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Continuous closed-circuit removal of methylene blue and methyl 
orange dyes by activated Pomelo peel biochar alginate hydrogel beads  

Mai Lien Tran*  

Institute of Environmental Science, Engineering and Management, Industrial University of Ho Chi Minh City, Ho Chi Minh City, Vietnam 

Abstract. The successful fabrication of composite hydrogel beads was realized through the integration of activated pomelo peel biochar (PBC) into 
a sodium alginate (NaAlg) polymeric matrix, a process facilitated by Ca2+-induced ionic cross-linking. Morphological evaluations of the resulting 
material confirmed a highly textured surface, demonstrating that the PBC particles were effectively and uniformly embedded within the alginate 
framework. In terms of performance, the composite formulation consisting of 3.3% (w/v) PBC and NaAlg exhibited exceptional adsorption affinity 
for both methylene blue (MB) and methyl orange (MO) dyes. The equilibrium data showed a superior fit to the Langmuir isotherm model, which 
implies a predominantly homogeneous monolayer adsorption process; under continuous flow conditions at 30°C, the maximum adsorption capacities 
were recorded at 279.68 mg/g for MB and 179.02 mg/g for MO. Furthermore, kinetic modeling indicated that the adsorption behavior strictly 
followed a pseudo-second-order mechanism, suggesting that the rate-limiting step is governed by chemisorption rather than physical forces alone. 
The fundamental removal mechanism is believed to be a synergistic interplay of various physicochemical forces, including pore-filling within the 
biochar structure, - interactions between aromatic rings, and the formation of hydrogen bonds between the dye molecules and the composite 
surface..  
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1. Introduction 

Accelerating global industrialization has intensified the 
freshwater crisis through the discharge of inadequately treated 
effluents into aquatic ecosystems. Among the various classes of 
contaminants, dyes are particularly prevalent due to their 
extensive utilization in the textile, pharmaceutical, food, paper, 
and cosmetic sectors (Maheshwari et al. 2021, Jorge et al. 2023). 
As highly water-soluble compounds, these dyes easily infiltrate 
aquatic bodies, posing significant ecological threats (Akter et al. 
2023, Islam et al. 2023, Lin et al. 2023). Apart from their aesthetic 
impact, dyes elevate water turbidity, which blocks sunlight 
penetration and suppresses photosynthesis in aquatic 
ecosystems. Furthermore, many dyes, specifically those 
characterized by azo groups and complex aromatic structures, are 
associated with severe health risks, including carcinogenic and 
mutagenic properties. Because of their chemical stability and non-
biodegradability, these pollutants persist in ecosystems, making 
the development of robust remediation technologies a critical 
environmental priority.  

To address the challenge of dye-laden effluents, a variety of 
physical, chemical, and biological remediation strategies have 
been developed(Al-Tohamy et al. 2022, Solayman et al. 2023). 
Physical techniques, such as membrane filtration, ion exchange, 
and adsorption, remain widely utilized due to their effectiveness 
in removing various dyes (Liu 2020, Soltani et al. 2021, Kumari et 
al. 2023). For instance, methylene blue and eriochrome black T, 
malachite green, and crystal violet (Subrahmanya et al. 2022, Wu 
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et al. 2023) were removed effectively by modified membranes. 
Both basic and acidic dyes could be eliminated by ion-exchange 
microbeads (Lu et al. 2022). Chemical methods (e.g., coagulation, 
ozonation) and photocatalysis offer high dye-removal efficiency, 
but they are often constrained by excessive chemical 
consumption and secondary pollutant generation (Bal and Thakur 
2022, Haleem et al. 2023). Similarly, biological treatments provide 
an eco-friendly and cost-effective alternative (Rathi and Kumar 
2022) but suffer from slow removal rates and strict operational or 
enzymatic requirements (Kathing and Saini 2022). Consequently, 
adsorption has emerged as a preferred approach owing to its 
superior efficiency, operational simplicity, and economic 
feasibility (Yagub et al. 2014, Shi et al. 2022, Al-Asadi et al. 2025).  

In the sorption method, various materials, including 
activated carbon, chitosan-based composites, and metal oxides, 
have been extensively employed for the remediation of dyes and 
other aqueous pollutants (Agarwala and Mulky 2023, Hosny et al. 
2023, Bellaj et al. 2024). Recently, research efforts have 
increasingly pivoted toward the synthesis of low-cost adsorbents 
derived from agricultural by-products and waste materials to 
enhance economic sustainability (Al-Gheethi et al. 2022, Haque et 
al. 2022, Nayagam and Prasanna 2022). However, prepared 
biochars presented relatively low adsorption capacities; 
specifically, adsorbents synthesized from banana stem waste 
achieved maximum uptake capacities of 15.22 mg/g for 
methylene blue and 24.08 mg/g for basic fuchsin (Das et al. 2023). 
To enhance the adsorption performance, multiple biochars have 
been synthesized with modifications (Saravanan et al. 2023, Li et 
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al. 2024). Among those, biochars from pomelo peel under the 
activations were investigated as excellent adsorbents with the 
highest adsorption capacity for methylene blue and 
oxytetracycline up to 385.11 and 95.6 mg/g, respectively (Tran 
2025, Tran et al. 2025). Even though their practical 
implementation is often hindered by their typical powder form. In 
large-scale operations, powdered adsorbents are prone to 
excessive dispersion, leading to significant challenges and high 
costs associated with their separation and recovery from treated 
effluents. Consequently, immobilizing these materials onto a 
stable and suitable structural platform represents a critical 
strategy to overcome these technical limitations and facilitate 
their industrial application.  

