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adsorbent for removing synthetic dye:
experimental, optimization and theoretical
modeling

Nadeen Eldomiaty,a Elsayed Elbayoumy, *a Mohamed M. Aboelnga ab

and Mohamed R. Mostafa*a

Plastic waste, particularly polyethylene terephthalate (PET), poses a significant environmental threat due to

its persistence and non-biodegradability. This study presents a sustainable approach to repurposing

recycled PET bottles into activated carbon for the efficient removal of Brilliant Green (BG) dye from

aqueous solutions. The synthesized adsorbent was characterized by FTIR, BET, XRD, XPS, and FESEM

analyses, confirming a high surface area (403 m2 g−1) and abundant functional groups that are favorable

for adsorption. Under optimized conditions of 5 mg L−1 initial dye concentration, pH 7, 0.1 g adsorbent

dose, 298 K, and 120 min contact time, the material achieved a removal efficiency of 99.3%. Adsorption

followed pseudo-second-order kinetics and was fitted both Langmuir and Freundlich isotherm models,

indicating combined physical and chemical interactions. Thermodynamic parameters revealed

a spontaneous and endothermic process, while regeneration tests demonstrated excellent stability over

five cycles. Density functional theory (DFT) analysis indicated that preferential adsorption occur through

p–p stacking and donor–acceptor interactions. Box–Behnken design (BBD) optimization further

validated the model's predictive accuracy. Overall, this work provides both dual environmental benefits

by transforming PET waste into a cost-effective, and eco-friendly adsorbent for sustainable dye removal

and water purification.
1 Introduction

One of the most urgent environmental issues of the twenty-rst
century is the buildup of plastic waste. Globally every year,
millions of tons of plastic are manufactured, and a signicant
portion ends up in landlls or aquatic ecosystems, where their
persistence and resistance to natural degradation lead to long-
term ecological damage.1,2 Plastic debris not only disrupts
terrestrial and marine life but also contributes to micro plastic
contamination endangers human health and food chains.3

Among these plastics, PET is a signicant contributor because
of its widespread useful for packaging, particularly beverage
bottles, and its slow degradation rate.4 Addressing this plastic
accumulation problem requires innovative recycling and upcy-
cling approaches that transform waste into value-added prod-
ucts, while simultaneously mitigating environmental hazards.

In parallel, with the rapid industrial expansion witnessed in
recent decades, water pollution caused by harmful organic dyes
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has appeared as a serious environmental and health issue that
requires in-depth study.5,6 Industrial dyes, heavily used across
various sectors such as textiles, plastics, printing, and paper
manufacturing, are oen discharged in large quantities into
water bodies without adequate treatment.7 This leads to signi-
cant deterioration in water quality and poses a direct threat to
both human health and aquatic life.8 These dyes are difficult to
remove using traditional procedures because of their consider-
able resistance to biodegradation and chemical stability.9 Addi-
tionally, they increase toxicity levels and chemical oxygen
demand (COD), thereby disrupting vital environmental processes
such as photosynthesis in aquatic ecosystems.10 A clear example
for the hazards posed by such compounds is the Brilliant Green
(BG) dye which, widely used in industrial for dyeing silk, wool,
cotton and synthetic bers, providing bright and stable colora-
tion and in biomedical contexts, it has been used as a topical
antiseptic for minor wounds, abrasions and skin infections.11,12

BG dye is known for causing severe health effects, including
permanent eye damage, as well as its toxic impact on aquatic
organisms.13–16 Accordingly, there is a pressing need to investi-
gate this form of pollution and to explore effective methods for
treating industrial wastewater containing such dyes in order to
safeguard both environmental and human health.17
© 2026 The Author(s). Published by the Royal Society of Chemistry
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To achieve this aim, various treatment technologies have
been developed which including biological methods utilizing
microorganisms, occulation and coagulation, chemical and
electrochemical oxidation, as well as membrane ltration and
adsorption techniques. These approaches rely on a combina-
tion of physical, chemical, and biological mechanisms aimed at
effectively reducing or removing dye concentrations, thereby
minimizing toxic effects and improving the quality of treated
water for safe disposal or potential reuse.18–22

Adsorption is considered to be among the most popular and
successful methods for treating waste water, because of its low
cost, high efficiency, operational simplicity, and environmental
safety.23,24 Its advantages are particularly signicant while
comparing with the restrictions of other methods of treatment,
as clogging of membranes and expensive of membrane clean-
ing, difficulties in catalyst recovery in photo catalysis, and the
complexity of advanced oxidation processes.25,26 Adsorption
offers a fast, sludge-free approach capable of removal of
different contaminants, including arsenic, synthetic dyes, and
heavy metals, while allowing for the recovery and reuse of both
pollutants and adsorbents.27–31 The characteristics of the
utilized adsorbent material have a signicant impact on this
method' efficacy.32 For this purpose, a wide diversity of adsor-
bents have been investigated, including carbon-based
substances like activated carbon, natural materials such as
clay minerals and zeolites, bio-based materials derived from
plant residues and agricultural waste, and synthetic options like
polymers and nanocomposites.33–37

Natural substances have increasingly gained recognition as
cost-effective, environmentally friendly and effective dye removal
adsorbents fromwastewater.38–40 Among these, materials made of
clay as montmorillonite, bentonite, and kaolinite are known for
their large surface areas and ion-exchange potential.41 Natural
zeolites have also been widely adopted due to their porous
frameworks and cation exchange capabilities.42 In addition,
agricultural residues including rice husks, wood sawdust, banana
peels, and coconut shells have shown notable adsorption
performance due to their surface-active functional groups.43–46

Biopolymers like chitosan and alginate further contribute
signicantly to dye removal, owing to their reactive sites that bind
pollutants effectively.47,48 The broad availability and functional
versatility of these natural materials position them as promising
solutions for sustainable wastewater treatment technologies.

Because of their low production costs and adaptability,
plastics including polypropylene (PP), polyvinyl chloride (PVC),
and polyethylene (PE) are indispensable in modern life.49,50

However, plastics cause signicant environmental issues due to
their persistence and accumulation, particularly in oceans.51–53

Nowadays, PET is recognized as the thermoplastic polymer
with the most usage due to its excellent physio-chemical prop-
erties, including high tensile strength, low thermal expansion
and chemical resistance.54 The increased demand of PET inmany
elds such as bottle beverages, food packaging, medical devices
electrical and textile industries lead to rapid accumulation of
these wastes thus creating serious environmental pollution
problems.55 Due to the growing demand for plastic bottles, PET
consumption has increased at a rapid rate over time.
© 2026 The Author(s). Published by the Royal Society of Chemistry
It is noteworthy that PET bottles are among the well-collected
plastic waste materials, making them perfect for industrial use.
Polymer wastes including plastic are mainly being recycled via
three different routes: mechanical, energy and chemical technol-
ogies.56,57 In the mechanical method, the waste material is trans-
formed into a new polymer product while its molecular structure
remains unchanged.58 Energy recycling involves the use of incin-
eration technology to produce thermal energy.59 Chemical recy-
cling involves the conversion of plastic waste into relatively new
compounds when they are used as industrial feedstocks.60

Due to high carbon content within the skeletons of plastic
wastes, several authors in the literature have reported PETwaste as
a good option for recycling into useful carbon based compounds
such as graphene.61,62 Porous carbons are used for capture of CF4
(ref. 63) and carbon microspheres are employed for adsorption.64

In the past ve years, activated carbon produced from using post-
consumer plastic wastes have evolved and become a target to
achieve a friendly technology to prepare relatively inexpensive
carbon material with good adsorption capacity for industrial
utilization instead of commercial activated carbons.65–67

