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Sustainable removal of brilliant green dye from
aqueous media using a calcium alginate–
polydopamine bio-composite: process
optimization and adsorption mechanism

Marwa Magdy,a Mohamed M. Aboelnga ab and Elsayed Elbayoumy *a

The contamination of water with toxic dyes poses serious threats to both aquatic environments and

human health. The present study demonstrates a bio-polymer composite of calcium alginate with

polydopamine (Ca-alginate/PDA), which was prepared and tested as an effective adsorbent material for

brilliant green dye (BG) removal from aqueous solution. The successful formation and structure

properties of the Ca-alginate/PDA composite were confirmed via different characterization techniques,

including XRD, XPS, FTIR, BET, and FESEM, exhibiting a large surface area of 131.59 m2 g�1. Batch

adsorption experiments identified the optimal operating conditions for dye removal to be pH 5.7, a

temperature of 298 K, an adsorbent dosage of 0.1 g, an initial concentration of dye of 7 mg L�1, and a

contact time of 75 minutes, under which the maximum removal efficiency of 99.07% was achieved.

Isotherm analysis revealed good correlation with the Freundlich isotherm, indicating that the multilayer

adsorption occurred on a heterogeneous surface, but the kinetic analysis followed the pseudo-first-

order kinetic model. Also, the thermodynamic study indicated the endothermic (positive DH) and

spontaneous (negative DG) nature of the process. The mechanisms of adsorption were identified as p–p

interactions, electrostatic interactions and hydrogen bond interactions. Moreover, regeneration tests

showed that poly(dopamine)/Ca-alginate retained high efficiency and stability across four reuse cycles.

Optimization using Box–Behnken design provided a reliable statistical model to predict the behavior of

adsorption under various parameters. Overall, this study demonstrates the potential of poly(dopamine)/

Ca-alginate as a durable and highly effective adsorbent for removing dye (BG) from wastewater.

1. Introduction

Water pollution resulting from the uncontrolled release of
industrial effluents, including synthetic dyes, oils and heavy
metals, and into aquatic systems has become a serious global
issue affecting both the environment and public health.1–4

Among these pollutants, synthetic dyes are particularly proble-
matic due to their extensive use in the textile, printing, plastics,
leather, and cosmetics industries, as well as their chemical
stability, toxicity, and resistance to natural biodegradation
processes.5–8 Dye contamination in water bodies not only
impedes light penetration, thereby disrupting photosynthesis
and threatening aquatic ecosystems, but also reduces gas

solubility, limiting re-oxygenation and ultimately leading to
anaerobic conditions.9–11

The dye of BG is a synthetic cationic dye, which is utilized in
different industries, for example wool, rubber, silk, leather and
paper processing, as well as in pharmaceutical formulations
and veterinary medicine.12–15 Even at trace concentrations, BG
dye imparts intense coloration, inhibits photosynthetic activity,
and poses risks to aquatic organisms and human health.16

Consequently, developing efficient, cost-effective, and environ-
mentally sustainable approaches for eliminating such dyes
from wastewater is of great importance.

Numerous physicochemical and biological techniques have
been used for removing dyes, including oxidation, coagulation,
membrane filtration, microbial degradation, photocatalysis,
adsorption, and electrochemical processes.17–19 Among these,
adsorption has emerged as one of the most efficient and
economically viable approaches owing to its ease of operation,
high efficiency, and reusability.20–22 A diverse range of adsor-
bents have been reported, including activated carbon, porous
solids, graphene-based materials, metal–organic frameworks,
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biomaterials, nanoparticles, clay minerals, and polymeric
matrices.23,24 Polymeric materials have shown great promise
as adsorbents for both inorganic and organic contaminations
due to their tunable structure, surface chemistry, and ease of
processing.25–30 For instance, poly(AN-co-AMPS),31 poly(divinyl-
benzene) (polyDVB),32 amine-modified tannin gel (ATG), and
magnetic barium phosphate composites33 have been reported
for BG dye removal. Furthermore, hybrid polymeric adsorbents
such as NiO/polydopamine nanocomposites,34 calcium alginate
beads,35 and polydopamine/silver nanoparticles36 have demon-
strated excellent potential for wastewater treatment applica-
tions. In addition to these materials, hydrogel-based adsor-
bents have attracted considerable attention for dye removal due
to their three-dimensional crosslinked networks, high water
uptake, and abundant functional groups. Different polymeric
hydrogels, such as sodium alginate-g-poly(acrylamide-clay)/
TiO2 hydrogel nanocomposite [SA-g-p(AM–Bn)/TiO2], gum
acacia-cl-acrylic acid-co-itaconic acid (GA-cl-AA-co-IA) hydrogels,
chitosan/hematite nano-composite hydrogel capsules (HC–H),
and terpolymer biocomposite hydrogel poly(CMC-co-AM-co-
ITA)/AC, have been widely reported for the efficient adsorption
of different dyes.37–44

Natural biopolymers such as alginate are of particular inter-
est due to their inherent biodegradability, cost-effectiveness,
and environmentally friendly properties, which make them
ideal for sustainable water treatment.45 In parallel, polydopa-
mine (PDA), a mussel inspired polymer formed through oxida-
tive self-polymerization of dopamine, has gained increasing
attention as a versatile coating and adsorbent material. PDA
exhibits strong adhesion to diverse substrates, remarkable
chemical stability and higher density of amino groups and
phenolic hydroxyl, which make it suitable for adsorption-based
pollutant removal and water purification.46

In this context, polymeric composites based on calcium
alginate and PDA have emerged as highly promising adsor-
bents. The synergistic properties of these two components
combine the porous, negatively charged alginate matrix that
favors electrostatic interactions with cationic dyes like BG, and
the catechol/amine-rich PDA that enables hydrogen bonding,
p–p stacking, and coordination interactions.47 Moreover, inte-
gration of PDA enhances the surface area, stability, and reusa-
bility, yielding a biocompatible and environmentally friendly
adsorbent with superior dye removal capacity.

In the present study, a calcium alginate–polydopamine (Ca-
alginate/PDA) polymeric composite was synthesized and sys-
tematically evaluated as a green adsorbent for the removal of
brilliant green (BG) dye from aqueous media. The novelty of
this work lies in the integration of material design, mechanistic
understanding, and statistical optimization, which has not
been comprehensively reported for BG adsorption. The compo-
site exhibits a high surface area, diverse functional groups, and
a porous structure, enabling efficient adsorption through elec-
trostatic interactions, hydrogen bonding, and p–p stacking. The
physicochemical properties of the hydrogel were thoroughly
characterized, and the effects of key operational parameters
on adsorption performance were investigated. Adsorption

behavior was analyzed using isotherm, kinetic, and thermo-
dynamic models, while a Box–Behnken design was employed
for process optimization. Furthermore, a regeneration study
assessed the reusability of the composite under repeated cycles.
Overall, this work provides a sustainable and efficient approach
for BG dye removal, combining structural design, mechanistic
insight, and optimization to advance the application of Ca-
alginate/PDA hydrogels in wastewater treatment.

