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Abstract

Alginate—BiBDC composite beads were produced using Ca?*-mediated ionic crosslinking and assessed for methylene
blue MB) adsorption. FT-IR, XRD, SEM, BET, and TGA validated the effective incorporation of BIBDC and the creation
of a porous hybrid network. Among the composites, ALG@BiBDC-2 exhibited the most advantageous textural
characteristics (14.16 m?.g™! surface area, 0.0324 cm®.g™* pore volume, 16.27 nm pore size), attaining 85.33% methylene
blue removal within 60 min. Adsorption was significantly influenced by pH, dose, concentration, and temperature. At
a pHpzc of 6.76, electrostatic attraction predominates in the uptake of MB. The adsorption process followed a pseudo-
second-order model and a Langmuir isotherm, indicating chemisorption-driven monolayer adsorption. Thermodynamic
analysis validated spontaneous and exothermic characteristics. The beads maintained over 60% effectiveness after four
cycles, indicating moderate stability and significant promise for treating dye-contaminated wastewater.
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1. Introduction seaweed, has attracted considerable interest as a
sustainable adsorbent matrix for water
purification, owing to its plentiful carboxyl (-
COQO7), hydroxyl (-OH) functional groups, high
biocompatibility, and easy cross-linking ability
that promote robust interactions  with
contaminants, including dyes and heavy metal
ions [11]. The adsorption efficiency of sodium
alginate can be significantly enhanced when
combined with other materials to create composite
adsorbents, thereby increasing mechanical
stability, porosity, and the availability of
functional sites. Recent studies indicate that SA-
based composites, including SA/polyvinyl
alcohol/x-carrageenan  aerogel beads and
SA/MCM-41 hybrid  beads, demonstrate
significant adsorption capacities for cationic dyes
(e.g., methylene blue) and heavy metals (e.g.,
. Cu(I), Pb(Il) via mechanisms such as
* Corresponding Authors. . . .
Email: nve@iuh.edu.vn (V.C. Nguyen) electrostatic attraction, hydrogen bonding, and
phamhoangaile@iuh.edu.vn (A.L.P. Hoang)

Synthetic dyes are widely used in textiles,
paper, leather, printing, and other industrial
sectors. The discharge of dye-laden effluents into
water bodies poses a significant threat to both
aquatic ecosystems and human health, as many
dyes are persistent, toxic, mutagenic, or
carcinogenic [1-4]. Conventional treatment
techniques (e.g., coagulation, biological
treatments, membrane filtration) often suffer
from high cost, incomplete removal, or the
generation of secondary waste [6-7]. Hence,
developing low-cost, efficient, and reusable
adsorbents for dye removal remains a critical
research direction [8-10]

Sodium alginate (SA), a mnatural and
biodegradable polysaccharide sourced from brown
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ion exchange, positioning them as viable options
for the effective treatment of textile wastewater
and mixed pollutant systems [12—14].

Metal-organic frameworks (MOFs) are
crystalline, porous materials composed of metal
nodes coordinated to organic linkers, offering high
surface area, tunable pore structures, and a
variety of exposed functional metal sites. These
properties render MOF's highly promising for the
adsorption and catalysis of pollutants, including
dyes [15-17]. Among MOFs, those based on
bismuth (Bi-MOFs) have recently emerged owing
to their favourable stability, visible-light
absorption, and abundant active sites derived
from the Bi ions [18-20]. Recent studies have
elucidated the synthesis strategies, structural
tunability, and structure—property relationships
of bismuth-based metal-organic frameworks (Bi-
MOFs), demonstrating their high potential for
degrading organic pollutants. Due to their low
toxicity, diverse coordination environments, and
favourable electronic structures, Bi-MOFs have
emerged as promising materials for the efficient
and sustainable removal of organic contaminants
from aqueous systems [18,19,21,22]. For example,
the bismuth-terephthalate framework (Bi-BDC)
was synthesized via a facile solvothermal route
and exhibited ~98 % removal of Rhodamine B
(RhB) after 270 min under visible LED irradiation
[23,24]. Despite recent progress, the practical
application of Bi-MOF's in wastewater treatment
is hindered by their limited stability, tendency to
agglomerate, and poor reusability in aqueous
systems. The integration of Bi-MOFs into
biopolymer matrices for textile-dye adsorption
remains underexplored. To overcome these
limitations, this work develops a stable Bi-MOF-
based composite for dye removal, offering a more
effective and sustainable approach to treating
complex wastewater.

The integration of the structural integrity
and substantial adsorption capacity of metal—
organic  frameworks (MOFs) with the
biopolymeric characteristics and processability of
alginate enables the production of composite
beads that exhibit superior adsorption efficiency,
ease of manipulation, and improved recyclability.
Alginate beads containing UiO-66 MOF and
carboxylated graphene oxide have demonstrated a
rapid and effective removal of methylene blue and
Cu?* ions in approximately 4 hours via synergistic
adsorption mechanisms, including electrostatic
interactions, n—r stacking, and pore diffusion [25].
Similarly, MOF/alginate composite beads have
exhibited efficient adsorption of Cr(VI), validating
the efficacy of this composite method [26].
However, research on alginate-based beads,
including bismuth-based metal-organic
frameworks such as Bi-BDC, for the adsorption of
textile dyes remains scarce. A systematic
investigation of ALG@Bi-BDC composites,

emphasizing adsorption capacity, kinetics,
isotherms, and adsorption mechanisms, is a
significant contribution due to the pronounced
affinity of Bi-MOFs for organic dyes and the
practical benefits of alginate beads, including
shape controllability, facile separation, and
reusability.