In this study, synthesized activated carbon was derived from
plastic bottle waste by way of a carbonization and chemical
activation process and thereaer used as an adsorbent to extract
BG dye from watery solutions. A thorough characterization of
the material was conducted utilizing FTIR, BET, XRD, XPS, and
FESEM analysis. The effect of various operational factors,
including adsorbent dose, temperature, initial dye concentra-
tion, pH, and contact time was thoroughly examined. In addi-
tion to kinetics of adsorption, isothermmodels, and parameters
of thermodynamics, they were analyzed to better understand
the mechanism of adsorption and optimize the process. Using
DFT simulations, the interaction mechanism between the
investigated dye and the activated carbon adsorbent has been
claried. A regeneration study was performed to assess the
material's reusability. Moreover, the Box–Behnken design-
based Response Surface Methodology (RSM) was used to
model and optimize the adsorption conditions. Overall, this
approach helps to reduce pollution of plastic while offering low-
cost efficient remedy for environmental cleanup by removing
dyes from industrial wastewater.
2 Materials and methods
2.1. Materials

PET waste from plastic bottles was collected from local sources
at New Damietta City, Egypt, and employed as a rawmaterial for
adsorbent preparation. Sodium hydroxide (NaOH), sodium
chloride (NaCl) and potassium nitrate (KNO3) with 98% purity
were acquired from Almasria for chemicals (Egypt). Brilliant
green dye which has a molecular formula C27H34N2O4S, was
purchased from Aldrich Chemicals. Every chemical was used
just as it was delivered, requiring no additional purication.
2.2. Activated carbon synthesis using wasted plastics

PET plastic fromwaste bottles was gathered and carefully cleaned
with distilled water to get rid of any labels or contaminants. Aer
RSC Adv., 2026, 16, 1008–1029 | 1009
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being le for drying overnight, small portions were cut out of the
bottles, then placed in a crucible and heated to 400 °C for three
hours in amuffle furnace. Aer cooling to room temperature, the
resulting charred material was ground into a ne powder to
obtain the carbonized material.

Activated carbon (AC) was prepared by chemically activating
the carbonized material with sodium hydroxide (NaOH) at
various C : NaOH weight ratios, including 1 : 0.5, 1 : 1, 1 : 2, and
1 : 3, respectively. Every mixture was agitated and le to soak at
room temperature for 24 hours. Aer that, the samples were
ltered, thoroughly washed with distilled water, and dried. The
remaining solid materials underwent three hours of thermal
treatment at various temperatures: 300, 400, 500, and 600 °C.
The samples were dried and kept for later use in adsorption
tests aer being further cleaned with distilled water until
a neutral pH of was reached.

2.3. Theoretical investigation

To further elucidate the adsorption mechanism, computational
simulations were conducted to explore the interaction between
surface of activated carbon and dye molecules. A representative
structural fragment of the activated carbon was constructed and
its interaction with the dye was investigated through density
functional theory (DFT) calculations using Gaussian09.68

Geometry of t dye–activated carbon complex was fully optimized
by applying the B3LYP69–73 functional together with the 6-31G
basis set, a strategy that has proven reliable in our earlier
computational studies on different chemical systems74,75 and
has also been widely validated in previous DFT investigations
on graphene-based and doped-graphene systems.76–80 Moreover,
this combination of methodology has been successfully
employed for the treatment of similar chemical systems and
types of analysis. The activated carbon was modeled as a nite
polycyclic aromatic hydrocarbon cluster composed of 66 atoms.
The basal plane consists of fused hexagonal carbon rings, with
all edge carbon atoms saturated by hydrogen to prevent arti-
cial boundary effects. To simulate the chemical heterogeneity
typically found in experimentally activated carbon, the model
incorporates two ether (C–O–C) oxygen atoms embedded within
the basal plane and three carbonyl (C]O) groups positioned
along the surface. These oxygenated functionalities provide
chemically relevant adsorption sites and capture the reactivity
trends of partially oxidized graphene. The entire model was
treated as neutral, with a total charge of zero, and all structures
were fully optimized before adsorption calculations. This
functionalized graphene framework thus offers a realistic and
chemically diverse platform for accurately evaluating drug–
surface interaction energetics. The binding energy (Ebind) is
dened as the following:

Ebind = EAC/BG − (EAC + EBG)

Here, EAC represents the energy of the activated carbon, EBG
molecules is the energy of the drug molecule, and EAC–BG
molecules is the energy of the activated carbon aer interacting
with the drug molecule to form the corresponding complexe.
Moreover, (HOMO and LUMO), the frontier molecular orbitals
1010 | RSC Adv., 2026, 16, 1008–1029
were generated with Gauss View to provide deeper insight into
the possible electronic interactions governing the adsorption
behavior. The graphene oxide adsorbent was modeled in its
neutral state, incorporating ether oxygen functionalities along
with carbonyl groups, in accordance with the experimental
characterization data.
3 Data presentation and discussion
3.1. Optimization AC preparation variables

Within the scope of the present work, an attempt has been
made to optimize the process parameters that lead to the
production of activated carbon with better adsorption removal.
The inuences of NaOH : C impregnation ratio as well as the
activation temperature on the percentage dye removal BG are
shown in SI Fig. (S1 and S2). Fig. (S1) shows the effects of the
NaOH : C impregnation ratio as the % removal of BG with other
factors such as activation temperature and time of activation are
xed at 500 °C and 3 h, respectively. The results showed a clear
enhancement in dye removal efficiency with increasing NaOH :
C ratio. Specically, the removal percentage increased from
38.29% at the 1 : 0.5 ratio to 85.86% at the 1 : 3 ratio. As illus-
trated in SI Fig. S1, dye removal efficiency shows a slight
increase at lower NaOH : C ratios (from 0.5 to 2), followed by
a more pronounced increase at higher ratio, indicating that
higher alkali loading enhance adsorption performance. This
improvement could be attributed to the establishment of
a structure that is more porous, which leads to increased
surface area at higher NaOH concentrations, along with the
formation of more alkoxide functional groups on the carbon
surface. These functional groups provide negatively charged
active sites that enhance the electrostatic interaction with the
cationic BG dye molecules81,82

To further optimize the adsorbent, the effect of activation
temperature was investigated by subjecting the activated carbon
to thermal treatment at different temperatures ranging from
300 °C to 600 °C, keeping the impregnation ratio and activation
time xed at 1 : 3 and 4 h, respectively. As indicated in Fig. S2,
a strong positive correlation was observed between the activa-
tion temperature and percentage dye removal. The percentage
BG removal increased from 53.70% at activation temperature
300 °C to 96.60% removal for the sample activated at 600 °C. At
higher activation temperatures, moisture, light organic
compounds, and unstable oxygen-containing groups were
released from the carbon matrix, which led to the formation of
internal pores and a signicant increase in the specic surface
area, providing more active sites for dye adsorption.83 In addi-
tion, high-temperature treatment promotes the formation or
exposure of functional groups such as –OH and –CHO on the
carbon surface. These groups enhance adsorption efficiency
through electrostatic interactions and hydrogen bonding with
the cationic dye molecules.84
3.2. Adsorbent characterization techniques

3.2.1. Characterization using FTIR. Spectrum of the acti-
vated carbon derived from PET by FTIR exhibited several
© 2026 The Author(s). Published by the Royal Society of Chemistry
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characteristic absorption bands that indicate the existence of
many reactive groups retained aer activation process as shown in
Fig. 1a and Table 1. Notably, absorption bands at 1725 cm−1,
which are assigned to vibrational stretching of the carbonyl bond
(C]O), indicating the presence of ester, indicating that some of
the original ester linkages from PET may have been retained
during activation.74 1589 cm−1 is the absorption peak that corre-
sponds to aromatic C]C stretching vibrations. Suggesting partial
preservation of aromatic structure from the original PET.75,76

Additional peaks were observed at 1383 cm−1, 1271 cm−1, and
1120 cm−1. The band at 1383 cm−1 is attributed to the symmetric
bending of CH3 groups, while the peak at 1271 cm−1 corresponds
to C–O stretching vibrations of ester linkages. The absorption at
1120 cm−1 may also be assigned to C–O stretching, indicating the
presence of oxygen-containing functional groups.77 In the nger-
print region, prominent bands were detected at 831, 720, and
615 cm−1. The absorption at 831 cm−1 is related to out-of-plane
bending vibrations of aromatic C–H bonds, characteristic of
para-substituted benzene rings. The peak at 720 cm−1 is attributed
to the rocking vibrations of –(CH2)n– groups, suggesting remnants
of aliphatic chains. The complex structure of the carbon matrix
generated during activation is further supported by the band at
Fig. 1 FTIR spectra of activated carbon before and after adsorption (a);
survey scan (b), C 1s spectrum (c), and O 1s spectrum (d).

