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Abstract
Low-cost and easily recoverable adsorbents are urgently needed for efficient treatment of dye-contaminated wastewa-
ter. In this study, a green magnetic duckweed-derived adsorbent (MDW) was synthesized via co-precipitation of Fe3O4 
nanoparticles (NPs) onto dried duckweed using ascorbic acid (AA) as a reducing agent. The MDW exhibited a maximum 
methylene blue (MB) adsorption capacity of 78.59 mg/g under optimal conditions of pH 10, 50 mg/L initial MB concen-
tration, 10  mg adsorbent dosage, and 60  min contact time, achieving a removal efficiency of 85.27%. Kinetic analysis 
showed that adsorption followed the pseudo-second-order (PSO) model (R² > 0.999), while equilibrium data were best 
described by the Temkin isotherm model, indicating heterogeneous surface interactions. Thermodynamic analysis revealed 
an exothermic and spontaneous process with negative ΔG° values across the temperature range of 298–318 K. The MDW 
retained over 69% of its initial removal efficiency after five regeneration cycles, confirming good reusability. Cost analysis 
estimated the synthesis cost at approximately RM 29.51/kg, highlighting economic feasibility. These findings demonstrate 
that MDW is a sustainable, low-cost, and magnetically recoverable adsorbent with strong potential for scalable wastewater 
treatment applications.

Highlights
	● MDW achieved 78.59 mg/g MB adsorption capacity with easy retrieval using magnet.
	● Retained over 69% efficiency after five regeneration cycle.
	● MDW was produced at RM 29.51/kg using ascorbic acid as reducing agent.

Keywords  Magnetic duckweed · Methylene blue · Wastewater treatment · Adsorption kinetics · Temkin isotherm · 
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1  Introduction

Water is an indispensable resource vital for sustaining life, 
supporting industrial activities, and maintaining ecological 
balance. However, the escalating contamination of water 
bodies—primarily due to industrial effluents—has emerged 
as a major environmental and public health challenge [1–4]. 
Rapid industrialization and population growth have sub-
stantially increased the discharge of pollutants into aquatic 
environments, resulting in significant ecological degrada-
tion and health risks. Among these pollutants, dye-laden 
wastewater is particularly concerning, with global annual 
discharges amounting to millions of tons. This effluent 
severely impacts aquatic ecosystems and poses long-term 
health threats to humans. Unfortunately, many conventional 
treatment methods fall short in meeting current efficiency 
and sustainability requirements.

Dyes are commonly categorized based on their ionic 
characteristics into anionic, cationic, and non-ionic types. 
Anionic dyes such as azo and reactive dyes contain nega-
tively charged groups and are predominantly used in the 
textile and paper industries. Cationic dyes, including meth-
ylene blue (MB), rhodamine B, and crystal violet, carry 
a positive charge and are extensively applied in textile, 
leather, cosmetic, and pharmaceutical sectors. These syn-
thetic dyes are characterized by their high chemical stability 
and resistance to biodegradation, rendering them persistent 
in the environment. Their discharge into aquatic systems 
reduces light penetration, inhibits photosynthesis, and leads 
to bioaccumulation in aquatic organisms, thus posing severe 
threats to ecosystem health and biodiversity [5–9].

Among these, MB stands out due to its widespread use 
and recalcitrant nature. It is frequently utilized in textile, 
leather, paper, and cosmetic industries owing to its high 
solubility and chemical stability. However, its resistance 
to natural degradation and its toxicity—even at low con-
centrations—make it particularly hazardous to aquatic 
life and human health [10, 11]. Exposure to MB has been 
associated with adverse effects such as serotonin toxicity 
and potential carcinogenicity at concentrations exceeding 
5 mg/kg [12].

To mitigate dye pollution, various physicochemical and 
biological treatment methods have been explored, including 
chemical oxidation, coagulation-flocculation, membrane fil-
tration, and biodegradation [13–24]. Among these, adsorp-
tion has gained prominence as a preferred treatment strategy 
due to its operational simplicity, cost-effectiveness, high 
removal efficiency, and minimal generation of secondary 
pollutants. A wide range of adsorbents—such as activated 
carbon, biochar (BC), and agricultural waste-derived mate-
rials have demonstrated excellent dye removal capabilities. 

Nevertheless, the practical application of these materials is 
often limited by high production costs, challenges in regen-
eration, and energy-intensive synthesis processes.

Adsorption has emerged as a preferred method for elimi-
nating dyes like MB from contaminated water. Its simplic-
ity, cost-effectiveness, and high efficiency compared to 
other techniques, such as advanced oxidation processes, 
have made it a focus of wastewater treatment research 
[25–31]. Recent studies have shown promising MB adsorp-
tion capacities using biomass-derived adsorbents; however, 
issues like cost, regeneration, and large-scale applicability 
persist, which this study aims to address. In previous stud-
ies, most adsorption-modified materials derived from bio-
mass were synthesized through carbonization followed by 
chemical activation [32–34]. This approach is energy-inten-
sive, involves a complex process, and presents challenges 
in recovering the BC post-adsorption. Notably, oat hull 
BC demonstrated a superior maximum adsorption capac-
ity compared to pea hull BC, with capacities of 183.4 mg/g 
and 145.5  mg/g, respectively, and removal efficiencies of 
97% and 91% [35]. BC derived from rice straw achieved 
over 90% removal efficiency of MB at an optimal pH of 7, 
while bamboo-derived BC exhibited an impressive adsorp-
tion capacity of 67.46 mg/g towards MB [36]. Nonetheless, 
despite these advancements, the high cost and environmen-
tal impact associated with certain adsorbents, such as chem-
ically treated activated carbon, remain significant barriers to 
their widespread application [37–40].

Duckweed (Lemna spp.), a floating macrophyte from 
the Lemnaceae family, attracts interest as an adsorbent pre-
cursor due to its rapid growth, high biomass productivity, 
and adaptability to tropical freshwater systems. Although 
uncontrolled proliferation disrupts aquatic ecosystems by 
reducing light penetration and dissolved oxygen, its dense 
biomass provides a useful resource for wastewater treat-
ment [41]. Duckweed is rich in cellulose, hemicellulose, 
lignin, and oxygen-containing functional groups, which 
promote interaction with cationic dyes such as MB, while 
its thin tissue structure and natural porosity improve sur-
face contact. Prior investigations reported effective MB 
adsorption by Lemna minor [42–44], and our earlier work 
achieved an adsorption capacity of 73.53  mg/g following 
pseudo-second-order (PSO) kinetics [45]. Duckweed pres-
ents operational advantages because it grows rapidly under 
nutrient-rich conditions, requires no cultivation cost when 
sourced from eutrophic waters, and is routinely removed as 
waste during waterway management [46]. Its use therefore 
supports biomass recovery strategies by converting nuisance 
growth into a treatment material, positioning duckweed as 
a resource-efficient alternative to agricultural residues and 
commercial carbon adsorbents.
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The most commonly used iron oxides include hematite 
(α-Fe₂O₃), magnetite (Fe₃O₄), and maghemite (γ-Fe₂O₃). 
These materials are particularly valued in wastewater treat-
ment due to their magnetic properties, selectivity, reactiv-
ity, and biocompatibility [47, 48]. Among them, magnetite 
(Fe₃O₄) stands out for its versatility, with co-precipitation 
being a widely adopted method for its synthesis. This tech-
nique involves the precipitation of iron salts in an alkaline 
medium, yielding magnetite NPs in a simple, efficient, and 
cost-effective manner. Ascorbic acid (AA) has emerged as a 
pivotal reducing agent in the synthesis of metal NPs due to 
its electron-donating capacity, which facilitates the reduc-
tion of metal ions to their metallic state [49, 50]. Similarly, 
in the context of magnetite NP synthesis, AA plays a criti-
cal role by reducing iron precursors like Fe(acac)₃, enabling 
the formation of Fe₃O₄ NPs. This approach eliminates the 
need for additional capping agents, producing NPs with 
controlled sizes and high reproducibility [51]. Moreover, 
AA contributes to the reductive dissolution of iron oxides, 
further enhancing the efficiency and precision of the synthe-
sis process.