2. Materials and Method
2.1. Materials

Bismuth(I1I) nitrate pentahydrate
(Bi(NOs3)s -5H20, 98.0%), terephthalic acid (BDC,
98.0%), sodium alginate and rhodamine B (95%)
were sourced from  Sigma-Aldrich. N,N-
dimethylformamide (DMF, 99%) and methanol
(MeOH, 99.5%) were purchased from Xilong
Scientific Co., Ltd. All chemicals were used as
received.

2.2. Methods
2.2.1. Synthesis of BIBDC
Bismuth  terephthalate (BiBDC) was

synthesised via a solvothermal method.
A total of 200 mg of Bi(NO3); 5H,0 and 800 mg of
terephthalic acid were dissolved in a mixed
solvent containing 30 mL of N, N-
dimethylformamide and 30 mL of methanol. The
mixture was magnetically stirred for 30 min until
it was completely dissolved. The resulting clear
solution was transferred into a 100 mL Teflon-
lined stainless-steel autoclave and subjected to
solvothermal treatment at 150 °C for 24 h. After
cooling naturally to room temperature, the solid
product was collected by filtration and centrifuged
at 5500 rpm for 10 min. The obtained solid was
washed three times with a DMF/MeOH (1:1, v/v)
mixture and once with pure MeOH to remove
residual organic species. Finally, the material was
vacuum-dried at 80 °C for 24 h, yielding a
crystalline BiBDC powder.

2.2.2. Preparation of Alginate@BiBDC composite

A predetermined amount of BiBDC powder
was dispersed in 2 mL of deionized (DI) water and
ultrasonicated for 30 min to achieve thorough
dispersion. In parallel, sodium alginate was
dissolved in 20 mL of DI water and then added to
the BiBDC suspension under continuous stirring
at 300 rpm for 2 h to obtain a homogeneous
mixture. The mass ratio of alginate to BIBDC was
varied from 10:1 to 10:0 (w/w). The resulting
uniform suspension was loaded into a 20 mL
syringe and added dropwise into 100 mL of 0.05 M
CaCl, solution using a syringe pump at a
controlled flow rate, promoting ionic crosslinking
and the formation of hydrogel beads. After 2 h of
gelation, the beads were collected by filtration and
gently stirred in DI water at 300 rpm for an
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additional 2 h to remove residual Ca** ions. The
wet beads were then blotted with filter paper to
remove surface water and freeze-dried for 10 h to
yield the ALG@BiBDC composite. The resulting
composites were designated as ALG@BiBDC-1,
ALG@BiBDC-2, and ALG@BiBDC-3,
corresponding to ALG-to-BiBDC mass ratios of
10:1, 10:2, and 10:3, respectively.

2.3. Adsorption Studies
2.3.1. Effect of material composition

The adsorption performance of ALG@BiBDC
with various composition ratios was evaluated
using 0.1 g of adsorbent dispersed in 50 mL of
methylene blue (MB) solution (20 mg.L™!) in a 100
mL Erlenmeyer flask. The suspensions were
shaken at 250 rpm. At predetermined time
intervals (0, 15, 30, 45, and 60 min), aliquots were
withdrawn, and the residual MB concentration
was determined by UV-Vis spectrophotometry at
A =649 nm.

2.3.2. Effect of adsorbent dosage

To evaluate the influence of adsorbent dosage
and identify the optimal amount, different masses
of the ALG@Bi1BDC-2 composite (0.05, 0.075, 0.10,
and 0.125 g) were individually added to 50 mL of
a methylene blue solution with an initial
concentration of 20 mg.L™. The suspensions were
agitated at 250 rpm, and aliquots were withdrawn
at predetermined time intervals of 15, 30, 45, and
60 min for subsequent spectrophotometric
determination of the residual MB concentration.

2.3.3. Effect of initial dye concentration

To investigate the effect of the initial dye
concentration on the adsorption performance, the
0.1 g ALG@BiBDC-2 composite was added to 100
mL Erlenmeyer flasks containing 50 mL of
methylene  blue solutions  with  initial
concentrations of 10, 15, 20, 25, and 30 mg.L™.
The resulting suspensions were shaken at 250
rpm, and samples were withdrawn at selected
time intervals between 15 and 60 min to monitor
the adsorption behaviour.

2.3.4. Effect of solution pH

The influence of solution pH on adsorption
performance was examined using 50 mL of a
methylene blue solution (20 mg.LL™?) containing
0.1 g of ALG@BiBDC-2 in 100 mL Erlenmeyer
flasks. The initial pH values were adjusted to 3, 5,
7, and 9 by adding dilute HCI or NaOH solutions.
The suspensions were agitated at 250 rpm, and
aliquots were collected at predetermined time
intervals of 7.5, 15, 30, 60, and 60 min for UV—Vis
spectrophotometric analysis at 649 nm.

