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theoretical investigations of
divinylbenzene-based polymer as an efficient
adsorbent for brilliant green dye removal†

Marwa Magdy,a Mohamed M. Aboelnga,ab Aya Deyab,a Aliaa Semida,a Rawan Rizk,a

Nada Elseady,a Mona Abo Hashesha and Elsayed Elbayoumy *a

Water contamination caused by synthetic dyes is a growing environmental concern, necessitating the

development of effective and sustainable remediation technologies. In this study, poly(divinylbenzene)

(poly(DVB)) was synthesized via suspension polymerization and evaluated as a novel adsorbent for the

removal of Brilliant Green (BG) dye from aqueous solutions. Characterization techniques including

Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning electron

microscopy (SEM), X-ray diffraction (XRD), and Brunauer–Emmett–Teller (BET) surface area analysis

confirmed the polymer's porous morphology, thermal stability, and adsorption potential. Batch

adsorption experiments were conducted to assess the influence of key operational parameters, and the

results showed that the highest removal efficiency of 97.4% was achieved under optimal conditions of

pH 7, temperature 298 K, contact time of 120 minutes, initial dye concentration of 7.5 mg L−1 and

adsorbent dose of 0.05 g 10 ml−1. The adsorption kinetics followed the pseudo-second-order model,

suggesting that chemisorption dominates the process, while isotherm modeling indicated that

monolayer adsorption occurred on a homogeneous surface, as described by the Langmuir model.

Thermodynamic analysis revealed that the adsorption process was endothermic and spontaneous,

confirming enhanced dye–polymer interactions at elevated temperatures. DFT calculations were then

applied to provide novel atomistic details that should help in better understanding of the chemical

interaction that takes place between the dye and the adsorbent. Furthermore, regeneration studies

demonstrated that poly(DVB) was sustainable and can be reused for up to four cycles, supporting its

feasibility for real-world wastewater treatment applications. Comparisons with previously reported

adsorbents highlighted the superior performance of poly(DVB), making it a promising, adsorbent for dye

removal from contaminated water.
1. Introduction

Environmental pollution caused by water and wastewater
contamination is one of the most pressing global challenges.
The aquatic environment is continuously polluted by human
activities, particularly through the discharge of industrial
effluents containing oil, heavy metals, and synthetic dyes.1–3

Synthetic dyes are extensively used across various industries,
including textiles, leather, plastics, cosmetics, food processing,
paper, paints, pulp, carpets, hair coloring, and printing inks.4–8
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As a result, approximately 10–15% of the annual production of
over 100 000 synthetic dyes amounting to nearly 800 000 tons is
released into water bodies, contaminating freshwater resources
and severely impacting aquatic ecosystems.9

These pollutants frequently exceed the permissible limits set
by the World Health Organization (WHO), raising signicant
environmental and health concerns due to their high toxicity
and low degradability.10,11 Moreover, dye pollutants can obstruct
sunlight penetration in water bodies, disrupting photosynthesis
and harming aquatic ora and fauna.12 Many dyes, including
BG, exhibit carcinogenic and mutagenic properties, posing
serious health risks such as nervous system disorders, liver and
kidney failure, eye and skin irritation, respiratory problems, and
even cancer.13–18 However, BG is currently being utilized in
different industrial and medical applications, such as coloring
paper, silk, wool, rubber and leather as well as in veterinary
medicine, and pharmaceutical industry. The presence of such
toxic compounds degrades water quality, rendering it unsuit-
able for drinking, agriculture, and other essential uses while
RSC Adv., 2025, 15, 19843–19858 | 19843
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threatening both human health and ecological sustainability.
Specic maximum permissible concentration limits may vary by
region, studies and environmental guidelines suggest that the
concentration of dyes like BG in discharged wastewater should
not exceed 0.01–0.1 mg L−1, depending on local regulations, to
prevent harmful ecological effects. Therefore, immediate action
is required to develop effective wastewater treatment strategies
and explore safer alternatives to mitigate dye pollution.

Various techniques have been employed to remove toxic dyes
from wastewater, including oxidation, electrolysis, membrane
ltration, adsorption, microbiological and enzymatic treat-
ments, occulation-precipitation, electrochemical processes,
and photocatalytic degradation.19–21 Among these, adsorption is
widely recognized as one of the most effective methods due to
its cost-efficiency, simplicity, high removal capacity, and suit-
ability for large-scale applications.22 The success of adsorption
technology depends on selecting an adsorbent with a strong
affinity for the target dye, high adsorption capacity, low cost,
and high efficiency. Numerous adsorbents, including polymers,
nanoparticles, activated carbon, zeolites, and metal–organic
frameworks, have been explored for dye removal.23

For example, hydroxyapatite (HAp) synthesized from cost-
effective precursors within a chitosan (CS) matrix has been
used as an adsorbent to remove BG dye from contaminated
water solutions.24 Similarly, activated carbon derived from
waste banana peels has demonstrated effectiveness in removing
cationic BG dye from aqueous media.25 Molecularly imprinted
polymers (MIPs) have also been employed for the adsorption of
BG dye from textile industry effluents and river water.26 Among
polymeric materials, poly(divinylbenzene) (poly(DVB)) has
emerged as a promising adsorbent due to its unique structural
properties, including a high surface area and large pore radius,
Fig. 1 Batch experiment for the removal of hazardous BG dye using po

19844 | RSC Adv., 2025, 15, 19843–19858
which enhance its ability to adsorb contaminants from aqueous
solutions.27,28 Also, it has gained to be excellent adsorbent due
to its easy fabrication process, low cost, recyclability, strong
adsorption capacity, environmental stability, and suitability for
large-scale use. The presence of aromatic rings in poly(DVB) is
particularly advantageous, as it facilitates effective coordination
with dye molecules which improves the efficiency of dye
removal, making poly(DVB) an effective material for applica-
tions in water purication. Also, due to its hydrophobic and
rigid aromatic structure, it is generally considered non-
biodegradable in typical environmental settings which make
it suitable for different industrial applications. Additionally, its
exceptional thermal stability allows for large-scale applications
under diverse operating conditions.29