An important consideration in practical wastewater 
treatment is the efficient recovery of the adsorbent after 
use. Traditional adsorbents often require complex filtra-
tion or centrifugation steps, which can be time-consuming 
and costly. The incorporation of magnetite (Fe₃O₄) into 
the adsorbent matrix addresses this issue by imparting 
magnetic properties, allowing for rapid and straightfor-
ward separation using an external magnetic field. This not 
only simplifies the recovery process but also enhances 
the reusability and operational feasibility of the adsor-
bent in large-scale applications [52, 53]. Despite exten-
sive research on biomass-based adsorbents, most reported 
systems rely on carbonisation, chemical activation, or 
energy-intensive processing routes, which increase cost 
and limit scalability.

In this work, a different design strategy is adopted 
by integrating raw duckweed biomass with magnetite 
through a low-temperature co-precipitation route using 
AA as a benign reducing agent. This approach eliminates 
pyrolysis and toxic reagents while enabling magnetic 
recovery of the adsorbent after use. The study estab-
lishes MDW as a functional adsorbent through coupled 
evaluation of adsorption efficiency, kinetic behaviour, 
equilibrium modelling, and thermodynamic feasibility. 
A cost-based assessment is further included to evalu-
ate economic plausibility, which is rarely addressed in 
comparable studies. By linking green synthesis, magnetic 
separability, and performance validation within a single 
framework, this work positions MDW as a deployable 
material rather than a laboratory-only concept for dye-
contaminated wastewater treatment.

2  Materials and methods

2.1  Materials

All chemicals used in this study were of analytical grade. 
Methylene blue (MB) (dye content≥ 82%) was purchased 
from Sigma-Aldrich and used without further purification. 
A 100 mg/L MB stock solution was prepared by dissolving 
0.1 g of MB in 1 L of distilled water (Milli-Q, 18.2 MΩ·cm). 
pH adjustments were carried out using 0.1  M hydrochloric 
acid (HCl, 37%, Merck-KGaA) and 0.1 M sodium hydroxide 
(NaOH, ≥ 98%, Merck-KGaA). Analytical grade iron sulfate 
heptahydrate (FeSO₄·7 H₂O, ≥ 99%) were obtained from Ben-
dosen (Malaysia) and used for the synthesis of Fe₃O₄ NPs. 
Ascorbic acid  (AA) (C₆H₈O₆, ≥ 99%) was used as a green 
reducing agent and was also sourced from Sigma-Aldrich. All 
working solutions were freshly prepared before use to ensure 
accuracy and reproducibility in experimental conditions.

2.2  Preparation of DW

Natural duckweed (Lemna minor L.) was sourced from a 
retention pond in Bintulu. After collection, it was rinsed 
thoroughly with tap water to eliminate solid impurities and 
subsequently air-dried under sunlight. The sample was then 
subjected to further drying in an electric oven at 80 °C for 
24 h to ensure complete removal of moisture. Once dried, 
the DW was milled and sieved to obtain an average particle 
size of 2 mm. The selection of 2 mm particle size for the 
prepared DW was based on achieving a balance between 
sufficient surface area for adsorption and ease of handling/
separation. Smaller particles (e.g., < 1 mm) tend to aggregate 
and are more difficult to recover magnetically or filter, while 
larger particles (> 2 mm) exhibit reduced surface area and 
slower adsorption kinetics. Therefore, 2 mm was selected 
as the optimum size for laboratory-scale testing to ensure 
good dispersion, stable recovery, and effective interaction 
with dye molecules. The processed material was stored in 
a sealed plastic container to prevent moisture reabsorption 
and preserve its quality for future use.

2.3  Preparation of MDW

Specifically, the co-precipitation method to synthesize 
Fe₃O₄ NPs was modified from previous reports [54, 55]. 
A 0.05 mol/L solution of ferrous sulfate (50 mL) was pre-
pared and mixed with a 0.1 mol/L solution of KOH (100 
mL). Subsequently, 5 g of the dried DW was added to the 
mixture, which was then stirred using a magnetic stirrer and 
heated to 70 °C. Upon reaching 70 °C, a 0.05 mol/L solu-
tion of AA (30 mL) was added dropwise to the mixture. The 
mixture was continuously stirred for 2 h. Following this, the 
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2.5  Adsorption test

Batch adsorption experiments were conducted to evalu-
ate the removal efficiency of MB using the synthesized 
MDW. Unless otherwise stated, all experiments were car-
ried out at room temperature (25 ± 1 °C). A fixed dosage 
of 10 mg of MDW was added to 50 mL of MB solution 
with an initial dye concentration of 50 mg/L in a 100 mL 
Erlenmeyer flask. The solution was agitated at 150 rpm 
using a rotary orbital shaker Orbital Shaker, SHK-O0710, 
Infitek, China). The pH of the solution was adjusted to 
desired values (ranging from pH 3 to pH 10) using 0.1 M 
HCl or 0.1  M NaOH, and measured using a digital pH 
meter (Hanna Instruments, USA). Contact time was var-
ied from 0 to 180 min to study adsorption kinetics, while 
temperature was controlled at 25 °C, 35 °C, and 45 °C for 
thermodynamic evaluation. Samples were withdrawn at 
predetermined time intervals, filtered, and analyzed using 
a UV–Vis spectrophotometer (IKEMELAB UV1200 UV-
Vis, China) at λ_max = 664  nm to determine the resid-
ual MB concentration. The adsorption capacity (Qe) of 
the MDW adsorbent was calculated using the following 
equation:

mixture was washed with distilled water and ethanol. The 
synthesized samples were collected using a centrifuge and 
dried in an oven at 60 °C for 24 h. The dried DW, denoted as 
magnetic duckweed (MDW), were then ground and stored 
for further analysis. The preparation steps of MDW are 
depicted in Fig. 1. The synthesis of MDW yielded approxi-
mately 2.34 g of MDW per 1.0 g of dried duckweed bio-
mass, representing a 134% conversion efficiency.

2.4  Characterization

The point of zero charge (pHz) of the MDW was determined 
using previously reported method [56]. X-ray diffraction 
(XRD) patterns were obtained using a MiniFlex 600 diffrac-
tometer (Rigaku, Japan) with measurements were carried 
out using Cu-Kα radiation (λ = 1.5406 Å) Cu K-α radiation 
with a scan range of 10° to 80° (2θ) and a step size of 0.02°. 
The obtained data were processed with X’Pert Highscore 
Plus software. FTIR spectra were recorded using a Nicolet 
iS5 spectrophotometer (ThermoFisher Scientific, Japan) in 
the range of 4000 cm⁻¹ to 500 cm⁻¹ using KBr pellet method. 
The morphology of MDW was analyzed using a JCM-6000 
Scanning Electron Microscope (JEOL Ltd., Japan).