2. Materials and methods
2.1. Materials

Dopamine hydrochloride (98%) was purchased from Sigma-
Aldrich (USA). Sodium alginate was sourced from Belami Fine
Chemicals Pvt. Ltd (India). Ethanol (analytical reagent grade,
499.7%) and aqueous ammonia solution (28–30%) were sup-
plied by Scharlau Chemical Reagents (Spain). Calcium chloride
(CaCl2), potassium nitrate (KNO3), sodium hydroxide (NaOH)
and hydrochloric acid (HCL) were procured from Fisher Scien-
tific (UK). Brilliant green (BG) dye was purchased by Aldrich
Chemicals (USA). Distilled water was used as the solvent in all
experiments. All chemicals were used in their original form
without additional purification.

2.2. Synthesis of polydopamine

Polydopamine (PDA) was synthesized according to the proce-
dure described by Liu et al.48 using an alcohol–water mixed
solvent. Briefly, ethanol (36 mL) was combined with aqueous
ammonia (0.84 mL, 28–30%) and diluted to 120 mL with
deionized water. The solution was stirred (400 rpm) for
30 min at room temperature. Subsequently, a dopamine hydro-
chloride solution (0.45 g in 9 mL deionized water) was added,
resulting in a color change from pale brown to dark brown. The
reaction continued for 48 hours. The resulting PDA was col-
lected using centrifugation (6000 rpm, 10 min), washed repeat-
edly with deionized water, dried under vacuum, and saved for
further use.

2.3. Preparation of the calcium alginate/polydopamine
composite

The calcium alginate/polydopamine (Ca-alginate/PDA) compo-
site was prepared following a modified version of the method
described in a previous report.49 Briefly, sodium alginate (0.5 g)
and polydopamine (0.5 g) were separately dissolved in deio-
nized water (50 mL) to ensure complete dispersion. Then
the two solutions were combined and mechanically stirred
(800 rpm) to yield a uniform solution. This mixture was
introduced dropwise into 100 mL of a 3% (w/v) CaCl2 solution
using a syringe, allowing the calcium ions to initiate ionic
crosslinking of the alginate chains while simultaneously
embedding PDA within the polymeric network. The formed
hydrogel beads were gently agitated for 2 hours to ensure
complete gelation, rinsed overnight thoroughly with deionized
water to remove residual Ca2+ ions, and subsequently vacuum
drying at 40 1C overnight.
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2.4. Characterization techniques

The FTIR spectra were recorded using a JASCO FT/IR-6100
spectrometer in the range of 4000–400 cm�1 by using KBr
pellet samples. Using a 200 kV accelerating voltage with a
JEM-2100F microscope, a field emission scanning electron
microscopy image was produced. The Brunauer–Emmett–Teller
(BET) technique was employed to calculate the pore volume
and surface area and through nitrogen sorption measurements
through a Quantachrome analyzer. To examine the particle size
and crystalline structure of the polymer composite, the analysis
of wide-angle X-ray diffraction (XRD) was carried out on a
Siemens D-500 diffractometer (l = 1.54 Å, Cu Ka). X-ray photo-
electron spectroscopy (XPS) was performed using a Kratos AXIS
Ultra DLD spectrometer equipped with a monochromatic Al Ka
radiation source (hn = 1486.6 eV). Both survey and high-
resolution spectra were obtained under ultra-high vacuum
conditions to identify the chemical states and elemental com-
position on the surface of the sample, with the binding energy
scale calibrated against the C 1s peak at 284.8 eV. A Jasco V-630
UV-visible spectrophotometer was used to record the UV-vis
absorption spectra that were measured by employing a quartz
cell (1 cm) and a wavelength range from 250–500 nm at room
temperature.

2.5. Batch adsorption experiments

The experiments of batch adsorption were carried out to
examine the influence of different operational parameters such
as time (0–120), temperature (298–328 K), amount of adsorbent
(0.01–0.07 g), initial BG concentration (7–14.6 mg L�1) and pH
(3–9) on the BG dye adsorption by Ca-alginate/PDA. A fixed
quantity of adsorbent was added to 100 ml of BG dye solution
with a specific concentration, and the pH was adjusted using
HCl or NaOH as required. Then, the solution was shaken for
120 min at 250 rpm in the shaker, after adding a known
quantity of adsorbent. Then, the solution of BG dye was
centrifuged, and the residual concentration of dye at equili-
brium (Ce) was determined using a UV-vis spectrophotometer at
l = 625 nm. To ensure greater accuracy, each experiment was
conducted three times. The removal efficiency (R%) and
adsorption capacity (qt) of BG dye adsorbed by Ca-alginate/
PDA at time t were calculated using the eqn (1) and (2),
respectively.50,51

%ðRÞ ¼ C0 � Ct

C0
� 100 (1)

qt ¼
C0 � Ct

W
� V (2)

where Ct is the residual dye concentration at time t (mg L�1),
C0 is the BG dye initial concentration (mg L�1), V is the volume
of the solution of BG dye (L) and W is the amount of
(Ca-alginate/PDA) (g).

2.6. Recycling experiments

The ability to regenerate the adsorbent helps lower
material costs, which is a significant economic advantage.

The regeneration performance of Ca-alginate/PDA was evalu-
ated through a series of adsorption/desorption experiments.52

Initially, 100 mg of Ca-alginate/PDA was used to adsorb BG dye
from 100 mL of 7.5 mg L�1 dye solution over a 60-minute
period. After the adsorption step, the Ca-alginate/PDA-dye was
separated by using the centrifuge and treated with 100 mL of a
0.5 mol L�1 HCl solution for 60 minutes. Then the regenerated
polymer was collected through centrifugation, thoroughly
rinsed with distilled water and dried overnight for 24 hours
in an oven. The dye-free Ca-alginate/PDA obtained was reused
in a subsequent adsorption cycle.

