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Abstract
In this study, Ni-alginate beads (Ni-ABs) were prepared to enhance their adsorption capacity for methylene blue. The adsorbent
was characterized using FTIR and SEM instruments. The adsorption of Ni-ABs for methylene blue was investigated in a batch
adsorption study. The adsorption conditions for Ni-ABs for methylene blue were optimized, including the pH of the methylene
blue solution and contact time. The adsorption capacity of Ni-ABs for methylene blue reached 90% at pH 6 after 90 minutes of
contact. The experimental results were evaluated using the Langmuir and the Freundlich isotherm models. The adsorption
behavior followed the Freundlich model, suggesting multilayer adsorption. Regeneration of Ni-ABs was successfully performed
using a 0.5 M HCl solution. The Ni-ABs exhibited good stability, with adsorption efficiencies ranging from 76–90% and desorption
rates between 64–85% over five cycles. These results indicated that Ni-ABs were effective and reusable adsorbents for the
selective removal of methylene blue from aqueous solutions. This study demonstrates a simple Ni-alginate bead system with
high reusability as a low-cost alternative adsorbent compared to previously reported alginate-based materials.
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1. INTRODUCTION

Methylene blue is a synthetic dye classified as an aromatic hydro-
carbon compound that possesses toxic properties. Furthermore,
it is a cationic dye with a robust adsorption capacity. This col-
orant has extensive application across various sectors, including
the textile, food, paper, and leather industries (Al-Asadi et al.,
2025; El Hassani et al., 2022). When persistent in the environ-
ment, this compound is challenging to biodegrade, subsequently
posing health risks due to its carcinogenic and mutagenic nature.
Exposure to MB can induce cyanosis upon inhalation and cause
skin irritation upon dermal contact (Khan et al., 2022; Umesh
et al., 2024).

Adsorption stands out as one of the superior methodologies
for mitigating dissolved organic pollutants, such as those de-
rived from textile industry dye effluents. This technique plays a
vital role in environmental remediation efforts concerning dye
wastewater contamination. Its effectiveness is attributed to sev-
eral advantages: it is straightforward to execute, demonstrates
a high success rate, and requires low operational costs. Funda-
mentally, adsorption occurs at the surface of a solid material due
to attractive forces between the atoms or molecules of that solid
(Cai et al., 2025).

Recent studies have demonstrated that advanced adsorption

materials such as biochar-based composites, polymer-inorganic
hybrids, and functional hydrogels exhibit enhanced dye removal
efficiency due to improved surface chemistry and tunable pore
(Abdulhameed et al., 2025; Chen et al., 2025; Ramadhan et al.,
2025; Younis et al., 2025). In particular, adsorption materials
derived from sustainable resources have gained increasing at-
tention because they combine high removal efficiency with en-
vironmental compatibility and low production cost (Putri et al.,
2025). These developments highlight the growing need for sim-
ple, reusable, and eco-friendly adsorbents capable of treating
dye-contaminated wastewater under mild conditions.

Alginate is a naturally occurring anionic polymer derived
from brown seaweed. Chemically, it is a linear copolymer com-
prising 𝛽-D-mannuronate (1,4)-linked units and 𝛼-L-guluronate
units. Alginate possesses several desirable characteristics, in-
cluding biocompatibility, biodegradability, low toxicity, and cost-
effectiveness (Jadach et al., 2022; Zhang et al., 2023). In recent
years, alginate-based hydrogels and bead-type adsorbents have
emerged as promising materials for wastewater treatment be-
cause of their high swelling capacity, abundant functional groups,
and ease of recovery from treated solutions (Chen et al., 2025).
The composites provide enhanced mechanical strength and en-
able mild gelation with the addition of divalent or trivalent
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cations. The bead morphology is a valuable alternative form
that can significantly improve the material’s swelling capacity
(Wu et al., 2024).