2.3.5. Effect of temperature

The effect of temperature on MB adsorption
was investigated by introducing 0.1 g of the
ALG@BiBDC composite into 50 mL of MB solution
(20 mg. L, pH 7) at 20, 30, 40, and 50 °C. The
mixtures were shaken at 250 rpm, and samples
were withdrawn at 15, 30, 45, and 60 min to
determine the absorbance and evaluate
temperature-dependent adsorption behaviour.

2.3.6. Reusability and structural stability

The reusability of the ALG@BiBDC composite
was assessed through repeated adsorption—
desorption cycles. After each adsorption run, the
spent adsorbent was regenerated by sequential
washing with hydrochloric acid solution and
ethanol, followed by thorough rinsing with
deionized water and drying. The regenerated
material was subsequently reused for ten
consecutive adsorption cycles under identical
experimental conditions.

2.4. Isotherm Models, Kinetic and
Thermodynamic Study

Langmuir and Freundlich isotherm models
are applied. The Langmuir model assumes
monolayer adsorption on a homogeneous surface
and is expressed linearly (Equation (1)) as:

Ce 1 Ce

D

de Amax-KL dmax

Conversely, the Freundlich model delineates the
formation of multilayer adsorption on
heterogeneous surfaces, as illustrated by the
equation (Equation (2)):

logq, = logKy + %logCe )

where @max (mg/g) is the maximum adsorption
capacity, KL (I/mg) is the Langmuir adsorption
constant, Kr (mg/g.(L/mg)¥n) is the Freundlich
constant related to adsorption capacity, and n
(dimensionless) is the Freundlich exponent
indicating the favorability of the adsorption
process.

The resulting kinetic data were subsequently
interpreted using relevant kinetic models:

First-order kinetic model:
In(g. — q¢) =Ingq, — Kt 3)

Second-order kinetic model:

= eat . (4)
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Where g, and q, are the adsorption capacities at
time t and at equilibrium, respectively, and K,
and K, are the rate constants of the pseudo-first-
order and pseudo-second-order models. The
kinetic parameters are obtained from the linear
plots of In (g, —q;) versus t (first order) and
t/q; versus t (second order). The model that best
describes the adsorption process is selected based
on the correlation coefficient (R?).

Furthermore, thermodynamic characteristics
such as Gibbs free energy (AG®°), enthalpy (AH®),
and entropy (AS°) were calculated utilizing the
subsequent equations:

AG° = —RTInK, )
AS© AH
Ink, ==~ -= (6)

In this equation, R represents the ideal gas
constant, and 7'is the temperature (K). A graph of
InK, against 1/T is used to determine AH® and
AS°.

2.5. Material Characterizations

The structural, morphological, and
physicochemical characteristics of the synthesized
materials were comprehensively investigated
using a suite of analytical techniques. Crystalline
phases were examined by X-ray diffraction (XRD)
employing Cu-Ka radiation over a 20 range of 5°—
80° with a step size of 0.02°. Functional groups
and coordination environments were identified
using  Fourier-transform infrared (FT-IR)
spectroscopy on a Bruker Tensor 27 in the range
of 4000-500 cm™. The morphology were
characterized by scanning electron microscopy
(SEM) using a JEOL JSM-IT800 system.

3. Results and Discussion
3.1. Characterizations of Materials

Figure 1a shows the FT-IR spectra of the
alginate bead and ALG@BiBDC composites,

@ ALG@BiBD-3 /\f/\ /A\
1575 cm'™ 1010[cm™!

ALG@BiBD-2
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m 1021 |em™
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4"\_/-/?(:l[\/\<)>cm'1

T
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confirming the successful formation of alginate—
BiBDC hybrid materials. The alginate bead
exhibits a broad band at 3200-3500 cm™
corresponding to —-OH  stretching and
characteristic carboxylate bands at ~1600 and
~1420 cm™ attributed to asymmetric and
symmetric —COO~ stretching, indicating Ca?*-
crosslinked alginate. After incorporation of
BiBDC, these bands show slight shifts from 1583
cm-1to 1575 cm-! with increasing BiBDC contents
and intensity changes, suggesting coordination
interactions between alginate carboxylate groups
and Bi** centers. In addition, the appearance and
enhancement of bands in the low-wavenumber
region (~520-560 cm™) are assigned to Bi-O
vibrations, confirming the presence of the BiBDC
framework. Notably, the band at 1010-1026 cm™
becomes more pronounced in the composites,
which i1s attributed to overlapping C-O-C
stretching of the alginate backbone and C-O
vibrations of the BDC linker, indicating strong
interfacial interactions between the polymer
matrix and the MOF phase [27].

The XRD patterns of BiBDC, alginate beads,
and ALG@BiBDC composites were obtained
within the 20 range of 10-90° to examine the
structural properties of the synthesized materials
(Figure 1b). The diffraction pattern of BiBDC
exhibits a broad and faint halo primarily centered
at 20 = 20-25° signifying its essentially
amorphous structure with restricted long-range
order. The alginate bead displays a distinct broad
peak at around 20 = 21-23°, characteristic of
polysaccharide-based materials, attributed to the
disordered configuration of polymer chains and
intermolecular hydrogen bonding. Following the
integration of BiBDC into the alginate matrix,
the ALG@BiBDC composites (ALG@BiBDC;
ALG@BiBDC-3; ALG@BiBDC-2; ALG@BiBDC-1.
respectively) exhibit a broad diffraction band
within 20 = 18-30°, indicating the persistence of
the predominant amorphous structure of
alginate. Minor discrepancies in peak intensity

®

20 (degree)

Figure 1. (a) FT-IR spectra and (b) XRD of as-synthesised materials.
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are observed among the composites, with
ALG@BiBDC-2 exhibiting a comparatively higher
intensity near 20 = 22° potentially due to
enhanced intermolecular interactions or superior
dispersion of BiBDC within the alginate matrix.
No additional sharp diffraction peaks are
observed in the composite samples, indicating
that BiBDC is uniformly distributed within the
alginate matrix without forming crystalline
aggregates.