In this study, poly(DVB) was synthesized using the suspen-
sion polymerization technique and subsequently employed as
an adsorbent for the extraction of BG dye from aqueous solu-
tions. The synthesized polymer was characterized using FTIR,
TGA, SEM, XRD, and BET techniques to evaluate its structural,
thermal, and morphological properties. The effects of key
operational parameters, including contact time, adsorbent
dosage, initial dye concentration, temperature, and pH, on the
adsorption efficiency were systematically investigated (Fig. 1).
Additionally, adsorption kinetics, isotherm models, and ther-
modynamic parameters were analyzed to understand the
underlying mechanisms governing the adsorption process. To
obtain deeper structural insights into the complex, we have
computationally modelled the interaction that occurs between
the BG dye and the adsorbent. The ndings of this study present
a practical and efficient approach for removing BG dye from
wastewater using poly(DVB), highlighting its potential for large-
scale wastewater treatment applications.
ly(DVB).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Material and methods
2.1. Materials

Divinylbenzene (DVB) was purchased from TCI (Tokyo, Japan).
a,a0-Azobisisobutyronitrile (AIBN, purity >98%) was purchased
from Wako Chemical (Osaka, Japan). Polyvinyl alcohol (PVA)
was obtained from Sigma-Aldrich, and toluene (purity >99.5%)
was purchased from Merck (Darmstadt, Germany). Ethanol,
acetone, sodium hydroxide, hydrochloric acid, and potassium
nitrate were obtained from Fisher Scientic. Brilliant Green dye
(BG) was obtained from Aldrich Chemicals. AIBN was recrys-
tallized from ethanol, and acetonitrile was distilled before use.
All other chemicals were used as received without further
purication.
2.2. Synthesis of poly(DVB)

Poly(DVB) was synthesized using suspension polymerization
techniques, as previously described, with slight modications.30

The synthesis scheme of divinylbenzene Polymer was shown in
Fig. 2. In our modied approach, the organic phase solution
consisted of DVB monomer (74.04 mmol, 2 ml), AIBN initiator
(39.97 mg), and toluene (2 ml) as a diluent. This differs from the
original method, which used a mixture of toluene and heptane.
The exclusive use of toluene in our method simplies the
system and results in a more uniform pore structure. The
organic phase was added to 16 ml of an aqueous phase (0.5%
PVA) and stirred for 10 minutes at 10 °C. The reaction mixture
was then heated to 60 °C and maintained for 24 hours. Aer
completion, the reaction was quenched to room temperature,
and the resulting white precipitate of poly(DVB) was separated
by ltration. It was then washed several times with ethanol and
acetone to remove any unreacted monomer or initiator. Finally,
the obtained poly(DVB) was dried under vacuum and stored for
further use.
2.3. Characterization techniques

Fourier transform infrared (FTIR) spectroscopy was conducted
on a JASCO FT/IR-6100 spectrometer using KBr pellet samples,
covering the spectral range of 4000–400 cm−1 to identify func-
tional groups present in the polymer. Thermal gravimetric
analysis (TGA) was performed using a Rigaku Thermo plus
TG8120 instrument under a nitrogen atmosphere (ow rate: 20
ml min−1) at a heating rate of 10 K min−1, using an alumina
ceramic sample from room temperature up to 800 °C, to eval-
uate the thermal stability of the polymer. Wide-angle X-ray
Fig. 2 Schematic represented the synthesis of poly(DVB).

© 2025 The Author(s). Published by the Royal Society of Chemistry
diffraction (XRD) analysis was performed using a Siemens D-
500 diffractometer (l = 1.54 Å, Cu Ka) to investigate the crys-
talline structure and crystalline size of the copolymer. Nitrogen
adsorption/desorption measurements were carried out with
a Quantachrome instrument (USA) to determine the surface
area and pore volume of the copolymer, based on the Brunauer–
Emmett–Teller (BET) method. To investigate the micromor-
phological and microtextural features of copolymer the scan-
ning electron microscopy (SEM) was employed with JEM-2100F
microscopy at an accelerating voltage of 200 kV.
2.4. Batch adsorption experiments

To investigate adsorption parameters, including isotherm,
kinetics, and thermodynamics, batch adsorption experiments
were conducted in 250 ml bottles at room temperature. A xed
amount of the adsorbent under investigation was added to
100 ml of BG solution, which was then adjusted to the desired
pH. Aer adding the known amount of adsorbent, the bottles
were shaken in a thermostatic shaker at 200 rpm for variable
duration. At the end of the equilibrium period, the sample
containing both dye and adsorbent was centrifuged for 10
minutes, and the remaining dye concentration was measured
using a UV-vis spectrophotometer at wavelength 625 nm, cor-
responding to the equilibrium concentration of BG (Ce). During
the experiments, the effects of various adsorption parameters,
including adsorption time (5 to 170 minutes), pH (3 to 9), initial
dye concentration (2 to 14.3 ppm), adsorbent dose (0.02 to 0.18
g), and temperature (303 to 333 K), were systematically exam-
ined to determine the optimal conditions for the adsorption
process. The adsorption capacity (qt) of BG onto poly(DVB) and
dye removal percentage (% R) were calculated using the
following equation:

qt ¼ Co � Ct

W
� V (1)

% R ¼ Co � Ct

Co

� 100 (2)

where C0 is the initial dye concentration (mg L−1), Ct is the dye
concentration at time t (mg L−1), W is the adsorbent mass (g),
and V is the volume of the BG dye solution (L). To ensure
reproducibility, each batch adsorption experiment was con-
ducted in triplicate. The reported results represent the mean
values, with error bars (standard deviations) included where
applicable. The standard deviation across replicates was
consistently below 5%, conrming the robustness and reli-
ability of the experimental ndings.
2.5. Computational investigation

To deepen our understanding of the adsorption mechanism, we
have expanded our investigation into computationally study the
binding of our dye on the surface of the polymer. A represen-
tative moiety for the polymer was loaded with our dye and
explored using DFT calculations implementing Gaussian09
soware.31 In particular, B3LYP functional32–34 in combination
with 6-31G basis set has been employed to perform complete
RSC Adv., 2025, 15, 19843–19858 | 19845
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geometry optimization for the complex. In fact, this combina-
tion of methods have been successfully used by our group to
treat different chemical systems.35,36 The highest occupied
molecular orbital (HOMO) and the lowest occupied molecular
orbital (LUMO) have been also displayed utilizing Gaussview
soware to further broaden our knowledge for the types of
chemical interactions that take place during the adsorption.
3. Results and discussion
3.1. Adsorbent characterization