Fig. 1  Preparation steps of MDW
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3  Results and discussion

This section presents an integrated analysis of the synthesis, 
characterization, and performance of the MDW. The results 
include material characterization (XRD, FTIR, SEM), batch 
adsorption under varied physicochemical conditions, kinetic 
and isotherm modeling, thermodynamic evaluation, regen-
eration studies, and cost analysis. Each subsection provides 
detailed insights into the functional behavior and applicabil-
ity of MDW for MB removal in wastewater systems.

The SEM micrograph in Fig.  2(a) illustrates the mor-
phology of magnetite synthesized via the co-precipitation 
method using ascorbic acid (AA) as the reducing agent. 
The resulting magnetite exhibits a granular structure com-
posed of irregularly shaped and agglomerated particles, 
characterized by fractured surfaces and sharp edges. Par-
ticle clustering is evident, suggesting a natural tendency of 
magnetite NPs to aggregate due to magnetic dipole-dipole 
interactions [59]. Previously, we have reported on the SEM 
image of raw DW that reveals a complex and heterogeneous 
surface topology, displaying features such as cellular out-
lines, ridges, grooves, and protrusions [45]. After magne-
tite deposition, SEM images of MDW shown in Fig. 2(b) 
show that Fe3O4 NPs are well-dispersed across the DW 
surface, forming a relatively uniform coating with minimal 
large-scale aggregation. The surface retains its irregular 
porosity and rough morphology, indicating the preservation 
of micro- and mesoporous structures essential for adsorp-
tion. These structural modifications are subtle and mainly 
influence surface chemistry and magnetic properties rather 
than causing significant morphological changes. The sur-
face characteristics of MDW align with previous studies on 
magnetic BC derived from plant waste, where partial pore 

Qe =
(

C0 − Ce

m

)
V

The percentage removal efficiency was calculated using the 
following equation:

% removal =
(

C0 − Ce

C0

)
× 100

where C0 represents the initial concentration (mg/g), Ct 
represents the equilibrium concentration at the specific 
time (mg/g), V is the volume of the dye solution (L) and m 
is the mass of the adsorbent (mg). The kinetic, isotherm, 
and thermodynamic studies were conducted in accordance 
with the methodologies previously outlined in our study 
[45]. Further details of the kinetic, isotherm and thermody-
namic model equations, fitting parameters, and associated 
calculations can be found in the Supplementary Materials. 
Briefly, for the kinetic analysis, the adsorption data were 
evaluated using common models such as psuedo-first-
order (PFO) and psuedo-second-order (PSO) and Elovich 
kinetic models to understand the rate of adsorption and 
the controlling mechanisms, whether physical or chemi-
cal [57, 58]. The isotherm studies aimed to determine the 
relationship between the adsorbate concentration and the 
amount adsorbed at equilibrium. Models such as Lang-
muir, Freundlich and Temkin isotherms were applied to 
the experimental data to analyze the adsorption capacity 
and surface interaction characteristics of the MDW. The 
thermodynamic parameters, including Gibbs free energy 
(ΔG), enthalpy (ΔH), and entropy (ΔS), were calculated 
to assess the spontaneity, feasibility, and energy changes 
associated with the adsorption process.

Fig. 2  SEM micrograph of (a) magnetite (b) MDW
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in promoting a well-defined Fe3O4 phase [69]. To further 
verify the formation of Fe3O4 in the inverse spinel structure, 
the lattice constant (a) was determined using Bragg’s Law in 
conjunction with the cubic lattice equation. The calculation 
was based on the XRD diffraction angles corresponding to 
the characteristic (220), (311), and (400) planes, typical of 
Fe3O4. The resulting lattice parameter was calculated to be 
8.38 Å [70]. The XRD pattern of MDW shows combined 
features from magnetite and duckweed-derived carbon. 
Characteristic reflections of magnetite remain detectable, yet 
their reduced intensity and peak broadening indicate lower 
crystallinity compared with pure Fe3O4. This change arises 
from interaction between magnetite NPs and the duckweed 
matrix, which restricts crystal growth and induces partial 
encapsulation within the carbon framework. The observed 
peak broadening further suggests nanoscale dispersion of 
Fe3O4, confirming successful integration of the magnetic 
phase into the biomass-derived structure. The broad peak 
observed in the XRD pattern of the MDW around 2θ = 23° 
is characteristic of amorphous or disordered carbon [71]. It 
corresponds to the (002) plane of graphitic carbon but lacks 
the sharpness and intensity of crystalline graphite peaks, 
indicating a highly disordered structure. This amorphous 
feature suggests that the DW matrix contributes to the over-
all structure by forming a disordered, porous framework 
around the magnetite particles.

The FTIR spectra of pristine magnetite and MDW syn-
thesized using AA are presented in Fig. 4. The FTIR spec-
trum of magnetite exhibits characteristic vibrational bands 
associated with its molecular structure. Magnetite promi-
nent absorption peak observed at approximately 580 cm⁻¹ 
ascribed to the Fe–O stretching vibrations, indicative of 
the spinel ferrite structure of magnetite [72, 73]. Addition-
ally, a broad band in the 3400–3200 cm⁻¹ region is attrib-
uted to O–H stretching vibrations from adsorbed water 

blockage and NP clustering were also observed [60]. The 
heterogeneous yet consistent distribution of Fe3O4 ensures 
the availability of active adsorption sites. Furthermore, the 
morphology reveals a composite structure with both fine 
and coarse agglomerates, indicating successful integration 
of magnetite with the DW-derived matrix [61–63]. The 
presence of varied particle sizes and textures suggests that 
magnetite NPs are either anchored onto or embedded within 
the porous DW surface. A rough, layered texture with vis-
ible voids and pores is apparent, which could contribute to 
an increased surface area and enhanced adsorption capacity. 
Larger flakes and fibrous structures are attributed to the DW 
material, while denser, finer regions correspond to the mag-
netite NPs [64–66].

The XRD pattern of magnetite (red spectrum) shows 
sharp and well-defined peaks that correspond to the crystal-
line planes of magnetite (Fe3O4), as indexed by the JCPDS 
card number 19–0629 as shown in Fig. 3. Key diffraction 
peaks are observed at 2θ values near 30.1°, 35.5°, 43.2°, 
53.5°, 57.1°, and 62.7°, which are indexed to the (220), 
(311), (400), (422), (511), and (440) planes of magnetite, 
respectively [67]. The high intensity and sharpness of these 
peaks confirm the crystalline nature of the synthesized 
magnetite. Additionally, minor peaks observed in the pat-
tern do not correspond to the hematite (α-Fe2O3) phase, 
suggesting that the reduction conditions primarily favored 
the formation of magnetite, likely due to the mild reducing 
environment provided by AA [68]. The crystallite size was 
estimated using Scherrer’s equation, with the (311) plane 
as the primary reference. The calculated crystallite size of 
approximately 9.23  nm indicates that the particles are in 
the nanometer range. Comparatively, studies that employed 
high-temperature treatments or alternative reducing agents 
reported mixed phases of Fe3O4 and α- Fe2O3, or even 
amorphous structures, highlighting the effectiveness of AA 

Fig. 4  FTIR spectrum of the MDW

 

Fig. 3  XRD spectrum of magnetite and MDW
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adsorption efficiency. The appearance of additional weak 
bands between 1200 and 1000  cm⁻¹ further confirms the 
presence of organic C–O functional groups from duckweed-
derived materials. These groups, including hydroxyl (-OH), 
carboxyl (-COOH), and phenolic moieties, serve as active 
adsorption sites. The absence of new functional group peaks 
in the MDW spectrum can be attributed to the nature of the 
synthesis process and the interaction between Fe3O4 NPs 
and duckweed-derived carbon materials rather than the for-
mation of new chemical bonds. The chemical functionalities 
present in the MDW may facilitate electrostatic interactions 
with the aromatic amine (-NH₂) groups of MB, dipole–
dipole forces, and π–π stacking with MB molecules.