Thermogravimetric analysis (TGA) reveals
distinct decomposition profiles for pristine BiIBDC

0=
-1
o
g2
=
2o
o -3 -
=
4 4——BIBDC
— ALG
5 |— ALG@RBIBDC-1
—— ALG@BIBDC-2
—— ALG@BIBDC-3
'6 T T T T T T T
100 200 300 400 500 600 700 800

Temperature ("C)
Figure 2. TGA of as-synthesised materials.

and alginate-modified ALG@BiBDC composites,
underscoring the role of alginate in enhancing
thermal resilience. All samples exhibit initial
mass loss below 200 °C, attributable to the
desorption of physisorbed water and residual
DMF solvents from the solvothermal synthesis,
with losses ranging from 20% to 40%.
Thermogravimetric analysis profiles reveal that
pristine BiBDC undergoes severe mass loss,
approaching ~90% by 600 °C, indicative of the
sequential decomposition of BDC linkers and
framework collapse into volatile species, leaving
minimal Bi,O; residue. In contrast, the
ALG@BiBDC composites (10:1, 10:2, 10:3) exhibit
significantly moderated degradation, retaining
20-40% char yield at 800 °C owing to alginate's
cross-linking reinforcement, which retards
organic linker pyrolysis and fosters more robust
oxide formation; notably, ALG@BiBDC 10-3
displays the shallowest decline beyond 500 °C,
underscoring optimal alginate loading for
enhanced decomposition kinetics.

Figure 3 illustrates SEM micrographs of the
pristine alginate bead and the ALG@BiBDC
composites with varying BiBDC loadings,
highlighting the morphological changes resulting
from the integration of the BiBDC framework.
Figure 3a shows that the pure alginate bead has
a rather dense, compact surface with low
porosity. The surface exhibits a smooth,

Figure 3. SEM image of (a) alginate bead, (b) ALG@BiBDC-1, (c) ALG@BiBDC-2 and (d) ALG@BiBDC-

3.
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continuous texture, indicative of ionically
crosslinked alginate networks formed during
Ca?"-mediated gelation. The introduction of a low
amount of BiBDC (ALG@BiBDC-1, Figure 3b)
results in a considerable increase in surface
roughness and heterogeneity. An interconnected
porous network forms, indicating that
BiBDC disrupts the dense alginate matrix and
facilitates pore development. In ALG@BiBDC-2
(Figure 3c), the composite exhibits a highly
developed porous structure with evenly
distributed, needle-like BiBDC crystallites
integrated within the alginate matrix. The BiBDC
buildings are uniformly distributed and
interconnected, creating open channels that can
significantly enhance mass movement and
provide numerous accessible active sites.
Conversely, ALG@BiBDC-3 (Figure 3d)
demonstrates significant aggregation of BiBDC
particles, resulting in densely packed clusters on
the alginate surface. The elevated BiBDC
concentration leads to partial pore obstruction
and  diminished structural = homogeneity,
potentially impeding dye transport and reducing
the effective adsorption surface area. This
aggregation phenomenon elucidates the reduction
in adsorption effectiveness noted at elevated
BiBDC loadings [23].

The textural characteristics of the alginate—
BiBDC composites, as assessed using N,
adsorption—desorption  studies, exhibit a
significant correlation with BiBDC loading and
elucidate the observed adsorption behavior (Table
1). The pristine alginate bead exhibits a low BET
surface area and a restricted pore volume,
indicative of a dense Ca?-crosslinked polymer
network that hinders mass transfer. The addition
of BiBDC significantly alters the pore structure,
with the ALG@BiBDC-2 composite (ALG : BiBDC
= 10:2) exhibiting the greatest BJH pore volume
(0.0324 cm®.g™') and the biggest average pore
diameter (16.27 nm), signifying a highly
developed mesoporous network. This pore
structure facilitates the effective diffusion of
methylene blue molecules and increases the
accessibility of active adsorption sites, aligning
well with its enhanced swelling capacity and
adsorption effectiveness. Conversely, inadequate
BiBDC loading (10:1) does not yield a continuous
porous network, whereas excessive BiBDC

incorporation (10:3) leads to particle aggregation
and partial pore obstruction, resulting in
diminished effective surface area and pore
volume. The low specific surface area of the
composites is mostly due to the dense polymeric
structure of alginate, which, during ionotropic
gelation, frequently collapses micro- and
mesopores, hence restricting accessible surface
area. The integration of BiBDC alters porosity;
nonetheless, the alginate matrix partially
encapsulates or obstructs MOF particles, hence
limiting their inherent surface area. The sodium
alginate/graphene oxide composite likewise
exhibited a low BET surface area of 2.6 m?/g [28].
of ALG@BiBDC