Alginate, a naturally occurring polysaccharide, is widely 
recognized for its non-toxicity and inherent biodegradability. A 
key functional characteristic of alginate is its ability to undergo 
gelation in the presence of divalent cations, such as Ca2+, through 
the formation of an egg-box structural model (Makarova et al. 
2023). Regarding this property, nanomaterials can be effectively 
entrapped within an alginate hydrogel matrix to develop 
advanced composite adsorbents. In this study, biochar derived 
from pomelo peel and activated via phosphoric acid (PBC) was 
immobilized in alginate beads to become potential adsorbents. 
The synthesized PBC-alginate beads were applied in removing 
Methylene Blue (MB) and Methyl Orange (MO), representing 
cationic and anionic dye models, respectively, under continuous-
flow conditions. This configuration overcomes the mass transfer 
limitations of conventional batch and fixed-bed systems by 
maintaining a maximized, steady concentration driving force 
through dynamic fluid recirculation (Biswas et al. 2020). By 
separating effluent breakthrough limits from bed saturation, this 
design allows the adsorbent matrix to consistently operate near 
its ultimate theoretical capacity. Furthermore, the recycling loops 
eliminate severe pressure drops inherent to long fixed beds, while 
facilitating seamless, in-situ regeneration without process 
downtime. The structural and chemical properties of the 
composite beads were studied using X-ray diffraction (XRD), 
Fourier-transform infrared spectroscopy (FTIR), and scanning 
electron microscopy (SEM). Concurrently, the adsorption 
isotherms and kinetic profiles were systematically analyzed to 
determine the uptake capacity and propose adsorption 
mechanisms. 
 
2. Materials and methods 

2.1. Materials 

Methylene blue (MB, C16H18ClN3S), methyl orange (MO, 
C14H14N3NaO3S), phosphoric acid (H3PO4), sodium hydroxide 
(NaOH), hydrochloric acid (HCl), and sodium alginate 
[(C6H7NaO6)n] were sourced from the supplier Xilong Scientific in 
Shantou, China. All solutions were prepared using deionized (DI) 
water.   

 
2.2. Preparation of biochar bead 

The H3PO4-activated pomelo peel biochar (PBC) was 
synthesized following the protocol established in our previous 
work (Tran 2025). Specifically, pomelo peel powder was 
thoroughly blended with 85% H3PO4 at a 1:5 w/v ratio before 
undergoing thermal pyrolysis at 700 C (heating rate of 15°C/min) 
for 1 hour. Following ambient cooling, the resulting product was 
rinsed with deionized water until neutrality and dried overnight at 
60°C. To prepare the composite beads, 6.0 g of sodium alginate 
was completely dissolved in 90 mL of deionized (DI) water under 
constant stirring at 50 °C for 30 min. Subsequently, varying 
mass/volume fractions of PBC (0, 2.0, 3.3, and 5.3% w/v) were 

incrementally introduced into the alginate matrix. The resulting 
suspensions, designated as NaAlg, PBC2.0@NaAlg, 
PBC3.3@NaAlg, and PBC5.3@NaAlg, respectively, were stirred 
for an additional 30 min. To ensure structural homogeneity, the 
mixtures underwent ultrasonication for 30 min to eliminate 
entrapped air bubbles. Finally, the slurries were dispersed 
dropwise into a 1 M CaCl2 solution to form beads. The fabricated 
beads were harvested, rinsed thoroughly with DI water to remove 
residual ions, and stored in a hydrated state for subsequent 
experiments. 
 
2.3. Characterization 

The surface morphology and textural characteristics of the 
synthesized composite beads were examined using scanning 
electron microscopy (SEM, S-4800, Hitachi, Tokyo, Japan). To 
elucidate the crystalline structure and phase composition, X-ray 
diffraction (XRD) patterns were recorded on a Shimadzu LabX 
XRD-6100 diffractometer (Tokyo, Japan). Furthermore, the 
evolution of surface functional groups was identified via Fourier 
transform infrared spectroscopy (FT-IR), conducted on a 
PerkinElmer Spectrum 10.5.2 instrument (Bucks, England) within 
a specified spectral range. 

 
2.4. Adsorption experiments 

The adsorption performance of the synthesized beads 
toward MB and MO dyes was evaluated using the column batch 
experiment (Fig. 1). Continuous-flow adsorption was conducted 
in a closed-loop system using a 2.0 cm inner diameter glass 
column packed with adsorbent to a height of 5.0 cm (bed volume 
Vb = 15.71 cm3). A 100.0 mL dye solution was continuously 
recirculated at a fixed flow rate of 40.0 mL/min, yielding an 
empty bed contact time of 0.393 min and a total hydraulic 
retention time of 2.5 min. Supported by inert glass wool, the 
uniformly wet-packed bed maintained stable flow (2% deviation) 
with a negligible pressure drop. At predetermined time intervals, 
aliquots were withdrawn from the reservoir to determine the 
residual dye concentration. Quantitative analysis was performed 
via an ultraviolet-visible spectrophotometer (Genesys 10S, 
Thermo Scientific, Madison, WI, USA) at maximum absorption 
wavelengths of 665nm for MO and 465 nm for MO.  

 

Fig. 1. Scheme of the column batch adsorption 
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The dye removal efficiency (R, %) was calculated using the 
following relationship: 

𝑅(%) =
(𝐶0−𝐶𝑡)

𝐶0
× 100   (1)

    
where C0 and Ct (mg/L) denote the dye concentration at the initial 
state and at time t (min), respectively.  

