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This study presents the creation of an innovative bioadsorbent a porous carbon—polymer composite,
referred to as TACGC, was synthesized utilizing residues from tobacco processing and subsequently
assessed for its efficacy as an adsorbent of hexavalent chromium (Cr(vi)) from aqueous solutions. The
composite was fabricated by integrating tobacco-derived activated carbon into a matrix composed of
guar gum and carboxymethyl cellulose, which was chemically cross-linked with itaconic acid, resulting in
a stable and functional sponge-like structure. The structural and surface characteristics were investigated
through various analytical techniques, including XRD, FT-IR, XPS, SEM-EDX, and BET analysis. These
analyses collectively confirmed the development of a mesoporous network characterized by an
abundance of oxygenated functional groups. Batch adsorption experiments indicated that factors such
as pH, adsorbent dosage, initial Cr(v) concentration, contact time, and temperature significantly
impacted the removal efficiency. The observed adsorption behavior adhered to the Langmuir isotherm
model, achieving a maximum adsorption capacity of 404.87 mg g%, while the kinetic data conformed to
the pseudo-second-order model, suggesting that the uptake mechanism is predominantly
chemisorption-driven. Thermodynamic analysis (AH® = 93.45 kJ mol™; AS® = 3257 J mol™ K™
established that the adsorption process is both spontaneous and endothermic. Moreover, TACGC
demonstrated sustained efficiency over five cycles of adsorption—desorption, underscoring its structural
integrity and reusability. The robustness of the system was further corroborated through statistical
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DOI: 10.1039/d5ra07331f optimization employing the Box—Behnken design. These results underscore the significant potential of

rsc.li/rsc-advances TACGC as an effective and sustainable solution for Cr(vi) remediation in wastewater treatment contexts.

dyeing, and pigment production.” If the wastewater generated
from these processes is not properly treated, it can lead to
contamination of surface and groundwater, presenting note-

1. Introduction

The issue of environmental pollution attributed to heavy metals

has emerged as a significant global challenge, primarily driven
by elements that include swift industrial development, the
expansion of urban areas, and various human activities. Among
various heavy metals, hexavalent chromium (Cr(vi)) stands out
as particularly dangerous due to its high solubility, mobility,
and serious carcinogenic, mutagenic, and teratogenic impacts
on living organisms. Cr(vi) is widely utilized in several industrial
operations, including electroplating, leather tanning, textile
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worthy hazards to human health and ecosystems. Therefore, the
development of effective and sustainable technologies aimed at
extracting Cr(vi) from aquatic systems has become a significant
area of emphasis within the fields of environmental science and
engineering. Conventional techniques employed for the elimi-
nation of heavy metals encompass various approaches like as
membrane filtration, chemical precipitation, ion exchange,
electrochemical methods, reverse osmosis, and coagulation—-
flocculation. Although these methods can be effective in
controlled settings, they frequently face considerable disad-
vantages such as high operational costs, complicated infra-
structure, secondary waste production, and limited
effectiveness at low concentrations of metals. In this context,
adsorption has emerged as a viable alternative, noted for its
simplicity, cost efficiency, operational versatility, and potential
for regenerating the adsorbent. The effectiveness of adsorption
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methods is profoundly precious by the physicochemical
appearances of the adsorbent material. Key factors to consider
include the surface area, porosity, attendance of useful groups,
and the mechanical stability of the material.?

Tobacco processing remains a substantial agro-industrial
sector worldwide, and despite the gradual decline in smoking
rates due to global public health campaigns, tobacco agricul-
ture and manufacturing continue to generate large quantities of
lignocellulosic waste.®> This waste originates primarily from
farming and industrial operations such as curing, sorting,
cutting, nicotine extraction, and cigarette manufacturing rather
than from consumer use. Consequently, significant volumes of
stems, midribs, dust, rejected leaves, and production offcuts are
produced annually, representing 20-30% of the total harvested
biomass. These residues are typically discarded or burned,
contributing to environmental pollution. Owing to their high
carbon content, inherent porosity, and abundance of oxygen-
and nitrogen-containing functional groups, tobacco byproducts
serve as an excellent low-cost precursor for preparing activated
carbon-based adsorbents.* Valorizing this abundant waste
stream not only supports circular-economy strategies and
reduces disposal burdens, but also enables the development of
efficient and sustainable materials for heavy-metal removal
from wastewater. Therefore, the use of tobacco-derived waste as
an adsorbent precursor is both environmentally justified and
technologically advantageous.®

In current years, there has been a heightened importance on
the development of economical, sustainable, and effective bi-
oadsorbents derived from agricultural and industrial byprod-
ucts.® These bioadsorbents not only offer an economical
approach for the remediation of heavy metals but also assist in
waste valorization and promote circular economy initiatives.
One notable type of biomass is tobacco waste, which is a plen-
tiful but often overlooked byproduct of the tobacco industry.
This waste is characterized by its high carbon content and
natural fibrous structure, enabling its thermal conversion into
activated carbon with desirable textural attributes.” Tobacco-
derived activated carbon (TAC) exhibits significant porosity
and a large surface area, alongside oxygenated functional
groups on its surface. These characteristics contribute to its
efficacy as a potent adsorbent for heavy metal ions. Nonethe-
less, standard activated carbon can have drawbacks, including
issues with particle clumping, diminished mechanical stability
in water, and difficulties in recovery after use. To mitigate these
challenges, researchers have investigated the possibility of
encapsulating activated carbon within biopolymer matrices,
resulting in composite materials with improved handling
characteristics and enhanced adsorption capabilities. Biopoly-
mers such as guar gum (GG) and carboxymethyl cellulose (CMC)
are frequently utilized in environmental applications due to
their biodegradability, hydrophilicity, and a rich variety of
functional groups that can bond with heavy metal ions.*® Guar
gum, a naturally occurring galactomannan polysaccharide, is
renowned for its remarkable viscosity-regulating and gel-
forming attributes, while carboxymethyl cellulose, a derivative
of cellulose containing carboxyl functional groups, improves
water solubility and metal binding efficiency.*®
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The process of crosslinking these polymers using a biocom-
patible agent such as itaconic acid (IA) facilitates the formation
of a three-dimensional polymeric network. This structural
transformation not only bolsters the integrity of the material
but also augments the density of functional groups present
within the hydrogel composite. Itaconic acid, a renewable
dicarboxylic acid obtained through fermentation, presents
multiple potential sites for esterification and ionic interactions
with metal ions." When coupled with TAC, the GG-CMC
hydrogel network crosslinked with IA forms a stable and highly
functional composite known as TACGC."” This composite
effectively utilizes the adsorptive characteristics of activated
carbon alongside the ion exchange attributes of the polymer
matrix, facilitating a synergistic approach for the remediation of
Cr(vi). To comprehensively evaluate the efficacy of the TACGC
composite in Cr(vi) adsorption, a sequence of batch tests were
conducted to examine the effect of crucial operational limits,
including pH, adsorbent amount, original metal concentration,
communication time, and temperature.”® The obtained
adsorption data were analyzed through the application of
multiple isotherm models, specifically the models of Langmuir
as well as Freundlich, to elucidate the nature of the adsorption
procedure.* The Langmuir isotherm suggests that adsorption
occurs as a monolayer on a unvarying surface, while the
Freundlich model illustrates the adsorption phenomenon on
surfaces that are heterogeneous, reflecting a range of affinities.
Additionally, kinetic models, namely pseudo-first-order and
pseudo-second-order, were employed to analyze the adsorption
rate and elucidate the underlying mechanism. The pseudo-
second-order model posits that the rate-limiting step in the
adsorption development is chemisorption. This model
demonstrated the critical nature of interactions marked by
valence forces and the transfer of electrons between the
adsorbent and Cr(vi) ions by offering a better fit to the experi-
mental results.”