3.2. Swelling  Behavior

Composites

The swelling behavior of ALG@BiBDC
composite materials with different mixing ratios
was systematically investigated, and the results
are summarized in Figure 4. Among the evaluated
samples, the composite with an ALG-to-BiBDC
mass ratio of 10:2 exhibited the highest swelling
capacity, attaining a swelling mass of 1.973 g after
60 min and increasing to 2.256 g after 90 min. In
contrast, the composite prepared with a higher
BiBDC content (10:3) displayed the lowest
swelling capacity, with swelling masses of 1.494 g

2.5
2256 0 min
2042 [ 160 min

2.0 1wa| | 1.973 [ 190 min
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E
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10:1 10:2 10:3
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Figure 4. Swelling behavior of ALG@BiBDC
composite materials at different ratios (10:1,
10:2, and 10:3) over 0, 60, and 90 min.

Table 1. Textural properties of alginate—BiBDC composites determined by N, adsorption—desorption.

Sample BET surface area (m%g™!) BJH pore volume (cm?.g™) BJH pore size (nm)
Alginate bead 10.85 0.0166 8.11
ALG@BiBDC-1 2.12 0.0045 12.92
ALG@BiBDC-2 14.16 0.0324 16.27
ALG@BiBDC-3 6.37 0.0093 7.38
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and 1.612 g at 60 and 90 min, respectively. The
superior swelling performance observed for the
10:2 composite can be attributed to an optimal
cross-linking density between the alginate matrix
and the BiBDC framework, which facilitates
effective water penetration and retention within
the polymeric network. Conversely, excessive
incorporation of BiBDC at the 10:3 ratio likely
introduces rigid inorganic domains that restrict
the mobility of alginate chains and reduce the
accessibility of hydrophilic functional groups,
thereby limiting water uptake. These findings
demonstrate that the 10:2 ALG@BiBDC
composition provides a favorable balance between
structural stability and water absorption
capability. Such a balance 1is particularly
beneficial for enhancing mass transfer, adsorption
efficiency, and diffusion processes in aqueous
environments [29].

3.3. Adsorption Study

3.3.1. Effect of ALG : BiBDC ratio on adsorption
efficiency

The effect of alginate and BiBDC mass ratios
on the adsorption performance toward methylene
blue is shown in Figure 5. For all samples, a rapid
increase in adsorption efficiency was observed
within the first 30 min, followed by a slower
approach to equilibrium after approximately 60
min, indicating fast initial uptake and subsequent
saturation of active sites. Among the investigated
compositions, the ALG@BiBDC-2 composite
(ALG:BiBDC = 10:2) exhibited the highest
adsorption efficiency, reaching 85.33% after 60
min, compared with ALG@BiBDC-1 and
ALG@BiBDC-3. This enhanced performance is
attributed to the synergistic interaction between
the alginate matrix and the BiBDC framework,

100
m -
£ 604
oy
=
&
(=3
£ 40-
& —=— Alginate bead
—eo— ALG@RIBDC-1
20 - —4+— ALG@BiBDC-2
—v— ALG@BIiBDC-3
0 T T T T
0 10 20 30 40 50 60
Time (min)

Figure 5. Effect of ALG:BiBDC ratio on the
adsorption efficiency of MB versus contact time
(conditions: 50 mL MB, 20 mg.L*, pH = 7, 25 °C).

where the polymer provides abundant functional
groups (—COOH and -OH) for electrostatic
interactions, while the porous BiBDC structure
promotes efficient dye diffusion and adsorption. In
contrast, composites with lower BiBDC contents
(10:0 and 10:1) possessed fewer available active
sites, resulting in inferior adsorption efficiency. At
higher BiBDC loading (10:3), partial aggregation
of the inorganic phase likely occurred, reducing
surface accessibility and hindering mass transfer.
These results underscore the critical role of
achieving an appropriate balance between
polymeric support and MOF dispersion to
maximize adsorption performance in alginate-
based hybrid materials.

The UV-Vis absorption spectra (Figure 6)
reveal the time-dependent variation in methylene
blue concentration during adsorption onto the
ALG@BiBDC-2 composite. The characteristic
absorption bands of MB at approximately 664 and
613 nm decreased with increasing contact time,
indicating continuous uptake of dye molecules
from the aqueous solution. A pronounced decrease
in absorbance was observed within the first 15
min, reflecting rapid adsorption driven by the
abundance of readily accessible active sites on the
composite surface. After 30 min, the rate of
absorbance reduction gradually declined, and an
almost constant absorbance was attained after 60
min, suggesting that the adsorption process had
reached near-equilibrium. This adsorption
behavior indicates that rapid initial uptake occurs
due to the presence of plentiful vacant sites,
followed by a slower stage as these sites become
increasingly occupied. The stabilization of the
absorbance profile beyond 60 min confirms that
equilibrium adsorption is achieved within 60 min,
demonstrating the high efficiency and fast
adsorption capability of the ALG@BiBDC
composite under ambient conditions.