The adsorption capacity (qt, mg/g) was determined based on 
the equation: 

𝑞𝑡 =
(𝐶0−𝐶𝑡)×𝑉

𝑚
     (2)

  
where V (L) represents the total volume of the aqueous solution 
and m (g) is the dry weight of the adsorbent beads utilized in the 
column. 
 
2.5. Adsorption isotherm 

The equilibrium adsorption isotherms for MB and MO onto 
the synthesized beads were established at 30 C. Specifically, dye 
solutions with initial concentrations varying from 100 to 2000 
mg/L were introduced into the fixed-bed column at a consistent 
flow rate of 40 mL/min. Upon reaching equilibrium, the 
remaining dye concentrations were analyzed using the 
spectrophotometric method described previously. 

To evaluate the interaction mechanisms and distribution of 
dye molecules on the adsorbent surface, the experimental data 
were fitted using five well-established isotherm models: 
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (D-R) 
(Al-Ghouti and Da'ana 2020). The mathematical expressions for 
these models are defined as follows:  

Langmuir isotherm equation: 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
    (3) 

Freundlich isotherm equation: 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛𝐹    (4) 

Temkin isotherm equation: 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇
𝑙𝑛 𝑎𝑇 𝐶𝑒    (5) 

DR isotherm equation:  

𝑞𝑒 = 𝑞𝐷𝑅 𝑒𝑥𝑝 (
(𝑅𝑇 𝑙𝑛(1+1/𝐶𝑒))

2

−2𝐸2
)   (6) 

where: 
• qe (mg/g) is the equilibrium adsorption capacity, and Ce 

(mg/L) is the equilibrium concentration. 
• qm and qDR

 (mg/g) represent the maximum adsorption 
capacities for the Langmuir and D-R models, 
respectively. 

• KL (L/mg) represents the Langmuir affinity constant, 
KF ((mg/g)(L/mg)1/n) is the Freundlich constant related 
to adsorption capacity, and nF (dimensionless) is the 
heterogeneity factor indicating the adsorption intensity. 

• aT (L/g) is the Temkin isotherm equilibrium binding 
constant, bT (J/mol) is the Temkin constant related to 
the heat of sorption, R is the ideal gas constant (8.314 
J/mol.K), and T (K) is the absolute temperature. 

• E (kJ/mol) represents the mean free energy of 
adsorption per mole of the adsorbate. 

2.6. Thermodynamics of adsorption 

 To understand the character of the sorption process, the 
experiments were carried out at different temperatures (303 – 323 
K) to determine the thermodynamic parameters of the sorption 
process. The free energy change (G0, kJ/mol), enthalpy change 
(H0, kJ/mol), and entropy change (S0, J/mol.K) were 
calculated by the following equations: 

𝑙𝑜𝑔 (
𝐶𝑒,𝑆

𝐶𝑒,𝐿
) =

𝛥𝑆0

2.303𝑅
+

−𝛥𝐻0

2.303𝑅𝑇
   (7) 

𝛥𝐺0 = 𝛥𝐻0 − 𝑇𝛥𝑆0    (8) 

where Ce,S and Ce,L (mg/L) are adsorbent concentrations on solid 
phase and liquid phase. The slope and intercept of the plot 

between 𝑙𝑜𝑔 (
𝐶𝑒,𝑆

𝐶𝑒,𝐿
) and 

1

𝑇
 yield the magnitude of enthalpy change 

(H0) and entropy change (S0). The value of the Gibbs free 
energy change was calculated at different temperatures using 
Equation 8. 

 
2.7. Adsorption kinetics 

Adsorption kinetics of MB and MO onto the synthesized 
beads were evaluated at initial concentrations of 300 and 400 
mg/L, respectively. Aliquots were extracted and analyzed at 
predetermined time intervals until equilibrium was established.  
To describe the adsorption mechanism, four kinetic models, 
including Pseudo first-order (PFO), Pseudo second-order (PSO), 
Elovich, and intraparticle diffusion, were studied. The nonlinear 
mathematical forms are detailed in equations (9) through (12). 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)    (9) 

𝑞𝑡 =
𝑞𝑒
2𝑘2𝑡

1+𝑞𝑒𝑘2𝑡
    (10) 

𝑞𝑡 =
1

𝛽
𝑙𝑛( 𝛼𝛽) +

1

𝛽
𝑙𝑛 𝑡   (11) 

𝑞𝑡 = 𝑘𝑖𝑝𝑡
0.5 + 𝐶𝑖𝑝    (12) 

In these expressions, qt and qe (mg/g) denote the adsorption 
capacities at time t (min) and at equilibrium, respectively. The rate 
constants are represented by k1 (min-1), k2 (g/mg.min), and kid 
(mg/(g.min0.5)) while α (mg/g.min) and β (g/mg) signify the initial 
adsorption rate and the desorption related to chemisorption. The 
term Cid represents the intraparticle diffusion intercept. 

 
3. Results and discussion 

3.1. Characterizations 

General physical properties of the synthesized hydrogel 
composites are summarized in Table 1. A positive correlation was 
observed between the PBC loading and both the wet and dry 
mass of the samples. This trend is attributed to the integration of 
high-density biochar particles within a consistent matrix volume. 
Conversely, the inclusion of PBC led to a reduction in moisture 
content relative to the pristine NaAlg beads. Furthermore, the 
bead diameters remained relatively uniform, ranging from 2.5 to 
2.6 mm, which suggests that the bulk volume was not significantly 
altered by the varying PBC percentages.  