An analysis of thermodynamic parameters was conducted to
gain insights into the spontaneity, feasibility, and thermal
interactions pertinent to the adsorption procedure. The positive
AH° value signifies that the adsorption of Cr(vi) onto the TACGC
material occurs as an endothermic process. Conversely, the
negative AG° values substantiate the spontaneous nature of this
reaction. Furthermore, the positive AS° value indicates an
increase in disorder at the solid-liquid interface during the
adsorption process, most likely as a result of water molecules
being displaced by Cr(vi) ions on the adsorbent’s surface.'® The
TACGC composite's ability to regenerate and reuse via
numerous cycles of adsorption and desorption was examined in
order to assess its practical usefulness.'® Notably, the composite
maintained substantial efficiency in removing Cr(vi) up to the
fifth cycle, highlighting its potential for repeated application in
real-world scenarios. The desorption process utilized mild
eluting agents, and the structural integrity of the composite was
largely preserved, reinforcing its stability and reusability."”

The study used a statistical experimental framework known
as the Box-Behnken design (BBD) to maximize the adsorption
process and boost the efficacy of Cr(vi) removal. This approach,
classified as a response surface methodology, allows for the
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simultaneous examination of multiple variables along with
their interactions.™ The application of BBD effectively decreases
the number of necessary tests, while concurrently attractive the
robustness of the resultant model. This strategic approach
enabled the identification of the ideal operating conditions that
yield the highest adsorption capacity, thereby offering
a predictive framework suitable for the upscaling of the process
in industrial settings."

This study presents an innovative and eco-friendly adsorbent
developed through the integration of activated carbon sourced
from tobacco waste into a biopolymer framework that includes
guar gum (GG) and carboxymethyl cellulose (CMC), which has
been crosslinked using itaconic acid (IA). The research high-
lights the innovative utilization of agricultural tobacco waste to
produce a functional and sustainable adsorbent, marking the
first instance of combining TAC with a GG-CMC hydrogel
network that is stabilized by (IA). This hybrid adsorbent
demonstrates enhanced efficacy in the extraction of Cr(vi),
attributable to its substantial surface area and an abundance of
functional groups (-OH, -COOH). These properties promote
both electrostatic interactions and redox processes, thereby
optimizing its performance. The study includes a thorough
analysis of the adsorption characteristics, employing kinetic,
isotherm, and thermodynamic modeling to demonstrate
a mechanism that is spontaneous and endothermic. Further-
more, the composite material showed exceptional reusability
across five cycles and underwent statistical optimization via
Box-Behnken Design, which enhances performance while
reducing the need for extensive experimentation. This method
offers an economical and scalable solution for water purifica-
tion and the valorization of waste biomass.

2. Experimental

Table S1 lists the chemicals in detail, while Table S2 gives
a comprehensive rundown of all the instruments used.

2.1. Synthesis of adsorbent

2.1.1. Synthesis of disposable burned tobacco activated
carbon (TAC). The used tobacco from disposable products
underwent a treatment process involving a saturated potassium
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hydroxide (KOH) solution, applied at a mass ratio of 1 : 1 relative
to the disposable masks. This treatment occurred over three
hours under ambient temperature conditions. After the
impregnation procedure, the processed material was subjected
to a drying step within a laboratory oven for 19 hours, during
which a consistent temperature of 150 °C was upheld. After the
drying phase, the material proceeded to undergo carbonization
in a furnace at a specified temperature of 650 °C in the absence
of oxygen (to prevent of combustion of the biomass and to allow
proper activation). In the subsequent phase, the carbonized
product underwent a washing process utilizing distilled water,
specifically designed to eliminate any residual KOH, until
a neutral pH was attained. Following this procedure, the
samples were exposed to a treatment with 1 M HCI, after which
they were washed once more until achieving a neutral pH.
Ultimately, the resultant carbon-based material was subjected
to a drying process at 150 °C for a duration of 12 hours.*
2.1.2. Synthesis of TACGC. Guar gum (GG) and carboxy-
methylcellulose (CMC) crosslinked with itaconic acid (IA) form
a novel bio-based composite designed to improve environ-
mental remediation processes and facilitate controlled release
applications. The synthesis of (TACGC) begins by dispersing
approximately 1.0 g of tobacco activated carbon (TAC) in 50 mL
distilled water through ultrasonication, ensuring uniform
particle distribution. Concurrently, GG and CMC are dissolved
in distilled water at concentrations ranging from 1% to 2% (w/v)
each, creating a homogeneous, viscous polymer mixture while
maintaining constant stirring at temperatures between 60 and
70 °C. Itaconic acid, a bi-functional unsaturated dicarboxylic
acid, is introduced into the mixture at a concentration of about
5% to 10% (w/w, based on total polymer weight), serving as the
crosslinking agent. The pH is adjusted to approximately 4 to 5 to
foster esterification and ionic interactions.* Subsequently, the
activated carbon dispersion is added incrementally to the GG-
CMC-IA mixture, and heating to 80 °C is applied to trigger in
situ crosslinking and encapsulation. The final gel can be mol-
ded into beads or films and is then dried at 50 °C. This
encapsulated composite leverages the hydrophilic and biode-
gradable attributes of GG and CMC, while also utilizing the pH-
sensitive and ionically interactive features of itaconic acid.
Additionally, it benefits from the amplified surface area and
adsorption potential offered by activated carbon (Fig. 1).

o oem e e Emamam oamomm

Fig. 1 Representation illustration of synthesis of TACGC composite sponge.
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2.2. Removal and batch studies of the Cr(vi) via TACGC

A complete study was directed to assess the adsorption capacity
of the TACGC, emphasizing factors counting pH, dosage,
concentration, time, and temperature. Within a regulated batch
system with a whole volume of 25 mL, the adsorption process
for Cr(vi) was examined over a concentration from 40 to
480 mg L™".>2 The pH planes were systematically attuned in the
range of 2 to 8, and the length of contact was modified between
5 to 100 min. Furthermore, the research thoroughly investigated
the influence of various quantities of adsorbents, spanning
from 0.02 to 0.5 g, in conjunction with temperature variations
reaching from 20 to 45 °C. In order to regulate the pH levels,
0.1 N of HCI and/or NaOH were employed as regulating agents,
as depicted in Fig. 2. The data obtained from these adjustments
was subsequently analyzed to examine isotherms, kinetic
behavior, and the temperature effect on the thermodynamic
belongings related with the adsorption process. The evaluation
of the research samples was conducted using flame atomic
absorption spectrometer. Each sample's sorption capabilities
were calculated by averaging the outcomes of three different
tests.”® As a result, the amount of absorbed Cr(v1), designated as
ge, was determined alongside the removal percentage (%RE),
employing eqn (1) and (2) for these calculations, respectively.