© 2026 The Author(s). Published by the Royal Society of Chemistry
615 cm−1, which corresponds to C–C skeletal vibrations or
aromatic ring deformations.78,79

3.2.2. Characterization by XPS. To examine the surface
chemistry, including elemental distribution and functional
moieties, XPS analysis was carried out on the activated carbon
produced from PET waste. The survey spectrum (Fig. 1b)
revealed distinct peaks attributed to carbon (C 1s) and oxygen
(O 1s), appearing at characteristic binding energies near
285.31 eV and 533.12 eV, respectively. Quantitative analysis
showed that the surface was predominantly composed of
carbon (86%) and oxygen (14%). These elements are indicative
of the surface chemical structure of the activated material.
Further insight into the nature of the surface functionalities was
obtained through high-resolution spectra as shown in Table 2.
The spectrum corresponding to the C1s level (Fig. 1c) shows the
presence of three major peaks positioned at approximately
288.69 eV, 286.18 eV, and 284.73 eV are observed peaks attrib-
utable to C]O/O–C]O, C–O, and C–C/C]C, respectively. The
observed peaks conrm the existence of various oxygen-
containing species on the surface of the activated carbon
derived from PET.80 The prominent signal at 284.73 eV reects
a high content of sp2-hybridized carbon, which is indicative of
XPS analysis of activated carbon: presence of C and O in structure by

RSC Adv., 2026, 16, 1008–1029 | 1011
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Table 1 Results of FTIR analysis

Wavenumber (cm−1) Assignment Functional group/Interpretation

1725 C]O stretching Indicates presence of ester groups; partial
retention of PET ester linkages.85

1589 Aromatic C]C stretching Suggests partial preservation of aromatic
structure from PET.77,78

1383, 1271 and 1120 CH3 symmetric bending, C–O stretching (esters)
and C–O stretching

Evidence of methyl containing groups, ester
linkages and oxygen-containing groups and
presence of oxygenated functional groups
respectively.79

831, 720 and 615 Fingerprint region with aromatic C–H out-of-
plane bending, (CH2)n– groups and C–C skeletal
vibrations/aromatic ring deformation

Characteristic of para substituted benzene
rings, remnants of aliphatic chain segments and
complex carbon matrix formed during
activation respectively.86,87

Table 2 Results of XPS analysis

Binding energy
(eV) Spectral region Functional group

284.73 C 1s C–C/C]C
286.18 C 1s C–O
288.69 C 1s C]O/O–C]O
531.09 O 1s C]O
532.47 O 1s C–O
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a graphitic structure and suggests the partial formation of
graphene-like domains within the material. The O 1s spectrum
(Fig. 1d) reveals two distinct peaks at binding energies of
531.09 eV and 532.47 eV. The rst peak corresponds to oxygen
doubly bonded to carbon (C]O), indicating the presence of
carbonyl or carboxyl groups. The second peak is attributed to
single-bonded oxygen species (C–O), such as hydroxyl or ether
functionalities.81,82

3.2.3. XRD analysis. By employing X-ray diffraction (XRD),
the crystalline structure of synthesized activated carbon made
from PET was examined. A resulting pattern of diffraction, as
illustrated in Fig. 2a, reveals two prominent peaks at 2q values
of 23.3° and 43.7°. The peak centered at approximately 23.3°
corresponds to the (002) diffraction plane, indicative of
graphene-like layered structures with limited crystallinity.
Meanwhile, the peak observed at 43.7° is credited to the100

planes, feature of the pointing out a short-range order of
stacked graphene sheets.94 The broadness and relative intensity
of these peaks suggest an overall amorphous structure with
embedded graphene domains. These ndings conrm the
coexistence of amorphous carbon and graphene features within
the synthesized material, which suggests that the activation
process successfully generated a disordered structure favorable
for adsorption application.88–93

3.2.4. Textural properties of tested sample. By BET analysis
that depends on nitrogen adsorption/desorption measure-
ments, the pore and surface area characteristics of synthesized
carbon that is activated were investigated. As depicted in
Fig. 2b, the resulting isotherm of activated carbon is consistent
with a Type IV prole that is usually connected to materials that
are mesoporous. The material appeared to have a specic
surface area with 403.00 m2 g−1, indicating an extensive porous
1012 | RSC Adv., 2026, 16, 1008–1029
network that enhances its adsorption capacity and such meso-
porous characteristics and high surface area are crucial for
improving mass transfer and providing sufficient
accessibility to adsorption site. The volume of liquid N2

deposited close to saturation is used to compute the total pore
volume. (Vp, mL g−1) that has been found to be 0.299 mL g−1.
The mean pore radius (�rp) was measured from the relationship:3

rp

�
Å
�
¼ 2Vp � 104

SBET

(1)

The value of �rp was found to be 9.5 Å. More information was
estimated by using the as method adopted by Sing et al., that
employing the data of adsorption on a well-dened carbon with
nonporous.95 From a plot of volume of N2 adsorbed (Va) versus as
values (at the same p/p0), one can derive the total surface area
(Sat ) from the slope of the rst straight segment intersecting the
origin and estimate the non-micropore surface area (San) from
the slope of the later linear segment, i.e., a mesoporous surface
area, while micropore surface area was calculated from:

Sa
micro = Sa

t − Sa
n.

The micropore volume (Vamicro) was estimated from the latter
line's intersection with the Va axis. Assuming negligible volume
due to macropore, the mesopore volume was found from:
Vameso = Vp − Vamico. In a Table 3, the textural parameters ob-
tained from as method are also included in. The results that
presented in a Table 1 show the coexistence of micropore as well
as mesopore structure for the activated carbon under investi-
gation. The Sat value correlates well with the SBET value con-
rming a correct choice of the standard isotherm used in the
analysis. The closeness between the two values can be taken as
evidence for the correctness of a calculated sample's surface
area. So, prepared activated carbon can be classied as meso-
porous in nature.96 In addition, presence of a distinct hysteresis
loop further conrms the presence of mesopores within struc-
ture, which are commonly observed inmaterials suitable for dye
adsorption and environmental remediation applications.