To assess the crystalline structure of composite materials, 
X-ray diffraction analysis was performed on PBC, NaAlg, and 
PBC3.3@NaAlg hybrid (Fig. 2). The XRD profile for the NaAlg 
beads is characterized by several prominent and sharp reflections 
centered at 2  values of 31.8, 45.4, 66.4, and 75.4 (Faried et 
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al. 2016, Liao et al. 2018). These well-defined reflections indicate 
a relatively high degree of crystallinity within the alginate matrix, 
likely resulting from the ordered arrangement of polymer chains 
during the bead formation process. In contrast, the PBC profile 
shows broader, less intense peaks, particularly in the 20 to 30 
range. This is a signature of amorphous carbon structures with 
localized graphene-like domains, typical for biochar produced 
through carbonization (Tran 2025). Following the incorporation of 
the biochar, the PBC3.3@NaAlg spectrum exhibits a drastic 
reduction in the intensity of a prominent, sharp crystalline 
reflection at 2 = 31.8, while a broad amorphous halo emerges 
in the 2 = 15 - 25 region. This substantial attenuation of 
crystalline peak intensity, coupled with the significant baseline 
broadening, quantitatively demonstrates that the embedding of 
disordered PBC particles effectively disrupts the long-range 
coordination of the alginate matrix, driving the composite toward 
a predominantly amorphous state. 

The FTIR spectra of NaAlg and PBC-NaAlg composite are 
presented in Fig. 3. For the pristine NaAlg, the broad absorption 
band observed between 3300 and 3500 cm-1 is characteristic of 
−OH stretching vibrations, a hallmark of the sodium alginate 
structure (Zhao et al. 2024). The signal at 2896 cm-1 is attributed 
to C−H stretching in aliphatic carbon atoms. Furthermore, the 
peaks identified at 1635 cm-1 and 1422 cm-1 correspond to the 
asymmetric and symmetric stretching of the carboxylate groups 
(C=O and C−O), respectively. The complex region between 1000 
and 1100 cm-1 is assigned to C−O and C−O−C stretching, typically 
of the ring in the alginate matrix. Comparing with NaAlg, the 
spectrum of PBC3.3@NaAlg reveals a distinct broadening of the 
O−H, C=O, C−O, and C−O−C bands, suggesting a distribution of 
hydrogen bonding environments, likely due to the varied oxygen-
containing groups (phenolic, carboxylic) on the biochar surface. 

The shift and intensity variation of the broad band at 3465 cm-1 
and the characteristic peaks at 1635 cm-1 and 1422 cm-1 upon 
composite formation confirm the establishment of hydrogen 
bonding and electrostatic cross-linking between the sodium 
alginate matrix and the functional groups of the biochar. Following 
the adsorption of MB and MO dyes, the notable perturbations and 
intensity changes within the fingerprint region 1132 - 507 cm-1 
demonstrate that these oxygen-containing functional groups 
serve as active primary binding sites. Specifically, the pathway 
governing dye immobilization is driven by a synergistic 
combination of electrostatic attractions between the anionic 
carboxylate groups of the composite and cationic dye molecules, 
alongside - electron donor-acceptor interactions involving the 
aromatic framework of the biochar. In addition, the absorption 
near 500 cm-1 in the PBC3.3@NaAlg spectrum is linked to P-O 
stretching vibrations, formed in the biochar activation process 
(Tran 2025). Post-adsorption, this peak broadened further, likely 
due to the spectral overlap with C-N-C vibrations inherent in the 
molecular structure of the adsorbed dyes. All shifting and 
assignment of characteristic FTIR bands for the composite before 
and after MB and MO adsorption have been summarized in Table 
2. 

The morphological characteristics of NaAlg and 
PBC3.3@NaAlg beads were elucidated through SEM analysis. 
Observations indicate a clear topographical divergence 
between the pristine NaAlg bead (Fig. 4a) and the 
PBC3.3@NaAlg composite (Fig. 4b). The surface of the NaAlg 
bead displays a consolidated, dense macro-aggregation where 
the structural boundaries are partially smoothed over, yielding 
lower apparent porosity and localized topographic flattening. In 
contrast, the PBC3.3@NaAlg surface demonstrates a highly 
exfoliated, coralloid texture with an extensively developed 

Table 1.  
General properties of NaAlg and composites with different PBC loading 

Material 
Diameter 

(mm) 

Wet weight 

(g) 

Dry weight 

(g) 

Moisture content 

(%) 

NaAlg 2.6 6.95 0.3750 94.60432 

PBC2.0@NaAlg 2.5 7.0756 0.6376 90.98875 

PBC3.3@NaAlg 2.6 7.1785 0.6465 90.99394 

PBC5.3@NaAlg 2.6 7.2123 0.6554 90.91275 

 
 
 

 
Fig. 2. XRD patterns of PBC, NaAlg, and PBC-NaAlg composite 

 