As shown in Fig.  5(a), the adsorption capacity (Qe) of 
both adsorbents was observed to increase rapidly within the 
first 30 min of contact time. However, the rate of adsorp-
tion subsequently slowed down, indicating that the adsorp-
tion equilibrium was approached [78]. This phenomenon 
can be attributed to the abundance of active sites at the ini-
tial stage of adsorption, where negatively charged surface 
groups on DW such as oxygen-containing groups, carbon-
yls, alcohols, phenols, ethers, and esters that interacted with 
the positively charged MB [79, 80]. The rapid adsorption 

molecules and surface hydroxyl groups [74, 75]. The FTIR 
spectrum of MDW retains the Fe–O band near 580  cm⁻¹, 
although it appears broader and less intense than in pure 
magnetite, suggesting strong interactions between Fe3O4 
NPs and DW. The O–H band also broadens, indicating an 
increased presence of hydroxyl groups, likely introduced by 
functional constituents of the DW matrix, such as pheno-
lics, proteins, and polysaccharides [76]. In addition to Fe–O 
and O–H bands, the MDW spectrum exhibits a peak near 
1700 cm⁻¹, attributed to C = O stretching vibrations, and a 
weak band at ~ 1620 cm⁻¹, assigned to H–O–H bending of 
surface-adsorbed water. As reported previously for many 
plant materials, typically observed 1500–1600 cm⁻¹ for aro-
matic C = C stretching) is not clearly visible, possibly due to 
overlapping with the H–O–H bending. Notably, significant 
spectral shifts are observed in the 1400–1050 cm⁻¹ range, 
corresponding to C–O stretching of carboxyl and phenolic 
groups. These shifts suggest strong interactions likely coor-
dination bonding or electrostatic linkages between Fe3O4 
and the oxygen-containing functional groups of the con-
tained in the DW [77]. These spectral changes confirm that 
Fe3O4 is chemically integrated into the MDW matrix rather 
than merely adsorbed, enhancing its structural stability and 

Fig. 5  (a) Adsorption capacity (b) PFO model and (c) PSO model for MB (10 mg/L) adsorption onto DW and MDW. Experimental conditions: 
Adsorbent dosage = 10 mg, Initial MB concentration = 10 mg/L, pH = 7, Temperature = 25 °C
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rate of MB adsorption is equal to the rate of desorption. The 
highest mass of MDW (20  mg) demonstrates the highest 
removal rate of 85.27% followed by 10 mg (70.89%) and 
5 mg (57.48%) after 60 min of contact time. The equilibrium 
is reached at the highest percentage of MB removal among 
the three masses. The results suggest that MDW is a prom-
ising bioadsorbent for the removal of MB from aqueous 
solutions. Its ability to efficiently remove MB, especially at 
higher masses, highlights its potential for wastewater treat-
ment applications.

The removal rate of various initial MB concentration 
using MDW is shown in Fig.  6(b). The removal rate is 
slower for higher initial MB concentrations (20 mg/L and 
50 mg/L) compared to the lower concentration (10 mg/L). 
This is likely due to the fact that at higher concentrations, 
there are more MB molecules competing for adsorption 
sites on the MDW [81]. Despite the slower initial removal 
rates for higher concentrations, the final plateau levels 
are higher for higher initial MB concentration. Although 
the removal efficiency remained relatively stable across 
20–50  mg/L initial MB concentrations, the adsorption 
capacity (Qₑ) increased with concentration, indicating that 
MDW has sufficient active sites to accommodate higher 
dye loads. The consistent efficiency suggests good perfor-
mance across a range of concentrations, rather than uniform 
adsorption quantities. In practical scenarios, dye concentra-
tions in untreated textile and dyeing industry effluents can 
range from 10 to 200 mg/L, depending on the process and 
chemical loading involved [82]. The concentrations used 
in this study (20–100 mg/L) are therefore consistent with 
those commonly observed in real wastewater flows, particu-
larly in high-strength dye effluents. By selecting this range, 
the adsorption performance of MDW was evaluated under 
conditions that closely mimic realistic industrial discharge 
scenarios.

pH is a critical parameter in adsorption processes, as it 
directly influences the surface charge of the adsorbent, the 
degree of ionization of functional groups, and the specia-
tion of the adsorbate. Figure  6(c) illustrates the removal 
rate of MB from aqueous solutions at different pH values: 
3, 6, and 10. The pH of the solution significantly affects the 
removal rate of MB. The highest removal rate was observed 
at pH 10, indicating that this pH is optimal for MB adsorp-
tion onto MDW. MB is a cationic dye, meaning it has a 
positive charge. In an alkaline environment, the surface of 
MDW becomes negatively charged due to deprotonation of 

phase was subsequently followed by a slower phase, caused 
by the saturation of the adsorbent sites and the electrostatic 
repulsion between the positively charged adsorbed species, 
which ultimately reduced the adsorption rate. DW exhibited 
a slightly higher adsorption capacity (72.4 mg/g) compared 
to DW (70 mg/g) after 60 min contact time. Although the 
adsorption capacity of MDW may be slightly diminished, 
their ease of separation through magnetic fields offers a 
significant advantage in practical applications, and subse-
quently analyzed for the adsorption behaviour under various 
parameters. The introduction of Fe3O4 NPs onto the DW 
may reduce the available active adsorption sites by par-
tially blocking the pores responsible for dye uptake. DW 
primarily relies on electrostatic attraction and π-π interac-
tions, where negatively charged surface functional groups 
bind efficiently to cationic MB molecules [45]. In MDW, 
the Fe3O4 modification enhances magnetic separation but 
modifies the surface charge distribution, affecting the elec-
trostatic interactions.

To further analyze the adsorption kinetics, the data was 
fitted to the PFO and PSO models as depicted in Fig. 5(b) 
and Fig.  5(c), respectively. The linear plots obtained for 
the PSO model suggest that this model provides a better fit 
to the experimental data. The calculated correlation coef-
ficients (R²) for the PSO model were higher than those for 
the PFO, supporting its applicability. The closeness of the 
regression coefficient (R2) to unity (1) indicates how well 
the calculation model fits the experimental data. The find-
ings suggest that the adsorption of MB onto both DW and 
MDW is accurately described by the PSO kinetic model, 
which incorporates multiple diffusion steps. The parameters 
determined using PFO and PSO models are presented in 
Table 1.

Figure 6(a) illustrates the removal rate of MB from aque-
ous solutions using MDW. The experiment was conducted 
with three different masses of MDW: 5  mg, 10  mg, and 
20  mg. The removal rate was monitored over time, rang-
ing from 0 to 60 min. The general trend observed is that as 
the mass of MDW increases, the removal rate of MB also 
increases. In all cases, a rapid initial adsorption phase was 
observed, with a significant portion of MB being removed 
within the first 10–20 min. This suggests that the active sites 
on the MDW are readily available for MB adsorption. After 
the initial rapid phase, the removal rate gradually slows 
down, eventually reaching a plateau. This indicates that 
the adsorption process has reached equilibrium, where the 

Table 1  Comparison of the PFO- and PSO adsorption rate constants, and calculated and experimental Qe values
Adsorbent Qe, exp

(mg/g)
PFO kinetic model PSO kinetic model
K1 Qe, cal

(mg/g)
R2 K2 Qe, cal

(mg/g)
R2

DW 72.4 −0.00119 4.722555 0.9078 0.01216 73.53 0.999439
MDW 70 −0.00123 5.829901 0.99143 0.004986 73.09 0.99915
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by other mechanisms such as hydrogen bonding and π–π 
interactions, but the pH-dependent surface charge remains a 
dominant factor in the adsorption behavior.