The incorporation of metal ions, carbon materials, or inor-
ganic fillers into alginate matrices has been reported to signif-
icantly enhance adsorption performance, mechanical stability,
and reusability, making these systems attractive for practical
water treatment applications (Hao et al., 2025; Joolaei Ahranjani
et al., 2025; Kousar et al., 2025). Extensive research has focused
on the use of alginate beads as effective adsorbents. Various
metal-alginate gel beads, including Sr-alginate, Co-alginate, Ca-
alginate, and Ni-alginate, have been synthesized for the removal
of heavy metals. Their findings indicated that Ni-alginate gel
beads exhibited superior lead ion removal capacity compared
to other metal-alginate beads, achieving a 93.3% removal effi-
ciency (Sami et al., 2022). However, most previous studies on
Ni-alginate beads have focused on heavy metal ions remediation,
while their application for organic dye removal and reusability
have been rarely reported. In addition, the regeneration perfor-
mance of Ni-alginate systems remains poorly understood. Based
on these compelling previous studies, the current research in-
tends to synthesize Ni-alginate gel beads (Ni-ABs). This material
will subsequently undergo characterization and be applied as
an adsorbent for the removal of methylene blue dye. There-
fore, this research aimed to develop Ni-alginate gel beads as
an adsorbent with a higher adsorption capacity and excellent
ease of separation from the contaminated sample solution. This
study hypothesizes that nickel-alginate beads can serve as an
efficient, reusable adsorbent for the removal of methylene blue
from aqueous solutions. Specifically, it is hypothesized that Ni2+
crosslinking enhances bead structural stability, increases the
availability of active adsorption sites, and improves adsorption
efficiency and regeneration performance compared to conven-
tional alginate beads.

2. EXPERIMENTAL

2.1 Materials
Materials used in this experiment were sodium alginate, cal-
cium chloride (CaCl2) (Merck), nickel(II) chloride hexahydrate
(NiCl2·6H2O) (Merck), Methylene blue (MB) (Merck), Hydrochlo-
ric acid (HCl) (Merck), and sodium hydroxide (NaOH) (Merck).
Demineralized and deionized water were used throughout all ex-
perimental procedures, including solution preparation, washing,
and bead storage. All chemicals were of analytical reagent grade
and were used as received without further purification. The char-
acterization of the samples was performed using a Shimadzu
IRTracer-100 Fourier Transform Infrared Spectrometer (FTIR) to
identify the functional groups present and a JEOL JSM-6520LA
Scanning Electron Microscope (SEM) to assess the surface mor-
phology. The absorbance of the samples were measured using a
Shimadzu 1800 UV-Visible spectrophotometer.

Figure 1. Alginate Beads with The Addition of Ni2+

2.2 Methods
2.2.1 Ni-ABs Synthesis
A 2% (w/v) sodium alginate solution was prepared and stirred
with a magnetic stirrer for 2 hours to achieve complete homoge-
nization. This homogeneous solution was subsequently added
dropwise to a hardening solution. The hardening solution con-
sisted of 0.15 M CaCl2 and 0.05 M NiCl2·6H2O. Nickel-modified
alginate beads (Ni-ABs) formed immediately upon contact. The
resulting mixture was continuously stirred for two hours. Fol-
lowing this stirring period, the Ni-ABs were filtered, rinsed twice
with demineralized water, and then immersed in fresh deion-
ized water. The prepared Ni-ABs were stored at refrigerated
temperatures (1-4 ◦C).

Figure 2. FTIR Characterization Results of Ni-ABs

2.2.2 pH Variation
3 grams of Ni-ABs were added to 20 mL of a 10 ppm methylene
blue solution. The pH of these solutions was systematically
varied to 3, 4, 5, 6, 7, and 8, adjusted with 0.01 M NaOH or
0.01 M HCl. The mixture was agitated in a shaker for 1 hour.
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Subsequently, the solutions were analyzed to determine the final
methylene blue concentration by measuring their absorbance
at 664 nm using a UV-Visible spectrophotometer (Hellal et al.,
2023).

2.2.3 Contact Time Variation
3 grams of Ni-ABs were combined with 20 mL of a 10 ppm
methylene blue solutionmaintained at the previously determined
optimum pH. The mixtures were then agitated using a shaker at
0, 30, 60, 90, 120, 150, and 180 minutes. After each contact period,
the residual methylene blue concentration was quantified by
measuring the solution’s absorbance at its maximumwavelength
utilizing a UV-Visible spectrophotometer (Hellal et al., 2023).

