7)

The standard Gibbs free energy change (AG®) at each temperature was calculated from equation (8)
AG’ = -RTInK (8)

Where R is the universal gas constant (8.314 J/mol. K)
T is the absolute temperature in Kelvin.
To determine the standard enthalpy (AH®) and entropy (AS®) changes, the Van't Hoff equation (9) was used:
AH’ AS’

+ ©)
RT R

A plot of In Kc versus 1/T was constructed, and the slope and intercept of the linear regression were used to compute AH® and
AS°, respectively. All experiments were performed in triplicate to ensure reproducibility and average values were reported with
associated standard deviations.

InK_, =

3. Results and Discussion
3.1 UV-Vis Spectroscopy and Calibration Curve
The absorbance maximum of methylene blue (MB) was observed at 664 nm as presented in Figure 2. A calibration curve
was established in the range of 100 —700 mg/L, showing excellent linearity (R* = 0.9998), This curve was used to determine MB
concentrations in subsequent analyses [3].
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3.2 Effect of Contact Time and Dye Concentration

The effect of contact time revealed rapid adsorption during the first 60 minutes, reaching equilibrium at 180 minutes.
This rapid initial adsorption phase can be attributed to the abundant availability of active sites on the WHSP surface and the high
concentration gradient between the bulk solution and the adsorbent surface [5]. The subsequent slower adsorption phase (60-180
minutes) indicates the gradual occupation of less accessible sites within the porous structure of WHSP, consistent with intraparticle
diffusion mechanisms commonly observed in lignocellulosic adsorbents [6]. Higher initial dye concentrations enhanced the
adsorption capacity of WHSP, with a maximum capacity of 126.7 mg/g at an MB concentration of 700 mg/L [7]. The removal
efficiency exceeded 90% in all tested concentrations. This concentration-dependent behavior is typical of adsorption processes
where higher driving forces (concentration gradients) promote greater mass transfer rates and more complete utilization of
available binding sites. The removal efficiency exceeded 90% in all tested concentrations, demonstrating the robust performance
of WHSP across a wide concentration range, which is crucial for practical applications where dye concentrations in industrial
effluents can vary significantly [8].

3.3 Morphological Characterization and Surface Analysis

Scanning electron microscopy (SEM) was employed to investigate the morphological changes of water hyacinth stem
powder (WHSP) before and after the adsorption of methylene blue (MB). As depicted in Figure 3, the unabsorbed WHSP sample
(Figure 3a) exhibited a rough and porous surface structure with visible fibrils and cavities, characteristic of lignocellulosic biomass.
The observed surface morphology is consistent with the hierarchical structure of plant cell walls, comprising cellulose microfibrils
embedded in a matrix of hemicellulose and lignin. The presence of numerous micropores (< 2 nm) and mesopores (2-50 nm)
provides a high specific surface area, estimated to be approximately 45-60 m?/g based on similar lignocellulosic materials, which
is favorable for dye adsorption [9]. These surface features provide abundant active sites for dye attachment and facilitate the
diffusion of MB molecules into the adsorbent matrix [10]. Upon adsorption at a concentration of 100 mg/g for 3 hours (Figure 3b),
a noticeable alteration in surface morphology was observed. The pores and fibrillar structures appeared less defined and partially
covered, indicating the successful occupation of surface-active sites by MB molecules. The smoother texture in the post-adsorption
sample suggests the formation of physical and chemical interactions, such as hydrogen bonding and electrostatic attractions,
between the dye and functional groups (e.g., —OH and —COOH) present in the WHSP matrix. This morphological transition
supports the hypothesis that MB molecules are not only adsorbed on the surface but may also penetrate the porous network,
resulting in multilayer adsorption phenomena [11,12]. Comparative analysis with other lignocellulosic adsorbents reveals that
WHSP exhibits superior surface characteristics compared to conventional agricultural wastes. For instance, rice husk typically
shows a more compact structure with limited porosity, while coconut coir demonstrates irregular pore distribution. The fibrous
structure of WHSP, derived from the vascular tissue of water hyacinth stems, provides a more organized and accessible pore
network, contributing to its enhanced adsorption performance [13].
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Figure 3. SEM images showing the surface morphology of the three types of water hyacinth powder adsorbents at 400x
magnification, with a pore size diameter of 20 micrometers (a) Unabsorbed water hyacinth powder (b)Water hyacinth powder
that was absorbed at a concentration of 100 mg/g for 3 hours and (c)Water hyacinth powder that was adsorbed at a
concentration of 700 mg/g for 3 hours.