3.1  Adsorption thermodynamics

The linear relationship observed in the van’t Hoff plot shown 
in Fig. 7 confirms that the adsorption process is exothermic, 
as indicated by the negative values of ΔH∘ (− 31.3946 kJ/
mol). This result aligns with the characteristic behavior of 
exothermic adsorption processes, which may involve either 
physisorption or chemisorption. To distinguish between 
these two mechanisms, it is essential to analyze the absolute 
enthalpy values. Physisorption typically exhibits enthalpy 
values below 40 kJ/mol, whereas chemisorption is associ-
ated with higher enthalpy values, often exceeding 100 kJ/
mol [84, 85]. The relatively low absolute value of ΔH∘ 
observed in this study strongly suggests that the adsorp-
tion of MB onto MDW is predominantly governed by 
physisorption.

The spontaneity of the adsorption process is further sup-
ported by the negative ΔG∘ values across all studied temper-
atures (298.15, 308.15, and 318.15 K). As shown in Table 2, 
ΔG∘ becomes less negative with increasing temperature, 

functional groups (e.g., hydroxyl, carboxyl groups) [45]. 
This negative surface charge enhances electrostatic attrac-
tion between the adsorbent and the positively charged MB, 
improving adsorption efficiency. At pH 3, the removal rate 
was relatively slow. This could be ascribed to the compe-
tition between hydrogen ions (H+) and MB for adsorption 
sites on the MDW. The observed pH dependence suggests 
that the adsorption mechanism involves electrostatic inter-
actions between the charged functional groups on the MDW 
and the MB molecules. The point of zero charge (pHz) of 
MDW was determined to be 6.8, indicating that the surface 
of MDW is positively charged at pH values below 6.8 and 
negatively charged at pH values above 6.8. This pHz value 
is critical in explaining the observed adsorption trends. At 
pH values below pHz, the surface of the MDW becomes 
positively charged, leading to electrostatic repulsion with 
the cationic MB molecules. In contrast, at pH values above 
pHz, the surface becomes negatively charged, favoring elec-
trostatic attraction with MB [83]. This explains the observed 
increase in removal efficiency at alkaline pH levels, with 
optimal adsorption occurring around pH 10. The optimal 
adsorption observed at pH 10 as the increased deprotonation 
at higher pH levels maximizes the number of negatively 
charged active sites. The interaction is further supported 

Fig. 6  MDW adsorption towards MB under various conditions (a) MDW dose (b) initial MB concentration. (c) solution pH
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3.2  Adsorption kinetics

The kinetics of this process were evaluated using three 
commonly employed models as shown in Fig. 8 (a-c): PFO, 
PSO, and Elovich, respectively. The PSO model exhibited 
the highest R², suggesting its superior fit to the experimental 
data. The poor fit of the PFO model highlights the insuf-
ficiency of simple diffusion-based adsorption to describe 
the observed behavior, emphasizing the complexity of the 
adsorption mechanism. The high R² value obtained for the 
PSO model as shown in Table 3 indicates that the adsorp-
tion of MB onto MDW is likely controlled by chemisorption 
rather than physical forces such as van der Waals interac-
tions. This mechanism involves the formation of chemical 
bonds between the MB molecules and the functional groups 
on the MDW surface. Chemisorption involves valence 
forces, characterized by either electron sharing or exchange 
between the functional groups present on the biosorbent 
surface and the MB molecules [86, 87]. The strong interac-
tion between the adsorbate and adsorbent is evident from 
the rapid initial adsorption rate observed in the experimental 
data. The MDW surface exhibits a high affinity for MB mol-
ecules, leading to a rapid and efficient adsorption process. 
The rate-limiting step in the adsorption process is likely the 
formation of chemical bonds between MB and MDW.

To further elucidate the adsorption mechanism, the 
Weber–Morris plot was applied by plotting Qt​ versus t1/2, 
as shown in Fig. 8(d).The plots reveal a multi-linear profile, 
which is commonly interpreted as a three-step adsorption 
process: (I) external surface diffusion or film diffusion, (II) 
gradual intraparticle diffusion into the porous structure of 
the adsorbent, and (III) equilibrium phase where diffusion 
slows and saturation is approached [88]. It can be seen that 
intraparticle diffusion is not the sole rate-limiting step, and 
that film diffusion and surface adsorption also contribute 
significantly to the overall kinetics. Furthermore, the extent 
of diffusion and adsorption capacity decreased with increas-
ing temperature, suggesting that higher temperatures may 
hinder dye–adsorbent interaction, possibly due to reduced 
dye affinity or desorption effects. This analysis supports a 
complex, multi-mechanistic adsorption process involving 
both boundary layer and intraparticle mass transfer.

3.3  Adsorption isotherm

The isotherms were evaluated using three commonly 
employed models: Langmuir, Freundlich, and Temkin as 
shown in Fig.  9(a-c), respectively. The Temkin isotherm 
model exhibited the highest correlation coefficient (R²), 
suggesting its superior fit to the experimental data. The high 
R² value obtained for the Temkin model shown in Table 4 
indicates that the adsorption of MB onto MDW is likely 

indicating that lower temperatures favor the adsorption of 
MB onto MDW. This thermodynamic behavior suggests a 
stronger interaction between MB and MDW at lower tem-
peratures. Additionally, the values of ΔG∘, which are con-
sistently less than − 20 kJ/mol, point towards electrostatic 
interactions as the primary driving force for adsorption. 
Such interactions are characteristic of physisorption mecha-
nisms and involve the attraction between charged MB mol-
ecules and the adsorbent surface.

The negative ΔS∘ (− 75.373  J/mol·K) indicates a 
decrease in randomness at the solid-liquid interface during 
adsorption. This entropy reduction suggests an increased 
orderliness in the system, likely due to the alignment and 
immobilization of MB on the MDW surface. The forma-
tion of structured arrangements during adsorption is con-
sistent with the cationic interactions between MB and the 
negatively charged sites on MDW. The high correlation 
coefficient (R2 = 0.99971) obtained from the thermodynamic 
analysis validates the reliability of the data and the proposed 
adsorption mechanism. Overall, the thermodynamic param-
eters confirm that the adsorption of MB onto MDW is a 
spontaneous and exothermic process, as shown in Table 2.

Table 2  Thermodynamic parameters obtained for MB adsorption on 
MDW
Tem-
pera-
ture 
(K)

KL ΔGo

(kJ/mol)
ΔHo

(kJ/mol)
ΔSo

(kJ/mol)
R2

298.15 36.71027 −8.92683 −31.3946 −75.373 0.99971
308.15 24.52768 −8.19377
318.15 16.54242 −7.41846

Fig. 7  Plot of ln Kd versus 1/T. Experimental conditions: Adsorbent 
dosage = 10 mg, Initial MB concentration = 10 mg/L, pH = 10, Contact 
time = 60 min

 

1 3

  111   Page 10 of 22



Biomass Conversion and Biorefinery          (2026) 16:111 

adsorption than others. Temkin equilibrium binding con-
stant (A) is related to the adsorption potential of the adsor-
bent. A higher value suggests stronger adsorbate-adsorbent 
interactions. Temkin constant (B) is related to the heat of 
adsorption, which indicates whether adsorption is endother-
mic or exothermic. Higher B value suggests that adsorption 
energy decreases more gradually, supporting adsorbate-
adsorbent interactions rather than an abrupt saturation of 
active sites. The Temkin model effectively accounts for this 
heterogeneity, providing a more accurate description of the 
adsorption process [89]. Increased temperature can also 
lead to improved diffusion of adsorbate molecules within 
the adsorbent pores. This can facilitate mass transfer and 
improve adsorption efficiency.