Figure 3. Characterization Results of Ni-ABs Using SEM at (a)
200×Magnification; and (b) 2000×Magnification

2.2.4 Isotherm Models Evaluation
5 grams of Ni-ABs were exposed to 20 mL of a 10 ppmmethylene
blue solution at various initial concentrations (10, 20, 30, 40, 50,
and 100 ppm), all maintained at the optimum pH. Agitation of
these suspensions was subsequently performed using a shaker
for the previously determined optimum contact time. Follow-
ing the adsorption process, the final residual concentration was
determined by measuring the solution’s absorbance at the maxi-
mum wavelength using a UV-Visible spectrophotometer (Hellal
et al., 2023).

2.2.5 Regeneration Test of Ni-ABs
The regeneration and reusability study commenced by treating
a 10 ppm methylene blue solution with 5 grams of Ni-ABs at the
optimum pH. The mixture was agitated in a shaker at room tem-
perature for the optimal contact time. Following the adsorption
step, the adsorbent was separated from the solution and filtered.
The resulting filtrate was analyzed by measuring its absorbance
at the maximumwavelength using a UV-Visible spectrophotome-
ter, while the recovered adsorbent was subsequently dried. For
the desorption phase, the dried adsorbent was immersed in 20
mL of 0.5 M HCl and agitated using a shaker for 30 minutes.
The solution was then filtered, and the filtrate (containing the
desorbed dye) was analyzed by measuring its absorbance at the
maximum wavelength using a UV-Visible spectrophotometer.
The recovered adsorbent was again dried and washed with dem-
ineralized water. This entire adsorption-desorption-washing
cycle was repeated for a total of five consecutive cycles (Blanco
et al., 2023).

Figure 4. Particle Size Distribution Derived from SEM Analysis

3. RESULTS AND DISCUSSION

3.0.1 Ni-ABs Synthesis
The Ni-ABs have been successfully synthesized using the simple
dripping method (extrusion), as presented in Figure 1. This
method involves the dropwise extrusion of the alginate from
a syringe into a hardening solution. As the alginate solution
exits the syringe, droplets form at the needle tip. The droplets
are fully formed when they reach a size that allows them to
detach from the syringe tip and fall into the hardening solution.
Subsequently, the alginate droplets form spheres due to the liquid
surface tension (Lin et al., 2024).

The Ni-ABs exhibited a light green color, which originates
from the Ni2+ added as the hardening solution. The Ca2+ hard-
ening solution was combined with Ni2+, to promote a more
compact gel network in the alginate compared to using only
Ca2+ (Ramdhan et al., 2022).
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3.0.2 Characterization of Ni-ABs
Based on Figure 2, the Ni-ABs adsorbent confirmed the successful
synthesis and the structural integrity of the alginate-nickel com-
plex. The spectrum revealed a characteristic broad and strong
absorption band at 3371.57 cm-1, indicative of the O H stretch-
ing vibration inherent to the alginate structure. Crucially, the
presence of the alginate polymer was established by the charac-
teristic absorption in the carboxylate group region C=O asym-
metric stretch at 1604.99 cm-1 and symmetric stretch at 1419.61
cm-1, confirming that the carboxylate groups COO– serve as
the primary active adsorption sites. Furthermore, the success-
ful incorporation of the cross-linking agent was evidenced by a
distinct peak at 570.93 cm-1, attributed to the Ni–O bond, thus
confirming the ionotropic cross-linking mechanism and the for-
mation of the Ni-ABs adsorbent (Liu et al., 2022). The appearance
of the Ni–O vibration band at 570.93 cm-1 confirms the successful
crosslinking of alginate chains by Ni2+ ions, forming a stable
three-dimensional network. This crosslinked structure not only
improves the mechanical stability of the beads but also creates
accessible adsorption sites within the gel matrix, facilitating
diffusion and binding of methylene blue molecules. Therefore,
the adsorption mechanism of methylene blue onto Ni-ABs is
primarily governed by electrostatic interactions between –COO–

groups and MB cations, supported by hydrogen bonding with
–OH groups.