_(G-c)v
qe = w — (1)
%R = @ x 100 (2)

2.3.

The Response Methodology (RSM) represents
a comprehensive approach for developing intricate statistical
models within environments that present a variety of possible
results. Clarifying the relationships between the response vari-
able and the different settings involved is its primary goal.
Additionally, using these statistical models helps to improve the
techniques that are being studied. In order to evaluate each
sample, the sorption capacities were determined by averaging
the results of three different experimental trials. The removal
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percentage (%RE) as well as the total quantity of Cr(vi) adsorbed
(ge) were calculated using eqn (1) and (2). An organized
approach that methodically conducts a number of well-planned
studies is called Response Surface Methodology (RSM). This
methodology focuses on the essential elements of the process to
systematically seek out the most effective solution within
a comprehensive operational context. Central Composite
Design (CCD) serves as a prevalent technique for optimizing
process limits. Eqn (1) delineates the quantity of Cr(vi) absorbed
per g of the adsorbent over distinct time intermissions (¢), with
a particular emphasis on the TACGC composite sponge as the
material used for adsorption. Moreover, eqn (2) establishes
a systematic approach for assessing the efficacy of the removal
process. The analysis highlighted three critical variables
impacting this process: “mass of adsorbent”, “communication
time”, and “solution pH”. These variables were designated for
investigation based on their demonstrated adverse effects on
the adsorption capability (Table S3).>

Three essential elements make up the central composite
design: determining the model coefficients, creating the
experimental framework, and forecasting the model's
outcomes. A thorough and comprehensive analysis of the
resulting data is required for each phase. After completing these
preparatory steps, a methodical empirical model is produced,
which makes it possible to evaluate how the function behaves in
relation to various input variable pairings. Therefore, a model of
quadratic regression is established, as outlined in eqn (3):

Y =80+ 36X + Bi X7+ BiXX; (3)

In this analytical framework, the resistance coefficient is
denoted by the symbol “i”, while the speed coefficient is indi-
cated by “”. The notation B, 8;, B and B; corresponds to
various coefficients that pertain to resistance, interaction,
speed, and the constant term, respectively. The metrics R
RAdJ-Z, and Rpq> were utilized to assess the performance of the
proposed polynomial model equation.

The symbols “/” and “” in this mathematical framework
stand for the resistance and speed coefficients, respectively.
Different coefficients related to resistance, connection, velocity,
and the constant term are denoted by the notations 8, 8;, 8
and @, respectively. The performance of the suggested

Water bath
shaking

Fig. 2 Diagrammatic representation of Cr(vi) adsorption and elimination onto TACGC.
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polynomial model equation was evaluated using the metrics R?,
Ragi®, and Rpreq’. A higher R? value implies enhanced prediction
accuracy, suggesting a more vigorous relationship among the
model and the actual investigational data.

The Box-Behnken design (BBD), as demonstrated in Table 1,
is utilized to systematically evaluate the impacts of three pivotal
factors pH, contact duration, and adsorbent quantity on the
effectiveness of Cr(vi) adsorption by the synthesized TACGC
composite sponge. Seventeen experimental trials were executed,
each incorporating varied combinations of the specified vari-
ables. The resulting Cr(vi) adsorption yields, quantified in mg
g~ ', were meticulously recorded alongside the expected results
and any remaining residual values. The analysis designates that
the peak adsorption capacity occurred at a pH level of 5, with an
optimal contact length of 100 min and a minimal adsorbent
dosage of 0.02 g (Run 2), which yielded a substantial result of
404.78 mg g '. This finding highlights the significance of
moderately acidic conditions, as they contribute to enhanced
adsorption efficiency, particularly when combined with
extended contact times and reduced adsorbent quantities.
Conversely, the data reveals that the lowest removal efficiency
was recorded at a pH of 2, in conjunction with a mere 5 min of
contact time and a higher adsorbent amount of 0.26 g (Run 8).
This outcome underscores the negative impact of low pH levels
and insufficient interaction periods on adsorption perfor-
mance. Central experimental points, such as Runs 4, 7, 10, 14,
and 15, consistently produced yields around 404.78 mg g~ * with
minimal residuals, demonstrating the model's reliability and
robustness. Although most residual values were low, some trials
(specifically Runs 1, 2, 5, 8, 11, and 17) exhibited larger devia-
tions, which may be attributed to non-linear interactions or
variability in the experimental setup. The BBD model success-
fully illuminated the interactions among variables, demon-
strating its utility in refining adsorption parameters and

Table 1 The absorption capabilities and surface interactions of the
TACGC within the central composite structure necessitate thorough
analysis and inspection

Definite variables Yield (mg g ')

Run pH Time (min) Dose (g) Investigational Predicted Residue
1 8 100 0.26 279.207 296.17 —16.96
2 5 100 0.02 404.85 384.95 19.90

3 5 100 0.5 253.031 239.21 13.82

4 5 52.5 0.26 287.806 287.81 0.0001
5 5 5 0.5 50.96 70.86 —19.90
6 8 52.5 0.02 299.319 302.26 —2.94

7 5 52.5 0.26 287.806 287.81 0.0001
8 2 5 0.26 42.25 25.29 16.96

9 2 52.5 0.02 233.843 236.98 —3.14
10 5 52.5 0.26 287.806 287.81 0.0001
11 8 5 0.26 56.2369 39.48 16.76
12 5 5 0.02 81.5435 95.36 —13.82
13 8 52.5 0.5 196.92 193.78 3.14

14 5 52.5 0.26 287.806 287.81 —0.0003
15 5 52.5 0.26 287.806 287.81 0.0001
16 2 52.5 0.5 178.166 175.23 2.94

17 2 100 0.26 209.767 226.53 —16.76
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predicting system behavior. This reinforces the capability of the
TACGC composite to serve as a versatile and efficient adsorbent
for the remediation of Cr(vi), as outlined in Table 1.