3.4  Regeneration studies

The adsorbent exhibited excellent reusability, maintain-
ing a high removal efficiency even after five consecutive 
adsorption-desorption cycles as shown in Fig.  10. The 

characterized by a heterogeneous surface. This means that 
the adsorption sites on the MDW surface have varying ener-
gies, with some sites being more energetically favorable for 

Table 3  Kinetic parameters for the sorption of MB onto MDW
Kinetic model Parameters MB adsorption

298.15 308.15 318.15
PFO K1 −0.0009 −0.00147 −0.00119

Qe, cal
(mg/g)

4.040991 4.794167 3.512366

R2 0.58244 0.91848 0.74945
PSO K2 0.014894 0.014262 0.031291

Qe, cal
(mg/g)

6268.928 5213.153 3935.712

R2 0.9993 0.99919 0.9998
Elovich α 58333.4 13765.3 1852.98

β 0.16469 0.1587 0.330507
R2 0.74274 0.82773 0.76607

IPD K1
(mg/g*min− 1/2)

25.83 23.23 22.42

R2 0.9919 0.9929 0.9905

Fig. 8  (a) PFO (b) PSO (c) Elovich (d) Intra-particle diffusion (IPD) kinetic model. Experimental conditions: Adsorbent dosage = 10 mg, Initial 
MB concentration = 10 mg/L, pH = 10, Temperature = 25–45 °C
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attributed to partial saturation of active sites due to incom-
plete desorption, minor structural degradation or pore 
blockage from repeated handling, and potential leaching 
of Fe3O4 NPs, which may reduce the material’s adsorptive 

regeneration of the MDW adsorbent was performed using 
absolute ethanol (C₂H₅OH) as the desorbing agent, fol-
lowed by rinsing with deionized water and drying before 
each reuse cycle. The adsorbent demonstrated moderate 
reusability, maintaining 69% of its initial adsorption capac-
ity after five consecutive adsorption-desorption cycles, 
as shown in Fig.  10. Although there was a decrease in 
adsorption efficiency over cycles, MDW retained signifi-
cant adsorption capability, indicating potential for practical 
wastewater treatment applications. The observed decline in 
removal efficiency after 5 cycles to approximately 69% is 

Table 4  Parameters of isotherms for MB adsorption at different initial 
MB concentration
Model Parameters MB adsorption

298.15 308.15 318.15
Langmuir Qmax 49.33399 40.43672 33.67003

KL −1.2044 −0.78758 −0.57325
R2 0.94424 0.95731 0.98854

Freundlich KF 109.227 130.4848 162.6897
n −2.39406 −1.76688 −1.38635
R2 0.98612 0.9891 0.99714

Temkin A 0.031 0.0471 0.0596
B −29.17329 −35.84902 −41.81207
R2 0.99285 0.99559 0.999

Fig. 10  Adsorption-desorption regeneration cycles for the repeated 
adsorption of MB onto MDW. Experimental conditions: Desorption 
agent = Ethanol, Contact time = 60 min, pH = 10

 

Fig. 9  Adsorption isotherm models. (a) Langmuir; (b) Freundlich and (c) Temkin. Experimental conditions: Adsorbent dosage = 10 mg, Initial MB 
concentration = 10 mg/L, pH = 10
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3.5  Comparison of MB adsorption by various 
natural adsorbent

The MDW synthesized in this study represents a novel 
approach that combines the magnetic properties of Fe3O4 
with the bio-derived porosity and functional groups of DW. 
DW offers unique advantages, such as rapid growth, abun-
dant availability, and a naturally high content of oxygen-
containing functional groups. The maximum adsorption 
capacity of MDW (78.59  mg/g) was in the upper middle 
level compared with the other biosorbents and were sat-
isfactory for the removal of MB. When compared to the 
materials in the literature outlined in Table 5, such as Fe3O4/
sugarcane bagasse (37.45  mg/g) [91] or Fe3O4/citrus ber-
gamia BC (31  mg/g) [92], the MDW demonstrates a sig-
nificant advantage in adsorption capacity. The adsorption 
capacities of the bioadsorbents vary significantly, with 
values ranging from as low as 0.02 mg/g for Fe3O4/Euca-
lyptus globulus BC [93] to an impressive 479.49 mg/g for 

and magnetic properties over time [90]. The sustained per-
formance of MDW over multiple cycles can be attributed to 
its unique properties. The magnetic nature of the adsorbent 
facilitates its easy separation from the treated wastewater, 
simplifying the recovery and reuse process. Additionally, 
the porous structure of MDW provides a large surface area, 
enhancing the adsorption capacity and promoting rapid dif-
fusion of MB. The presence of functional groups on the 
MDW surface, such as hydroxyl and carboxyl groups, may 
also contribute to the adsorption process through electro-
static interactions and hydrogen bonding with the MB mol-
ecules. The observed slight decrease in removal efficiency 
after repeated cycles is likely due to the gradual accumula-
tion of MB molecules on the adsorbent surface, which may 
hinder the accessibility of active adsorption sites. However, 
the overall performance of MDW remains impressive, 
suggesting its potential as a highly efficient and sustain-
able adsorbent for the removal of organic pollutants from 
wastewater.

Table 5  MB adsorptive performance of MDW and various magnetic-based adsorbents
Adsorbent Qe

(mg/g)
Adsorp-
tion
kinetic

Adsorption
isotherm

Adsorption
thermodynamic

Recyclability/Regeneration Ref

Fe3O4/alkali-modified tea 112.94 PSO Langmuir Non- spontaneous and 
exothermic

5 cycles/NR  [95]

Fe3O4/Terminalia catappa 
fruit kernel shell

90.89 PSO Extended Langmuir NR 5 cycles/90%  [86]

Fe3O4/sugarcane bagasse. 37.45 PSO Langmuir NR NR  [91]
Fe3O4/peach gum bead 231.50 PSO Langmuir spontaneous and 

endothermic
6 cycles/>75%  [96]

MnFe2O4
encapsulated in Scenedes-
mus obliquus

12.50 PSO Redlich-Peterson spontaneous and 
exothermic

5 cycles/>90%  [97]

Fe3O4/Eucalyptus globu-
lus BC

0.02 PSO Langmuir non-spontaneous and 
endothermic

NR  [93]

Fe3O4/green tea residue 
BC

394.30 PSO Dubinin-Radushkevich spontaneous and 
endothermic

5 cycles/66%  [98]

Ni/wakame BC 479.49 PSO Langmuir spontaneous and 
endothermic

5 cycles/74.2%  [94]

Fe3O4/citrus bergamia BC 31 PSO Langmuir spontaneous and 
endothermic

5 cycles/69.8%  [92]

Fe3O4/hawthorn seeds BC 147.00 PSO Langmuir spontaneous and 
endothermic

NR  [99]

Fe3O4/oxidized candle 
soot

237.18 PSO NR NR 5 cycles/90%  [100]

Fe3O4/reed BC 354.40 NR Langmuir spontaneous and 
endothermic

5 cycles/74%  [101]