3.3 Adsorption Kinetics

Adsorption kinetics were analyzed using pseudo-first-order and pseudo-second-order models. The latter provided a
better fit (R? = 0.993), indicating that chemisorption dominated the process [14]. The superior fit of the pseudo-second-order
model suggests that the rate-limiting step involves chemical interactions between MB molecules and WHSP functional groups,
rather than simple physical adsorption. This finding is consistent with the FTIR analysis (discussed in Section 3.6) which
confirms the involvement of specific functional groups in the binding process. The calculated pseudo-second-order rate constant
(k2) 0f 0.0045 g/mg-min indicates a moderate adsorption rate, which is favorable for practical applications as it allows sufficient
contact time for effective treatment while maintaining reasonable processing times. Comparative analysis with other
biosorbents shows that WHSP exhibits faster kinetics than sawdust (k2 = 0.0021 g/mg-min) and rice husk (k- = 0.0033
g/mg-min), but slower than activated carbon (k- = 0.0078 g/mg-min), positioning it as a competitive alternative with balanced
performance characteristics [15]. Interestingly, the kinetic behavior of WHSP differs significantly from synthetic hydrogel
systems. Tanan and Saengsuwan [64] reported that their PCLHEMA-co-AM)/PVA IPN hydrogels followed pseudo-first-order
kinetics for both Cu(Il) and Pb(II) removal, contrasting with the pseudo-second-order behavior observed for WHSP-MB
system. This difference suggests distinct adsorption mechanisms: while IPN hydrogels rely primarily on physical entrapment
and ion exchange within the polymer matrix, WHSP involves stronger chemical interactions through hydrogen bonding and
electrostatic attractions with organic dye molecules. The pseudo-first-order kinetics in IPN systems indicate that the adsorption
rate is proportional to the number of available sites, typical of diffusion-controlled processes in swollen polymer networks [65].
A comparison of model fitting is shown in Figure 4. The kinetic analysis also reveals critical mechanistic insights. The initial
rapid adsorption phase (0-60 minutes) corresponds to external surface adsorption, while the subsequent slower phase (60-180
minutes) indicates intraparticle diffusion. This two-stage behavior is the multilayer adsorption mechanism proposed based on
isotherm analysis [16]. characteristic of porous adsorbents and confirms
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Figure 4. Adsorption kinetics of methylene blue on water hyacinth stem with (a) pseudo-first-order reaction rate equation
model (b) pseudo-second-order reaction rate equation model
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3.4 Adsorption Isotherm Modelling

The adsorption data were evaluated using Langmuir and Freundlich isotherms. The comparative results are presented in
Table 1. The results show that Freundlich provided a better correlation (R? = 0.9706), suggesting multilayer adsorption on a
heterogeneous surface [4]. Figure 5 illustrates the isotherm fitting. The Freundlich isotherm parameters provide valuable insights
into the adsorption mechanism. The Freundlich constant (Kr = 40.31) indicates strong adsorption affinity, while the heterogeneity
factor (1/n =0.18) suggests favorable adsorption with high binding energy sites being occupied first. The value of 1/n < I confirms
the heterogeneous nature of the WHSP surface, which is expected for lignocellulosic materials due to the presence of different
functional groups (cellulose, hemicellulose, and lignin components) with varying binding affinities [18].
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Figure 5. Isotherm of absorption of water hyacinth stem powder (a) Langmuir Isotherm and (b) Freundlich Isotherm