3.1.1. FTIR analysis. The FTIR spectrum of poly(DVB),
presented in Fig. 3A, provides insight into the polymer's func-
tional groups. The presence of characteristic peaks in the range
of 3021.97–2916.43 cm−1 corresponds to the stretching vibra-
tions of aliphatic C–H bonds, conrming the incorporation of
aliphatic structures within the polymer network.37 Additionally,
the absorption bands observed between 1691.26 cm−1 and
1442.9 cm−1 are attributed to C]C stretching, indicating the
presence of aromatic rings.38 Furthermore, the sharp absorp-
tion band at 714 cm−1 is associated with out-of-plane ring
deformation, which is a typical feature of benzene-derived
compounds, further supporting the polymer's aromatic char-
acter.39 The distinct peak at 1594.82 cm−1 is characteristic of
aromatic ring vibrations, reinforcing the presence of benzene
moieties in the polymer backbone. Moreover, the absorption
bands appearing at 900 cm−1 and 989 cm−1 correspond to vinyl
group vibrations, which indicate residual unsaturation from the
polymerization process.38

The FTIR spectrum of poly(DVB) aer BG dye adsorption is
shown in Fig. S1 in ESI.† Compared to the spectrum of the
Fig. 3 (A) FTIR spectra; (B) TGA analysis; (C) XRD analysis; (D) BET analy

19846 | RSC Adv., 2025, 15, 19843–19858
pristine polymer, the major characteristic bands of poly(DVB)
remain intact, including the aromatic C]C stretching
(∼1590 cm−1 and 1440 cm−1) and C–H bending (∼714 cm−1),
conrming the structural stability of the polymer matrix during
the adsorption process. However, several notable changes
indicate successful interaction with the BG dye. A slight shi
and broadening is observed in the C]C aromatic region
(∼1595 cm−1), suggesting p–p interactions between the
aromatic rings of the dye and the polymer. The band at ∼900–
989 cm−1, attributed to vinyl groups, appears less intense,
which could be due to coverage or interaction of dye molecules
with residual unsaturated sites. These spectral changes provide
strong evidence of chemical interactions particularly p–p

stacking between BG dye and the poly(DVB) framework, sup-
porting the proposed chemisorption mechanism.

3.1.2. Thermal gravimetric analysis (TGA). The thermal
stability of poly(DVB) was evaluated using thermogravimetric
analysis (TGA) and derivative thermogravimetric analysis (DTG),
as illustrated in Fig. 3B. The TGA curve demonstrates a two-step
degradation process. The rst stage, occurring between 46 °C
and 156 °C, exhibits a slight weight loss, which is likely due to
the evaporation of residual moisture and organic solvents
trapped within the polymer matrix.40 Beyond 240 °C, a signi-
cant increase in weight loss occurs, peaking at 425 °C, as indi-
cated by the DTG curve. This stage, which corresponds to
a weight loss of 34.91%, represents the major thermal degra-
dation of the polymer, where the polymer backbone undergoes
decomposition.41 The high degradation temperature suggests
that poly(DVB) possesses strong thermal stability, likely due to
its crosslinked aromatic structure, which enhances resistance
to thermal breakdown. To further understand the thermal
sis of poly(DVB).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermal activation energy and thermodynamic parameters of poly(DVB)

E* (kJ mol−1) A0 (S−1) DS* (J mol−1 K−1) DH* (kJ mol−1) DG* (kJ mol−1)

78.84166 1093.711 −189.753 75.2925 156.296
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degradation kinetics, the Coats–Redfern method was applied to
determine the activation energy (E*) and thermodynamic
parameters (DH*, DS*, and DG*) of the main degradation stage
(240–500 °C). As shown in Table 1, the calculated activation
energy (E*) of 78.84 kJ mol−1 suggests a relatively high energy
barrier for decomposition, reinforcing the polymer's thermal
stability. The positive enthalpy change (DH* = 75.29 kJ mol−1)
conrms that the degradation process is endothermic,
requiring energy input to proceed 363 636.42,43 Additionally, the
negative entropy change (DS* = −189.75 J mol−1 K−1) suggests
that the degradation reaction leads to a more ordered transition
state, potentially due to the formation of intermediate struc-
tures before complete breakdown. Furthermore, the high Gibbs
free energy (DG* = 156.30 kJ mol−1) indicates that the degra-
dation process is non-spontaneous, requiring external energy to
initiate polymer decomposition. Overall, the TGA results
conrm that poly(DVB) exhibits strong thermal stability up to
240 °C, with a major degradation onset above 400 °C, making it
a promising material for applications that demand thermal
resistance and structural durability.

3.1.3. XRD analysis. The crystalline structure of poly(DVB)
was investigated using X-ray diffraction (XRD), and the corre-
sponding diffraction pattern is shown in Fig. 3C. The XRD
analysis reveals a broad peak centered at 2q= 18.18°, indicating
that poly(DVB) exhibits a predominantly amorphous structure
373 737. The absence of sharp, well-dened diffraction peaks
suggests that the polymer lacks long-range molecular order,
which is characteristic of highly crosslinked and disordered
polymer networks. The amorphous nature of poly(DVB) can be
attributed to the presence of irregularly arranged aromatic rings
and crosslinked polymer chains, which hinder the formation of
crystalline domains. This structural characteristic signicantly
inuences the material's mechanical, optical, and sorption
properties, making it suitable for applications requiring high
exibility, optical transparency, and enhanced adsorption
capabilities.44
Fig. 4 SEM images of poly(DVB).