3.2.5. FESEM analysis. Activated carbon made from PET
was tested for surface morphology using Field Emission
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD pattern of activated carbon (a); activated carbon isotherm by N2 adsorption–desorption (b) and FESEM images of activated carbon
with different scales: 1 mm (c) and 100 mm (d).
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Scanning Electron Microscopy (FESEM), as well as corre-
sponding micrographs are illustrated in Fig. 2c and d. The
FESEM images at various magnications reveal a rough,
heterogeneous, and irregular surface structure composed of
aggregated particles. This disordered morphology indicates the
existence of a highly established network of porous, and this
helps to provide more surface area and makes active adsorption
sites more accessible. Such structural characteristics are
particularly advantageous for removing of dye from water as
example of adsorption processes.
3.3. Adsorption batch experiment

3.3.1. Adsorbent dosage effect. By changing the amount of
adsorbent from 0.02 to 0.1 g in dye solution with an initial
concentration of 7.5 ppm, under neutral pH and ambient
temperature for 2 hours, the impact of the activated carbon
dose on the removal efficiency of BG dye was investigated. As
demonstrated in Fig. 3a, increasing an adsorbent dose caused
the dye removal efficiency to signicantly increase between
Table 3 Textural parameters of activated carbon derived from PET bott

SPET m2 g−1 Sat m2 g−1 San m2 g−1 Samicro m
2 g−1 Van cm3

403 410 181.8 228.2 0.153

© 2026 The Author(s). Published by the Royal Society of Chemistry
46.60% into 99.80%. This enhancement can be described by
a rise in an available surface area and a greater number of sites
that are active for adsorption provided by a higher amount of
carbon. But the adsorption capacity (qe) per mass unit of
adsorbent reduced from 1.89 to 0.81 mg g−1 with increasing
adsorbent dose, likely because of the reduced percentage of
accessible surface to dye molecules, which restricts the amount
of adsorbent that can be absorbed per gram.97,98 The optimum
adsorbent dosage was found to be 0.1 g, which maximized dye
removal, which is crucial for practical wastewater treatment
applications.

3.3.2. Impact of concentration of dye. The effect of BG dye
initial concentrations on its adsorption behavior using acti-
vated carbon is shown in Fig. 3b. Since dye concentration
increased from 3 to 30 ppm, a noticeable decline in the removal
efficiency was found, decreasing starting with 92.60% for
63.30%. This reduction can be understood by the carbon
surface's restricted quantity of active adsorption sites; at higher
concentrations of dye, an increased amount of dye molecules
les

g−1 Vamicro Cm
3/g Vp cm3 g−1

�rp
Å Van/Vp Vamicro/Vp

0.146 0.299 9.5 0.51 0.49

RSC Adv., 2026, 16, 1008–1029 | 1013
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Fig. 3 Impact of dosage of activated carbon on BG dye adsorption (a); impact of the initial BG concentration on the process of adsorption (b);
impact of temperature on BG adsorption onto activated carbon (c); contact time's impact on BG's adsorption onto activated carbon (d); pHPzc of
activated carbon (e) and how pH affects BG's ability to adhere to activated carbon (f). Adsorption conditions: pH (from 3 to 11), initial
concentration (from 3 to 30 mg L−1), time (from 0 to 120 min), temperature (from 298 to 328 k) and dose (from 0.02 to 0.1 gm).
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increases the rivalry locations. The extra dye in the solution is
not absorbed once the sites are saturated.99 However, the value
of qe expanded by 0.55 into 1.70 mg g−1 with higher initial
concentrations. This increase reects the greater opportunity
for each gram of adsorbent to interact with more molecules of
dye present in solution, leading to an increased loading until
1014 | RSC Adv., 2026, 16, 1008–1029
the adsorbent gets close to its maximum capacity for adsorp-
tion.100 The optimum initial dye concentration was determined
to be 5 g L−1, providing a favorable balance between mass
transfer driving force and available active sites. This behavior
highlights the importance of initial dye concentration in
determining adsorbent loading and site saturation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.3.3. Impact of contact time. Over a period of 5 to 120
minutes, the impact of contact time on the BG dye's adsorption
was examined, while other experimental factors were maintained
constant, including temperature, pH, shaking speed, initial
concentration of dye, and adsorbent dosage. As shown in Fig. 3d,
both dye removal efficiency (%R) and capacity of adsorption (qe)
exhibited a continuous increase with rising time. The rst 20
minutes saw a rapid adsorption, aer which there was
a discernible drop in the adsorption rate until the system ach-
ieved. This trend can be accounted for by the large number of
accessible active sites on the activated carbon surface at the
beginning of the process, which facilitates fast dye uptake. As
time progresses, these active sites become gradually occupied by
dye molecules, resulting in a slower adsorption rate until no
signicant changes occur, indicating the attainment of equilib-
rium.101 An optimal contact time of 120 minutes was sufficient to
achieve maximum adsorption. The observed trend reects the
typical kinetics of heterogeneous carbon surfaces and empha-
sizes the material's efficiency in rapid dye uptake.
Fig. 4 Adsorption isotherms of BG activated carbon (a), Models of BG's
model (c) as well as the BG dye adsorption onto activated carbon plot o

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.3.4. Impact of temperature. The experiments were
carried out in temperature range of 298 to 338 K, although other
factors including pH, shaking rate, initial BG dye concentration,
contact period, and adsorbent dosage remained constant. As
shown in Fig. 3c, the rise in temperature from 298 to 328 K led
to a noticeable improvement in both the %R and qe of the BG
dye. Specically, %R increased from 76% to 96%, while qe rose
from 3.53 mg g−1 to 4.45 mg g−1. However, when the temper-
ature was raised above 328 K, both the %R and the qe began to
decrease, about values dropping to 89% and 4.11 mg g−1,
respectively. Because the dye molecules have more kinetic
energy at higher temperatures, which speeds up their move-
ment, this initial increase in adsorption performance can be
explained. Thereby enhancing collisions with surface of acti-
vated carbon and improving rate of adsorption. Additionally,
higher temperatures may help overcome energy barriers,
enhancing the interaction between the activated carbon's
adsorption sites and the BG dye molecules. Furthermore,
elevated temperatures promote the dye molecules' migration
adsorption kinetics onto activated carbon (b), Dubinin–Radushkevich
f ln K against 1/T (d).

RSC Adv., 2026, 16, 1008–1029 | 1015
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from the bulk solution to the surface of adsorbent, contributing
to more effective dye removal.102 Nonetheless, with temperature
continues to rise, the sites of adsorption on the activated carbon
approach saturation, causing reduction in removal efficiency
and potentially triggering and desorption of dye molecules,
disrupting an equilibrium in favor of desorption.103

3.3.5. (pHPzc) point of zero charge and pH effect. (pHpzc),
which denotes the pH at which all active sites are electrically
balanced and the adsorbent's surface charge becomes neutral,
was measured experimentally using the described method76 To
evaluate this parameter, a series of 10 mL solutions of KNO3 (0.1
M) were prepared at initial values of pH adjusted within the
variety of 2 to 12 by using NaOH (0.1 M) and HCl (0.1 M).
Subsequently, each solution received 0.02 g of activated carbon,
and the mixtures were stirred for a full day at room temperature.
Following equilibration, the nal pH values were noted, and the
initial pH was plotted against the difference between the initial
and nal pH values (DpH). The pHpzc is the value at which DpH=

0. As presented in Fig. 4, the pHpzc of the synthesized activated
carbon was discovered to be 7. This result indicates that at pH less
than 7, the activated carbon surface was charged by positive.
While at pHmore than 7, the surface became charged by negative.

The impact of pH on BG dye's adsorption onto activated
carbon was illustrated in Fig. 3e. As we can note, the removal
efficiency exhibited an increase between pH 3 and 7, where pH 7
was shown to have the maximum dye removal. Beyond pH 7, the
removal efficiency slightly decreased. The cationic nature of BG
dye, which maintains its positive charge in aqueous conditions,
explains this behavior. In acidic pH, a high concentration of
protons (H+) rivals dye cations for limited sites of adsorption at
the surface of the activated carbon, causing lowering of the effi-
ciency of adsorption. The adsorbent surface becomes more
negatively charged as the pH rises, which strengthens the elec-
trostatic attraction between activated carbon and the dye cations,
Table 4 BG's isotherm of adsorption onto activated carbon

Isotherm models Equation form

Langmuir ¼ K � qm � Ce

1þ K � Ce � qe

Freundlich qe = K × F × Ce
1/n

Dubinin–Radushkevich qe = qm exp−K [RTln(1+1/Ce)]2

Ea ¼ 1ffiffiffiffiffiffiffi
2K

p

Khan
qe ¼ qm � K � Ce

ð1þ K � CeÞn

Temkin qe = B ln(K × Ce)

Hill qe = qm × Ce
n/(K + Ce

n)

1016 | RSC Adv., 2026, 16, 1008–1029
thereby enhancing adsorption up to pH 7.104 At alkaline condi-
tions (pH > 7), removal efficiency declines again, which is related
to the reduction in positive charge of BG dye and possible elec-
trostatic repulsion, as well as potential structural changes of the
dye molecules under basic conditions. These observations high-
light those electrostatic forces are the dominant mechanism
governing BG dye uptake by activated carbon.105,106 Consequently,
the ideal pH for further adsorption tests was determined to be 7.