Fe2O3/Lagenaria siceraria 
BC

54.44 PSO Langmuir spontaneous and 
endothermic

4 cycles/27%  [102]

Fe3O4/waste areca nut 
husk BC

785.34 PSO Langmuir NR 4 cycles/40.25%  [103]

Fe3O4/Tagetes erecta BC 113.35 PSO Langmuir spontaneous and 
endothermic

5 cycles/52%  [104]

MDW 78.59 PSO Temkin spontaneous and 
exothermic

5 cycles/69% This study

NR not reported, BC biochar
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values, specifically at pH 10, MB⁺ is the dominant species, 
which is strongly attracted to the negatively charged MDW 
surface; evident from the highest adsorption capacity. The 
presence of functional groups, such as phenolic and car-
bonyl groups (as confirmed by FTIR analysis), enhances 
these π–π stacking interactions, contributing to the overall 
adsorption capacity. MB contains aromatic rings, and MDW 
has π-electron-rich carbon structures, leading to π–π stack-
ing interactions that further stabilize dye adsorption. This 
interaction is particularly significant for maintaining high 
adsorption efficiency even at elevated MB concentrations 
[109, 110].

Hydrogen bonding plays a supplementary role in the 
adsorption process, as evidenced by the shifts and broad-
ening of the O–H stretching peaks in the FTIR spectra of 
MDW after adsorption. These interactions occur between 
the hydrogen atoms in the MDW functional groups and the 
nitrogen atoms in the MB molecules, further stabilizing 
the adsorbate-adsorbent complex. The SEM analysis also 
revealed that MDW possesses a porous structure with vis-
ible voids and defects. These features enhance the physical 
adsorption of MB molecules by providing additional active 
sites and increasing the surface area available for interac-
tion. Additionally, the defects may serve as trapping sites 
for MB molecules, contributing to the rapid initial uptake 
observed in kinetic studies.

The most prevalent interaction is dipole-dipole hydrogen 
bonding between the oxygen (O) and nitrogen (N) atoms 
on the MDW and the nitrogen atoms in the MB. The sec-
ond type involves Yoshida hydrogen bonding, occurring 
between the aromatic rings of the dyes and the O─H and 
N─H groups present on the MDW. Additionally, (n-π) inter-
actions may also occur, wherein the lone pair electrons on 
an oxygen atom are delocalized into the π-orbital of the 
aromatic dye ring [97]. Thus, the adsorption of MB onto 
MDW is driven by a combination of electrostatic forces, 
π–π interactions, hydrogen bonding, and the trapping of 
dye molecules by structural defects which is summarized in 
Fig. 11. The adsorption mechanism is further supported by 
thermodynamic studies, which indicate that the process is 
exothermic and spontaneous.

The removal of MB by MDW proceeds through coupled 
interfacial processes governed by surface charge behavior, 
surface functional groups, and aromatic interactions, as 
summarized below.

Step 1. Surface ionization under alkaline condition.
MDW–OH⇌DW–O⁻+H⁺
MDW–COOH ⇌ DW–COO⁻ + H⁺
Step 2. Electrostatic attraction and surface anchoring.
 MDW– O⁻ + MB⁺ → DW–O⁻···MB⁺
 MDW–COO⁻ + MB⁺ → DW–COO⁻···MB⁺
 Step 3. Surface coordination on magnetite sites.

Ni/wakame BC [94]. These differences can be attributed 
to the structural and chemical characteristics of the bioad-
sorbents, as well as the presence of functional groups that 
facilitate interaction with MB molecules. The superior fit of 
the Temkin model for MDW contrasts with the Langmuir 
dominance observed in most other studies, suggesting that 
MDW’s adsorption mechanism benefits from its unique sur-
face heterogeneity and functionalization. In addition, it also 
suggests that adsorption is influenced by both electrostatic 
forces and adsorbate-adsorbent interactions.

3.6  Proposed MB adsorption mechanism

The adsorption of MB onto MDW involves a multi-faceted 
mechanism driven by the physicochemical interactions 
between MB molecules and the MDW surface. The adsorp-
tion process follows a two-phase behavior: an initial rapid 
uptake, attributed to the abundance of available active sites, 
followed by a slower phase as equilibrium is approached, 
likely due to saturation of these sites [105]. Briefly, the 
adsorption mechanism involves several steps: (i) The MB 
molecules move from the solution to the surface of MDW. 
(ii) MB diffuses through the boundary layer to reach the 
adsorbent surface. (iii) MB are then captured by active 
adsorption sites on the MDW.

At pH values above the point of zero charge (pHz = 6.8), 
the surface of MDW becomes negatively charged due to 
deprotonation of functional groups such as hydroxyl and 
carboxyl groups. This negative surface charge strongly 
attracts the cationic MB⁺ molecules through electrostatic 
interactions [106–108]. The pH-dependent adsorption effi-
ciency observed in this study highlights the critical role 
of electrostatic forces, with optimal adsorption occurring 
in alkaline conditions (pH 10), where the deprotonation 
of surface groups is maximized. At pH < 6.8, MDW car-
ries a partial positive charge, reducing adsorption due to 
electrostatic repulsion between MB and the adsorbent. As 
contact time increases, the resistance of the boundary layer 
decreases, which boosts the mobility of MB molecules dur-
ing adsorption. Since MB uptake at the active sites of MDW 
occurs rapidly, the process is largely controlled by the rate 
of mass transfer in the liquid phase. SEM image depicted in 
Fig. 2(b) revealed that MDW has a rough, porous structure, 
which also may promote efficient physical adsorption. The 
presence of micro- and mesopores enhances the physical 
entrapment of dye molecules, complementing electrostatic 
forces.

MB contains three aromatic rings with delocalized 
π-electrons and a positively charged center, while MDW 
has π-electron-rich carbon structures and defects. The 
mechanisms contributing to the adsorption of MB onto 
MDW may include electrostatic interactions: At higher pH 
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bacteria strain. The green synthesis process using AA might 
have inadvertently inactivated or degraded any bioactive 
compounds present in the MDW that could have antibac-
terial properties. The green synthesis of MDW involves 
the use of AA that can act as capping agents. These agents 
can influence the surface properties and stability of NPs, 
potentially hindering their interaction with bacterial cells. 
For instance, proteins and other biomolecules used in the 
synthesis can form a coating that reduces the NPs’ ability 
to penetrate bacterial cell walls [112]. Bacteria like E. coli 
and S. aureus can form biofilms, which are protective layers 
that shield them from external threats, including NPs. This 
biofilm can prevent NPs from reaching the bacterial cells, 
thus nullifying their antibacterial effects [113]. The MDW 
may have reduced toxicity and this attribute offers a dis-
tinct advantage from an environmental and human health 
perspective. Alternatively, the concentration of MDW used 
in the assay may have been insufficient to exert an inhibitory 
effect. As shown in Table 6, the zone of inhibition around 
the MDW disks was comparable to that of the negative con-
trol, ethanol.