3. Results and discussion
3.1. Adsorbent characterization

3.1.1. FTIR analysis. The FTIR spectra of the Ca-alginate/
PDA composite before and after BG dye adsorption are pre-
sented in Fig. 1a. The pristine composite exhibits a broad band
in the range 3600 to 3200 cm�1 (3578, 3518, and 3314 cm�1),
related to O–H stretching vibrations (from alginate hydroxyl
and PDA phenolic groups) and N–H (from PDA amine groups).
Characteristic absorption bands of alginate are observed at
1594 cm�1 and 1415 cm�1, attributed to the symmetric and
asymmetric stretching vibrations of carboxylate groups
(–COO�), respectively. The bands at 1081 and 1029 cm�1 are
associated with C–O–C and C–O vibrations of the glycosidic
backbone, while PDA contributes additional aromatic CQC
and C–N modes in the 1600–1500 cm�1 region. After BG
adsorption, significant spectral changes are evident: the O–H/
N–H stretching region becomes less intense, indicating hydro-
gen bonding between BG molecules and PDA/alginate func-
tional groups; the carboxylate bands shift (n_as(COO�) from
1594–1531 cm�1 and n_s(COO�) from 1415–1427 cm�1), con-
firming strong electrostatic interactions between the anionic
carboxyl groups of alginate and the cationic BG dye; and
modifications in the aromatic region reflect p–p stacking and
charge-transfer interactions between PDA’s catechol/indole-like
structures and the conjugated aromatic rings of BG. Minor
perturbations in the C–O stretching bands further suggest
structural rearrangements in the alginate matrix upon dye
uptake. Collectively, these results confirm that BG adsorption
onto Ca-alginate/PDA is governed primarily by p–p stacking,
hydrogen bonding and electrostatic attraction.53–55

3.1.2. X-ray photoelectron spectroscopy (XPS) analysis. XPS
analysis was used to investigate the elemental states and the
chemical composition of the surface for the synthesized Ca-
alginate/PDA. The wide scan survey spectrum (Fig. 1f) confirms
the presence of four main elements: carbon C 1s, nitrogen N 1s,
oxygen O 1s, and calcium (Ca 2p) at 284.9, 532.2, 399.2, and
347.7 eV, respectively, which are characteristic elements for the
biopolymer composite. Also, the chemical composition (in
weight percentage %) of Ca-alginate/PDA was found to be
26.74 for oxygen, 65.97 for carbon, 4.6 for nitrogen and 1.97
for calcium. The high-resolution spectrum of each element
offers valuable information about the specific functional
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groups within the material. The spectrum of C 1s (Fig. 1b)
displays three main peaks at 284.75 eV, 287.65 eV, and
282.15 eV, assigned to C–C/CQC, CQO/O–CQO, and CQN
functional groups, respectively, which are characteristics of both
alginate and the dopamine backbone.56 The N 1s spectrum
(Fig. 1d) displays two peaks at 400.17 eV and 397.08 eV, which
correspond to –NH– and CQN groups.57 The O 1s spectrum
(Fig. 1c) showed two peaks at 530.23 and 531.81 eV. The peak at
530.23 eV corresponds to the oxygen atoms in metal–oxygen
bonds (Ca–O) in calcium alginate, or possibly CQO in carboxyl
groups, while the other peak at 531.81 eV is typically associated
with C–O bonds (alcohol, phenolic –OH) and C–O–C bonds
present in alginate and polydopamine.58 The Ca 2p spectrum
(Fig. 1e) shows two characteristic peaks at 346.55 eV and at
349.99 eV. These peaks are related to O–Ca bond and are
indicative of Ca2+ in ionic coordination, most likely in the form

of calcium alginate complexes.59 Altogether, the results of XPS
confirm the successful formation of Ca-alginate/PDA.

3.1.3. X-ray diffraction analysis. The crystalline character-
istics of the prepared Ca-alginate/PDA composite were exam-
ined using XRD analysis, and the results are represented in
Fig. 2a. The pattern of XRD exhibits a single broad diffraction
peak centered at 2y = 21.481, which can be ascribed to the
combined contributions of alginate and polydopamine. The
broadness of this peak indicates the predominantly amorphous
nature of the Ca-alginate/PDA composite, consistent with pre-
vious reports.60

3.1.4. Brunauer Emmett–Teller analysis. The specific
surface area and pore structure of the synthesized Ca-alginate/
PDA composite were evaluated through Brunauer–Emmett–
Teller analysis at 77 K by employing nitrogen adsorption–
desorption measurements. The resulting isotherm is presented

Fig. 1 FTIR spectra of Ca-alginate/PDA before and after the adsorption process (a); XPS analysis of Ca-alginate/PDA: (b) high-resolution C 1s spectrum,
(c) high-resolution O 1s spectrum, (d) high-resolution N 1s spectrum, (e) high-resolution Ca 2p spectrum, and (f) the presence of O, C, N, and Ca
elements in the Ca-alginate/PDA indicated by survey.
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in Fig. 2b. The composite exhibited a large specific surface area
of 131.60 m2 g�1 and the adsorption/desorption curve fits a type-
V isotherm. Barrett–Joyner–Halenda (BJH) analysis additionally
indicated the average pore radius of 1.985 nm and total pore
volume of 0.281 cm3 g�1 at saturation pressure. According to the
International Union of Pure and Applied Chemistry (IUPAC)
classification, pores are categorized as macropores (450 nm),
mesopores (2 to 50 nm), and micropores (o2 nm).61,62 Based on
this classification, the Ca-alginate/PDA composite falls within
the microporous range. The relatively high specific surface area
compared to other reported polymer-based adsorbents31,63 is
expected to enhance its adsorption capacity, providing more
active sites for BG dye removal.

3.1.5. Field emission scanning electron microscopy
(FESEM) analysis. The surface morphology of the synthesized
Ca-alginate/PDA composite was examined using (FESEM) ana-
lysis, with the represented images presented in Fig. 2c and d.
The FESEM micrographs at various magnifications reveal that
the surface of the Ca-alginate/PDA composite is rough, irregular
and composed of various sized and shaped particles. The
observed morphology indicates that the presence of a porous
framework, which has advantages for adsorption processes
because it increases the surface area, offers more active sites
for interaction of the dye and thereby improves its efficiency in
removing pollutants like BG dyes from wastewater.

3.2. Swelling behavior of Ca-alginate/PDA

The swelling behavior of the Ca-alginate/PDA was evaluated to
assess the water uptake capacity and integrity of the polymer
network, which are important parameters for adsorption per-
formance. The swelling percentage (%) was calculated using the
following equation:

Swelling percentage ð%Þ ¼Wswollen �Wdry

Wdry
� 100

where Wswollen is the weight of the hydrogel after immersion in
water and Wdry is the initial dry weight of Ca-alginate/PDA. The
calculated swelling percentage value was found to be equal to
268%, indicating that the Ca-alginate/PDA network is suffi-
ciently hydrated to facilitate diffusion of dye molecules while
maintaining structural stability. This moderate swelling reflects
a balanced network crosslinking and flexibility, which allows
access to adsorption sites without compromising the mechan-
ical integrity of the hydrogel.