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.1.4. Brunauer–Emmett–Teller analysis (BET). The surface
area and porosity of poly(DVB) were evaluated using BET anal-
ysis, based on nitrogen adsorption/desorption isotherms at 77
K. The corresponding isotherm is shown in Fig. 3D. The results
indicate that poly(DVB) exhibits a high specic surface area of
249.47 m2 g−1, suggesting a well-developed porous structure.
Additionally, the Barrett–Joyner–Halenda (BJH) method was
used to determine the pore volume and pore radius of the
polymer. The total pore volume was measured at 0.877 cm3 g−1,
while the pore radius was calculated as 1.633 nm. According to
the International Union of Pure and Applied Chemistry (IUPAC)
classication, materials with pore diameters below 2 nm are
categorized as microporous.45 Based on these values, poly(DVB)
falls within the microporous range, making it suitable for
applications requiring high surface area and ne porosity, such
as adsorption, separation, and catalysis. Furthermore, the
microporous nature of poly(DVB) suggests strong potential for
gas and liquid adsorption, positioning it as a promising
adsorbent material. Furthermore, its high surface area
enhances adsorption efficiency and reactivity. To further
investigate the structural changes following dye adsorption,
BET surface area analysis was also conducted on poly(DVB) aer
BG dye adsorption (Fig. S2 in ESI†). The results showed
a signicant decrease in surface area from 249.47 m2 g−1 to
93.54 m2 g−1, indicating that a substantial portion of the
accessible surface became occupied or blocked by adsorbed dye
molecules. Similarly, the total pore volume decreased from
0.877 cm3 g−1 to 0.106 cm3 g−1, and the average pore radius
slightly reduced from 1.633 nm to 1.551 nm. These reductions
provide strong evidence that BG dye molecules were success-
fully adsorbed into the porous structure of the polymer, occu-
pying both external and internal adsorption sites. This result
supports the adsorption mechanism inferred from isotherm
and kinetic modeling, where dye–polymer interaction is likely
dominated by surface binding and pore lling processes.

3.1.5. SEM analysis. The morphology and particle size
distribution of poly(DVB) were analyzed using scanning
RSC Adv., 2025, 15, 19843–19858 | 19847
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electron microscopy (SEM), as shown in Fig. 4. The SEM images
reveal that poly(DVB) exhibits an irregular spherical
morphology, with particles varying in size. The measured
average particle size is approximately 2.69 mm, indicating
a relatively uniform distribution with slight variations. The
spherical shape suggests that the polymerization process facil-
itated the formation of well-denedmicrospheres. However, the
observed irregularities in shape and size may result from vari-
ations in polymerization kinetics, crosslinking density, or
reaction conditions, such as monomer concentration, solvent
system, and initiator type. Furthermore, the high-magnication
SEM image provides a clearer view of the surface texture and
particle connectivity, which play a crucial role in determining
the adsorption properties, surface reactivity, and packing
density of the material. The relatively uniform particle size
distribution enhances the potential applications of poly(DVB)
in adsorption, catalysis, and separation processes, where
controlled morphology and high surface area are essential.
Additionally, the morphology of poly(DVB) aer adsorption of
BG dye was examined by SEM analysis and the results are pre-
sented in Fig. S3 in ESI.† The overall particle morphology
remained similar to that of free poly(DVB), with no signicant
visual changes in surface texture or aggregation observed at this
resolution. This suggests that BG dye adsorption occurs
primarily through surface-level or molecular–scale interactions
that may not produce detectable morphological changes under
SEM. These ndings are consistent with the adsorption being
a chemisorption-dominated process, as supported by FTIR and
BET.
3.2. Adsorption batch experiment

3.2.1. Point of zero charge (PZC). The point of zero charge
(PZC) represents the pH at which the net surface charge of an
adsorbent is neutral. This parameter is crucial in under-
standing the adsorption behavior of poly(DVB), as it determines
the surface charge properties in different pH environments. The
PZC of poly(DVB) was determined experimentally using 0.1 M
KNO3 solutions with varying initial pH values 3–9, adjusted using
0.1 M HCl and 0.1 M NaOH. Aer equilibration with 0.05 g of
poly(DVB) for 48 hours at room temperature, the nal pH values
were recorded, and the PZC was determined. As shown in
Fig. 5A, the PZC of poly(DVB) was found to be 8.2. This result
indicates that at pH values below 8.2, the surface of poly(DVB)
carries a positive charge, favoring the adsorption of negatively
charged species (e.g., anionic dyes or pollutants). Conversely, at
pH values above 8.2, the surface charge becomes negative,
enhancing the interaction with positively charged species (e.g.,
cationic dyes or heavy metal ions).46 Understanding the PZC of
poly(DVB) is essential for optimizing its adsorption efficiency,
as the electrostatic interactions between the adsorbent and
target contaminants strongly depend on the solution pH. This
makes poly(DVB) a versatile material for various adsorption
applications where charge-dependent interactions play
a signicant role.

3.2.2. Effect of pH. The effect of pH on the adsorption of BG
dye onto poly(DVB) is illustrated in Fig. 5B. The results indicate
19848 | RSC Adv., 2025, 15, 19843–19858
that the removal efficiency of BG dye signicantly increases as
the pH rises from 3 to 7, reaching a maximum adsorption effi-
ciency of 82.65% at pH 7. Beyond this optimal pH, the removal
percentage declines as the pH increases above 7. This trend can
be attributed to the cationic nature of BG dye, which remains
positively charged in solution. At lower pH values, the concen-
tration of H+ ions is high, leading to increased competition
between H+ and BG dyemolecules for the active adsorption sites
on the surface of poly(DVB). This competition reduces the
adsorption efficiency at acidic conditions. As the pH increases,
the surface of poly(DVB) becomes more negatively charged,
enhancing the electrostatic attraction between the adsorbent
and the cationic BG dye molecules.47 This explains the observed
increase in removal efficiency up to pH 7. However, at pH values
higher than 7, the adsorption efficiency declines. This reduction
may be due to the decreased positive charge on the dye mole-
cules and possible repulsion effects, which weaken the elec-
trostatic interactions between the adsorbent and the dye.48

Additionally, changes in the chemical structure of the dye at
higher pH levels could contribute to lower adsorption rates.
Overall, the results conrm that electrostatic interactions play
a crucial role in BG dye adsorption onto poly(DVB). Since pH 7
yielded the highest removal efficiency, it was selected as the
optimal pH for subsequent adsorption experiments.

3.2.3. Effect of contact time. The inuence of contact time
on the adsorption of BG dye onto poly(DVB) is presented in
Fig. 5C. The results indicate that the removal efficiency (% R)
and adsorption capacity (qe) of BG dye increase steadily with
contact time until equilibrium is reached. Throughout the
adsorption process, the removal percentage of BG dye shows
a continuous and consistent increase without signicant uc-
tuations. This behavior suggests that the adsorption sites on
poly(DVB) remain accessible for dye molecules over time,
allowing for a gradual and sustained adsorption. The steady
increase in adsorption efficiency indicates that diffusion and
interaction between dye molecules and the adsorbent surface
occur smoothly without noticeable saturation effects within the
studied time frame.49,50 The results suggest that prolonging the
contact time enhances adsorption without a distinct plateau
phase, implying that the adsorption equilibrium is reached
progressively. This highlights the strong affinity of poly(DVB)
toward BG dye, making it a promising adsorbent for effective
dye removal.