3. Results and discussion

3.1. Classification of TACGC composite sponge

3.1.1. X-ray diffraction (XRD). The X-ray diffraction (XRD)
pattern of TACGC reveals a broad diffraction peak centered
around 20 = 25-30°. This peak is indicative of amorphous
carbon structures typically found in activated carbons derived
from biomass.?® The presence of this broad hump suggests that
the material consists of disordered, turbostratic carbon layers,
highlighting its predominantly non-crystalline characteristics.
Additionally, a sharper, more pronounced peak observed
between 26 = 32-35° may signify the existence of minor crys-
talline phases, which could originate from residual inorganic or
from structural organization induced by interactions between
the activated carbon and the encapsulating biopolymers. The
intensity of the XRD pattern decreases gradually, with minor
fluctuations detected between 40° and 70°, further supporting
the notion of heterogeneity and the amorphous composition of
the composite.?® Furthermore, the encapsulation with guar gum
and carboxymethyl cellulose not only contributes to the stabi-
lization of the carbon structure but may also facilitate some
degree of ordering due to polymer cross-linking. In summary,
the XRD pattern validates the effective development of an
amorphous carbon matrix encapsulated by polymers, which is
suitable for adsorption and various functional applications
(Fig. 3(a)).

3.1.2. N, adsorption-desorption isotherm. The nitrogen
adsorption-desorption isotherms for both TACGC and
Cr@TACGC, as represented in Fig. 3(b), fall into the category of
Type IV isotherms, exhibiting H3-type hysteresis loops. This
classification confirms their mesoporous nature. TACGC
demonstrates a higher nitrogen uptake of approximately 240
em?® g, suggesting a greater specific surface area and pore
volume. In contrast, Cr@TACGC shows a reduced nitrogen
uptake of around 150 cm® g™, indicating considerable pore
blockage or surface coverage as a result of Cr(vi) adsorption.
This analysis is supported by the BJH pore size distribution
illustrated in Fig. 3(c). Here, TACGC displays a marked peak at
around 1.2 nm. In contrast, Cr@TACGC shows a reduced peak
intensity and a slight shift to a larger radius, approximately
1.5 nm. This change indicates alterations in structure and
suggests partial obstruction of the pores.””*® The pore width
distribution shown in Fig. 3(d) further reinforces this, as it
indicates a marked decrease in intensity for Cr@TACGC, which
points to a reduction in the availability of mesopores. Upon
examining the information quantitatively, it is observed that the
BET surface area experienced a reduction from 110.182 m* g~*
for TACGC to 90.0928 m” g~ ' for Cr@TACGC. Concurrently,
the average pore radius exhibited an increase from 12.38
to 15.14 nm. Additionally, there was a significant decline in
the total pore volume, which decreased from 0.3308 to
0.126 cm® g~ '. The consequences indicate that the adsorption
of Cr(vi) has resulted in a notable reduction in the available

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD pattern of TACGC, (b) N, adsorption—desorption isotherm of TACGC and Cr@TACGC, (c) pore radius distribution, (d) pore size
distribution, (e) FT-IR of TACGC and Cr@TACGC, (f) EDX analysis of TACGC, and (g) EDX analysis of CreTACGC.

surface area and the integrity of the pore structure. This decline 3.1.3. FT-IR. The FT-IR spectra provide a detailed exami-
can be attributed to mechanisms such as pore filling and the nation of the structural and functional changes occurring in
adsorption occurring on internal surfaces. TACGC and Cr@TACGC (post-chromium adsorption). These

alterations indicate a significant interaction with metal ions.*
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The observed spectra exhibit a pronounced band within the
3300-3400 cm ™' range, which is correlated with O-H stretching
vibrations. These vibrations arise from hydroxyl groups present
in the polysaccharide matrix, in calculation to aids from water
molecules that are adsorbed on the surface. A reduction or shift
in this band for Cr@TACGC suggests that hydroxyl groups are
participating in chromium binding. Furthermore, the observed
peak near 2900 cm™~ ' is indicative of C-H stretching within the
organic matrix, thereby validating the inclusion of gum guar
and carboxymethylcellulose. A distinct band observed around
1700-1730 cm ™' indicates C=0 stretching from carboxylic or
ester groups; this band experiences a slight shift in Cr@TACGC,
which indicates possible coordination with chromium ions.
The observed peaks in the range of 1600-1450 cm ™' resemble to
both asymmetric as well as symmetric vibrations of COO™
groups. The variations noted in Cr@TACGC further substan-
tiate the presence of metal-ligand interactions. In the 1000~
1200 cm ™" range, related to C-O-C stretching in ether linkages,
a decrease in intensity is noted after chromium adsorption,
suggesting a structural rearrangement has occurred.**** Lastly,
additional variations or new bands appearing below 600 cm ™"
may be indicative of Cr-O bonding, further confirming the
successful immobilization of chromium onto the TACGC
matrix. The experimental spectral alterations communally
specify that TACGC contains functional groups that can effi-
ciently bind chromium ions. This observation underscores its
prospective utility as a biosorbent for the decontamination of
heavy metals, as illustrated in Fig. 3(e).

3.1.4. EDX analysis. The Energy Dispersive X-ray (EDX)
spectrum of TACGC reveals a specific elemental composition,
consisting of 47% oxygen, 28% nitrogen, and 25% carbon. This
composition validates the successful creation of a functional-
ized biocomposite. The notable oxygen concentration suggests
a predominance of oxygenated functional groups, including
hydroxyl, carboxyl, and carbonyl. This is primarily credited to
the attendance of encapsulants like guar gum and carbox-
ymethyl cellulose.*” These groups show a critical character in
increasing the hydrophilic nature of the material as well as its
ability to adsorb metal ions. The presence of nitrogen indicates
that nitrogen-containing functional groups might be derived
either from the original tobacco source or from the chemical
treatments applied during the preparation process. This
enhancement likely contributes to the material's improved
potential for forming coordination complexes with metal ions.
The carbon element serves as the activated carbon nucleus,
offering vital structural stability, an extensive surface area, and
significant porosity, all of which are vital for efficient adsorp-
tion. The analysis of its elemental distribution indicates that
TACGC possesses a chemically varied and reactive surface, thus
establishing it as a viable candidate for environmental removal
efforts, especially in the extraction of metal pollutants, as
demonstrated in Fig. 3(f).

The EDX analysis of Cr@TACGC, which is tobacco-activated
carbon that has been encapsulated with guar gum and
carboxymethylcellulose after chromium adsorption, indicates
a clear elemental composition. This material is comprised of
33% carbon, 32% oxygen, 27% nitrogen, and 8% chromium,

48822 | RSC Adv, 2025, 15, 48816-48846

View Article Online

Paper

indicating that chromium ions have successfully attached to the
exterior of the composite structure. The high carbon content
can be credited to both the activated carbon matrix and the
polysaccharide encapsulants, which create a porous and stable
structure necessary for adsorption processes.>® The increased
levels of oxygen suggest the attendance of various oxygenated
practical groups, like as carboxyl, hydroxyl, and carbonyl. These
groups predominantly play a character in attractive electrostatic
interactions and forming complexes with metal ions. The
substantial presence of nitrogen proposes the incorporation of
nitrogenous groups, probable derived from the tobacco
component or through polymer modifications, which further
improve the material's capability to chelate heavy metals, such
as chromium.* Crucially, the 8% chromium present, along with
specific peaks in the spectrum, serves as direct evidence of
effective chromium adsorption, confirming the functional
capacity of the reactive sites within the TACGC framework. In
summary, the results from the EDX analysis indicate that
Cr@TACGC functions as a chemically active and versatile bi-
osorbent. This material demonstrates significant promise for
environmental applications, especially in the removal of toxic
heavy metals from contaminated water foundations, as evi-
denced by the data presented in Fig. 3(g).