3.3. Adsorption batch experiment

3.3.1. Point of zero charge (PZC). PZC is defined as the
pH at which an adsorbent surface carries no net charge of
an adsorbent. Accurate determination of the PZC is crucial
for elucidating adsorption mechanisms, since electrostatic

Fig. 2 XRD analysis (a); BET analysis (b); FESEM images with different scales, 1 mm (c) and 200 mm (d), of Ca-alginate/PDA.
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interactions between the adsorbent and solutes are strongly pH
dependent. PZC of the Ca-alginate/PDA composite was evalu-
ated using the pH drift method in 0.1 M KNO3 solutions (pH 3
to 9), with adjustments made using 0.1 M NaOH and HCl.
Following equilibration of 0.02 g of the composite with each
solution for 48 h at ambient temperature, after which the values
of pH were recorded from the intersection of initial and final
pH values (Fig. 3a), the PZC was determined to be 5.7. At
pH o 5.7, the composite surface acquires a net positive charge,
thereby electrostatically facilitating the uptake of anionic spe-
cies (e.g., sulfonated dyes, oxyanions). Conversely, at pH 4 5.7,
the surface charge shifts to negative, thereby enhancing elec-
trostatic affinity toward cationic pollutants such as metal
cations and cationic dyes.32

3.3.2. Effect of pH. The BG dye adsorption on the Ca-
alginate/PDA composite was strongly pH-dependent (Fig. 3b).
Maximum removal (100%) occurred at pH 3, after which
adsorption efficiency gradually decreased with increasing pH.
Although the composite surface is positively charged below its
PZC (5.7), high uptake under acidic conditions suggests that
non-electrostatic interactions, for example hydrogen bonding
and p–p stacking between dye molecule and PDA moieties,
play a dominant role in driving adsorption under these
conditions.64–66 In addition, we observed that the color inten-
sity of the BG dye decreases at low pH,3,4 which reduces the
amount of dye detected by the UV-vis spectrophotometer and
consequently results in an apparently higher removal percen-
tage under these acidic conditions. On the other hand, at

Fig. 3 (a) Point of zero charge; (b) influence of pH; (c) influence of contact time; (d) influence of adsorbent dose; (e) influence of dye concentration; (f) influence
of temperature on adsorption process. Conditions of the adsorption: (b) pH (3–9), time = 60 min, 7 ppm initial concentration of dye, dose 0.1 g/100 ml and 298 K;
(c) time (0–120 min), 7 ppm initial concentration of dye, pH equal to 5.7, dose 0.1 g/100 ml and 298 K; (d) dose (0.01–0.07 g)/100 ml, initial concentration of dye
8.9 ppm, pH equal to 5.7, 298 K and time 60 min; (e) initial concentration of dye (7–14.6 ppm), dosage 0.01 g/10 ml, pH equal to 5.7, 298 K and 120 min contact
time; (f) temperature (298–328 K), pH = 5.74, initial concentration of dye = 14 ppm, dosage = 0.01 g/10 ml and 60 min contact time.
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pH 4 5.7, where the surface is negatively charged and expected
to favor cationic dye adsorption, the removal efficiency
decreased, likely due to competition with OH� ions, reduced
hydrogen bonding capacity, and dye aggregation.64 These
results highlight that adsorption is influenced by both electro-
static and non-electrostatic forces, with acidic conditions being
most favorable.

3.3.3. Effect of contact time. The effect of time on adsorp-
tion of BG dye using the Ca-alginate/PDA composite was
investigated over a time range of 5–120 min while keeping
other experimental conditions constant, and the results are
presented in Fig. 3c. As shown, both removal efficiency (R%)
and adsorption capacity (qe) increased rapidly with contact
time, reaching a plateau after approximately 75 min, beyond
which marginal improvements were observed until equilibrium
was attained. The rapid adsorption rate at the beginning is
related to the large number of readily available active binding
sites on the composite surface. As contact time increased, the
rate of dye uptake decreased, which is ascribed to progressive
saturation of the available sites and the development of repul-
sive interactions between adsorbed dye molecules and those
remaining in solution. Consequently, the adsorption process
gradually approached equilibrium, at which point the number
of dye molecules desorbing from the surface equaled those
being adsorbed.67,68

3.3.4. Effect of adsorbent dose. The influence of Ca-
alginate/PDA composite dose on adsorption of BG dye was
examined by varying the amount of adsorbent between 0.01
and 0.07 g, with the other experimental conditions kept con-
stant. As presented in Fig. 3d, the efficiency of removal rose
from 38.7% to 78.4% with increasing adsorbent dose. This
enhancement may be due to greater surface area and a larger
number of active functional sites made available by the higher
composite amount, which facilitates more effective interaction
with dye molecules.69 In contrast, the adsorption capacity (qe)
decreased from 3.4 to 0.99 mg g�1 as the adsorbent dose
increased. This decline is commonly ascribed to the reduced
adsorbate-to-adsorbent ratio at higher dosages, which leads to
incomplete utilization of active sites and possible overlapping
or aggregation of adsorbent particles, thereby lowering the
efficiency per unit mass.70 These findings are consistent with
previous studies on dye adsorption, where an increase in
adsorbent dosage improves the overall removal efficiency but
results in a corresponding decrease in qe due to unsaturated
adsorption sites and reduced driving force for mass
transfer.69,70

3.3.5. Effect of the concentration of dye. The influence of
BG dye concentration on the adsorption performance was
investigated over a range of 7.0–14.6 mg L�1, with all other
parameters held constant. As depicted in Fig. 3e, increasing the
initial concentration of BG dye led to a slight reduction in
removal efficiency from 96.7% to 92.5%. This reduction is due
to the saturation of active adsorption sites at elevated solute
concentrations, which means that more dye molecules remain
unadsorbed in the solution.71,72 In contrast, the adsorp-
tion capacity (qe) improved significantly, rising from 6.69 to

13.5 mg g�1 as the initial BG dye concentration increased. This
enhancement is driven by the enhanced mass transfer driving
force and the higher collision frequency between dye molecules
and adsorbent sites at greater concentrations.73,74

3.3.6. Effect of adsorption temperature. Temperature plays
a vital role in the process of adsorption, as it influences both
the interaction between adsorbate and adsorbent as well as the
diffusion kinetics of solute molecules. The influence of tem-
perature on BG dye adsorption using the Ca-alginate/PDA
composite was investigated within the range of 298–328 K, with
all other parameters kept constant. As illustrated in Fig. 3f, the
adsorption capacity (qe) rose from 12.18 to 14.38 mg g�1, while
the (R%) improved from 84.8% to 100% with rising tempera-
ture. This enhancement is attributed to the greater mobility of
dye molecules at higher temperatures, which facilitates their
transport from the bulk solution to the adsorbent surface.
Higher temperature also promotes deeper penetration of dye
molecules into the composite pores, thereby reducing diffusion
resistance. In addition, thermal activation may improve the
accessibility of active functional groups onto the surface of the
adsorbent, enhancing the interaction with dye molecules.75

The observed improvement in adsorption performance with
temperature indicates that the process nature is endothermic.
These findings also suggest that the Ca-alginate/PDA composite
could be effectively applied in high-temperature wastewater
treatment scenarios, where thermal energy can be harnessed
to enhance dye removal efficiency.