3.2.4. Effect of dye concentration. The initial dye concen-
tration is a key parameter inuencing the adsorption process, as
it determines the driving force for mass transfer between the
solution and the adsorbent. Fig. 5D illustrates the effect of
initial dye concentration on the adsorption efficiency of BG dye
using poly(DVB). The results show that as the initial BG dye
concentration increases from 2.5 to 14.3 ppm, the dye removal
percentage (% R) decreases from 63.9% to 32.5%. This decline
in removal efficiency can be attributed to the saturation of
available adsorption sites on the polymer surface at higher dye
concentrations. As the number of dye molecules in solution
increases, the xed number of active adsorption sites becomes
a limiting factor, resulting in excess dye molecules remaining
unadsorbed in solution. Despite the decrease in removal
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Point of zero charge (PZC); (B) effect of PH; (C) effect of contact time; (D) effect of dye concentration; (E) effect of adsorbent dose; (F)
effect of adsorption temperature. Adsorption conditions: (B) pH from 3 to 9, time 60minutes, 7.5 ppm initial dye concentration, dose 0.1 g/ 25ml,
298 K; (C) time (0–170 minutes), 7.5 ppm initial dye concentration, dose 0.1 g/100 ml, pH = 7, 298 K; (D) initial dye concentration (2.5–20 ppm),
dose 0.1 g/25ml, pH= 7, 298 K and time 120minutes; (E) dose (0.02–0.18 g)/100ml, 7.5 ppm initial dye concentration, pH= 7, 298 K and time 60
minutes; (F) temperature (305–333 k), pH = 7, initial dye concentration = 7.5 ppm, dose = 0.02 g/10 ml and time 60 minutes.
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efficiency, the adsorption capacity (qe) of poly(DVB) increases
from 1.59 to 4.63 mg g−1 with increasing initial dye concen-
tration. This trend suggests that higher concentrations provide
a stronger concentration gradient, enhancing the interaction
between dye molecules and available binding sites on the
adsorbent. At higher initial concentrations, the probability of
dye molecules colliding with and adhering to the adsorbent
increases, thereby raising the amount of dye adsorbed per gram
of polymer. This phenomenon aligns with previous studies that
demonstrate the dependence of adsorption capacity on initial
solute concentration, as higher concentrations typically drive
a more efficient uptake until saturation is reached.51,52

3.2.5. Effect of adsorbent dose. The inuence of poly(DVB)
dosage on BG dye adsorption was investigated by varying the
adsorbent mass from 0.02 to 0.18 g while keeping all other
© 2025 The Author(s). Published by the Royal Society of Chemistry
parameters constant. Fig. 5E illustrates the relationship
between adsorbent dose and both the removal efficiency (% R)
and adsorption capacity (qe). The results indicate that as the
adsorbent dose increases from 0.02 to 0.18 g, the removal
percentage of BG dye rises signicantly from 18% to 64%. This
enhancement in removal efficiency can be attributed to the
increased availability of active adsorption sites and the greater
surface area provided by higher amounts of poly(DVB), allowing
more dye molecules to interact and be captured.53 However,
despite the improvement in removal efficiency, the adsorption
capacity (qe) per gram of adsorbent decreases from 8.44 to
2.45 mg g−1 with increasing poly(DVB) dosage. This inverse
relationship occurs due to a lower adsorbate-to-adsorbent ratio
at higher dosages, where excess adsorption sites remain unoc-
cupied due to the limited dye concentration in solution.52 Based
RSC Adv., 2025, 15, 19843–19858 | 19849
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on these ndings, selecting an optimal adsorbent dose depends
on the adsorption objective. A dose of 0.02 g is themost effective
for maximizing adsorption capacity, making it suitable for
applications where a high dye uptake per gram of adsorbent is
required. Conversely, for achieving maximum removal effi-
ciency, a higher dosage of 0.18 g is recommended to ensure
greater dye elimination from the solution.

3.2.6. Effect of temperature. The inuence of temperature
on the adsorption of BG dye onto poly(DVB) was examined over
a temperature range of 305 to 333 K while maintaining all other
experimental conditions constant. Fig. 5F presents the effect of
temperature on both the adsorption capacity (qe) and removal
efficiency (% R). The results demonstrate a signicant
enhancement in the adsorption process with increasing
temperature. Specically, as the temperature rises from 305 K to
333 K, the adsorption capacity increases from 0.94 to 3.13 mg
g−1, while the removal efficiency improves markedly from
28.22% to 95.39%. This increase in adsorption efficiency can be
attributed to the higher kinetic energy of dye molecules at
elevated temperatures, which enhances their diffusion from the
bulk solution to the surface of the adsorbent.54 Additionally,
elevated temperatures improve molecular collisions between
BG dye molecules and poly(DVB), increasing the likelihood of
effective adsorption interactions.55 These ndings suggest that
the adsorption of BG dye onto poly(DVB) is an endothermic
process, where higher temperatures facilitate greater dye
uptake. The enhanced adsorption efficiency at elevated
temperatures indicates the potential applicability of poly(DVB)
for high-temperature wastewater treatment applications, where
dye removal can be optimized by thermal activation of the
adsorption process.
3.3. Adsorption isotherms

Adsorption isotherms are essential tools for understanding the
interaction between adsorbate molecules and the adsorbent
surface at equilibrium. Various isotherm models, including
Fig. 6 Adsorption isotherm models of BG onto poly(DBV).