 
Fig. 3. FTIR spectra of NaAlg, hybrid bead before and after 
adsorption 
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network of uniformly distributed open pores ranging from 1.0 to 
3.0 m in diameter. This multi-layered, exfoliated arrangement 
drastically elevates the surface roughness and effectively 
suppresses tight particle agglomeration. Consequently, the 
structural framework of the PBC3.3@NaAlg provides a more 
accessible spatial geometry and higher active surface exposure, 
which is advantageous for mass transfer dynamics. 
Furthermore, cross-sectional SEM images reveal fundamentally 
different internal frameworks for the two materials. The internal 
structure of the NaAlg bead (Fig. 4e) is a highly ordered, pleated, 
and lamellar internal structure. Conversely, the PBC3.3@NaAlg 
cross-section (Fig. 4f) displays a heterogeneous internal layout 
dominated by large, asymmetric macro-pores exceeding 10.0 
m in diameter alongside localized crystalline block inclusions. 
Instead of continuous layers, it consists of sharp, angular 
crystalline-like blocks embedded within a disorganized matrix. 
This suggests the formation of a composite between NaAlg and 
biochar. After adsorption of MB and MO processes, the surface 
undergoes a visible transformation, appearing significantly 
smoother (Fig. 4c,d). The previously distinct crevices and 
valleys have been largely filled or obscured, and adsorbate 
molecules have successfully occupied the available pore volume 
and settled within the surface irregularities. This smoothing 
effect is also evident in the cross-sectional SEM images (Fig. 

4g,h). The once sharp-edged internal fragments appear 
encapsulated or masked by a secondary layer, confirming that 
the adsorbates successfully permeated the particle core and 
adhered to internal active sites. 

 
 

3.2. Adsorption of MB and MO on different beads  

The adsorptive performance of the synthesized composite 
beads was evaluated as a function of PBC loading, with the 
removal efficiency for MB and MO illustrated in Fig. 5a and Fig. 
5b, respectively. The data illustrate a significant enhancement in 
adsorption performance through the hybridization of sodium 
alginate and biochar. While NaAlg bead exhibits a relatively poor 
removal (only 28.4% for MB and 3.0% for MO after 600-min 
adsorption), the incorporation of PBC facilitates a dramatic shift 
in the kinetic profile, characterized by a rapid initial uptake within 
the first 60 minutes. Specifically, 89.5% of MB and 87.6% of MO 
were removed by PBC2.0@NaAlg, which containted 2.0% w/v of 
PBC, respectively. Increasing the biochar weight fraction 
correlated positively with pollutant removal. Particularly, MB 
removal climbed from 89.5% to 97.3% as the PBC content 
increased from 2.0 to 5.3, while MO removal reached a peak of 
98.3%. In comparison with MO, MB could be removed by NaAlg 
bead due to the presence of the carboxylate (COO-) (Lu et al. 

Table 2.  
FTIR peak assignments of PBC3.3@NaAlg composite before and after dye adsorption 

Vibration PBC3.3@NaAlg 
(cm-1) 

After MB 
adsorption  

(cm-1) 

After MO 
adsorption  

(cm-1) 

Shift significance 

−OH stretching 3381 3465 
 

3465  
 

Out-of-plane hydrogen bonding and surface 
complexation with dye molecules. 

−CH stretching 2896 2941 
 

2941 Involvement of aliphatic structures from the 
biochar matrix. 

Asymmetric 
−COO- stretching 

1629 1596 
 

1584  
 

Major electrostatic interaction site for MB 
dye and hydrogen bonding. 

Symmetric 
−COO- stretching 

1422 1400 
 

1412 Participation of alginate carboxylate groups 
in coordination/binding. 

−C-O 
−C-O-C 
stretchings 

1171 1132 
 

1082 
 

Oxygen-containing functional groups act as 
adsorption active sites. 

Aromatic −CH 
out-of-plane 
bending 

507 490 
 

501 - electron donor-acceptor interactions 
between biochar aromatic rings and dye 
structures. 

 
 
 

 
Fig. 4. SEM images of NaAlg and PBC3.3@NaAlg bead surfaces (a–d) and cross-sections (e–h) before and after MB and MO adsorption 
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2021), which facilitates electrostatic interactions with cationic MB 
molecules while exhibiting negligible affinity for anionic MO 
species. When biochar was introduced, morphological 
modifications resulting from biochar integration (as shown in Figs. 
4b,f) expanded the accessible surface area and promoted the 
intra-particle diffusion of dye molecules. Furthermore, the 
synergistic interaction between the dyes and the composite is 
reinforced by the presence of aromatic frameworks and functional 
groups, including -COOH, -OH, and C=C on the biochar surface, 
which provide active sites for complexation and − stacking. 

 
3.3. Effect of pH on dye adsorption 

The effect of initial solution pH was investigated across a 
range of 3 to 9 due to the stability of beads (Stachowiak et al. 
2023). As illustrated in Fig. 6, the adsorption performance 
exhibited negligible fluctuations despite variations in pH. 
Specifically, removal efficiencies for MB and MO remained 
consistently high, ranging between 95% and 98%. Within the 
investigated pH range, MB exists predominantly in cationic form, 
whereas MO is primarily anionic. The adsorbent beads were 
composed of biochar activated by phosphoric acid with a negative 
charge in the pH range from 2 to 12 (Tran 2025) and calcium-

crosslinked alginate characterized by negatively charged 
carboxylate groups. The specific result for determining the point 
of zero charge of PBC3.3@NaAlg beads is shown in Fig. 7. 
Despite the predominantly negative surface charge of the beads, 
they demonstrated high uptake capacity for the similarly charged 
MO molecules. This phenomenon indicates that electrostatic 
interactions are not the primary mechanism governing the 
adsorption process. This persistent uptake provides strong 
physicochemical justification that the adsorption is driven by 
dominant non-electrostatic interactions, specifically - electron 
donor-acceptor interactions between the aromatic rings of MO 
and the carbon matrix, alongside hydrogen bonding with surface 
functional groups. These strong physical-chemical affinities easily 
overcome the weak electrostatic repulsion, facilitating effective 
single-layer coverage as confirmed by the Langmuir model fitting. 
The sustained high removal efficiency for both cationic and 
anionic dyes suggests that these beads hold significant potential 
for the treatment of complex, real-world wastewater systems.      