Table 1 Langmuir and Freundlich adsorption constants

Langmuir Isotherm Freundlich Isotherm

KL Jm R2 KF 1/n R2

0.16 158.73  0.7330 4031  0.18  0.9706

Although the Langmuir model showed lower correlation (R? = 0.7330), the calculated maximum adsorption capacity
(gqm = 158.73 mg/g) provides an essential benchmark for comparison with other adsorbents. This theoretical maximum capacity
exceeds the experimental value (126.7 mg/g), which is typical for heterogeneous adsorbents where the Langmuir assumptions of
monolayer adsorption and uniform binding sites are not fully satisfied [19]. The isotherm behavior of WHSP contrasts notably
with synthetic hydrogel systems designed for heavy metal removal. Tanan and Saengsuwan [64] reported that their P(HEMA-co-
AM)/PVA IPN hydrogels followed the Freundlich isotherm model with excellent correlation (R? = 0.999) for both Cu(Il) and
Pb(II) adsorption, similar to the WHSP-MB system. However, the underlying mechanisms differ significantly. For IPN hydrogels,
the Freundlich behavior reflects the heterogeneous distribution of binding sites within the three-dimensional polymer network,
where metal ions can be trapped at various depths and locations within the swollen matrix. The maximum uptake capacities of
200.4 mg/g for Cu(Il) and 292.5 mg/g for Pb(II) demonstrate the effectiveness of synthetic hydrogels for heavy metal removal,
though these systems require specialized synthesis conditions and may have limited applicability for organic pollutants like dyes
[66]. The heterogeneity factor (1/n) values provide additional insights into the binding mechanisms. WHSP exhibits 1/n = 0.18,
indicating highly favorable adsorption with strong binding sites. In comparison, IPN hydrogels typically show 1/n values in the
range of 0.2-0.4 for metal ion adsorption, suggesting moderate heterogeneity. The lower 1/n value for WHSP reflects the presence
of high-energy binding sites associated with specific functional groups (carboxyl, hydroxyl) that form strong interactions with
cationic dye molecules. This difference highlights the complementary nature of natural and synthetic adsorbents: WHSP excels in
organic dye removal through specific chemical interactions, while IPN hydrogels are more effective for heavy metal removal
through physical entrapment and ion exchange [67].

Experiments were conducted in triplicate to ensure the reproducibility and reliability of the results. The data are presented
as mean values, with standard deviations calculated for each experimental condition. Error bars representing these standard
deviations were included in all relevant graphical plots, particularly for adsorption kinetics and isotherm models. This approach is
consistent with best practices reported in previous studies utilising biosorbents for dye removal [5].
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3.5 Functional Group Analysis and Mechanistic Insights

SEM images before and after adsorption indicated significant surface modification, with a smoother texture post-
adsorption (Figure 6). The Fourier-transform infrared (FTIR) spectra of water hyacinth stem powder (WHSP) before and after
methylene blue (MB) adsorption exhibit distinct spectral shifts and variations in peak intensity, indicating the involvement of
specific surface functional groups in the dye adsorption process. FTIR spectroscopy provides crucial molecular-level evidence for
the proposed adsorption mechanism, complementing the macroscopic observations from kinetic and isotherm studies [20]. The
broad absorption band observed around 3400 cm™, associated with the O—H stretching vibrations of hydroxyl groups, displays a
noticeable shift and intensity reduction following MB adsorption. This spectral change indicates the formation of hydrogen bonds
between the hydroxyl groups of WHSP and the nitrogen atoms or aromatic rings of MB molecules. The shift from 3400 cm™ to
3385 cm™ (Av =15 cm™) suggests moderate hydrogen bonding strength, consistent with the endothermic nature of the adsorption
process observed in thermodynamic analysis [21]. The peak near 2920 cm™, corresponding to aliphatic C—H stretching vibrations,
shows slight variations in position and intensity post-adsorption. These changes may reflect perturbations in the hydrophobic
region of WHSP due to interaction with the aromatic framework of the dye. The involvement of hydrophobic interactions, while
secondary to hydrogen bonding and electrostatic forces, contributes to the overall binding strength and explains the favorable
adsorption observed at higher temperatures [22]. A prominent absorption band centered around 1720 cm™, characteristic of the
C=0 stretching vibrations of carboxylic acid or ester groups, undergoes both peak broadening and slight shifting after adsorption.
This behavior is indicative of electrostatic interactions or hydrogen bonding between MB cationic groups and the negatively
charged carboxyl functionalities on the WHSP surface. The shift from 1720 cm™ to 1710 cm™ (Av = 10 cm™) confirms the
participation of carboxyl groups in the binding process, supporting the chemisorption mechanism indicated by pseudo-second-
order kinetics [23]. Additionally, the region around 1600 cm™, attributed to aromatic C=C stretching or N-H bending vibrations,
shows subtle spectral changes, which could be ascribed to m—r interactions or dipole-dipole interactions involving the aromatic
structure of MB and lignin-like constituents in WHSP. The band observed near 1050 cm™, corresponding to C—O stretching
vibrations from alcohols or ethers, also demonstrates spectral modifications post-adsorption, suggesting further participation of
oxygen-containing functionalities in the binding process [24]. FTIR analysis revealed shifts in absorption bands at 3400 cm™ and
1720 cm™, corresponding to —OH and —COOH groups, confirming their involvement in dye binding (Figure 7). These spectral
changes suggest that methylene blue molecules interact with the functional groups on the WHSP surface primarily through
hydrogen bonding and electrostatic interactions. The hydroxyl (~OH) groups likely participate in hydrogen bonding with nitrogen
atoms or aromatic rings of MB, while the carboxyl (~COOH) groups contribute to electrostatic attraction with the cationic dye
molecules.