Absorbance (a.u)

400 450 S0 S50 600 G50 TO0 7S50 800
‘Wavelength (nm)

Figure 6. UV—Vis absorption spectra of methylene
blue solution at different contact times (0—60 min)
over ALG@BiBDC-2 composite.
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3.3.2. Effect of adsorbent dosage

The influence of adsorbent dosage on the
removal efficiency of methylene blue by the
ALG@BiBDC composite was examined over the
mass range of 0.05-0.125 g, as presented in Figure
7. The adsorption efficiency increased markedly
from 63.05 to 85.33% as the adsorbent mass
increased from 0.05 to 0.1 g, which can be
attributed to greater availability of active sites
and a larger effective surface area at higher
dosages, thereby enhancing dye—adsorbent
interactions and mass transfer. However, a
further increase in the adsorbent mass led to a
slight decline in removal efficiency to 81.52%. This
reduction is commonly associated with excessive
adsorbent loading, which may induce particle
aggregation and partial overlap of active sites,
consequently decreasing the accessible surface
area and impeding dye diffusion. Based on these
results, an adsorbent dosage of 0.10 g yielded the
highest adsorption efficiency while maintaining
cost-effectiveness for subsequent adsorption
studies [30].

3.3.3. Effect of initial concentration

The effect of the initial MB concentration on
the adsorption performance of the ALG@BiBDC
composite was evaluated in the range of 10-30
mg.L* using 0.10 g of adsorbent with a contact
time of 60 min, as shown in Figure 8. The results
indicate that the adsorption efficiency increased
slightly with increasing MB concentration,
reaching a maximum value of 85.33% at 20
mg.L. This improvement can be attributed to the
enhanced concentration gradient between the
bulk solution and the adsorbent surface, which
provides a stronger driving force for mass transfer
and promotes faster adsorption kinetics.
Specifically, when the MB concentration
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increased from 10 to 20 mg.L!, the adsorption
efficiency rose modestly from 80.39% to 85.33%,
suggesting that a sufficient number of active sites
were available on the ALG@BiBDC surface to
accommodate the additional dye molecules. In
contrast, further increases in the initial MB
concentration to 25 and 30 mg.L! resulted in a
pronounced decrease in removal efficiency to
68.00% and 60.69%, respectively. This decline is
mainly attributed to the saturation of available
adsorption sites, leading to excess MB molecules
remaining in solution and unable to be effectively
adsorbed.  Additionally, at  higher dye
concentrations, possible dye—dye interactions or
multilayer adsorption may hinder diffusion into
the porous structure of the composite, further
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Figure 8. Effect of initial MB concentration on
adsorption efficiency of ALG@BiBDC composite
as a function of time (10-30 mg.L™?, 0.1 g
adsorbent, 50 mL solution) and comparison of
equilibrium adsorption efficiencies of MB at
different initial concentrations.
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Figure 7. (a) Effect of ALG@BiBDC dosage on adsorption efficiency of MB as a function of contact time
(0—-60 min, 20 mg.L*, 50 mL) and (b) comparison of equilibrium adsorption efficiencies of MB at different

composite dosages.
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limiting adsorption efficiency. Therefore, an
initial MB concentration of 20 mglL™ was
identified as optimal for achieving maximum
adsorption performance while maintaining
effective utilization of the available active sites on
the ALG@BiBDC composite [31].

3.3.4. Effect of pH on adsorption efficiency

The influence of solution pH on the adsorption
efficiency of methylene blue onto the ALG@BiBDC
composite was investigated over a pH range of 3—
9, and the corresponding results are depicted in
Figure 9. The adsorption performance was highly
pH-dependent, with the removal efficiency
increasing markedly from 26.45% at pH of 3 to
84.00% at pH of 7. Under strongly acidic
conditions, the abundance of H* ions leads to the
protonation of functional groups on the
ALG@BiBDC surface, yielding a positively
charged adsorbent. This causes -electrostatic
repulsion between the adsorbent and the cationic
MB molecules, thereby suppressing adsorption
and yielding low removal efficiency. As the pH
approached neutral conditions, deprotonation of
surface functional groups (COOH and —OH)
increased the composite's negative surface charge,
facilitating stronger electrostatic attraction to
MB* ions and thereby improving adsorption
efficiency. However, at pH values above 7, a slight
decline in removal efficiency was observed
(77.98% at pH of 5 and 76.67% at pH of 9), which
may be associated with partial dye aggregation
and increased competition from OH~ ions for
active adsorption sites. Overall, these findings
demonstrate that near-neutral conditions (pH = 7)
provide the most favorable environment for MB
adsorption on ALG@BiBDC, owing to optimal
electrostatic interactions between the adsorbent
surface and dye molecules [32].
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Figure 9. Effect of solution pH on the adsorption
efficiency of MB over ALG@BiBDC composite as
a function of contact time (0.1 g adsorbent, 20
mg.L"* MB, 50 mL solution).