3.4. Adsorption isotherms 

The adsorption isotherms of MB and MO onto 
PBC3.3@NaAlg beads were analyzed using the Langmuir, 

                

Fig. 5. Removal of MB (a) and MO (b) by different beads. Experimental parameters: [MB]inital = 300 mg/L, [MO]inital = 400 mg/L, natural pH 
 

         
Fig. 6. Effect of initial pH solution on MB (a) and MO (b) adsorption by PBC3.3@NaAlg bead. Experimental parameters: [MB]inital = 300 mg/L and 
[MO]inital = 400 mg/L 
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Freundlich, Temkin, and Dubinin-Radushkevich (D-R) models, 
with the results and corresponding fitting parameters illustrated 
in Fig. 8 and Table 3. The experimental data for dyes 
demonstrated an excellent fit with the Langmuir model, yielding 
adjusted correlation coefficients (adj.R2) of 0.9781 and 0.9761 for 
MB and MO, respectively. This strong correlation signifies a 
predominant monolayer adsorption process on a homogeneous 
bead surface, where a finite number of identical active sites are 

homogeneously distributed on the adsorbent surface without any 
lateral interaction between the adsorbed molecules. There are a 
fixed number of identical active sites on the surface, and each site 
can hold only one dye molecule. Once all these sites are filled, the 
surface becomes saturated, and no more dye can be adsorbed. 
Furthermore, the dimensionless separation factor (RL) remained 
within the 0 < RL < 1 range, confirming the favorable nature of the 
adsorption (Al-Ghouti and Da'ana 2020). Based on the Langmuir 
model, the maximum adsorption capacities (qmax) were 
determined to be 279.68 mg/g for MB and 179.02 mg/g for MO. 
Although the Freundlich heterogeneity factors (1/nF) were 0.39 
and 0.40, suggesting a theoretically heterogeneous surface (0 < 
1/nF < 1) (Ohemeng-Boahen et al. 2019), the lower adj. R2 values 
(0.9153 and 0.9533) compared to the Langmuir model indicate 
that the surface sites are more functionally homogeneous. 
Regarding the adsorbate-adsorbent interactions, the Temkin 
model provided a moderate fit (adj.R2 of 0.9305 and 0.9616), 
implying that the interaction plays a role in the adsorption 
mechanism. Conversely, the poor fit of the D-R model (adj. R2 = 
0.8242 for MB and 0.7029 for MO) suggests that micropore 
volume filling is not the governing mechanism. Based on this 
model, the calculated free energies (E < 8 kJ/mol) characterize 
the process as predominantly physisorption. 
 
3.5. Thermodynamics studies 

The thermodynamic behavior of MB and MO adsorption 
onto the composite was systematically evaluated through the 
calculated parameters of Gibbs free energy G0, enthalpy H0, 
and entropy S0 (Table 4). Across the investigated temperature 

 
Fig. 7. Point of zero charge of PBC3.3@NaAlg beads 

 

          
Fig. 8. Adsorption isotherm data and fitted models of MB (a) and MO (b) on PBC3.3@NaAlg bead 

 
Table 3. 
 Isotherms model parameters derived from experimental data 

Isotherm Model 
Model Parameters MB MO 

Symbol Unit Value Adj.R2 Value Adj.R2 

Langmuir 
qmax mg/g 279.6815.92 

0.9781 
179.0211.39 

0.9761 KL L/mg 0.0300.005 0.0240.004 
RL - 0.143-0.016 0.172-0.02 

Freundlich 
KF (mg/g)(L/mg)1/n 31.607.94 

0.9153 
18.063.79 

0.9533 
1/nF - 0.39 0.40 

Temkin 
aT L/g 0.530.16 

0.9305 
0.320.07 

0.9616 
bT J/mol 50.78 71.69 

Dubinin-
Radushkevich 

qDR mg/g 220.1422.67 
0.8242 

130.2515.46 
0.7029 KDR mol2/KJ2 303.58121.79 250.15128.34 

E kJ/mol 0.041 0.045 
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range from 303 K to 323 K, the negative values of G0 for both dye 
systems signify that the adsorption process is highly spontaneous 
and energetically favorable. Notably, the magnitude of G0 
becomes increasingly negative with rising temperatures, shifting 
from -3.310 to -4.023 kJ/mol for MB and from -3.338 to -3.971 
kJ/mol for MO, which indicates that elevated temperatures 
enhance the adsorption efficiency. This endothermic nature is 
validated by the positive enthalpy changes of 7.489 kJ/mol for 
MB and 6.234 kJ/mol for MO. Furthermore, since these H0 
values safely below the typical threshold of 20 kJ/mol, it can be 
inferred that the binding pathway is predominantly governed by 
physisorption interactions, including electrostatic forces, weak 
intermolecular attractions, and hydrogen bonding. Concurrently, 
the positive entropy changes S0 of 35.642 J/(mol.K) for MB and 
31.593 J/(mol.K) for MO reflect an augmented degree of 

randomness at the solid-liquid interface. The increase in system 
disorder mainly results from the displacement of water molecules 
from the adsorbent surface during dye binding.  