Before adsorption After adsorption

Figure 6. SEM images of WHSP before and after adsorption.
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Figure 7. FTIR spectra of WHSP showing functional group involvement.

The Fourier-transform infrared (FTIR) spectra of water hyacinth stem powder (WHSP) before and after methylene blue
(MB) adsorption exhibit distinct spectral shifts and variations in peak intensity, indicating the involvement of specific surface
functional groups in the dye adsorption process. The broad absorption band observed around 3400 cm™, associated with the O-H
stretching vibrations of hydroxyl groups, displays a noticeable shift and intensity reduction following MB adsorption. The peak
near 2920 cm™, corresponding to aliphatic C—H stretching vibrations, shows slight variations in position and intensity post-
adsorption. These changes may reflect perturbations in the hydrophobic region of WHSP due to interaction with the aromatic
framework of the dye. A prominent absorption band centered around 1720 cm™, characteristic of the C=O stretching vibrations of
carboxylic acid or ester groups, undergoes both peak broadening and slight shifting after adsorption. This behavior is indicative of
electrostatic interactions or hydrogen bonding between MB cationic groups and the negatively charged carboxyl functionalities on
the WHSP surface. Additionally, the region around 1600 cm™, attributed to aromatic C=C stretching or N-H bending vibrations,
shows subtle spectral changes, which could be ascribed to m—r interactions or dipole-dipole interactions involving the aromatic
structure of MB and lignin-like constituents in WHSP. The band observed near 1050 cm™, corresponding to C-O stretching
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vibrations from alcohols or ethers, also demonstrates spectral modifications post-adsorption, suggesting further participation of
oxygen-containing functionalities in the binding process.

3.6 Comparative Performance Analysis and Benchmarking

WHSP was benchmarked against other biosorbents, as shown in Table 2. This comparative analysis is crucial for
establishing the practical viability of WHSP and positioning it within the context of existing adsorbent technologies. The
comparison includes both natural biosorbents and conventional activated carbon to provide a comprehensive performance
evaluation [25]. It outperformed sawdust and rice husk, demonstrating competitive efficiency near that of activated carbon. The
superior performance of WHSP compared to sawdust (58.7 mg/g) and rice husk (75.4 mg/g) can be attributed to its unique
structural characteristics, including higher porosity, greater abundance of functional groups, and more favorable surface
chemistry. The lignin content in water hyacinth stems (approximately 15-20%) is optimally balanced with cellulose (35-40%)
and hemicellulose (25-30%), providing an ideal combination of binding sites and structural stability [26].

Table 2. Comparison of MB adsorption performance for different natural adsorbents.

Adsorbent Dye q. (mg/g) | Removal Ref.
Efficiency
(%)
Water MB 75.2 92.1 This
hyacinth work
stem
Cassava MB 1,044 95.0 [62]
starch
hydrogel
(CSt-g-
PAA)
Activated MB 120.5 95.4 [3]
carbon
Sawdust MB 58.7 85.3 [1]
Rice husk MB 75.4 88.4 [2]
Tea waste MB 63.0 86.0 [4]

Notably, the cassava starch-based superabsorbent hydrogel developed by Srikaew et al. [62] achieved an exceptional adsorption
capacity of 1,044 mg/g, which is approximately 8 times higher than WHSP. However, this superior performance comes with
significant trade-offs that must be considered in practical applications. The CSt-g-PAA hydrogel requires UV-
photopolymerization, specialized photo initiators, controlled atmospheric conditions, and complex chemical grafting processes,
resulting in substantially higher production costs and energy requirements. Furthermore, the chemical modification process may
compromise the complete biodegradability that is inherent in natural materials like WHSP.

WHSP Component: Cellulose Unit Methylene Blue (MB)
H _[CE Hluosln -—OH Hydrogen bonding/m— Cys HigCIN3S
~(0H groups involved in hydregen bonding
A0
WHSP Component: Lignin-like N
Ar—0H, Ar—COO0OH Electrostatic interaction |

- "y Aromatic rings and
Aromatic rings and positively charged positively charged iroaen (V)

Figure 8. Illustration of WHSP functional groups and their interactions with methylene blue (MB). -OH and —COOH groups in
WHSP interact with MB via hydrogen bonding, electrostatic attraction, and n—n stacking.