19850 | RSC Adv., 2025, 15, 19843–19858
Langmuir, Freundlich, Dubinin–Radushkevich (D–R), Temkin,
Khan, Hill, and Jovanovic, were used to analyze the adsorption
behavior of BG dye onto poly(DVB).56 Fig. 6 presents the non-
linear tting of these models to the experimental data, while
Table 2 summarizes the corresponding isotherm parameters.
The Langmuir isotherm assumes monolayer adsorption on
a homogeneous surface with no interactions between adsorbed
molecules. The high correlation coefficient (R2 = 0.97) for
Langmuir suggests that the adsorption of BG dye onto pol-
y(DVB) follows this model, indicating uniform adsorption sites
and monolayer adsorption behavior. Additionally, the
maximum adsorption capacity (qm) was found to be 5.649 mg
g−1, further supporting the efficiency of poly(DVB) as an
adsorbent. In contrast, the Freundlich isotherm, which
describes multilayer adsorption on heterogeneous surfaces,
exhibited a lower correlation coefficient (R2 = 0.822), indicating
that multilayer adsorption is less dominant in this system. This
suggests that the adsorption process is more likely to be
homogeneous rather than heterogeneous. The Dubinin–
Radushkevich (D–R) isotherm, which is used to differentiate
between physisorption and chemisorption, yielded an adsorp-
tion energy (Ea) of 10.721 kJ mol−1. Since values of Ea between 8
and 16 kJ mol−1 indicate chemisorption, it can be inferred that
the adsorption of BG dye onto poly(DVB) occurs primarily via
a chemical interaction mechanism rather than simple physical
adsorption.57 However, the D–R model exhibited a moderate t
(R2 = 0.80), indicating that it may not fully describe the
adsorption process. The Temkin isotherm, which assumes that
the heat of adsorption decreases linearly with increasing
surface coverage, showed a good t (R2 = 0.9856), suggesting
the presence of a uniform distribution of binding energies on
the poly(DVB) surface. The Khan isotherm, which accounts for
solute adsorption onto solid surfaces, and the Hill model,
which describes cooperative binding interactions, both
provided high correlation coefficients (R2 = 0.9965 and R2 =

0.9908, respectively). This indicates that these models can also
describe the adsorption behavior effectively. The Jovanovic
isotherm, which modies the Langmuir model to account for
possible mechanical interactions between adsorbed and des-
orbed molecules, showed a slightly lower t (R2 = 0.9289)
compared to Langmuir. This suggests that while mechanical
interactions may occur, they do not signicantly impact the
adsorption mechanism. Overall, the adsorption of BG dye onto
poly(DVB) is best described by the Langmuir model, conrming
that the adsorption occurs via a monolayer mechanism on
a homogeneous surface. The high adsorption energy deter-
mined from the D–R model further supports a chemisorption
process.
3.4. Adsorption kinetics of BG dye onto poly(DVB)

Adsorption kinetics studies are crucial for understanding the
adsorption mechanism, equilibrium time, and rate-controlling
steps at the liquid–solid interface. In this study, the adsorption
of BG dye onto poly(DVB) was evaluated using four kinetic
models: pseudo-rst-order (PFORE), pseudo-second-order
(PSORE), Elovich, and intra-particle diffusion (IPDE).58 The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Adsorption isotherm parameter of brilliant green dye onto poly(DVB)

Isotherm Equation Parameters Value

Langmuir qe = (KqmCe)/(1 + KCe) qm (mg g−1) 5.649
K (L mg−1) 0.386
R-square (COD) 0.979
R2 0.972

Freundlich qe = KFCe
1/n KF (mg g−1) 2.451

1/n 0.249
R-square (COD) 0.822
R2 0.822

Dubinin–Radushkevich qe = qm exp −k32 qm (mg g−1) 4.116

3 ¼
�
RT ln

�
1þ 1

Ce

��
k (mol2 J−2) 4.350 × 10−9

Ea ¼ 1ffiffiffiffiffiffiffi
2K

p Ea (kJ mol−1) 10.721

R-square (COD) 0.852
R2 0.802

Temkin qe = B ln(k × Ce) B 1.244
K (L mg−1) 3.819
R-square (COD) 0.989
R2 0.985

Khan qe = qmKCe/(1 + KCe)
n qm (mg g−1) 1.612

K 2.405
n 0.657
R-square (COD) 0.996
R2 0.993

Jovanovic qe = qm(1 − exp−KCe) qm (mg g−1) 4.479
K 0.381
R-square (COD) 0.946
R2 0.928

Hill qe = qmCe
n/(K + Ce

n) qm (mg g−1) 12.590
K 6.216
n 0.564
R-square (COD) 0.995
R2 0.990

Fig. 7 Adsorption kinetics of BG adsorption onto poly(DVB).
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experimental data and model ttings are illustrated in Fig. 7,
while the kinetic parameters and correlation coefficients (R2)
are presented in Table 3. The pseudo-second-order (PSORE)
© 2025 The Author(s). Published by the Royal Society of Chemistry
model assumes that the adsorption process is governed by
a chemisorption mechanism, involving electron transfer
between the adsorbent and the adsorbate. In contrast, the
pseudo-rst-order (PFORE) model suggests that the adsorption
rate is proportional to the number of unoccupied sites on the
adsorbent. The correlation coefficients (R2) in Table 3 indicate
that the PSORE model (R2 = 0.838) provides a better t to the
experimental data than the PFORE model (R2 = 0.733), sug-
gesting that chemisorption is the dominant mechanism
controlling the adsorption of BG dye onto poly(DVB). Further-
more, the calculated equilibrium adsorption capacity (qe =

4.941) from the PSORE model is closer to the experimental
values than the PFORE model, reinforcing its suitability. The
intra-particle diffusion (IPDE) model was applied to evaluate the
rate-limiting step of the adsorption process. This model
assumes that adsorption can be governed by multiple diffusion
processes, including lm diffusion, bulk diffusion, and intra-
particle diffusion. As shown in Fig. 7, the adsorption capacity
(qt) exhibits a linear relationship with time in the IPDE model,
indicating that intra-particle diffusion plays a signicant role in
the adsorption process. However, the fact that the plot does not
pass through the origin suggests other mechanisms, such as
surface adsorption and boundary layer effects, may also be
RSC Adv., 2025, 15, 19843–19858 | 19851
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Table 3 Adsorption kinetics of BG adsorption on poly(DVB)

Model Equation Parameters Value

Pseudo-rst order qt = qe(1 − ekt) qe (mg g−1) 4.462
k (min−1) 0.039
R-square (COD) 0.745
R2 0.733

Pseudo-second order qt = (qe
2k2t)/(1 + qek2t) qe (mg g−1) 4.941

k2 (g mg−1 min) 0.013
R-square (COD) 0.845
R2 0.838

Elovich qt = 1/b ln (abt + 1) b (g mg−1) 0.909
a (mg g−1 min) 0.553
R-square (COD) 0.942
R2 0.942