3.3.6. Ionic strength's inuence. Ionic strength inuence on
the adsorption of BG dye on activated carbon was examined by
changing the NaCl concentration from 0 to 0.5 mol L−1 while
keeping the initial dye concentration, adsorbent dosage, pH, and
temperature constant. As shown in SI Fig. S3, a rise in removal
efficiency of BG dye was observed, rising from 83.00% to 96.00%
with increasing NaCl concentration, and the observed rise in
removal efficiency of dye with rising up to 0.5 mol L−1 concen-
tration of NaCl is explained by the salting out effect, which occurs
when dye molecules become less soluble in the aqueous phase. As
a result, dye molecules tend to aggregate because of physical
phenomena like dipole–dipole attractions and van der Waals
forces. Increased removal efficiency results from these aggregated
dye molecules being more readily adsorbed onto the activated
carbon surface. This phenomenon can also be explained by the dye
molecules' increased dimerization when the concentration of salt
rises. The salt helps to boost the dye adsorption process on the
surface of activated carbon by fortifying the intermolecular inter-
actions between the dye molecules.107
3.4. Adsorption isotherm

For understanding the type of interactions that occur between
adsorbate and adsorbent depends heavily on adsorption isotherms,
and for elucidating the underlying adsorption processmechanisms.
To gain insight into whether adsorption occurs as a multilayer or
Parameters and its values

qm mg g−1 17.69
K L mg−1 0.05
R2 0.961
KF mg g−1 1.67
1/n 0.54
R2 0.99
qm mg g−1 9.86
K mol2 J−2 3.79 × 10−9

R2 0.56
qm mg g−1 7.38
n 0.83
K 0.37
R2 0.99
K L mg−1 2.10
B 2.48
R2 0.92
qm mg g−1 14.22
n 0.77
K 5.21
R2 0.99

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 BG adsorption kinetics onto activated carbon

Kinetics model Equation form Parameters

PFORE qt = qe(1 − eK t) qe mg g−1 7.51
K min−1 0.03
R2 0.88

PSORE
qt ¼ qe

2 � K2 � t

1þ qe � K2 � t

qe mg g−1 9.31
K2 g (mg−1.min) 0.003
R2 0.91

Elovich
qt ¼ 1

lnða� b� tþ 1Þ
b g mg−1 0.44
a mg g−1 min 0.49
R2 0.95

IPD qt = Kdifft
0.5 + C Kdiff mg g−1 min−0.5 0.64

C 0.72
R2 0.98
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monolayer, models of isotherm are provided, along with the
strength of the adsorbate–adsorbent affinity and the theoretical
maximum capacity of adsorption. In this study, six differentmodels
of isotherm were used to evaluate data of experiments and deter-
mine the most appropriate representation of adsorption behavior.
Langmuir, Dubinin–Radushkevich (D–R), Freundlich, Temkin, Hill,
and Khan isotherms are among the models that are used.108–111

As seen in Fig. 4a, the applied adsorption isotherm models'
non-linear forms, and Table 4 displays the matching parame-
ters derived via curve tting. Langmuir isotherm decided that
the adsorption would occur uniformly on the adsorbent surface,
exhibiting a monolayer type of adsorption with a uniform
distribution of energy levels.112 As shown, Fig. 4a displays the
Langmuir isotherm, and Table (4) provides its parameters, The
following formula can be used to determine the separation
factor RL, which is another way to dene the Langmuir

isotherm: RL ¼ 1
ð1þ KC0 Þ : Value of RL was found to be 0.386

for the tested carbon indicating that the removal of BG is
favorable process (0 < RL < 1) with a correlation coefficients (R2)
value of 0.961 which reveal that the Langmuir model effectively
describes the adsorption process.

Freundlich isotherm model is a practical model and can be
applied in heterogeneous surface system where KF and n in
isotherm equation that presented in Table 4. Corresponding to
the adsorbent's adsorption capacity and intensity, respectively.
The adsorption process is found to be favorable if n lies in the
range of 1–10.113 The values of adsorption intensity correlation
coefficient (R2) for BG on sample were found to be 1.58 and 0.99
showing that the BG adsorption on PET AC adsorbent matched
the Freundlich isotherm closely.

Based on Polanyi's potential theory, Dubinin–Radushkevich
(D–R) isotherm is commonly used to characterize adsorption
processes on microporous materials. This model assumes that
the adsorption energy follows a Gaussian distribution within the
pores of the adsorbent. One of its key advantages is the ability to
determine the mean free energy of adsorption (E) in order to
distinguish between chemical and physical adsorption. Gener-
ally, E values less than 8 kJ mol−1 are linked to physisorption,
while values above this threshold indicate chemisorption.114

In the present study, the D–R isotherm was utilized in the BG
dye adsorption experiment on activated carbon. Experimental
data showed that the adsorption process proceeds through two
distinct stages as shown in Fig. 4c. Initially, a low activation
energy equal to 1.97 kcal mol−1 was observed, indicating that the
adsorption at this stage occurs primarily via physisorption. This
weak interaction is attributed to forces of van der Waals between
the surface of the adsorbent and the adsorbate. Subsequently,
a marked increase in activation energy to 16.22 kcal mol−1 was
recorded, suggesting a transition to chemisorption, wherein the
surface and the adsorbed molecules develop stronger chemical
connections.115 Such behavior can be explained by taking into
account that themolecules of the adsorbate initially adhere to the
surface through feeble physical interactions, which thereaer
permit them to diffuse or align into advantageous orientations.
These initial interactions serve as a preparatory step that facili-
tates the subsequent formation of covalent or coordinative bonds
© 2026 The Author(s). Published by the Royal Society of Chemistry
during chemisorption. Such a sequential adsorption mechanism
where physisorption precedes chemisorption is commonly
observed in surface reaction processes, particularly when the
activation energy is initially insufficient to drive chemical
bonding directly.116

Others models, including Temkin, Hill, and Khan, were also
tested and there results are summarized briey in Table 4.
3.5. Kinetics of adsorption

It is crucial to comprehend adsorption kinetics for elucidating
an underlying adsorption mechanism. This study used a variety
of kinetic models, such as (PFORE) the pseudo-rst-order,
pseudo-second-order (PSORE), intra-particle diffusion (IPD),
and Elovich models, to investigate the mechanism and rate-
limiting steps of the adsorption process.117,118

According to (PFORE) model, the number of accessible active
sites on the adsorbent surface determines the adsorption rate;
(PSORE) model believes that the predominant mechanism is
chemisorption, which involves the adsorbent and the adsorbate
exchanging or transferring electrons.118 Relationship between
adsorption capacity and time for each model is depicted in
Fig. 4b. Furthermore, the calculated parameters of kinetic with
their corresponding R2 values are summarized in a Table 5.

Also, Table 5 presents an analysis of the R2 for the PFORE (R2

= 0.88) and PSORE (R2 = 0.91) models shows that the experi-
mental results ts the PSORE model better indicating that this
model offers a more realistic depiction of the system under
study's adsorption behavior.