3.1.5. SEM analysis. Fig. 4(a-c) illustrate the surface
topography of TACGC using various rendering techniques to
improve the interpretation of its surface characteristics.
Fig. 4(a) employs a grayscale height map that showcases the
variations in surface roughness and elevation, drawing atten-
tion to the irregular and porous morphology typical of activated
carbon-based materials. In Fig. 4(b), a thermal color gradient is
used, with brighter hues like yellow and red representing higher
elevations, thereby enhancing visual contrast and underscoring
the material's significant surface roughness and intricate
texture. Fig. 4(c) utilizes a deep blue color palette to depict the
same topographic features, while placing greater emphasis on
depth and shading, providing a different viewpoint of the
surface profile. Despite the distinct color mappings, all three
illustrations affirm the existence of a rugged and porous
surface, which is crucial for the material's extensive surface area
and prospective adsorption capabilities in environmental
contexts.

Fig. 4(d) illustrates the results of scanning electron micros-
copy (SEM) alongside elemental mapping analysis of TACGC.
This analysis highlights the structural characteristics and
elemental constituents of the composite before it undergoes
metal adsorption. The central SEM image depicts a rough,
layered, and porous structure typical of bio-derived activated
carbon materials, characterized by prominent surface folds and
cavities that enhance surface area and adsorption capabilities.
This morphology indicates the effective incorporation of the
biopolymer matrix with the activated carbon, resulting in
a stable and complex textural material. The elemental maps in
proximity offer a comprehensive depiction of the spatial
arrangement of key elements: oxygen (52%), nitrogen (26%),
and carbon (22%). The significant dominance of oxygen indi-
cates a concentrated occurrence of oxygen-comprising useful
groups, such as hydroxyl (-OH), carbonyl (C=0), and carboxyl
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Fig. 4 FESEM images for TACGC and Cr@TACGC: (a) grayscale of TACGC, (b) thermal color of TACGC, (c) cool blue tones of TACGC, (d) SEM
mapping of TACGC (e) grayscale of Cr@TACGC, (f) thermal color of Cr@TACGC, (g) cool blue tones of Cr@TACGC, (h) SEM mapping of
Cr@TACGC.
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(-COOH). These practical groups are largely contributed by the
substances gum guar and carboxymethylcellulose. The uniform
distribution of nitrogen indicates the presence of nitrogenous
functionalities that may improve chemical reactivity and the
potential for metal binding. Carbon serves as the core frame-
work, ensuring structural integrity and contributing to the
porous network.* The elemental maps' overlays reveal an
unvarying distribution of the three elements during the mate-
rial's surface, which validates the effectiveness of the encapsu-
lation and functionalization processes employed. In
conclusion, the data gained from SEM and EDX mapping
corroborate the successful synthesis of TACGC, distinguished
by its chemically active porous structure, which is well-suited
for requests in adsorption and environmental cleanup.

Fig. 4(e-g) present the surface topography of the TACGC
sample through different rendering techniques to enhance the
understanding of its surface features. In Fig. 4(e), rendered in
grayscale, the surface height distribution is clearly illustrated,
drawing attention to the composite's structural irregularities
and porosity. Fig. 4(f) employs a thermal color scheme, with
bright yellow and red representing elevated areas, while darker
tones correspond to lower regions, effectively highlighting the
surface roughness and locations for adsorption. Meanwhile,
Fig. 4(g) utilizes cool blue tones to provide a depth-focused
perspective of the same surface, which underscores the differ-
ences in texture and topography. Although the color schemes
differ, all three images refer to the same Cr@TACGC sample
and indicate a slightly smoother surface morphology when
compared to the unmodified TACGC. This observation suggests
that some surface pores may be partially filled or covered due to
effective Cr(vi) adsorption. The findings affirm the material's
strong affinity for chromium ions, supporting its potential for
environmental remediation applications.

The SEM and elemental mapping study of Cr@TACGC
demonstrate a highly developed porous and rough surface
morphology, typical of materials derived from activated carbon.
The examined structure exhibits both fine and stratified char-
acteristics, which contribute to a considerable surface area
advantageous for processes related to adsorption. The analysis
of the elemental distribution maps reveals a uniform presence
of the elements: carbon (24%), nitrogen (26%), oxygen (38%),
and chromium (12%) across the entirety of the composite
material.** The carbon content originates from tobacco-based
activated carbon and biopolymer encapsulants, which provide
the composite's structural framework. In contrast, the nitrogen
and oxygen are sourced from functional groups found in
materials such as gum guar and carboxymethylcellulose,
including amines, hydroxyls, and carboxyls, which enhance the
chemical activity and capacity for metal binding of the material.
The elemental mapping reveals a significant concentration and
uniform dispersion of chromium, supporting the notion that Cr
ions are effectively adsorbed on the surface of the TACGC
matrix. This combination of a porous structure and evenly
distributed functional components supports the characteriza-
tion of Cr@TACGC as a chemically reactive and structurally
stable biosorbent, making it particularly promising for
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environmental remediation efforts aimed at removing heavy
metal contaminants from water sources Fig. 4(h).

3.1.6. XPS. The X-ray photoelectron spectroscopy (XPS) C 1s
spectra for TACGC and Cr@TACGC provide valuable insights
into the surface chemical states of carbon, highlighting their
relevance to the adsorption characteristics of chromium. For
TACGC, the deconvolution of the C 1s peaks reveals a prom-
inent feature at 284.75 eV (68.83%), attributable to C-C/C=C
bonds associated with the graphitic carbon framework. A peak
observed at 286.16 eV (11.76%) has been identified as indicative
of C-O bonds, which are likely derived from hydroxyl or ether
functional groups present in guar gum and carboxymethyl
cellulose (CMC). Additionally, a second peak located at 288.2 eV
(19.86%) corresponds to O-C=0 functional groups, specifically
carboxylic or ester groups that play a vital character in the
binding of metal ions. Post chromium adsorption in the
Cr@TACGC system, there is a notable small shift in the C-C/C=
C peak to 284.7 eV (67.15%). Concurrently, the C-O peak is di-
splaced to 285.97 eV, with an increased contribution of 17.42%.
In contrast, the O-C=0 peak displays a shift to 288.47 eV,
accompanied by a reduction in intensity to 15.43%. The
observed changes in binding energies and the variations in
relative peak strengths indicate that oxygen-covering practical
groups, especially hydroxyl and carboxyl groups. This interac-
tion may occur through mechanisms such as electron donation
or surface complexation.’” The reliability of the C-C peak
suggests that the carbon backbone preserves its structural
stability. In contrast, the variations noted in the C-O and
O-C=0 peaks corroborate the chemical connections occurring
among chromium and the functionalized surface. Overall, the
findings from the XPS analysis underline the critical character
of surface functionalities in the adsorption mechanism. This
supports the characterization of Cr@TACGC as a potent and
reactive biosorbent for heavy metal remediation, as depicted in
Fig. 5.