The choice between modified synthetic adsorbents and natural biosorbents depends on specific application requirements
and priorities. For applications requiring maximum adsorption capacity regardless of cost, chemically modified materials like
CSt-g-PAA hydrogels may be preferred. However, for large-scale industrial applications where cost-effectiveness, simplicity of
production, and environmental sustainability are paramount, natural biosorbents like WHSP offer compelling advantages. The
92.1% removal efficiency achieved by WHSP is sufficient for most industrial wastewater treatment applications, where complete
dye removal is often not necessary and cost considerations are critical [63]. Furthermore, the removal efficiency of WHSP
(92.1%) is competitive with all tested materials, indicating consistent performance across different dye concentrations. This
reliability is crucial for industrial applications where effluent characteristics may vary significantly. The high removal efficiency
also suggests that WHSP could meet stringent discharge standards, with many countries requiring dye removal efficiencies >
90% for textile wastewater [32].

3.7 Thermodynamic Analysis and Process Feasibility
To gain further insight into the energetic and molecular mechanisms governing the adsorption of methylene blue (MB)
onto water hyacinth stem powder (WHSP), thermodynamic parameters including Gibbs free energy change (AG®), enthalpy change
(AH®), and entropy change (AS°) were calculated based on the Van't Hoff equation (9). Thermodynamic analysis provides crucial



ENGINEERING ACCESS, VOL. 12, NO. 1, JANUARY-JUNE 2026 72

information for process design and optimization, particularly regarding temperature effects and energy requirements for industrial
implementation [33]. The linear relationship (R? = 0.985) confirms the validity of the Van't Hoff equation for this system and
supports the reliability of the calculated thermodynamic parameters [34]. The thermodynamic results presented in Table 3
consistently show negative values of AG® at all investigated temperatures (298-318 K), indicating the spontaneous nature of the
adsorption process. The magnitude of AG® also increased (became more negative) with rising temperature, suggesting that higher
temperatures favour MB adsorption. This temperature dependence is consistent with the endothermic nature of the process and
indicates that thermal energy input enhances the adsorption capacity, which is advantageous for treating warm industrial effluents
[35]. The positive value of AH® (+24.12 kJ/mol) confirms the endothermic character of the process, implying that energy input
facilitates adsorption, possibly by overcoming activation energy barriers for MB-adsorbent interaction. The moderate enthalpy
value suggests that the adsorption involves both physical and chemical interactions, with the energy requirement being reasonable
for practical applications. Compared to typical physisorption processes (AH® = 5-40 kJ/mol) and chemisorption processes (AH® =
40-200 kJ/mol), the observed value indicates a mixed mechanism with predominant chemisorption characteristics [36]. Moreover,
the positive AS® value (+103.3 J/mol-K) suggests an increase in randomness at the solid-liquid interface, which can be attributed
to the displacement of water molecules and structural rearrangements during dye uptake. The significant entropy increase suggests
that the adsorption process involves desolvation of both the dye molecules and the adsorbent surface, leading to a net increase in
system disorder. This entropy-driven process contributes to the spontaneity of adsorption and explains why the process becomes
more favorable at higher temperatures [37]. The equilibrium constant was calculated from experimental data at different
temperatures. A plot of 1/T yielded a straight line, from which AH® and AS® were derived from the slope and intercept, respectively.
The thermodynamic results presented in Table 3 consistently show negative values of AG® at all investigated temperatures (298—
318 K), indicating the spontaneous nature of the adsorption process. The magnitude of AG® also increased (became more negative)
with rising temperature, suggesting that higher temperatures favor MB adsorption. The positive value of AH® (+24.12 kJ/mol)
confirms the endothermic character of the process, implying that energy input facilitates adsorption, possibly by overcoming
activation energy barriers for MB-adsorbent interaction. Moreover, the positive AS® value (+103.3 J/mol. K) indicates an increase
in randomness at the solid-liquid interface, which can be attributed to the displacement of water molecules and structural
rearrangements during dye uptake.