The differential chemisorption of BG onto activated carbon
was evaluated using the Elovich model. The high correlation
coefficient (R2 = 0.95) presented in Fig. 5b and Table 4 conrms
the suitability of this model for describing the process. These
ndings suggest that BG adsorption onto activated carbon
follows chemisorption kinetics, with the Elovich equation
providing an accurate representation of the adsorption behavior.
Mechanism of adsorption of BG dye onto the synthesized carbon
that be activated and the possible rate-limiting steps were
investigated using the model of (IPD) and results exhibits highly
accord with it (R2 = 0.98). The adsorption process may go
through several stages, such as bulk diffusion, lm diffusion, and
intra-particle diffusion, either separately or in combination,
RSC Adv., 2026, 16, 1008–1029 | 1017
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Fig. 5 Mechanism interaction between activated carbon from PET and BG dye.
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depending on the model's underlying assumptions. This obser-
vation indicating that IPD is essential to the transport mecha-
nism that allows BG dye to be adsorbed onto activated carbon.
3.6. Adsorption thermodynamics

In order to examine the thermodynamic behavior of BG dye
adsorption onto activated carbon, important thermodynamic
parameters such as the enthalpy change (DH°), entropy change
(DS°), and Gibbs free energy change (DG°) were calculated.
These parameters were calculated based on experimental
adsorption data collected over a temperature range of 298 K to
328 K. Values were derived by the equation of van't Hoff, that
allows for an evaluation of spontaneity, heat exchange, and
randomness changes associated with process of adsorption.

K ¼ CAC

Ce

(2)

ln K ¼ �DH

R
� 1

T
þ DS

R
(3)

DG = –TDS + DH (4)

In which, R denotes an ideal gas constant, which has a value of
8.314 J mol−1 K−1, T indicates the temperature on the Kelvin
scale, K expresses the thermodynamic constant related to
equilibrium, the term Ce describes the concentration of Bril-
liant Green (BG) dye that remains in the solution once equi-
librium is reached, measured in mg L−1 and, CAC reects the
Table 6 Thermodynamic variables of BG activated carbon adsorption

T (K)

Variables

DG° kJ mol−1 DH° kJ mol−1 DS°J mol−1 K−1

298 −54.98 52.19 184.66
308 −56.82
318 −58.67
328 −60.52

1018 | RSC Adv., 2026, 16, 1008–1029
equilibrium adsorption capacity, representing the amount of
dye taken up per liter of solution, also in mg L−1.

The thermodynamic parameters were assessed using the
relationship between the inverse of temperature (1/T) and the
natural logarithm of the equilibrium constant (ln K), as shown
in Fig. 4d. The enthalpy change (DH°) and entropy change (DS°)
were calculated from the slope and intercept of the resulting
linear plot, respectively. A suitable thermodynamic equation
was then used to determine the Gibbs free energy change (DG°)
at various temperatures. Table 6 provides a summary of the
computed values for each thermodynamic parameter.

While the negative values of DG° at all temperatures under
study suggest that the adsorption is spontaneous, the positive
value of DH° veries that the BG dye's adsorption onto the
activated carbon is an endothermic process. Furthermore, the
observed drop in DG° as the temperature rises points to
improved adsorption feasibility at higher temperatures. The
displacement of water molecules and structural reorganization
at the adsorbent surface may be the cause of the positive value
of DS°, which indicates an increase in randomness at the solid–
liquid interface during the adsorption process.
3.7. Mechanism of adsorption process

3.7.1. Experimental investigation. Aer process of adsorp-
tion of BG dye, we perform analysis by FTIR to illustrate possible
way that the dye and adsorbent molecules interact. As presented
in Fig. 1a, a noticeable shis and intensity changes in key func-
tional group regions was observed, indicating active participation
in the adsorption process of surface groups. A distinct peak that
was ascribed to the stretching vibration C]O of ester groups and
seen at 1725 cm−1 before adsorption, shied to 1718 cm−1 aer
dye adsorption, suggesting the dye molecules' electrostatic
interaction to the carbonyl surface groups. The stretching vibra-
tion C]C aromatic initially located in 1589 cm−1 changed to
1516 cm−1, further supportingp–p interactions between Brilliant
Green's aromatic rings and surface of carbon. Moreover, CH3

symmetric bending peak changed from 1383 cm−1 to 1361 cm−1,
also the stretching spectra of C–O slightly changed from
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Molecular geometry optimization and frontier molecular orbital
distribution (HOMO and LUMO) of the brilliant green (BG) dye adsor-
bed on activated carbon (AC).
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1120 cm−1 to 1132 cm−1, both indicating potential chemical or
physical interaction containing functional groups that are
oxygenated on the adsorbent surface. These spectral changes
strongly suggest that p–p interactions and electrostatic bonds
played signicant roles in Brilliant Green's adsorption mecha-
nism on PET-derived carbon that activated n as illustrated in the
proposed mechanism in Fig. 5.

3.7.2. Theoretical investigation. The DFT-optimized model
of the activated carbon (AC)–brilliant green (BG) dye complex
conrms that the dye preferentially assumes parallel congu-
ration with respect to surface of AC, promoting strong non-
covalent p–p interactions occur between the aromatic compo-
nents of the dye and the delocalized p-electron framework of AC
© 2026 The Author(s). Published by the Royal Society of Chemistry
(Fig. 6). This geometry allows for enhanced orbital overlap and
stabilizes the adsorption complex.

Frontier molecular orbital analysis further claries the inter-
actionmechanism. The HOMO is predominantly localized on the
AC surface, particularly around the aromatic carbon regions and
oxygen functionalities, whereas the LUMO is also distributed
mainly across the AC framework, with minimal contribution
from the BG dye. This orbital arrangement indicates that the
electronic activity during excitation or charge transfer is largely
governed by the AC surface itself. The BG dye, while structurally
stabilized through p–p stacking, does not directly contribute to
the LUMO, suggesting that its role is more as a stabilizing
adsorbate rather than as an active electron acceptor in this
conguration. In fact, the calculated binding energy for this
interaction is found to be −34.14 kcal mol−1 indicating a favor-
able interaction which supports our investigated mechanism.

These nding highlights that a dominant adsorption
mechanism of BG dye on AC is p–p stacking reinforced by
noncovalent interactions, rather than strong donor–acceptor
chemisorption. The localization of both HOMO and LUMO on
AC underscores the intrinsic electronic activity of the AC
surface, which plays the primary role in governing adsorption
and possible subsequent electronic processes.

3.8. Regeneration study

To evaluate the prepared activated carbon's stability and reus-
ability for adsorption of BG from water, a series of Cycles of
adsorption and desorption were performed, and the corre-
sponding results are shown in Fig. 7a. The data show a gradual
decrease in removal efficiency over ve consecutive cycles, with
the percentage of dye removal declining from approximately
99% in the rst cycle to 90% by the h. FTIR spectroscopy was
employed to analyze the activated carbon before and aer the
recycling process, as shown in Fig. 7b. The FTIR spectra
revealed no noticeable alterations to the distinctive peaks,
suggesting that functional groups of an adsorbent remained
stable during reuse. These ndings conrm the strong reus-
ability, chemical stability, and reliable performance of activated
carbon in BG dye removal under the applied experimental
conditions. Although a slight reduction was observed, the
material maintained a relatively high level of performance
throughout the cycles. These ndings conrm the adsorbent's
reasonable stability and reusability under the tested conditions,
supporting the possibility of using it practically in repeated
adsorption operations.