3.6. Adsorption kinetic studies 

To elucidate the mechanisms and dynamic behavior 
governing the adsorption of MB and MO onto PBC3.3@NaAlg 
beads, the experimental data were analyzed using pseudo-first-
order (PFO), pseudo-second-order (PSO), Elovich, and 
intraparticle diffusion models. The model results and calculated 
parameters are shown in Fig. 9 and Table 5. The fitness of models 
could be estimated based on the R2 values. In general, the data 
obtained about MB and MO removed by PBC3.3@NaAlg beads 

Table 4.  
Thermodynamic parameters for the sorption of MB and MO onto PBC3.3@NaAlg beads 

T (K) 
MB MO 

G 
(kJ/mol) 

H  
(kJ/mol) 

S  
(J/mol.K) 

G  
(kJ/mol) 

H  
(kJ/mol) 

S  
(J/mol.K) 

303 -3.310 

7.489 35.642 

-3.338 

6.234 31.593 313 -3.667 -3.655 

323 -4.023 -3.971 

 

        

 
Fig. 9. Sorption kinetic studies of MB and MO on PBC3.3@NaAlg bead fitted by: (a) PFO, PSO, and Elovich models and (b) intraparticle diffusion 
model 
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were well fitted with PFO, PSO, and Elovich models (R2 > 0.95). 
Among these models, the PSO model provided the most superior 
fit (R2 > 0.99). The high degree of convergence between the 
calculated adsorption capacities (qe,cal) and the experimental 
values (qe,exp) in the PSO model indicates that the process is often 
associated with chemisorption (Wang and Guo 2020). To better 
understand the rate-controlling step, the intraparticle diffusion 
model from Fig. 9c was evaluated. Specifically, the intraparticle 
diffusion plot displays a multi-stage process where the initial sharp 
phase represents the boundary layer effect, where dye molecules 
diffuse through the liquid film onto the external surface. The 
subsequent slower phase corresponds to the intraparticle or pore 
diffusion stage, where the molecules penetrate the internal porous 
network of the adsorbent. The fact that the regression lines do not 
pass through the origin confirms that intraparticle diffusion is 
involved but is not the sole rate-limiting step. Instead, both film 
diffusion and chemical interactions collectively control the overall 
adsorption rate. Given the relatively lower fit of this model 
compared to other models, it can be concluded that the overall 
sorption kinetics are not solely governed by intraparticle 
diffusion, although it still plays a significant role in the multi-stage 
transport process (Chen et al. 2021). 

 
3.7 Competitive adsorption behavior of MB and MO 

The competitive adsorption behaviors of MB and MO were 
evaluated by comparing their removal efficiencies in both single 
and binary systems (Fig. 10). In the single-component systems, 
the adsorbent exhibited exceptional affinity toward both dyes, 
achieving high removal efficiencies exceeding 95% for MB and 
98% for MO. However, a noticeable decline in the removal 
percentage was observed in the binary mixed system, particularly 
for MO, whose removal efficiency dropped significantly to 
approximately 78.68%. This decrease is due to competitive 
adsorption, as both dye molecules compete for the limited active 
sites on the adsorbent surface. MB's higher removal efficiency 
(93.67%) in the mixture indicates its superior competitiveness 
over MO, which is attributed to stronger electrostatic attraction, 
preferential orientation, or better structural fitting. Consequently, 
despite the competitive interference between the dyes, the 
material maintains high removal efficiency in both single and 
mixed systems, demonstrating its strong potential for real 
wastewater treatment. 
 

3.8. Performance comparison of PBC3.3@NaAlg beads with the 
literature 

To evaluate the adsorption performance of the synthesized 
PBC3.3@NaAlg beads, their maximum adsorption capacities for 
MB and MO were compared with those of various hydrogel-based 
adsorbents in the literature. As presented in Table 6, the 
PBC3.3@NaAlg beads exhibited highly competitive adsorption 
capacities of 279.68 mg/g for MB and 179.02 mg/g for MO. 
Notably, the MB uptake of PBC3.3@NaAlg beads significantly 
outperformed several recent biopolymer hydrogels, including 
rabbit skin-gelatin beads (185.55 mg/g) and grafted natural 
melanin κ-carrageenan hydrogel beads (48.63 mg/g). 
Furthermore, while most reported materials targeted only a single 
class of dyes, our developed beads demonstrated a distinct dual-
functional advantage by efficiently capturing both cationic (MB) 
and anionic (MO) dyes. This broad-spectrum removal capability, 
combined with the utilization of eco-friendly and low-cost pomelo 
peel biochar, underscores the superior potential of 
PBC3.3@NaAlg beads for flexible wastewater remediation. 

 

Table 5. 
 Adsorption kinetic parameters of MB and MO on PBC3.3@NaAlg beads 

Kinetic model Parameter Unit MB MO 

PFO qe,cal mg/g 39.23 61.82 
qe,exp mg/g 41.01 65.43 
R2 - 0.9906 0.9861 

PSO qe,cal mg/g 42.31 67.93 
qe,exp mg/g 41.01 65.43 
R2 - 0.9988 0.9999 

Elovich 
 mg/g.min 7.8048 

7.4056 

 g/mg 0.1713 0.0970 
R2 - 0.9696 0.9755 

Intraparticle diffusion kd,1 mg/g.min0.5 2.08 3.27 
R2 - 0.9365 0.9793 
kd,2 mg/g.min0.5 0.16 0.30 
R2 - 0.9269 0.8912 

 

 
Fig. 10. Adsorption efficiency of MB and MO in single and binary 
mixed systems 
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3.9. Possible mechanism 