3.3.5. Effect of temperature on adsorption
efficiency

Figure 10 presents the effect of temperature
on the adsorption efficiency of the ALG@BiBDC
composite with the optimal ALG:BiBDC ratio of
10:2 over the temperature range of 20-50 °C. The
highest adsorption efficiencies were achieved at
20 °C and 30 °C, with values of 82.60% and
80.90%, respectively. In contrast, a pronounced
decrease in removal efficiency was observed as the
temperature increased to 40 °C and 50 °C, with
efficiencies declining to 69.45% and 60.33%,
respectively. The reduction in adsorption
efficiency with increasing temperature suggests
that methylene blue adsorption onto ALG@BiBDC
is predominantly physisorption-driven. Elevated
temperatures increase the thermal motion of MB
molecules, thereby weakening van der Waals
forces and other weak interactions that support
dye retention on the adsorbent surface.
Additionally, higher temperatures facilitate
desorption and backward diffusion of MB
molecules from the composite surface into the
bulk solution, further diminishing overall
adsorption performance. These observations are
in good agreement with previous reports on MB
adsorption by alginate-based and biopolymeric
adsorbents, which typically exhibit decreased
adsorption capacity at higher temperatures,
indicating an exothermic adsorption process.
Consequently, lower temperatures in the range of
20-30 °C are more favorable for MB adsorption
onto ALG@BiBDC, underscoring the suitability of
this composite for efficient wastewater treatment
under ambient conditions [25].

3.3.6. Reusability of the adsorbent

The reusability of the ALG@BiBDC composite
was assessed over five consecutive adsorption—

Efficlency (%)

0 15 30 45 60

Time {min)

Figure 10. Effect of temperature on methylene
blue adsorption efficiency by ALG@BiBDC
composite.

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (3), 2026, 548

desorption cycles, and the corresponding results
are presented in Figure 11. A slight decrease in
adsorption efficiency was observed during the
initial reuse, declining from 85.33% in the first
cycle to 83.24% in the second cycle. A more
pronounced reduction in performance occurred in
subsequent cycles, with efficiencies decreasing to
77.08%, 63.53%, and 32.99% in the third, fourth,
and fifth cycles, respectively. The cumulative loss
in adsorption efficiency after five cycles indicates
that, although ALG@BiBDC exhibits moderate
reusability, gradual degradation of active sites
and partial loss of structural integrity occur upon
repeated use. This decline in performance can be
attributed to several factors, including partial
blockage of the porous structure or irreversible
adsorption of methylene blue molecules, which
reduces the number of accessible active sites in
later cycles. The reusability results reveal a
progressive decrease in adsorption -efficiency,
suggesting partial degradation of ALG@BiBDC
during repeated regeneration. Minor leaching of
Bi species is also possible, which would diminish
active centers and weaken dye adsorbent
interactions.  Nevertheless, the composite
maintains acceptable performance over five
cycles, indicating that the BiBDC framework
remains largely intact and that alginate provides
mechanical support. Further, the crosslinking or
surface stabilization strategies could improve
long-term structural stability.

The structural and chemical characteristics of
ALG@BiBDC are directly reflected in the
adsorption trends. The maximum surface area
(14.16 m2.g™) and largest pore volume of
ALG@BiBDC-2 are indicative of its optimal
performance, as they facilitate dye diffusion and
access to active sites. The increased uptake at low
pH is attributed to the strong electrostatic and
hydrogen-bond interactions between cationic MB

100
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Figure 11. Reusability performance of
ALG@BiBDC for methylene blue adsorption over
five cycles.

and the —COOH/-OH groups from alginate and
BiBDC, as confirmed by FTIR. The rapid initial
adsorption rate is supported by SEM images
showing an uneven, interconnected surface. The
exothermic process is consistent with the decline
at elevated temperatures. The observed
operational performance is molecularly justified
by the porosity, functionality, and morphology of
composites.

3.3.7. Determination of the Point of Zero Charge
(pHpzc)

The point of zero charge (pHpzc of the
ALG@BiBDC composite was determined using the
pH drift method, as illustrated in Figure 12. The
pHpzc value was found to be 6.76, indicating that
the surface of ALG@BiBDC is positively charged
at solution pH values below 6.76 and negatively
charged at pH values above this point. Under
acidic conditions (pH < pHprzc), the prevalence of
protonated surface functional groups (-OH,* and
—COOH;*) promotes electrostatic attraction
toward anionic species. In contrast, at pH > pHpzc
deprotonation of carboxyl and hydroxyl groups
generates a negatively charged surface, which
favors the adsorption of cationic dyes such as
methylene blue. The pHpzc value of 6.76 falls
within the near-neutral pH range, suggesting that
the ALG@BiBDC composite possesses well-
balanced surface charge characteristics. This
property enables effective adsorption across a
broad pH range, underscoring the suitability of
ALG@BiBDC for practical wastewater treatment
applications, where pH fluctuations are common.

3.4 Thermodynamic

The thermodynamic parameters provide
further insight into the adsorption process. The
negative values of AG° in the 20-40 °C

P,

6.76
-,

3 4 5 6 7 8 9
PH;

Figure 12. The point of zero charge (pHpzc) of the
ALG@BiBDC composite.
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temperature range suggest that adsorption is
spontaneous, whereas the positive AG® at 50 °C
suggests a loss of thermodynamic favorability at
high temperatures. The thermodynamic analysis
confirms that the process is exothermic and
spontaneously driven at lower temperatures, with
a decreased affinity at higher temperatures.The
negative enthalpy change (AH® = —34.8 kJ mol™)
indicated that the process is exothermic, which is
consistent with a  temperature-dependent
reduction in adsorption capacity. A AH° value
shows the mixed process that includes strong
physisorption or mild chemisorption. The positive
change in entropy (AS° = +119.7 J.mol™*.K™)
means that the solid—solution interface is more
random. This is probably because to desolvation
processes and the way water molecules rearrange
themselves at the contact during adsorption
(Table 2).