Figure 5. The Effect of pH Variation on the Percentage of
Methylene Blue Dye Adsorption

Based on Figure 3 (a), the SEM analysis at 200× magnifica-
tion revealed that the Ni-ABs) exhibited an amorphous, flake-like
morphology (irregular shape) characterized by a highly compact
surface interspersed with several cracks. Further examination at
2000×magnification as shown in Figure 3 (b), provided a detailed
view. The image reveal that the Ni-ABs had a rough, uneven
surface texture, organized into granules with numerous wrinkles
and pores. This high degree of surface irregularity is beneficial

for the material’s adsorbent function. An average particle size
of 99.6982 𝜇m was observed for the synthesized Ni-ABs thereby
demonstrating the achievement of micro-scale synthesis as pre-
sented in Figure ??. The data distribution (n=25) extended from
4.243 to 507.137 𝜇m, with a dominant cluster (n=18) in the 0–100
𝜇m range, thereby demonstrating the achievement of micro-
scale synthesis. The synthesis method for alginate-based gel
beads is a determinant factor for particle size, which may vary
from nano to micro-dimensions. The extrusion encapsulation
method, in particular, produces micro-sized particles (microcap-
sules) typically within the 100 nm to 1000 𝜇m range (Łętocha
et al., 2022).

Figure 6. The Effect of Variations in Contact Time on the
Adsorption Percentage of Methylene Blue

The presence of cracks on the adsorbent surface is attributed
to the heterogeneous structural composition of alginate, which
typically features a dense surface layer and a loose, less com-
pact core. This structural disparity results in a fragile adsorbent
network that is susceptible to damage, particularly during the
drying process (Zhang et al., 2019). the compact yet crosslinked
structure formed by Ca2+/Ni2+ ions contributes to the mechan-
ical stability of the beads, which is essential for maintaining
adsorption performance over multiple regeneration cycles. Thus,
the SEM analysis confirms that the rough, porous, and cracked
morphology of Ni-ABs directly supports their high adsorption
capacity and good reusability, as observed in the adsorption and
regeneration experiments.

3.1 Adsorption
Figure 5 indicates that the adsorption percentage increased signif-
icantly as the pH was raised from 3 to 6, achieving the optimum
removal efficiency at pH 6. This dependence is explained by the
influence of pH on the adsorbent’s surface charge: at pH<6, the
excess H+ ions cause protonation of the -OH and C=O active
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sites on the Ni-ABs surface. This protonation reduces the neg-
ative charge and increases the positive charge density, leading
to electrostatic repulsion between the positively charged methy-
lene blue cations and the adsorbent, thus hindering adsorption
and resulting in low removal rates. Conversely, the condition
at pH 6 establishes charge equilibrium, minimizing competitive
H+ effects and allowing maximal interaction between the partial
positive charge of methylene blue and the available active sites
on the Ni-ABs surface (Joolaei Ahranjani et al., 2025).

Figure 7. Adsorption Isotherm Models (a) Langmuir Isotherm,
and (b) Freundlich Isotherm for Ni-ABs Adsorbent

The decrease in adsorption percentage observed beyond the
optimum pH is primarily due to two factors: saturation of the
adsorbent’s active sites and the formation of precipitates that
interfere with adsorption. Furthermore, at high pH, methylene
blue ions exist predominantly in zwitterionic form, which sig-
nificantly promotes molecular aggregation into larger species,
specifically dimers. This increase in molecular size makes it
substantially more difficult for the dye to enter the adsorbent
pores. The formation of these larger aggregates of the methylene
blue zwitterions is driven by electrostatic attractive interactions
between the ionic groups of the zwitterion and its monomers
(Sari Yilmaz, 2022; Shi et al., 2022).

Figure 6 shows that the adsorption percentage increased
steadily from 30 minutes to 60 minutes, then continued to rise
until the optimum contact time of 90 minutes was reached. This
initial rapid uptake is attributed to the large number of vacant
active sites on the adsorbent surface, facilitating abundant inter-
action between the adsorbent and the adsorbate (Dimbo et al.,

2024; Loutfi et al., 2023). At the optimum time of 90 minutes,
the highest adsorption percentage obtained was 89.79%. Con-
sequently, this contact time was adopted for the subsequent
experimental procedures in this study.