3.9. Optimization process by statistical analysis

3.9.1. Design of Box Behnken. (BBD) Box Behnken Design
was employed to investigate the exchanges between multiple
experimental variables and for adsorption process optimiza-
tion. This model approach was selected because of its efficiency
in minimizing the number of experimental runs required while
still enabling accurate modeling and prediction of the system's
response.119 In this study, BBD was applied to evaluate the
combined impacts of initial dye concentration, adsorbent dose,
and contact time on the effectiveness of BG dye removal using
RSC Adv., 2026, 16, 1008–1029 | 1019
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Fig. 7 Regeneration efficiency of activated carbon for the BG's adsorption (a) and the activated carbon's infrared spectra prior to and following
the regeneration experiment (b).
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activated carbon. The design enabled systematic analysis of
factor interactions with reduced experimental effort and cost,
while maintaining high prediction accuracy.

The total number of experimental runs produced was 17 using
the BBD to assess the impact of selected variables on process of
adsorption. The adsorption capacity (qe) had been chosen for the
response variable for evaluating the system's performance. The
results of the experimental trials, along matching values that
predicted, are summarized in Table 7. Relationship between the
response and the input factors was modeled by a second-order
polynomial equation, as presented in eqn (5).

qe = 5.74 + 3.19 × A − 14.77 × B + 4.98 × C − 4.69

× AB − 0.3610 × AC − 4.96 × BC − 0.9150

× A2 + 11.89 × B2 + 2.68 × C2 (5)

Where the parameters A, B, and C represent contact time (min),
adsorbent dose (mg), and dye concentration (mg L−1),
respectively.
Table 7 Experimental and expected results of the activated carbon's ad

Run

Factors

Time (min) Dose (mg) Concentration mg L−1

1 10 55 50
2 50 55 30
3 10 100 30
4 50 55 30
5 50 100 50
6 90 100 30
7 50 55 30
8 10 10 30
9 90 55 50
10 90 10 30
11 50 55 30
12 50 10 10
13 50 10 50
14 90 55 10
15 50 100 10
16 50 55 30
17 10 55 10

1020 | RSC Adv., 2026, 16, 1008–1029
The predictive model expressed in terms of coded variables,
as presented in eqn (5), enables estimation of the response at
specic levels of each independent variable. In the coded form,
low, center and high stages of the factors are automatically
portrayed as −1, 0 and +1, respectively. This format allows for
easy comparison of the relative inuence of each factor based
on the magnitude and sign of their coefficients. Furthermore,
eqn (6) presents the model in actual (uncoded) units, where t is
time, D is doe, and C is dye concentration. These actual units
allow for direct interpretation of the practical effects of factor
levels on the adsorption capacity.

qe = 17.76871 + 0.293785 × t − 0.678587 × D + 0.172711

× C − 0.002604 × t × D − 0.000451 × t

× C − 0.005516 × D × C − 0.000572

× t2 + 0.005873 × D2 + 0.006703 × C2 (6)

The real equation, stated by way of the original units of each
variable, can be used to predict the response for specic values
sorption capacity

qe (mg g−1)

Experimental data Predicted value Residual value

9.38 9.656 −0.27
5.74 5.74 0.00
2.64 3.44 −0.80
5.74 5.74 0.00
6.64 5.56 1.08
2.40 0.46 1.94
5.74 5.74 0.00
21.67 23.61 −1.94
12.30 15.32 −3.02
40.18 39.38 0.80
5.74 5.74 0.00
24.07 25.15 −1.08
47.25 45.03 2.22
6.36 6.09 0.27
3.316 5.53 −2.22
5.745 5.74 0.00
2 −1.02 3.02

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Response surface ANOVA results

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

Intercept 1.06
Model 2854.25 9 317.14 56.33 < 0.0001 Signicant
A-Time 81.57 1 81.57 14.49 0.0067 0.84
B-Dose 1745.70 1 1745.70 310.07 < 0.0001 0.84
C-Concentration 198.26 1 198.26 35.22 0.0006 0.84
AB 87.89 1 87.89 15.61 0.0055 1.19
AC 0.52 1 0.52 0.09 0.7698 1.19
BC 98.59 1 98.59 17.51 0.0041 1.19
A2 3.53 1 3.53 0.63 0.4548 1.16
B2 595.50 1 595.50 105.77 < 0.0001 1.16
C2 30.26 1 30.26 5.38 0.0535 1.16
Residual 39.41 7 5.63
Lack of t 39.41 3 13.14
Pure error 0.0000 4 0.0000
Cor total 2893.66 16
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of the experimental factors. In this form, the inputs must be
provided in their actual measured units. However, this version
of the model is not suitable for comparing the relative inuence
of the individual factors, as the intercept does not match the
center point of the design space, and coefficients are scaled
based on the units of measurement.

(ANOVA) analysis was conducted for examination a statis-
tical relevance of parameters affecting the process of adsorption
of BG on AC and to uncover key interactions among variables
within the experimental framework.120 This approach also aided
in conrming the reliability of the developed predictive equa-
tion. Moreover, the method was instrumental in visualizing the
relationships between process inputs and system behavior
using graphical outputs. The outcomes of this statistical eval-
uation are detailed in Table 8. The importance of individual
terms was assessed through their p-values matching, where
values less than 0.05 reect the meaningful contribution to
improving the accuracy and explanatory strength of the tted
regression equation.

As illustrated in Table 6, the high F-value (F= 56.33) alongside
a p-value less than 0.05 conrms the statistical relevance of the
developedmodel.121 The coefficient of determination (R2) reects
how well the variability in the model of regression captures the
response variable. In this study, value of R2 was 0.9864, while the
adjusted R2 was 0.97, both indicating strong agreement between
the experimental results and the predicted values. The closeness
between the predicted R2 (0.78) and the adjusted R2 (0.97), with
a difference less than 0.2, supports the reliability of the model's
predictive power. Moreover, the Adequate Precision (Adeq-Prec)
value, this stands for the ratio of signal to noise, was found to
be 25.31 well above the desirable threshold of 4 demonstrating
Table 9 Overview of the statistical data for various BG adsorption mode

Source Std. Dev Sequential p-value Press

Linear 8.17 0.0010 1618.01
2FI 8.25 0.4681 2671.41
Quadratic 2.37 0.0001 630.57
Cubic 0.0000 <0.0001

© 2026 The Author(s). Published by the Royal Society of Chemistry
that the model provides a sufficient signal and can be effectively
used to explore space of design. Additionally, the average varia-
tion of actual data points from expected values is represented by
the standard deviation of 2.37, further conrms the consistency
and accuracy of the model, reinforcing its suitability for predic-
tive and optimization purposes (Table 9).

3.9.2. Response surface plots. Three-dimensional response
plots of surface and their corresponding two-dimensional
contour diagrams were utilized for envision and interpret the
combined impacts of important process factors on BG dye's
adsorption capacity. These graphical representations were
generated using Design-Expert soware to examine how varia-
tions in adsorbent initial concentration, dosage, and contact
time inuence adsorption behavior onto activated carbon.122

As illustrated in Fig. 8, the interactions among these param-
eters signicantly affect the system's performance. In Fig. 8A, the
adsorption capacity improved with increasing contact time;
however, excessive adsorbent dosage resulted in a decline in
capacity, likely due to overlapping of active sites. Fig. 8B shows
that both higher initial concentration of dye and longer contact
time enhanced the capacity of adsorption. Lastly, as depicted in
Fig. 8C, while an increase in initial dye concentration led to
improved dye uptake, raising the adsorbent dose beyond
a certain level caused a reduction in adsorption efficiency. These
ndings reect the importance of optimizing parameter combi-
nations to achieve maximum adsorption performance.