3.5. Isothermal and Kinetic Study of Adsorption

Equilibrium adsorption data were further
analyzed wusing Langmuir and Freundlich
isotherms. The Langmuir model provided an
excellent fit (R? = 0.98), with a monolayer capacity
(max Of approximately 9.9 mg.g™! and a relatively
high K, demonstrating a strong affinity between
the RhB molecules and the composites.
Meanwhile, the Freundlich model showed slightly
lower correlation (R? = 0.95), although the
Freundlich exponent n = 3.6 confirms favorable
adsorption on mildly heterogeneous sites. The
superior performance of the Langmuir model
suggests that adsorption occurs predominantly
through monolayer coverage on a largely
homogeneous surface (Table 3) [33].

Table 2. The thermodynamic variables at different
temperatures.

The adsorption behaviour was examined by
kinetic modelling to elucidate the rate-controlling
mechanism. Among the two Kkinetic models
assessed, the pseudo-second-order equation
showed the strongest association with the
experimental data (R? = 0.995-0.998), and the

derived ¢ values closely matched the
experimental data across all initial
concentrations. The data suggest that
chemisorption,  characterized by  valence

interactions or electron exchange, is the primary
rate-limiting factor. The pseudo-first-order model
exhibited diminished linearity (R? = 0.92-0.96),
indicating that physical adsorption alone is
insufficient to accurately characterize the system.
The rapid absorption observed in the initial 20
min, followed by gradual attainment of
equilibrium, indicates a multi-phase mechanism,
in which exterior-surface adsorption precedes
slower intraparticle diffusion (Table 4).

The adsorption capacity of the
Alginate/BiBDC composite beads (9.9 mg.g™* at 20
mg.LL™?) is moderate compared to other alginate-
based systems reported in the literature (Table 5).
Pure calcium alginate beads demonstrate
minimal adsorption (2.82 mg.g™!) owing to their
compact structure and low attraction for
contaminants [34]. The inclusion of high-surface-
area fillers, such as lignin (254.3 mg.g™) [35],
graphene oxide (21.33 mg.g™!) [36], or MXene
(92.17 mg.g™) [37] generally augments adsorption
by providing additional functional groups and
enhanced porosity. Conversely, the BiBDC
loading in this study enhances efficiency (85.33%)
but only slightly increases capacity, presumably
because the alginate network partially obstructs

Table 3. Isotherm parameters for the adsorption.

Temperature AGO AS° AHP° Langmuir Freundlich
K (kdJ/mol)  (kd/mol ‘K) (kd/mol) O mge) KL R2 Kr n R2
293 -2.54 9.9 1.01 099 45 3.62 094
303 -1.75
313 040 119.7 -34.8
323 0.77
Table 4. Kinetic model parameters of pseudo-first-order and pseudo-second-order.
Pseudo-first-order Pseudo-second-order
Co (mg/L Ge,exp Focal k1 (min™ R? Focal k2 (min™ R2
e A (mgfgy o1 (min™) (mg/g) 2(min)
10 4.5 3.92 0.052 0.961 4.62 0.0068 0.995
15 6.15 5.4 0.048 0.955 6.3 0.0049 0.997
20 8 7.05 0.045 0.948 8.25 0.0036 0.998
25 8.5 7.2 0.041 0.936 8.9 0.0029 0.996
30 9 7.5 0.038 0.921 9.5 0.0024 0.995

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (3), 2026, 550

pore accessibility and prevents complete exposure
of BiBDC active sites. Nonetheless, the composite
exhibits a harmonious performance, integrating
stability, efficiency, and material simplicity.

4. Conclusion

ALG@BiBDC composite beads  were
successfully synthesized via a Ca?*-mediated ionic
crosslinking approach and evaluated for
methylene blue (MB) adsorption.
Characterization results (FT-IR, XRD, SEM, BET,
and TGA) confirmed the successful incorporation
of BiBDC into the alginate matrix and the
formation of a mesoporous hybrid structure.
Among the prepared materials, the ALG@BiBDC-
2 composite (ALG:BiBDC = 10:2) exhibited the
most favorable structural properties, including a
BET surface area of 14.16 m2g™', BJH pore
volume of 0.0324 cm?.g™, and an average pore
diameter of 16.27 nm, together with the highest
swelling capacity (2.256 g after 90 min). Under
optimal conditions (0.1 g adsorbent, 20 mg.L.*
MB, pH =~ 7, 25 °C), the composite achieved
85.33% removal within 60 min. The adsorption
process was strongly influenced by pH, dye
concentration, dosage, and temperature, with the
pHrzc of 6.76 indicating that electrostatic
interactions play a key role. The adsorption
followed a pseudo-second-order kinetic model,
indicating chemisorption-driven interactions,
while equilibrium data were best described by the
Langmuir  isotherm, reflecting monolayer
adsorption on energetically uniform sites.
Thermodynamic  parameters indicated a
spontaneous, exothermic process at lower
temperatures. The material retained over 60%
efficiency after four reuse cycles, demonstrating
moderate stability and potential applicability for
treating dye-contaminated wastewater.
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