Intra-particle diffusion qt = kdifft
0.5 + C Kdiff (mg g−1 min−1/2) 0.303

C 1.244
R-square (COD) 0.901
R2 0.897
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involved.59 The Elovich model was employed to describe the
chemisorption kinetics of BG onto poly(DVB). This model is
typically used for systems where the adsorption rate decreases
over time due to surface coverage. The high correlation coeffi-
cient (R2 = 0.942) obtained for the Elovich model further
supports that the adsorption of BG onto poly(DVB) follows
a chemisorption mechanism. Overall, the results indicate that
the adsorption of BG onto poly(DVB) is best described by the
pseudo-second-order model, suggesting that chemisorption is
the primary mechanism. Additionally, intra-particle diffusion
signicantly contributes to the adsorption process, but it is not
the sole rate-limiting step, as indicated by the deviation from
linearity in the IPDE model.
3.5. Adsorption thermodynamics

The thermodynamic parameters of BG dye adsorption onto
poly(DVB) were evaluated using entropy change (DS), enthalpy
change (DH), and Gibbs free energy change (DG) to determine
the feasibility and nature of the adsorption process. The rela-
tionship between ln Kc and 1/T is depicted in Fig. 8, while the
Fig. 8 Plot of ln Kc against 1/T for BG dye adsorption onto poly(DVB).

19852 | RSC Adv., 2025, 15, 19843–19858
calculated thermodynamic parameters are summarized in
Table 4. To quantify the thermodynamic behavior of adsorp-
tion, equilibrium constant (K) was determined using the ratio of
the amount of BG dye adsorbed on the poly(DVB) surface at
equilibrium (CAC) to the concentration of BG dye remaining in
the solution (Ce), as expressed by eqn (6):

K ¼ CAC

Ce

(6)

The temperature dependence of adsorption was evaluated
using the Van't Hoff equation (eqn (7)), which establishes
a linear relationship between the equilibrium constant (K) and
temperature (T):60,61

ln K ¼ DS

R
� DH

RT
(7)

where R is the universal gas constant (8.314 J mol−1 K−1), and T
is the absolute temperature (K). From this equation, the slope
and intercept of the ln K versus 1/T plot were used to determine
the values of DH and DS, respectively. The Gibbs free energy
change (DG), which determines the spontaneity of the adsorp-
tion process, was calculated using eqn (8):

DG = DH − TDS (8)

As observed in Table 4, the negative values of DG at all
studied temperatures indicate that the adsorption process is
Table 4 Thermodynamic parameters of BG onto poly(AN-co-AMP)

Temperature
(K)

Parameters

DG
(kJ mol−1)

DH
(kJ mol−1)

DS
(J mol−1 K−1)

305 −104.603 106.3763 343.31
313 −107.35
323 −110.783
333 −113.529

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spontaneous. Additionally, the magnitude of DG decreases with
increasing temperature, suggesting that the adsorption of BG
dye onto poly(DVB) becomes more thermodynamically favor-
able at higher temperatures. This aligns with the increase in
adsorption capacity observed experimentally, further conrm-
ing the endothermic nature of the process. The positive value of
enthalpy change (DH = 106.3763 kJ mol−1) conrms that the
adsorption of BG dye onto poly(DVB) is endothermic, meaning
that higher temperatures enhance the adsorption process. This
could be attributed to increased molecular movement at
elevated temperatures, which enhances the interaction between
the dye molecules and the adsorbent surface.62 Furthermore,
the positive entropy change (DS = 343.31 J mol−1 K−1) suggests
an increase in randomness at the solid–solution interface
during adsorption. This indicates that the adsorption process is
accompanied by structural changes in the adsorbent–adsorbate
system, possibly due to the displacement of pre-adsorbed water
molecules and the reorganization of BG dye molecules on the
poly(DVB) surface.
3.6. Regeneration study

The recycle experiment is crucial for evaluating the reusability
and cost-effectiveness of an adsorbent in practical applications.
A highly regenerable adsorbent reduces operational costs and
minimizes waste generation, making the process more
sustainable. The recycling study was conducted using an
adsorption/desorption experiment, where 0.5 M HCl was
employed as the desorbing agent to remove the bound BG dye
from the poly(DVB) adsorbent.46 Fig. 9 illustrates the regenera-
tion efficiency of poly(DVB) for BG dye adsorption over four
consecutive cycles. The initial removal efficiency was close to
97.4% in the rst cycle, with a slight decrease in the second
cycle (95.8%). By the third and fourth cycles, the efficiency
declined more signicantly, reaching approximately 87.8% and
68.7%, respectively. This trend indicates a gradual reduction in
the adsorbent's effectiveness aer repeated regeneration. The
decline in removal efficiency aer multiple cycles suggests that
Fig. 9 Regeneration efficiency of poly(DVB) for the adsorption of BG.

© 2025 The Author(s). Published by the Royal Society of Chemistry
while poly(DVB) retains a considerable adsorption capacity,
certain factors contribute to performance loss over successive
regenerations. Possible reasons include incomplete desorption
of BG molecules, leading to the gradual saturation of active
sites, as well as structural or chemical alterations in the polymer
matrix due to repeated exposure to acidic conditions. Addi-
tionally, partial pore blockage may limit dye accessibility to
adsorption sites.63–65 Despite the decrease in efficiency, the
adsorbent maintained a relatively high removal capacity
(87.8%) even aer three cycles, demonstrating its suitability for
multiple uses. However, the more substantial drop observed in
the fourth cycle suggests that further optimization of the
regeneration process, such as adjusting desorption conditions
or employing alternative desorbing agents, may be necessary to
enhance long-term reusability. Although poly(DVB) demon-
strates superior adsorption capacity and regeneration effi-
ciency, its aromatic, crosslinked structure renders it non-
biodegradable under standard environmental conditions.
Nevertheless, its environmental impact is mitigated by its
reusability, structural stability, and non-leaching nature,
making it suitable for safe deployment in water treatment
applications. Additionally, poly(DVB) does not degrade into
toxic intermediates, and can be safely disposed of through
controlled incineration or incorporated into composite waste
materials. Future research may focus on developing biode-
gradable DVB-based composites or greener synthesis strategies
to further enhance environmental sustainability.
3.7. Comparison of poly(DVB) with other reported
adsorbents