Based on the aforementioned analysis, the removal of MB 
and MO by the composite beads is governed by a synergistic 
mechanism involving hydrogen bonding, − interactions, and 
electrostatic forces (Fig. 11). The presence of micro-sheets on the 
bead surface, as revealed by morphological characterization, 
facilitates the entrapment and subsequent migration of dye 
molecules into the porous network to form monolayer adsorption. 
The structure of the activated biochar, rich in carboxylate and 
hydroxyl functional groups, enables the formation of hydrogen 
bonds with the nitrogen and oxygen atoms of the dye molecules. 
Furthermore, − stacking interactions occur between the 
delocalized -electron system, the biochar’s graphitic layers, and 

the aromatic rings of the MB and MO molecules. This is 
corroborated by FT-IR spectra (Fig. 3), where shifts in the 
vibrational peaks of -OH, -COOH, and C=C groups (Table 2) post-
adsorption validate the involvement of both hydrogen bonding 
and − interactions. Although direct quantification of these 
forces is limited, the observed peak shifts and intensity variations 
provide strong indirect evidence supporting the proposed 
mechanism. The electrostatic interaction between dye and bead 
is not significant as the results obtained in the effect of initial pH 
solution (Fig. 6). In the case of MB adsorption, this interaction 
could happen between the negatively charged carboxylate groups 
of the alginate matrix and the cationic MB molecules, as indicated 
by a slight removal of MB by NaAlg beads. To sum up, MB and 
MO were taken up by a hybrid of physisorption and 

Table 6.  
Comparative study of dye adsorption capacity for different hydrogel beads 

Different hydrogel beads Dye Adsorption capacity 
(mg/g) 

References 

Rabbit skin-gelatin beads MB 
Basic fuchsin 

185.55 
271.01 

(Zhang et al. 2022) 

Walnut shell biochar-based composite hydrogel MB 
Malachite green 
Neutral Red 

1494 
1182 
1031.6 

(Li et al. 2024) 

Chitosan-montmorillonite hydrogel beads Methyl green 300 (Kurczewska 2022) 
Multifunctional carboxymethyl cellulose-dextran 
Sulfate/AgNPs@zeolite hydrogel beads 

Basic red 46 
MB 

344.82 
454.55 

(Benhalima et al. 
2024) 

Sodium alginate-guar-gum-tannic acid based 
nanocomposite hydrogel beads 

Malachite green 203 (Rather et al. 2023) 

Chitosan-Lignin hydrogel beads DB-218 93.5  (Bashir et al. 2025) 
Grafted natural melanin κ-carrageenan hydrogel 
bead 

MB 
Malachite green 

48.63 
37.84 

(Hao et al. 2023) 

Fly ash composite hydrogel MO 226.16 (Zari et al. 2025) 
PBC3.3@NaAlg beads MB 

MO 
279.68  
179.02 

This study 

 

 

 

 
Fig. 11. Possible removal mechanism of MB and MO on PBC3.3@NaAlg 
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chemisorption. It was initiated by the diffusion of dyes into the 
pores, followed by robust interaction with active sites across the 
external and internal bead architectures. 
 
3.10 Regeneration of PBC3.3@NaAlg beads 

To assess the adsorbent's reusability, five consecutive 
adsorption-desorption cycles were performed using ethanol 70 
as the eluting agent for both MB and MO. As illustrated in Fig. 12, 
the removal efficiency for MB remained remarkably high and 
stable, maintaining over 95% efficiency up to the 3rd cycle and 
dropping only slightly to approximately 85% by the 5th cycle. 
Conversely, the removal of MO exhibited a gradual decline, 
decreasing from an initial 95.36% to 67.12% in the final round. 
This performance in MO adsorption is likely dictated by steric 
factors; specifically, the smaller molecular size of MO may 
facilitate deeper penetration into the internal pore network, 
leading to incomplete elution during the regeneration phase. 
Nevertheless, the sustained high removal efficiencies for both 
dyes under continuous operation suggest that this method 
represents a potent and commercially viable strategy for the 
remediation of dye-laden industrial wastewater. Furthermore, the 
insets in SEM images (Fig. 4) confirm that the spent beads 
successfully retain their spherical shape and macro-structural 
integrity, thereby demonstrating excellent mechanical durability 
and stability against degradation throughout the five successive 
runs. 
 

4. Conclusions 

The successful synthesis of this hybrid material 
demonstrates that biochar can be effectively embedded within a 
sodium alginate polymeric matrix, resulting in a composite 
characterized by a complex lamellar morphology and a 
heterogeneous internal architecture of distinct micro-sheets. 
Insights from FTIR spectroscopy reveal a high density of diverse 
surface functional groups, which act as active sites to significantly 
boost the sequestration of both methylene blue and methyl 

orange. A key advantage of this adsorbent is its exceptional 
stability, as it maintains high removal efficiency across a wide pH 
spectrum ranging from 3.0 to 9.0. Furthermore, comprehensive 
isotherm and kinetic studies indicate that the removal process 
operates through a multifaceted dual-action mechanism, 
combining physical diffusion into the porous network with robust 
chemical interactions on the surface. By immobilizing fine biochar 
particles within a macroscopic hydrogel scaffold, the composite 
effectively resolves common industrial hurdles related to the 
separation and recovery of powdered adsorbents. Ultimately, its 
proven effectiveness in treating both cationic and anionic dyes 
during continuous flow operations highlights its significant 
promise for large-scale, practical wastewater treatment 
applications. 
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