3.3.7. Effect of ionic strength. The influence of ionic
strength on BG dye adsorption by using the Ca-alginate/PDA
composite was evaluated by using different NaCl concentra-
tions from 0 to 0.5 mol L�1, while the other conditions, such as
contact time, initial concentration of dye, adsorbent dosage,
pH, and temperature remain constant. As represented in Fig. S1
(in the SI), the (R%) rose significantly from 59.15% to 97.5%
with increasing the concentration of NaCl, indicating a strong
dependence of adsorption performance on the ionic strength of
the medium. This enhancement can be explained by the
salting-out effect, in which the solubility of dye molecules in
water decreases with increasing salt concentration. Reduced
solubility promotes aggregation of BG molecules through inter-
molecular forces such as van der Waals interactions and
dipole–dipole attractions, which facilitates their uptake by the
composite surface. Moreover, elevated ionic strength enhances
dye molecule dimerization, further strengthening intermolecu-
lar associations and promoting adsorption onto the Ca-
alginate/PDA composite.76 These findings demonstrate that
NaCl plays a dual role by both reducing dye solubility and
intensifying molecular interactions, thereby enhancing adsorp-
tion efficiency. Such effects are particularly relevant for waste-
water treatment processes, where high ionic strength is a
common characteristic of industrial effluents.

3.4. Adsorption kinetics

The mechanism of adsorption and the rate-determining steps
were investigated by different kinetic models, such as pseudo-
second order (PSORE), Elvoich, pseudo-first order (PFORE), and
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intra-particle diffusion (IPD) models.77–79 Fig. 4a illustrates the
non-linear relation between qt and time for this model. Table 1
also summarizes the corresponding correlation coefficients (R2)
and the kinetic model constants. The PFORE model indicates
that the rate of adsorption depends on the availability of
unoccupied sites on the surface of the adsorbent, while PSORE
indicates that the process is controlled by a chemical adsorp-
tion mechanism, through the electron exchange between the
adsorbate and the adsorbent. From Table 1, we found that the
R2 values of both PFORE and PSORE are very close to each
other, suggesting that both kinetic processes can take place
simultaneously at the surface of the polymer composite and
both models can reasonably describe the adsorption kinetics
within the investigated time range. Although the PFORE pro-
vides a slightly better statistical fit compared to the PSORE
model, the qe predicted by the PSORE (7.951 mg g�1) is higher
than that of the PFORE model (6.3068 mg g�1) suggesting that
while physical adsorption may dominate the early stages of the
process, chemical interactions may also contribute to the over-
all adsorption behavior of BG dye on the Ca-alginate/PDA
composite.80 In addition, the rate limiting steps and the
mechanism of BG dye adsorption onto the Ca-alginate/PDA

composite, were studied using the IPD model. The IPD
model indicates that different diffusion processes may be
controlled by the adsorption process, such as film diffusion,
bulk diffusion, and intra-particle diffusion. Fig. S2 (in the SI)
presents that the adsorption capacity (qt) displays a linear
relationship with square root of time, confirming that intra-
particle diffusion is a governing step in the system.81 Moreover,
the chemisorption kinetics of BG onto the Ca-alginate/
PDA composite, were evaluated using the Elovich kinetic
model, with the results summarized in Table 1. The high
correlation coefficient (R2 = 0.977) obtained from this model
provides strong evidence that the adsorption of BG on the Ca-
alginate/PDA composite proceeds through a chemisorption
mechanism.

3.5. Adsorption isotherms

Adsorption models are crucial for interpretation of the equili-
brium interaction between the surface of the adsorbent and
adsorbate molecules. Several isotherms’ models were applied to
fit the experimental data, such as the Langmuir, Dubinin–
Radushkevich (D–R), Freundlich, Temkin, Jovanovic and Khan
models. Fig. 4b illustrated their nonlinear fittings, with the
calculated parameters listed in Table 2. According to the results
in Table 2, we found that the R2 value of both Langmuir and
Freundlich models are close to each other, suggesting that both
physisorption and chemosorption occur at the same time on
the surface of the polymer composite. This behavior can be
explained by considering that the adsorbate molecules first
attach to the surface through weak physical interactions, allow-
ing them to diffuse or align into favorable orientations. These
initial interactions serve as a preparatory step that facilitates
the subsequent formation of covalent or coordinative bonds
during chemisorption. Such a sequential adsorption mecha-
nism where physisorption precedes chemisorption is com-
monly observed in surface reaction processes.82 The Ca-
alginate/PDA composite exhibited a maximum adsorption
capacity (qm) of 19.817 mg g�1, highlighting its strong efficiency

Fig. 4 Adsorption kinetic models of BG onto the Ca-alginate/PDA composite (a) and adsorption isotherms of BG onto the Ca-alginate/PDA composite
(b).