3.9.3. Analyzing the Box Behnken model's suitability. As
shown in Fig. 9a, the close alignment of the data, the model's
ability to precisely estimate the adsorption capacity is
conrmed by the points surrounding the diagonal line, which
show a strong agreement between the experimental and
ls onto activated carbon

R2 value R2 adjusted R2 predicted Remark

0.7000 0.6308 0.4408
0.7646 0.6234 0.0768
0.9864 0.9689 0.7821 Suggested
1.0000 1.0000 Aliased

RSC Adv., 2026, 16, 1008–1029 | 1021
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Fig. 8 The relationship between dose and time is depicted by contour plots and a three-dimensional response surface (A), time and initial
concentration (B) and dose and initial concentration (C) for the use of activated carbon to remove BG dye.
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anticipated values. Fig. 9b illustrates the connection between
the expected values and the externally studentized residuals.
When assessing the regression model, these standardized
residuals which are computed by dividing the difference
between observed and anticipated responses by the standard
error are a crucial diagnostic tool.
1022 | RSC Adv., 2026, 16, 1008–1029
Further assessment is illustrated in Fig. 9c and d, where the
externally studentized residuals are plotted against the experi-
mental run numbers. This visualization helps detect any irreg-
ular patterns or uctuations in residual values across the
sequence of experiments. Identifying such trends is useful for
uncovering potential sources of systematic error whether in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Comparing the experimental and projected adsorption capacities (a–d).
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experimental procedure, data recording, or measurements
taken between runs. Recognizing and addressing these patterns
is essential for maintaining the validity and consistency of the
experimental ndings.

3.9.4. Optimization conditions by BBD. The adsorption
process was optimized using Response Surface Methodology
(RSM) based on the Box–Behnken Design (BBD). Numerical opti-
mization was performed with the primary objective of maximizing
the adsorption capacity (qe) while remaining within the bound-
aries of the experimental design domain. Using the validated
quadratic model, the optimization routine identied the precise
combination of variables that yielded the highest predicted
adsorption performance. The model-derived optimum conditions
were determined as follows: contact time (A) = 74.74 min, adsor-
bent dose (B) = 10.40 mg, and initial dye concentration (C) =
© 2026 The Author(s). Published by the Royal Society of Chemistry
48.53 mg L−1. Under these optimized parameters, the maximum
predicted adsorption capacity was 47.83 mg g−1.

It is important to note that the optimization performed in
the experimental investigation targeted removal efficiency
rather than adsorption capacity. Experimentally, the material
achieved a 99.3% removal efficiency under the conditions of
5 mg L−1 initial dye concentration, pH 7, 0.1 g adsorbent dose,
298 K, and 120 min contact time. The difference between the
optimal conditions obtained experimentally and those pre-
dicted by the BBD model reects the difference in optimization
objectives: maximizing removal percentage in the laboratory
versus maximizing qe in the numerical RSM model.

These ndings conrm that while experimental optimization
maximizes removal efficiency under practical operating condi-
tions, the BBD-based RSM model identies the conditions that
RSC Adv., 2026, 16, 1008–1029 | 1023
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Table 10 Comparison between the activity of AC with another reported adsorbent

No. Adsorbent

Reaction condition

Removal (%) Ref.BG conc. (mg L−1) Dose (gm) Time (min)

1 Activated carbon from PET 12 0.1 120 99.3 This study
2 PET/sodium alginate composite 20 0.05 120 95.6 123
3 Modied clay 20 0.1 60 94.2 124
4 Coconut shell activated carbon 20 0.1 90 98.6 125
5 Activated carbon from durian shell 25 0.1 60 96.6 126
6 Cashew nut activated carbon 20 0.1 120 99.2 127
7 poly(divinylbenzene) 7.5 0.05 120 97.4 106
8 Poly(AN-co-AMPS) 7.5 0.1 80 99.5 103
9 Activated carbon material from peanut shells 100 2 360 80.0 128
10 Banana peel activated carbon 10 0.125 75 99.0 129
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maximize adsorption capacity (qe). Together, the two approaches
complement each other and provide a more robust and compre-
hensive evaluation of the adsorption performance of the material.
3.10. Comparison with other reported adsorbents

To assess the adsorption execution of the synthesized PET-based
activated carbon for BG dye removal, a comparative analysis was
conducted with various adsorbents previously reported in the
literature, as summarized in Table 10. Although direct comparison
can be limited due to variations in experimental factors such as
initial concentration of dye, contact time, and dosage of adsor-
bent, the PET-derived carbon demonstrated a notably high
removal efficiency of 99.30% within comparatively mild circum-
stances (12 mg L−1 concentration of dye, 120 min contact period
and dosage of adsorbent with 0.1 g). In comparison, PET/sodium
alginate composite achieved 95.6% removal at 20 mg L−1

concentration and 120 min contact time; modied clay showed
94.2% efficiency at 20 mg L−1 and 60 min; red mud–bagasse bi-
ochar reached 89.30% at 50 mg L; activated carbon derived from
durian shell exhibited 96.6% at 25 mg L−1 in 60 min; cashew nut
shell activated carbon achieved 99.20% at 20mg L−1 aer 120min:
poly(divinylbenzene) have 97.45% removal efficiency at 7.5 mg L−1

and 120 min of contact time: activated carbon material from
peanut shells with 80% at 100 mg L−1 initial concentration and
370 min contact time: banana peel activated carbon shown 99%
with 10 mg L−1 and 75 min and AN & AMPS monomers appear
99.5% at 7.5 mg L−1 and 80 min. Among all, the PET-based
adsorbent not only provided the highest removal efficiency but
also did so at shorter contact time and lower dye concentration,
which underscores its adsorption effectiveness, operational
simplicity, and suitability for practical wastewater treatment
applications. Compared to other reported adsorbents, the devel-
oped material in this study offers several advantages. It is derived
from waste plastic, which makes it a sustainable and eco-friendly
option. Additionally, it is low-cost, recyclable, and contributes to
addressing environmental pollution by reducing plastic waste.
4 Conclusions

At present work, an effective, affordable, and environmentally
friendly adsorbent for the elimination of dangerous BG dye from
1024 | RSC Adv., 2026, 16, 1008–1029
aqueous solutions was synthesized using activated carbon made
from PET waste. Overall, an adsorbent not only exhibited excellent
removal efficiency for BG dye but also offered additional advan-
tages including recyclability, low cost, eco-friendliness, and
stability. Its preparation from plastic waste adds value by contrib-
uting to environmental sustainability and waste management. The
adsorbent achieved a favorable specic surface area with 403 m2

g−1, which greatly enhanced its adsorption performance by
providing an extensive porous structure with abundant active sites.
Under optimized conditions, a 99.3% maximum dye removal effi-
ciency was achieved at an equilibrium time of 120 minutes. The
Freundlich isotherm model provided the best description of the
adsorption process according to its R2 value= 0.99, demonstrating
heterogeneous surface adsorption and multilayer development the
results imply that the adsorption process may involve both phys-
isorption and chemisorptionmechanisms. An initial weak physical
interaction likely facilitates the subsequent formation of stronger
chemical bonds. This dual-stage behavior highlights the
complexity of the adsorption mechanism and indicates that
physisorption can act as a precursor to chemisorption under
certain conditions according to values of activation energy from
isotherm model of D–R. Kinetic data tted the PSORE model,
indicating that the predominant process was chemisorption. The
adsorption process was found to be spontaneous and endothermic
by thermodynamic study, further supporting the feasibility of
using this material in real-world applications. DFT analysis
conrmed that brilliant green (BG) dye preferentially adsorbs onto
graphene oxide in a parallel orientation, driven by strong p–p

stacking and complementary electronic interactions between
oxygenated functionalities of the surface and the dye. The HOMO–
LUMO distributions revealed a clear donor–acceptor mechanism,
where the cationic dye acts as the electron acceptor and graphene
as the main electron donor, providing a mechanistic basis for the
experimentally observed adsorption efficiency.

Excellent reusability was shown by the adsorbent, which
maintained high removal efficiency throughout ve consecutive
regeneration cycles with little degradation in performance.
These ndings demonstrate the potential of activated carbon
produced from PET as a promising and eco-friendly alternative
for large-scale wastewater treatment, combining high adsorp-
tion efficiency, thermal stability, and cost-effectiveness.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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