The XPS N 1s spectra gained for TACGC and Cr@TACGC
provide significant information regarding the chemical states of
nitrogen and their involvement in the adsorption process of
chromium. Within TACGC, the primary N 1s peak appears at
399.03 eV (93.34%), indicative of pyrrolic or amine-like nitrogen
species (-NH or -NH,). A lesser peak at 398.82 eV (6.66%)
resembles to pyridinic nitrogen, both variations possessing lone
electron pairs that can interact with metal ions. Following
chromium adsorption, the N 1s spectrum of Cr@TACGC
displays a notable shift; the main peak transitions to 401.81 eV
(91.39%), which suggests the development of protonated or
quaternary nitrogen species, attributed to electron donation to
Cr’* ions.*® Furthermore, a new peak at 402.14 €V (8.61%)
signals the formation of a metal-nitrogen complex, confirming
the chemical interaction between the nitrogen functional
groups and chromium. These changes in binding energy and
composition underscore the active participation of nitrogen
sites in coordinating chromium, emphasizing their significance
alongside oxygen functionalities in the adsorption process. In
summary, the N 1s XPS analysis reinforces the idea that
nitrogen-containing groups in TACGC are vital for binding
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Fig. 5 XPS analysis of TACGC and Cr@TACGC.

metal ions, greatly enhancing the material's effectiveness as
a biosorbent for environmental clean-up efforts.

The XPS O 1s spectra for TACGC and Cr@TACGC offer
essential insights into the oxygen-containing functional groups
present and their roles in chromium adsorption. The TACGC
sample exhibits a significant peak at 531.09 eV, taking respon-
sibility for 83.6% of the spectral intensity. This peak is revealing
of the occurrence of carbonyl or carboxyl functional groups (C=
O or -COOH). These practical groups are critical as they

© 2025 The Author(s). Published by the Royal Society of Chemistry

represent key active places for the interaction and binding of
metal ions. Additionally, the peak at 532.88 eV (13.5%) corre-
sponds to hydroxyl or ether groups (-OH or C-O-C), while
a smaller peak at 535.44 eV (2.9%) likely represents adsorbed
water or weakly bonded oxygen species.*® Following chromium
adsorption, the O 1s spectrum of Cr@TACGC reveals a signifi-
cant alteration in the oxygen chemistry, displaying two chief
peaks at 532.4 eV (49.35%) and 533.99 eV (50.65%). The
observed peaks suggest the establishment of metal-oxygen (Cr-
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0) bonds alongside coordinated oxygen species. This observa-
tion indicates a chemical contact among chromium ions and
the oxygen practical groups present on the surface, specifically
the carboxyl and hydroxyl groups. These groups appear to
participate in electron donation and coordination processes
with Cr** ions. The identified changes in binding energies and
their redistribution demonstrate the serious role of oxygen-
containing practical groups in the adsorption of chromium.
This analysis underscores the effectiveness of Cr@TACGC as
a bio-sorbent for the extraction of metals.

The XPS analysis of the Cr 2p region for the Cr@TACGC
composite demonstrates that chromium has been successfully
adsorbed onto its surface, while also shedding light on its
oxidation states. The spectrum exhibits two significant peaks
located at binding energies of 585.3 eV and 578.03 eV, which are
associated with the Cr 2p,, and Cr 2p;, electronic states,
respectively. Notably, the Cr 2p;/, peak at 578.03 eV constitutes
32.84% of the overall signal and is indicative of trivalent chro-
mium ions (Cr(u)). Conversely, the higher-energy peak at
585.3 eV represents 67.16% of the total signal, reinforcing the
predominance of the Cr(m) oxidation state within the
composite. The validation and corresponding ratios of these
peaks indicate that chromium has been successfully immobi-
lized on the TACGC surface. This process is likely facilitated by
interactions that involve complexation with practical groups
comprising oxygen and nitrogen atoms. The described binding
mechanism facilitates the creation of a stable Cr(ur) complex by
the surface of the adsorbent. This observation highlights the
material's capability to serve as an effective and dependable bio-
sorbent for the removal of detrimental metals from aquatic
environments.*

The XPS evaluation of TACGC and Cr@TACGC yields
important data concerning the surface elemental composition
prior to and subsequent the chromium adsorption process,
suggesting that chromium has been effectively incorporated
into the composite material. In the spectrum corresponding to
TACGC (depicted in blue), notable peaks associated with C 1s, O
1s, and N 1s underscore the existence of carbon, oxygen, as well
as nitrogen elements. The components arise from the activated
carbon core combined with the biopolymer encapsulants of
gum guar and carboxymethylcellulose. These materials play
a crucial role in preserving structural stability and offering
functional groups that are important for the process of
adsorption.” Following the adsorption of chromium, the
Cr@TACGC spectrum (shown in orange) presents new peaks in
the 575-590 eV range, linked to Cr 2p, thereby confirming
chromium's presence on the material's surface. Furthermore,
minor changes in the relative intensities of the C, N, and O
peaks indicate potential surface interactions and coordination
between Cr ions and the practical groups, notably those con-
taining oxygen as well as nitrogen. The detection of chromium-
specific signals along with the variations in peak intensities
emphasize the material's capability to effectively bind chro-
mium, establishing Cr@TACGC as a chemically reactive and
multifunctional biosorbent suitable for the environmental
removal of metals, as illustrated in Fig. 5.
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3.1.7. Zero point of charge. The zero point of charge (pH,)
for the TACGC was determined through an analysis of the
relationship between ApH and initial pH, as illustrated in the
figure provided. The pH,. is ascertained at the point where
ApH reaches zero, which is found to be 3.59 (Fig. 6(a)). Beneath
a specific pH threshold, the surface of TACGC demonstrates
a net positive charge. Conversely, once the pH surpasses this
threshold, the surface charge shifts to a negative state. This
charge performance is particularly relevant to the adsorption
processes involving chromium species. The prevalence of these
species is contingent upon the pH level of the environment.*

3.2. Batch experiments

3.2.1. Outcome of pH. Fig. 6(b) illustrates a bar chart that
analyzes the result of initial pH levels on the adsorption capa-
bility (g.) of the TACGC in the extraction of Cr(vi). The experi-
mental conditions spanned a pH range from 2 to 8, and the
corresponding g. values, expressed in mg g™, were systemati-
cally recorded. The results underscore the significant impact of
pH on adsorption performance, revealing that maximum
adsorption capacity is achieved at pH 4, where it reaches a value
of 360 mg g~ . This finding designates pH 4 as the optimal state
for the elimination of Cr(vi) utilizing the TACGC composite.** At
pH levels of 2 and 3, there is a noteworthy reduction in the
adsorption capacity, with recorded values of 208 and 290 mg
¢~', individually. This indicates that lower pH conditions
adversely affect the adsorption capacity. This reduction is likely
attributable to excessive protonation of active sites that may
compete with Cr(vi) anions for available adsorption positions.
An rise in pH from 4 to 8 correlates with a significant reduction
in adsorption capacity, decreasing from 360 mg g~ ' by pH 4 to
220 mg g ' at pH 8. This decline may be attributed to height-
ened electrostatic repulsion occurring among the negatively
charged superficial of the adsorbent, which surpasses the pH,
of 3.59, and the anionic species of Cr(vi). The composite exhibits
a notable degree of adsorption efficiency even at higher pH
levels, indicating that alternative mechanisms, including the
chemical reduction of Cr(vi) to Cr(m), complexation, and phys-
ical entrapment, could contribute to the overall removal effi-
cacy. These results underscore that pH 4 is the most
advantageous condition for maximizing Cr(vi) uptake by the
TACGC.