Beyond the optimal contact time, extending the contact pe-
riod between the adsorbent and the adsorbate did not yield a
significant increase in dye removal. This effect occurs because
most of the active sites on the adsorbent surface have become
occupied by methylene blue molecules, causing the adsorption
rate to significantly decrease due to the limited availability of
remaining vacant binding sites (Samadi Kazemi and Sobhani,
2023).

Based on the analysis of adsorption isotherms for methy-
lene blue on Ni-ABs, the most suitable model was determined
by evaluating the coefficient of determination (R2). A value of
R2 approaching 1 signifies a strong correlation and interdepen-
dence among the variables, thus indicating the most appropriate
isotherm model (Allahkarami et al., 2024). The linear regres-
sion results showed that the R2 value for the Langmuir isotherm
model in shown Figure 7(a) was 0.6110, while the R2 value for
the Freundlich isotherm model shown in Figure 7(b) was 0.9732.
Following the principle that the isotherm model with the high-
est coefficient of determination is the most representative, it is
concluded that the adsorption process of methylene blue dye by
the Ni-ABs adsorbent obeys the Freundlich adsorption isotherm
model (Liu et al., 2023).

Figure 8. Regeneration Test of Ni-ABs

Figure 8 illustrates a gradual decrease in the methylene blue
adsorption percentage across successive cycles, a trend likely
influenced by the desorption process’s efficiency. The highest
desorption percentage was recorded in the first cycle, reaching
85.84%. This high efficiency is attributed to the mechanism of
the HCl desorbing agent: H+ ions strongly interact with the
adsorbent surface, effectively competing with and displacing the
already bound methylene blue cations back into the solution,
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due to the H+ ions’ robust bonding affinity (Buelvas et al., 2023).
Conversely, the lowest desorption percentage in the fifth cycle,
64.24% suggests that the active groups on the adsorbent surface
became less susceptible to protonation, making it increasingly
difficult for themethylene blue ions to detach (Ivanets et al., 2022).
The sub-optimal desorption efficiency meant that residual adsor-
bate remained on the surface, thereby reducing the number of
available active sites for the next adsorption cycle, leading to the
observed decrease in subsequent adsorption percentages. How-
ever, this overall decline was not overly significant, indicating
the Ni-ABs possessed good stability and remained effective over
five usage cycles, as the final adsorption percentage remained
above 60%, confirming good reusability (Tohdee et al., 2024).
These results confirm that methylene blue adsorption by Ni-ABs
is dominated by electrostatic attraction and hydrogen bonding,
as previously indicated by FTIR analysis and pH-dependent ad-
sorption behavior.

4. CONCLUSIONS

Ni-alginate gel beads (Ni-ABs) have been successfully synthe-
sized using the simple dripping method, yielding light-green
gel beads. Ni-alginate gel beads have good stability with an
adsorption range of 76-90% in five repetitions. The adsorption
of methylene blue by Ni-alginate gel beads was optimal at pH
6 and a contact time of 90 minutes, with an adsorption per-
centage of 90%. The adsorption isotherm data were best fitted
to the Freundlich Isotherm model. These findings confirm the
proposed hypothesis that Ni2+ crosslinking enhances structural
stability, active site availability, and reusability of alginate beads
for dye adsorption. Future studies should focus on investigat-
ing the adsorption kinetics and thermodynamics of methylene
blue removal using Ni-alginate beads to provide deeper insight
into the adsorption mechanism and rate-controlling steps. The
performance of Ni-ABs should also be evaluated in real textile
wastewater to assess their performance under practical condi-
tions, accounting for competing ions and organic matter. In
addition, surface modification of Ni-alginate beads or incorpo-
ration of secondary functional materials (such as carbon-based
additives or metal oxides) may further enhance adsorption ca-
pacity and selectivity. Finally, continuous-flow column studies
are recommended to evaluate the scalability and long-term oper-
ational stability of the adsorbent for real wastewater treatment
applications.
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