Table 1 Adsorption kinetics of BG dye onto Ca-alginate/PDA

Kinetic
model

Mathematical
equation Kinetic constant

Calculated
value

PFORE qt = qe(1 � eKt) qe (mg g�1) 6.306 � 0.10
K (min�1) 0.036 � 0.001
R2 0.993

PSORE
qt ¼

qe
2k2t

� �
1þ qek2tð Þ

qe (mg g�1) 7.951 � 0.25
K2 (g mg�1 min�1) 0.004 � 0.004
R2 0.988

Elovich qt = 1/b ln(abt + 1) B (g mg�1) 0.488 � 0.004
a (mg g�1 min�1) 0.429 � 0.007
R2 0.977

IPD qt = Kdifft1/2 + C Kdiff (mg g�1 min�1/2) 0.61 � 0.002
C 0.406 � 0.021
R2 0.978
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as an adsorbent. The D–R isotherm is used for microporous
materials and is able to differentiate between physical adsorp-
tion and chemical adsorption processes through the value of
free energy of adsorption (Ea). Its application to experimental
data of BG dye adsorption onto the Ca-alginate/PDA composite
(Fig. S3 in the SI), shows a good fitting (R2 = 0.968). Also, the
value of Ea was calculated to be 12.235 kJ mol�1, this indicates
that the BG dye adsorption onto the Ca-alginate/PDA composite
is chemosorption. Similarly, the Temkin model, which assumes
a linear decrease in the heat of adsorption with increasing
coverage, demonstrated an excellent correlation (R2 = 0.999),
suggesting that the Ca-alginate/PDA composite surface has a
uniform distribution of binding energies. Also, the obtained B
value (4.806) reflects the variation of adsorption energy, while
the relatively high k value (15.470) indicates strong binding
affinity between the dye molecules and the active sites of the
adsorbent. For the Khan model, the results also revealed a very
good fit (R2 = 0.999), further supporting its applicability. The
parameter (n = 0.924), being close to unity, implies that the
adsorbent surface is nearly homogeneous, where adsorption
occurs without significant deviation from ideal monolayer
behavior. Meanwhile, the value equal to 2.351 confirms a high
affinity between the adsorbent and adsorbate. The Jovanovic
model, modifies the Langmuir model to account for possible
mechanical interactions of adsorbed and desorbed molecules,
showed a slightly lower fit (R2 = 0.996) compared to Langmuir.
This indicates that while such interactions may occur, they
have minimal influence on the overall adsorption mechanism.

3.6. Adsorption thermodynamics

Temperature is a crucial factor influencing a material’s ability
to eliminate BG dye from wastewater. The thermodynamic
adsorption properties were studied at temperatures ranging
from 298 K to 328 K. To understand the nature of adsorption of

BG dye, several thermodynamic parameters, including Gibbs
free energy (DG), enthalpy (DH), and entropy (DS), were eval-
uated. These parameters were calculated depending on the
experimental data using Van’s Hoff equations, as presented
below:83,84

K ¼ CAC

Ce
(3)

lnK ¼ DS
R
� DH

RT
(4)

DG = DH � TDS (5)

Here, R denotes the general constant of gas (8.314 J mol�1 K�1),
K is the thermodynamic equilibrium constant, T is the absolute
temperature (K), Ce represents the concentration of BG dye in
solution at equilibrium (mg L�1), and CAC is the equilibrium
quantity of BG dye adsorbed onto the composite (mg L�1). A
plot of ln K against 1/T, shown in Fig. 5, was used to determine
DS and DH from the intercept and the slope, respectively. The
estimated values are listed in Table 3. The positive DH values at
all temperatures indicate that the adsorption of BG is endother-
mic in nature. Furthermore, the positive DS values suggest an
increase in disorder at the interface between the surface of the
adsorbent and the dye molecules. Additionally, as the tempera-
ture rises, the adsorption becomes more spontaneous, and the
DG value decreases, indicating that higher temperatures
enhance the progression of the reaction.

3.7. Mechanism of adsorption

The BG dye adsorption on the prepared Ca-alginate/PDA com-
posite occurs through several interaction mechanisms, namely
p–p interactions, hydrogen bonding interaction, and electro-
static interactions as presented in Fig. 6. PDA units in the Ca-
alginate/PDA composite have a p-conjugated aromatic structure

Table 2 Adsorption isotherm model of BG dye on Ca-alginate/PDA

Isotherm model Mathematical equation Isotherm constant Value

Langmuir
qe ¼

kqmCe

1þ kCe

qm (mg g�1) 19.817 � 1.68
K (L mg�1) 1.968 � 0.40
R2 0.960

Freundlich qe = kFCe
1/n KF 13.25 � 0.27

n 2.11 � 0.17
R2 0.973

Dubinin–Radushkevich qe = qmexp�ke2

qm (mol g�1) 0.001

e ¼ RT ln 1þ 1

Ce

� �� �
k (mol2 J�2) 3.33 � 10�9 � 3 � 10�10

Ea ¼
1ffiffiffiffiffi
2k
p Ea (kJ mol�1) 12.253

R2 0.968
Temkin qe = B ln(kCe) B 4.806 � 0.002

K (L mg�1) 15.470 � 0.015
R2 0.999

Khan
qe ¼

qmkCeð Þ
1þ kCeð Þnð Þ

qm (mg g�1) 17.136 � 0.096
k 2.351 � 0.016
n 0.924 � 0.002
R2 0.999

Jovanovic qe = qm(1 � exp�kCe) qm (mg g�1) 14.66 � 0.015
k 2.242 � 0.005
R2 0.996

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 1
1:

41
:0

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01333j


2794 |  Mater. Adv., 2026, 7, 2785–2802 © 2026 The Author(s). Published by the Royal Society of Chemistry

that enables stacking interactions with the aromatic rings of BG
dye through p–p stacking interactions, enhancing dye affinity.
Furthermore, hydroxyl (–OH) and carboxyl (–COOH) groups
present in PDA or alginate can form hydrogen bonds with
amine groups of BG dye molecules, thus enhancing the binding
strength and stability of adsorption. In addition, electrostatic

interaction can occur between the negative surface charge
generated by the deprotonation of functional groups such as
carboxylate (–COO�) in alginate and cationic BG dye. This
anion–cation attraction facilitates rapid and effective
adsorption.

3.8. Recycling experiment

To illustrate the regeneration capability of the Ca-alginate/PDA
composite as an adsorbent for removing BG dye from water,
desorption experiments were carried out using a 0.5 mol L�1

HCl solution as the desorbing agent. The regeneration effi-
ciency of the Ca-alginate/PDA composite after six cycles of
adsorption–desorption processes is shown in Fig. 7a. The
results indicated that there was no decrease in removal effi-
ciency during the first four regeneration cycles, but a decline
was observed in the sixth cycle. This reduction in removal
efficiency may be due to the incomplete desorption of the BG
dye absorbed on the Ca-alginate/PDA composite after repeated
use. The findings suggest that the Ca-alginate/PDA composite
can be effectively reused up to four times for BG removal from
aqueous solutions. Additionally, these results confirm effi-
ciency, reusability, stability, and high potential application of
alginate for dye removal under the given experimental condi-
tions. The FTIR spectra of Ca-alginate/PDA before and after
regeneration are presented in Fig. 8b. The data indicate that the
characteristic peaks corresponding to the functional groups of
Ca-alginate/PDA remained unchanged even after six recycling
cycles, indicating that the main chemical structure of the
composite was preserved after multiple cycles. This confirms
its efficiency, excellent reusability, structural stability, and
strong potential for application in BG dye removal under the
tested experimental conditions.