3.2.2. Outcome of dose. The result of adsorbent dosage on
the efficacy of Cr(vi) removal utilizing the TACGC composite
sponge is illustrated in the figure provided. This figure presents
a graphical representation of adsorption capacity (g., measured
in mg g~ ") and removal efficiency (expressed as a percentage) in
relation to the original concentration of the adsorbent
(in mg L™"). A rise in adsorbent concentration from 0.01 to
0.5 mg mL™' corresponds with a significant reduction in
adsorption capacity, which decreases from more than 300 mg
g " to below 50 mg g~ . The observed decrease can be clarified
by the clustering of adsorbent units at elevated concentrations.
This phenomenon reduces the effective surface area and causes
the active sites to overlap, ultimately resulting in a less efficient
utilization of the adsorbent. Conversely, removal efficiency

© 2025 The Author(s). Published by the Royal Society of Chemistry
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outcome of contact time, (f) outcome of temperature on Cr(vi) adsorption onto TACGC.

shows a consistent upward trend, increasing from about 75% to
more than 98%, as a result of enhanced availability of binding
sites that support more complete elimination of Cr(vi) from the
solution.”® These observations illustrate the common trade-off
in adsorption processes between optimizing removal effi-
ciency and preserving high adsorption capacity per unit mass.
Consequently, it is essential to optimize the adsorbent dose
based on whether the goal is to enhance material efficiency or
achieve thorough contaminant removal (Fig. 6(c)).

3.2.3. Outcome of original concentration. Fig. 6(d) illus-
trates the result of the original concentration of Cr(vi) on its
removal efficiency utilizing the TACGC. The analysis presents

© 2025 The Author(s). Published by the Royal Society of Chemistry

the adsorption capability (g., quantified in mg g~ ") and removal
efficacy (expressed as a percentage) as they relate to diverse
original concentrations of Cr(vi) (measured in mg L™ ').** An
analysis of the data reveals that as the original concentration of
Cr(v1) escalates from 25 to 500 mg L™ ", the adsorption capability
demonstrates a consistent increase, ultimately reaching
a maximum of approximately 430 mg g ' at the highest
concentration. This observed trend can be attributed to an
enhanced driving force for mass transfer along with a greater
obtainability of Cr(vi) ions, which collectively promote their
diffusion towards the active places of the adsorbent. Conversely,
although the removal efficacy starts above 95% at lower
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concentrations, it progressively decreases with an increase in
concentration, dropping to below 70% at the maximum
concentration confirmed. The observed decrease can be credi-
ted to the insufficient obtainability of adsorption places, which
cannot effectively hold the excess Cr(vi) ions when present in
higher concentrations, leading to a saturation of the surface.
These findings suggest that while higher initial concentrations
can boost the adsorption capacity of TACGC, the overall removal
efficiency decreases due to a limitation in available sites. This
underscores the necessity of optimizing concentration levels to
achieve the best performance in real-world applications.

3.2.4. Outcome of contact time. Fig. 6(e) offerings an
examination of the influence of contact duration on the
adsorption process of Cr(vi) onto the TACGC composite sponge,
highlighting the adsorption capability (g, expressed in mg g )
over a time frame measured in minutes. The results indicate
a prompt escalation in the absorption of Cr(vi) during the initial
stages, notably within the first 30 min, where the adsorption
capability involvements a important increase. This phenom-
enon can be accredited to the high obtainability of active places
present on the surface of the TACGC sponge during this period.
As time continues, the rate of adsorption gradually decreases,
and the curve starts to plateau, representing that the active
places are nearing saturation and equilibrium is being ach-
ieved. After 80 min, the adsorption capacity stabilizes at
approximately 390 mg g~ ', suggesting that equilibrium has
been reached, resulting in no significant further uptake. This
pattern corresponds with typical pseudo-second-order kinetic
behavior, emphasizing the role of chemisorption.*® The initial
fast adsorption followed by a gradual leveling off illustrates the
effectiveness of TACGC in swiftly removing Cr(vi) from the
solution and confirms that a contact time of around 80-90 min
is adequate for attaining optimal removal efficacy under the
specified conditions.

3.2.5. Outcome of temperature. Fig. 6(f) exemplifies a bar
graph demonstrating the impact of temperature on the elimi-
nation efficiency of Cr(vi) when utilizing the TACGC composite
sponge, inside a temperature from 20 to 45 °C. The results
reveal a different positive correlation between temperature and
elimination efficacy, implying that the adsorption mechanism
operates under endothermic conditions. At 20 °C, the removal
efficiency stands at 67%, but this figure increases progressively
with rising temperatures reaching 75% at 25 °C, 81% at 30 °C,
85% at 35 °C, and peaking at 97% at 45 °C. The enhanced
elimination of Cr(vi) at increased temperatures can be eluci-
dated through various mechanisms. Elevated temperatures
elevate the mobility and diffusion rates of Cr(vi) ions, facili-
tating their movement toward the surface of the adsorbent. This
thermal increase also promotes greater accessibility to active
sites by expanding or loosening the structure of the composite.
Furthermore, it may lead to intensified interactions, including
chemisorption or surface complexation.*® These results imply
that elevated temperatures improve the adsorption process,
supporting the notion that TACGC functions effectively as
a heat-assisted system, and suggesting that its operational
performance can be optimized under moderate thermal
conditions.
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3.3. Adsorption isotherm