≡Fe–OH + MB⁺ ⇌ ≡Fe–O···MB + H⁺
Step 4. π–π interaction between aromatic systems.
C(aromatic)|| MB(aromatic) → π–π complex
C(aromatic)|| MB(aromatic) → π–π complex
Step 5. Hydrogen bonding.
MDW–OH···N(MB)
 MDW–COOH···N(MB)
Step 6. Intraparticle diffusion and pore capture.
MB (solution) → MB (surface) → MB (pore)

3.7  Anti-bacterial study

Previous studies have shown that magnetite NPs exhibit 
significant antibacterial properties, making them promis-
ing alternatives to traditional antibiotics. Magnetite showed 
enhanced antibacterial activity against resistant strains of 
bacteria, such as Staphylococcus aureus and Escherichia 
coli [111]. Based on Fig.  12, no to little inhibition zone 
was observed around the MDW sample, indicating a lack 
of antibacterial activity against Gram positive (E. coli and 
P. putida) and Gram negative (S. aureus and B. cereus) 

Fig. 11  Proposed adsorption mechanism of MB on MDW
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performed the collection process. Therefore, the cost of raw 
material collection was assumed to be zero in this analysis. 
However, for large-scale industrial applications, the collec-
tion, transportation, and handling of biomass would involve 
costs, which should be considered when evaluating the eco-
nomic feasibility of commercial production. This highlights 
the economic advantage of using abundant and renew-
able biomass sources. The primary chemicals involved in 
the synthesis process include ferrous sulfate, KOH, and 
AA. The use of AA, a cost-effective and environmentally 
friendly reducing agent, significantly reduced the depen-
dency on more expensive and hazardous chemicals like 
hydrazine. Unlike many previously reported methods that 
require elevated temperatures or the use of harsh chemicals, 
the co-precipitation method eliminates the need for high-
temperature heating, significantly reducing the energy input 
required for synthesis. The energy costs for drying, mag-
netic stirring, and oven-drying were estimated based on the 
power ratings of the equipment and the duration of opera-
tion. These processes collectively accounted for RM 28.56 
per kg or 96.78% from the total cost of goods sold, mak-
ing up a significant portion of the overall cost. On a labora-
tory scale, labor and transportation costs were negligible, 
but these may scale differently in industrial production. The 

3.8  Cost estimation

The cost estimation for the production of MDW was con-
ducted to evaluate its economic feasibility for large-scale 
applications [114–116]. The synthesis process utilized 
locally sourced DW which was collected at no cost, and 
low-cost chemicals, making the approach both affordable 
and sustainable. Table 7 outlines the breakdown of costs for 
the key components and steps involved in the synthesis of 
MDW. The DW was freely collected from a retention pond, 
eliminating costs associated with raw material acquisition. 
In this study, the collection of DW was conducted at a labo-
ratory scale, where no direct costs were incurred as students 

Table 6  Antibacterial activity of the MDW (zone of Inhibition in mil-
limeter)
Sample Staphy-

lococcus 
aureus

Bacillus 
cereus

Esch-
erichia 
coli

Pseudomo-
nas putida

Water NA NA NA NA
Streptomycin 8.92 ± 0.82 14.00 ± 0.41 7.33 ± 0.31 14.08 ± 0.31
Ethanol 6.92 ± 0.12 6.83 ± 0.47 6.92 ± 0.32 7.08 ± 0.31
MDW 7.00 ± 0.01 6.83 ± 0.24 7.17 ± 0.31 7.33 ± 0.12
Values are expressed as mean ± SD of three replicates
NA Not active

Fig. 12  Inhibition zone test 
results for MDW on (a) S. 
aureus; (b)B. cereus; (c) E. coli; 
(d) P. putida. Zone 1A: water 
(-ve control), 1B: streptomycin 
(+ ve control), 1C: ethanol (-ve 
control), 1D: sample
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To address these gaps, future research should incorpo-
rate advanced material characterization techniques to better 
understand surface properties and adsorption mechanisms. 
Broader testing with other dye types—including anionic, 
neutral, and mixed dyes will be necessary to evaluate the 
versatility and selectivity of MDW. Regeneration stud-
ies should be extended to more than five cycles to assess 
long-term adsorbent durability and structural integrity. 
Furthermore, the temperature range used for adsorption 
testing (298–318  K) reflects typical industrial discharge 
conditions in warm climates; however, performance under 
cooler temperatures (e.g., 288–293 K or 15–20 °C) remains 
unexplored. Such testing is essential for assessing MDW’s 
applicability in temperate or seasonal environments, where 
diffusion rates and adsorption kinetics may differ. Similarly, 
the thermodynamic analysis was limited to three tempera-
ture points, which restricts the precision of Van’t Hoff-
derived parameters; future studies should include additional 
temperature intervals to improve the reliability of ΔH° and 
ΔS° estimates.

Future work should also extend the pH range, including 
alkaline conditions beyond pH 8, to define adsorption behav-
ior near and above the point of zero charge and identify per-
formance boundaries under realistic industrial conditions. 
Assessment of environmental safety should also examine 
Fe3O4 leaching under varying pH and ionic strength using 
ICP-MS, alongside evaluation of interaction with natural 
organic matter to establish long-term operational stability. 
Within this context, the present study demonstrates clear 
commercial relevance through feedstock selection, synthesis 

cost analysis only covered the cost of goods sold and did 
not include other operational costs such as labour and trans-
portation cost, as the focus was primarily on materials and 
energy. The estimated total cost of producing 5 kg wet DW 
to 1 kg MDW was approximately RM 29.51 per kg. This is 
highly competitive when compared to other magnetic adsor-
bents converted to BC, which often require more expensive 
precursors/activation agents or energy-intensive synthesis 
methods, such as pyrolysis.

3.9  Strengths, limitations, and recommendations 
for future research

This study offers several notable strengths, particularly the 
development of a sustainable, low-cost MDW-based adsor-
bent synthesized via a green co-precipitation method using 
AA, which enhances its environmental friendliness. The 
research presents a comprehensive performance evaluation 
of MDW, encompassing kinetic, isotherm, and thermody-
namic behavior, as well as regeneration potential and cost 
analysis, all supported by key characterization techniques 
including SEM, FTIR, and XRD. However, some limita-
tions should be acknowledged. The study did not include 
advanced characterization methods such as BET, TEM, or 
XPS, which could have provided deeper insights into surface 
area, nanostructure, and surface chemistry due to equipment 
constraints. Additionally, adsorption experiments were lim-
ited to MB as a model dye, and regeneration was evaluated 
over only five cycles. Real industrial wastewater was not 
used, limiting immediate field applicability.

Materials/Chemicals Process Unit Price per unit
(RM per unit)

Total cost 
(RM)

MDW Collection using net and 
plastic pail

5 kg (wet) Duckweed (DW) 
were collected free 
of cost from reten-
tion pond in Bintulu

0.00

Washing of raw material 0.05 m3 2.62 per m3 # 0.13
Sun drying of DW 108 h 0.00 0.00
Oven drying of DW 1.5 kWh X 

24 h = 36 kWh
0.39 per kWh*** 14.04

Magnetic stirring process 
in MDW synthesis

0.2 kWh X 
2 h = 0.4 kWh

0.39 per kWh*** 0.12

Oven drying of MDW 1.5 kWh X 
24 h = 36 kWh

0.39 per kWh*** 14.04

Grinding into fine powder 0.29 kWh X 
2 h = 0.58 kWh

0.39 per kWh*** 0.23

Total Cost of MDW 
processing

RM 28.56

Chemicals FeSO4 · 7H2O 3.475 g 54.00/500 g RM 0.38
AA 1.32 g 28.00/100 g RM 0.37
KOH 2.81 g 70.00/kg RM 0.20
Total Chemical Cost RM 0.95

Total Cost of Goods Sold RM 29.51
*** refer to Tenaga Nasional Berhad tariff rate. # referred to Air Selangor tariff rate

Table 7  Estimated cost analysis 
of 1 kg MDW synthesis
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