3.9. The checking of statistical analysis of data

3.9.1. Box–Behnken design. Box–Behnken design (BBD)
was employed to evaluate the interactions between various
variables. It was chosen in this study due to its simplicity,
ability to minimize the number of required experiments, and
effectiveness in providing accurate response predictions.85,86

The experimental design contained 17 experiments with adsorp-
tion capacity (qe) selected as the response surface variable. The
outcomes of these experiments, including both the observed and
predicted adsorption capacities, are shown in Table 4. The
quadratic model used is described by eqn (6).

qe = +2.94 + 0.4963 � A � 1.31 � B + 2.54 � C � 0.9065

� AB + 0.0592 � AC � 1.31 � BC (6)

where A is the pH, B is the adsorbent dose and C is the BG dye
concentration.

The reaction can be predicted at specific levels of each factor
using the equation expressed in terms of coded variables
(eqn (6)). Where the low and high levels of the factors are
written as �1 and +1, respectively. By comparing the coeffi-
cients of these factors, the coded equation enables evaluation
of the relative influence of each component.

Fig. 5 Plot of ln Kc against 1/T for adsorption of BG dye onto Ca-alginate/
PDA.

Table 3 Thermodynamic parameters of BG dye adsorption onto Ca-
alginate/PDA

Temperature (K)

Parameters

DG (kJ mol�1) DH (kJ mol�1) DS (J mol�1 K�1)

298 �41.1358928 36.398692 138.162052
308 �42.51751332
318 �43.89913384
328 �45.28075436

Fig. 6 Schematic presenting the interaction mechanisms between Ca-
alginate/PDA and BG dye.
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Alternatively, the actual equation can be represented by
eqn (7).

qe = �4.1787 + 0.5945 � pH + 105.841 � dose

+ 0.4879 � concentration � 15.10833 � pH � dose

+ 0.002191 � pH � concentration � 7.28750

� dose � concentration (7)

For specifying values of each factor, the equation expressed
in terms of the actual factors may be used to obtain the
predictions regarding the reaction, with factor levels expressed
in their original units. However, to assess the relative signifi-
cance of each factor, this equation is not used, since the
coefficients are scaled to measure units of each factor and the
intercept does not correspond to at the point of the
design space.

Fig. 7 (a) Regeneration efficiency of the Ca-alginate/PDA composite for BG dye adsorption; (b) FTIR spectra of the Ca-alginate/PDA composite before
and after the regeneration process (b).

Fig. 8 The contour plots and 3D response surface represent the inter-
action between (a) dose and pH, (b) concentration and pH, and (c)
concentration of dye and adsorbent dose for BG dye removal by using
Ca-alginate/PDA.

Table 4 Results of adsorption capacity of Ca-alginate/PDA

Run

Factors qe (mg g�1)

pH
Dose
(g)

Concentration
(mg L�1) Predicted Experimental Residual

1 3 0.05 11 2.04 2.02 �0.024
2 9 0.01 11 5.65 5.95 0.3
3 6 0.03 11 2.94 2.77 0.173
4 3 0.03 20 4.93 4.67 �0.260
5 6 0.03 11 2.94 2.77 �0.173
6 6 0.03 11 2.94 2.77 �0.173
7 6 0.01 20 8.10 9.12 1.02
8 3 0.03 2 �0.0304 0.466 0.505
9 6 0.03 11 2.94 2.77 �0.173
10 6 0.05 2 0.403 0.140 �0.263
11 9 0.03 20 6.04 4.93 �1.10
12 3 0.01 11 2.84 2.30 �0.544
13 6 0.05 20 2.86 3.37 0.501
14 6 0.01 2 0.393 0.650 0.256
15 6 0.03 11 2.94 2.77 �0.173
16 9 0.03 2 0.835 0.496 �0.339
17 9 0.03 11 1.22 2.04 0.820
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ANOVA was conducted to examine the BG dye adsorption on
the Ca-alginate/PDA composite, aiming to pinpoint the most
influential factors and their interactions affecting the process,
and to validate the model’s reliability. ANOVA analysis also
facilitates understanding the relationships between the process
parameters and response variables via graphical data interpre-
tation. The ANOVA analysis results of response surface experi-
ments are summarized in Table 5. As shown in Table 5, the
model is statistically significant, as evidenced by a high F-value
(F = 30.03) and low p-value (p o 0.05), indicating that the
selected variables collectively exert a meaningful influence on
the adsorption process rather than arising from random varia-
tion. The probability that an F-value this great could occur due
to noise is only 0.01 percent. Moreover, the coefficient of
determination (R2) measures how well the model accounts for
variability in the response; an R2 value close to 1 signifies a
better model fit. As presented in Table 6, the coefficient of
determination (R2) was 0.947, and the adjusted R2 was 0.915,
both of which are close in value indicating that the model fits
the data well. High values of R2 and adjusted R2 suggest strong
accuracy and a strong correlation between experimental and
predicted results. The predicted R2 value of 0.737 also shows a
good consistency with the value of adjusted R2 of 0.915 as the
difference between them is o0.2. While the model generally
fits the experimental data well, some predicted values exhibited
large residuals, particularly at the extremes of the experimental
domain. These anomalies likely result from extrapolation
beyond the region covered by the actual experiments. By focus-
ing on the central domain of the design, the model provides
reliable predictions and identifies optimal conditions. Adeq-
precision, which reflects signal-to-noise ratio, is considered
acceptable when it exceeds 4. The high Adeq-precision value
(19.34) indicates a strong signal relative to noise, confirming
that the model is sufficiently sensitive to detect the effects of
the studied variables across the design space. This robustness

supports the reliability of the model in identifying meaningful
trends in the adsorption behavior. Additionally, a smaller
standard deviation (0.655) value reflects a close agreement
between experimental data and the model’s predictions, sug-
gesting that the model describes the adsorption response with
good accuracy under the investigated conditions.

3.9.2. Response analysis for the capacity of adsorption. 3D
plots of response surface along with their corresponding 2D
contour plots provide valuable insights into how various para-
meters influence the response being studied. Using design-
Expert software, a contour plot was generated to investigate the
influences of various variable interactions on the adsorption of
BG dye onto Ca-alginate/PDA. The interactions between pH,
adsorbent dosage, and concentration of BG on the adsorption
capacity were illustrated through both 2D and 3D plots. Fig. 8
presents the combined influence of these factors on BG adsorp-
tion. Firstly, in Fig. 8a, it is observed that increasing the pH
initially enhances the adsorption capacity, but excessive adsor-
bent dosage leads to a decline in the adsorption capacity. Also,
in Fig. 8b, the adsorption capacity rises with both increasing BG
concentration and pH. Lastly, as shown in Fig. 8c, a higher
initial BG concentration boosts the adsorption capacity, while
increasing the adsorbent dose causes it to decline.