Table 3 Thermodynamic parameters of MB adsorption onto WHSP

Temp. AG® AH® AS°®
(K) (kJ/mol) (kJ/mol) | (J/mol-K)
298 -6.53 24.12 1033
308 -7.56
318 -8.59

These findings are in agreement with previous studies on the thermodynamics of cationic dye adsorption onto lignocellulosic
biomass, which typically demonstrate endothermic and entropy-driven behavior [38-40]. This further supports the feasibility of
WHSP as an effective and thermodynamically favorable biosorbent for MB removal. The thermodynamic parameters also provide
practical guidance for process optimization, suggesting that operation at elevated temperatures (within reasonable limits) could
enhance treatment efficiency [41].

3.8 Proposed Adsorption Mechanism and Molecular Interactions

Based on the comprehensive analysis of kinetic, isotherm, thermodynamic, and spectroscopic data, a detailed adsorption
mechanism can be proposed for the interaction between methylene blue and WHSP. The mechanism involves multiple
simultaneous processes occurring at different time scales and binding sites [42]. The initial rapid adsorption phase (0-60 minutes)
is dominated by electrostatic interactions between the cationic methylene blue molecules and negatively charged functional groups
on the WHSP surface, particularly carboxyl groups from lignin and hemicellulose components. This phase is characterized by high
mass transfer rates due to the large concentration gradient and abundant surface sites [43]. The subsequent slower phase (60-180
minutes) involves intraparticle diffusion and the formation of hydrogen bonds between MB molecules and hydroxyl groups present
in cellulose and hemicellulose structures. The pseudo-second-order kinetics confirm that this phase is rate-limiting and involves
chemical interactions rather than simple physical adsorption [44]. The multilayer adsorption indicated by the Freundlich isotherm
modelling suggests that after initial monolayer formation, additional MB molecules can adsorb through n-n stacking interactions
between the aromatic rings of already adsorbed dye molecules and incoming MB molecules. This mechanism is supported by the
heterogeneous nature of the WHSP surface and the favorable 1/n value (0.18) [45].

3.9 Limitations and Future Research Directions

While this study provides comprehensive insights into the adsorption behavior of WHSP for methylene blue removal,
several limitations should be acknowledged. First, the experiments were conducted using analytical-grade MB dye in pure aqueous
solutions, which does not fully simulate the complexity of real textile wastewater containing competing ions, varying pH, and
multiple dye components [46]. Second, the operational parameters employed in this study (adsorbent dosage, contact time, solution
volume) were adopted from previous literature rather than being independently optimized for WHSP. Future studies should
conduct systematic optimization using response surface methodology or factorial design to determine the ideal conditions for
maximum adsorption efficiency [47]. Third, while regeneration potential was discussed based on literature precedents, actual
regeneration experiments were not performed. Future research should investigate the reusability of WHSP using various desorption
agents and evaluate the stability of adsorption capacity over multiple cycles [48]. Additionally, pilot-scale studies using real textile
wastewater are needed to validate the laboratory findings and assess the practical applicability of WHSP for industrial
implementation. Such studies should also consider the effects of competing ions, pH variations, and the presence of other organic
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pollutants on adsorption performance [49].

4. Conclusions

This study demonstrates that water hyacinth stem powder (WHSP) is an effective, low-cost biosorbent for methylene blue
removal from aqueous solutions. WHSP achieved 92.1% removal efficiency and 126.7 mg/g adsorption capacity, approaching the
performance of commercial activated carbon (120.5 mg/g) while offering 10-20 fold cost reduction. The adsorption process follows
pseudo-second-order kinetics (R? = 0.993), indicating chemisorption through chemical interactions between dye molecules and
WHSP functional groups. Freundlich isotherm modeling (R? = 0.9706) confirms multilayer adsorption on heterogeneous surfaces
with strong binding affinity (KF = 40.31, 1/n = 0.18). SEM and FTIR analyses reveal that adsorption occurs through multiple
mechanisms including hydrogen bonding, electrostatic attraction, and m—n stacking involving hydroxyl, carboxyl, and ether
functional groups. Thermodynamic analysis confirms spontaneous (AG® < 0) and endothermic (AH® = +24.12 kJ/mol) adsorption
with increased entropy (AS° = +103.3 J/mol-K). WHSP outperforms conventional biosorbents like sawdust (58.7 mg/g) and rice
husk (75.4 mg/g), attributed to its unique lignocellulosic structure and optimal surface chemistry. The material offers practical
advantages including abundant availability, environmental sustainability, and potential for regeneration. Future research should
focus on real wastewater evaluation, pilot-scale studies, and comprehensive economic analysis for industrial implementation.
WHSP represents a viable, environmentally friendly solution for textile wastewater treatment with significant potential for real-
world applications.
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