The efficiency of poly(DVB) for the removal of BG dye was
compared with various reported adsorbents under different
reaction conditions as illustrated in Table 5. The results indi-
cate that poly(DVB) exhibits a high removal efficiency of 97.4%,
making it one of the most effective adsorbents for BG dye
removal. Among the compared materials, activated carbon
(CNSAC) achieved the highest removal efficiency of 99% at a BG
dye concentration of 50 mg L−1 with a dosage of 0.1 g and
a contact time of 90 minutes.66 While CNSAC demonstrates
slightly better performance than poly(DVB), its reaction condi-
tions involve a higher dosage, which raise the cost effect of
adsorption process. Other adsorbents, such as ZnO/PPy nano-
composite and polyaniline/silver nanocomposite, exhibited
notable removal efficiencies of 90.2%67 and 90%,68 respectively.
However, these materials required different operating condi-
tions, such as longer contact times or higher initial dye
concentrations. Similarly, kaolin, a natural clay-based adsor-
bent, showed a removal efficiency of 91%,69 but it required
a much higher adsorbent dose of 1 g, making poly(DVB) more
efficient in terms of adsorbent usage. Compared to
hydroxyapatite/chitosan composite and magnetic RHA, which
had removal efficiencies of 80%24 and 79.4%,1 respectively,
poly(DVB) clearly demonstrates superior adsorption perfor-
mance. Additionally, these alternative adsorbents required
signicantly higher dosages (0.5–0.9 g) to achieve their reported
efficiencies, whereas poly(DVB) achieved a 97.4% removal rate
RSC Adv., 2025, 15, 19843–19858 | 19853
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Table 5 Comparison of removal efficiency of poly(DVB) with different adsorbents for removal of BG dye

No. Adsorbent

Reaction condition

Removal (%) Ref.Dye conc. (mg l−1) Dose (g) Time (min)

1 Poly (DVB) 7.5 0.05 120 97.4 Present study
2 Hydroxyapatite/chitosan 5 0.9 90 80 24
3 Magnetic RHA 5 0.5 60 79.4 1
4 ZnO/PPy nanocomposite 90 0.075 90 90.2 67
5 Polyaniline/silver nanocomposite 45.45 0.03 120 90 68
6 Kaolin 20 1 90 91 69
7 Ni–Gd(OH)3 10 0.01 300 92 70
8 (CNTS) thin lms 10 — 60 91.12 71
9 Activated carbon (CNSAC) 50 0.1 90 99 66
10 Poly(AN-co-AMPS) 7.5 0.1 80 99.5 46
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with just 0.1 g of adsorbent. Poly(DVB) emerges as a highly
efficient adsorbent for BG dye removal due to its high adsorp-
tion capacity, lower required dosage, and competitive removal
Fig. 10 The optimized molecular geometry for the BG dye (Tube)
adsorbed on the surface of the polymer (Ball and stick) together with
its HOMO and LUMO.

19854 | RSC Adv., 2025, 15, 19843–19858
efficiency compared to other adsorbents. Its reusability poten-
tial further enhances its applicability, making it a promising
material for dye removal applications in wastewater treatment.
3.8. Atomistic insights into the adsorption mechanism

Our DFT calculations have fully characterized the most stable
and favorable binding orientation of the BG dye on the polymer
surface. Notably, the BG dye adopts a parallel orientation rela-
tive to the polymer surface, which maximizes the p–p interac-
tions between the aromatic moieties of the dye and the polymer
(Fig. 10). This alignment, driven by the abundance of p orbitals,
facilitates a stable accommodation of the dye on the polymer,
potentially explaining the favorable interaction between the two
components.

Analysis of the HOMO and LUMO molecular orbitals reveals
that the HOMO is primarily localized on the aromatic regions of
the polymer, with no contribution from the cationic BG dye.
Conversely, the LUMO is distributed over the geometry of the
dye, with no involvement from the polymer (Fig. 10). This
electronic distribution clearly indicates a chemisorption inter-
action, where the polymer acts as the electron donor and the
cationic dye serves as the electron acceptor. Furthermore, the
calculated adsorption energy is −19.14 kJ mol−1, supporting
a favorable interaction, consistent with the experimental
observations.
Fig. 11 Schematic representation of the interaction mechanisms
between poly(DVB) and BG dye.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Based on the data obtained from DFT calculations and the
structure of both BG dye and poly(DVB), we can conclude that
the adsorption of BG dye onto poly(DVB) is predominantly
governed by p–p interactions as shown in Fig. 11. BG dye
contains multiple aromatic rings in its molecular structure,
which can interact with the phenyl groups present in the pol-
y(DVB) matrix through p–p interaction. The extended conju-
gated system in BG enhances these interactions, making p–p

stacking a dominant mechanism in the adsorption process.46

Also, this interaction is further supported by the high surface
area and aromatic density of poly(DVB), which provides
numerous sites for such interactions and enhancing the
adsorption efficiency.
4. Conclusion

This study successfully demonstrated the high adsorption effi-
ciency of poly(DVB) for the removal of brilliant green dye from
aqueous solutions. Through extensive physicochemical char-
acterization, poly(DVB) was conrmed to possess a well-
developed porous structure, thermal stability, and a high
surface area, which contribute to its excellent adsorption
performance. Kinetic modeling revealed that the adsorption
process followed a pseudo-second-order mechanism, indicating
a chemisorption–driven interaction. Isotherm studies showed
that the Langmuir model best described the adsorption
behavior, conrming monolayer adsorption on a homogeneous
surface. Thermodynamic analysis further supported the endo-
thermic and spontaneous nature of the adsorption process,
with increased temperature enhancing dye uptake. Addition-
ally, poly(DVB) exhibited notable regeneration efficiency,
retaining a high removal capacity aer multiple cycles, rein-
forcing its economic and practical applicability. A comparative
analysis with other reported adsorbents demonstrated that
poly(DVB) offers competitive advantages, including high
removal efficiency at lower adsorbent dosages and favorable
reusability. Using DFT calculation we provided interpretation
on the obtained favorable chemical interaction of the adsorp-
tion process. The obtained chemisorption process has resulted
from aromatic–aromatic interactions where the BG dye will
mainly act as an electron acceptor while the polymer behaves as
electron donor. These ndings suggest that poly(DVB) is
a promising candidate for large-scale wastewater treatment
applications, offering an efficient, and sustainable solution for
mitigating dye pollution in aquatic environments. Another
point we must take in our consideration, While poly(DVB)
demonstrated excellent adsorption performance and reus-
ability, its non-biodegradability, potential challenges in large-
scale production, and the need for long-term stability assess-
ments under real wastewater conditions remain limitations that
should be addressed in future studies.
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