3.9.3. Adequacy checking of the BBD model. Clustering of
data points around the straight line in Fig. 9a indicates a strong
agreement between actual and predicted values, reflecting the
model’s high accuracy in forecasting adsorption capacity.
Fig. 9b displays the relationship between externally studentized
residuals and predicted values. The difference between pre-
dicted and observed values divided by their standard error can
be represented by these standardized residuals and serves as an
essential diagnostic tool in regression analysis. This relation-
ship helps evaluate the model’s overall fit, detect possible
outliers, and understand residual trends. Fig. 9c and d illus-
trate how externally studentized residuals vary with the run

Table 5 Outcomes of ANOVA analysis for the response surface

Source Sum of square df Mean square F-value P-value Remark Standard error

Intercept 0.159
Model 77.51 6 12.92 30.03 o0.0001 Significant
A (pH) 1.97 1 1.97 4.58 0.0580 0.231
B (dose) 13.66 1 13.66 31.75 0.0002 0.231
C (concentration) 51.69 1 51.69 120.18 o0.0001 0.231
AB 3.29 1 3.29 7.64 0.0200 0.327
AC 0.014 1 0.0140 0.032 0.860 0.327
BC 6.88 1 6.88 16.00 0.0025 0.327
Residual 4.30 10 0.4301
Lack of fit 4.30 6 0.7169
Pure error 0.000 4 0.0000
Cor total 81.81 16

Table 6 Statistical summary of various models of adsorption of BG dye on Ca-alginate/PDA

Source Std. Dev. p-value PRESS R2 Adjusted R2 Predicted R2 Remark

Linear 1.06 o 0.0001 30.17 0.822 0.782 0.631
2FI 0.655 0.0054 21.49 0.947 0.915 0.733 Suggested
Quadratic 0.669 0.5033 50.23 0.912 0.912 0.386
Cubic 1.49 � 10�6 o 0.0001 1.000 1.000 Aliased
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number, offering insight into changes in residuals throughout
the experimental sequence. This allows for the identification of
any recurring patterns or irregularities associated with the
experiment order. By plotting residuals against run numbers,
any trends tied to specific runs can be detected, potentially
indicating systematic issues in experimental execution, data
collection, or measurement consistency. Identifying such

trends is key to maintaining the accuracy and reliability of
the experimental outcomes.

3.10. Comparison with other adsorbents reported in the
literature

To evaluate the effectiveness of the Ca-alginate/PDA composite
in removing BG dye, its removal efficiency was compared with

Fig. 9 (a)–(d) Experimental capacity of adsorption compared to predicted capacity of adsorption.

Table 7 Comparison of the removal efficiency of the Ca-alginate/PDA composite with other adsorbents for BG dye removal

No. Adsorbent

Reaction conditions

Removal (%) Ref.Dye conc. (mg L�1) Dose (g) Time (min)

1 Ca-alginate/PDA 7 0.1 75 99.07 Present study
2 Poly(DVB) 7.5 0.05 120 97.4 32
3 Poly(AN-co-AMPS) 7.5 0.1 80 99.5 31
4 Hydroxyapatite/chitosan 5 0.9 90 80 87
5 Magnetic RHA 5 0.5 60 79.4 88
6 Polyacrylonitrile/silver nanocomposite 45.45 0.03 120 90 9
7 ZnO/PPy nanocomposite 90 0.075 90 90.2 52
8 (CNSAC) 50 0.1 90 99 15
9 Ni–Gd(OH)3 10 0.01 300 90 89
10 Kaolin 20 1 90 91 63
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other reported adsorbents, as presented in Table 7. While direct
comparisons are challenging due to differences in experimental
conditions, such as dye concentration, adsorbent dosage, and
contact time, Ca-alginate/PDA stands out as one of the most
efficient materials. It demonstrates excellent removal efficiency,
achieving 99% efficiency under relatively mild conditions
(initial dye concentration of 7 mg L�1, adsorbent dosage of
0.1 g, and time of 75 minutes). Additionally, the Ca-alginate/
PDA composite has the ability to maintain stability over six
consecutive regeneration cycles, as shown in the desorption
studies, highlighting its promise as a sustainable and cost-
effective material for use in large-scale water purification.

4. Conclusions

This work successfully demonstrated excellent adsorption per-
formance, cost efficiency, and sustainability of Ca-alginate/PDA
for the removal of toxic BG dye from wastewater. The prepared
biopolymer has distinctive features; for example, its large sur-
face area and porous structure greatly contributed to its
enhanced adsorption capability. Also, it provided extra benefits,
such as low-cost recyclability, environmental friendliness, and
stability. Functional groups present in the Ca-alginate/PDA
facilitated strong interactions with the molecules of dye via
different interaction mechanisms like electrostatic attraction,
p–p stacking, and hydrogen bonding, achieving a maximum
removal efficiency of 99.07% under optimal conditions. Speci-
fically, PDA provided aromatic rings and hydroxyl groups that
promoted p–p interactions and hydrogen bonding with dye
molecules, while Ca-alginate contributed a carboxylate-rich,
negatively charged network responsible for electrostatic attraction
with cationic BG dye. Kinetic analysis indicated that the adsorption
followed a pseudo-first-order model, while isotherm data aligned
best with the Freundlich model, suggesting multilayer adsorption on
a heterogeneous surface. Thermodynamic results confirmed that the
process was both endothermic and spontaneous, with higher tem-
peratures further promoting dye uptake, highlighting its practical
applicability. The study also utilized (BBD) to systematically assess
the impact of key operational factors on adsorption efficiency.
Response surface methodology (RSM) offered detailed insights into
variable interactions, leading to adsorption process optimization.
Furthermore, Ca-alginate/PDA demonstrated effective regeneration
using hydrochloric acid and retained reasonable adsorption perfor-
mance over four reuse cycles, making it an eco-friendlier and more
cost-efficient alternative to traditional adsorbents. While these
results are promising, long-term structural stability and resistance
to fouling in real wastewater matrices require further investigation.
Overall, Ca-alginate/PDA shows promising adsorption efficiency and
thermal stability, suggesting its suitability as an adsorbent for dye
removal, providing an effective and sustainable approach to combat
dye contamination in aquatic systems.
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