The request of adsorption isotherm models is vital for sympa-
thetic the equilibrium dynamics and the mechanisms of surface
communications that dictate the adsorption behavior of Cr(vi)
onto the TACGC. These models deliver invaluable information
regarding adsorption capacity, surface properties, and the
nature of the binding process, which facilitates the effective
design and optimization of treatment systems. The Langmuir
isotherm model proposes that adsorption receipts in a mono-
layer format on a homogenous surface that has a limited
number of active sites. This framework assists in determining
both the maximum capacity for adsorption and the binding
affinity of TACGC concerning Cr(vi).*” In contrast, the model of
Freundlich isotherm characterizes multilayer adsorption
occurring on a varied surface, signifying variations in the energy
of adsorption sites and their affinity to adsorbates. The
constants associated with this model reflect both the strength
and the favorability of the adsorption mechanism.** The Dubi-
nin-Radushkevich (D-R) model is utilized to distinguish
between physical and chemical adsorption through the evalu-
ation of the mean free energy (E). By calculating the mean free
energy (E), the Dubinin-Radushkevich (D-R) model is used to
differentiate between chemical and physical adsorption.
Specifically, values that are below 8 kJ mol ™' indicate
a predominance of physisorption, whereas values exceeding
this threshold are indicative of chemisorption.*® The Temkin
isotherm provides a framework for understanding the interac-
tions present among the adsorbate and adsorbent, suggesting
that the heat released throughout the adsorption procedure
decreases in a linear way as the attention increases. This rela-
tionship offers valuable visions into the energy distribution and
the relative intensity of the connections involved.*® Further-
more, the Jossens isotherm, based on energy distribution
theory, offers a deeper sympathetic of heterogeneous surfaces
and cooperative adsorption effects, implying that the TACGC
sponge exhibits a complex and energetically varied adsorption
profile.* Together, these models create a comprehensive
framework for characterizing and enhancing Cr(vi) adsorption
performance, enabling the assessment of adsorption mecha-
nisms, surface behavior, and system design across diverse
environmental conditions (Table S4).

There are numerous important benefits to employing the
Langmuir adsorption isotherm model when removing Cr(vi)
with the TACGC. This model provides a clear theoretical foun-
dation for efficiently evaluating the adsorption features since it
assumes that monolayer adsorption occurs on a small number
of uniform surface locations.”” The findings reveal that the
experimentally determined maximum adsorption capacity (gm
exp) is 402.97 mg g, closely identical the theoretical g, value
of 404.87 mg g '. This near equivalence illustrates a significant
consistency between the empirical data and the model's
projections, as detailed in Table S5. The Langmuir constant (Ky,)
of 0.05896 L mg " indicates a moderate empathy between Cr(vi)
and the active sites on TACGC, suggesting a significant inter-
action that does not result in irreversible binding. Additionally,
the dimensionless separation factor (R;) with a value of 0.077,
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falling among 0 and 1, signifies that the adsorption procedure is
promising under the specified experimental conditions. In
summary, the Langmuir model not only provides a precise
measurement of adsorption capacity but also enhances the
understanding of surface homogeneity, site saturation, and
binding efficiency, thus serving as an effective instrument for
optimizing system design and forecasting performance in
practical applications aimed at Cr(vi) remediation using
TACGC, as thorough in Table S6.

Applying the Freundlich adsorption isotherm model to
investigate the efficacy of the TACGC in removing Cr(vi) offers
significant advantages for elucidating the surface belongings of
the solid and the mechanisms driving its adsorption processes.
In contrast to the model of Langmuir, which assumes a uniform
surface with adsorption occurring in a single layer, the model of
Freundlich is based on experiential data and is applicable to
heterogeneous surfaces that feature varying energy sites. This
characteristic enables the Freundlich model to account for
multilayer adsorption processes. The Freundlich constant, with
a value of n = 3.32, designates that the adsorption procedure is
both favorable and significant. This is evidenced by the fact that
values exceeding one reflect pronounced interactions among
the adsorbate and the adsorbent.*® The Freundlich constant,
represented as Ky = 91.65 (mg g %) (L mg™4)*", quantitatively
reflects the adsorption capability of the sponge, demonstrating
its significant affinity for Cr(vi) ions. Utilizing the Freundlich
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model elucidates the existence of various binding sites on the
TACGC and reinforces the idea that Cr(vi) removal happens not
only through surface adsorption but also potentially through
complex interactions involving multiple layers or energy levels.
This characteristic of the model proves to be particularly
advantageous for simulating authentic environmental condi-
tions characterized by surface heterogeneity, as demonstrated
in Fig. 7(a).

The request of the Dubinin-Radushkevich (D-R) isotherm
model for investigating the adsorption of Cr(vi) on the TACGC
provides a comprehensive insight into the fundamental mech-
anisms and energy dynamics involved in the adsorption
process. This analysis goes deeper than just considering the
surface topology, highlighting the complexities of the interac-
tions at play.*® In contrast to the models of Langmuir as well as
Freundlich, which assume of a homogeneous surface and
consistent adsorption potential, the D-R model excels in di-
stinguishing among physical as well as chemical adsorption
procedures. The data reveals a maximum adsorption capability
(Qpgr) of 377.84 mg g™, underscoring the noteworthy uptake
efficiency of TACGC. Furthermore, the mean free energy of
adsorption (E,), intended from the model, is determined to be
33.6 k] mol '. This figure is significantly higher than the
conventional value of 8 k] mol ™", indicating that the adsorption
of Cr(vi) is predominantly driven by chemisorption. This
procedure likely involves strong connections, which may
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comprise mechanisms such as ion exchange, complexation, or
electron sharing. The identified energy level designates that the
adsorption device is not merely reliant on weak van der Waals
interactions; rather, it engages stronger and more defined
chemical bonds.

The application of the Temkin adsorption isotherm model
for the extraction of Cr(vi) using the TACGC offers multiple
advantages, as it accounts for the interactions between the
adsorbates and the adsorbents, in addition to variations in
adsorption energy in relation to surface coverage. These factors
are often neglected by other models, such as the Langmuir
isotherm.?* The model of Temkin posits that as the surface
approaches saturation, the heat of adsorption decreases line-
arly, which better represents adsorption dynamics on hetero-
geneous surfaces. In the data presented, the Temkin binding
energy constant (by) is recorded at 33.22 ] mol ', signifying
a moderate strength of communication among Cr(vi) and the
TACGC surface. The equilibrium binding constant (k) value of
1.46 L mol ™" suggests a significant level of affinity between the
adsorbent and Cr(vi) ions. This strong binding characteristic
indicates effective interactions, which may improve the
adsorption procedure within the given system. The results
indicate that the adsorption procedure is administrated by both
physical mechanisms and chemical interactions, which are
determined by the variation in surface energy distribution. The
model of Temkin delivers important visions into the thermo-
dynamic properties associated with the adsorption of Cr(vi). It
highlights the variation in interaction energies across the
adsorption procedure, which is instrumental in enhancing the
design of optimized adsorption systems that incorporate
TACGC materials.

The utilization of the Jossens adsorption isotherm model in
the context of Cr(vi) adsorption via the TACGC offers significant
analytical perspectives regarding the heterogeneity of the
surface and the distribution of energy across the adsorption
sites. In contrast to traditional isotherm models that presume
uniform energy across sites, the Jossens model is rooted in
energy distribution theory, making it particularly effective for
examining systems with complex surface characteristics. The
Jossens equilibrium constant (K = 24.49 L mg ') signifies
a significant interaction between Cr(vi) ions and the active sites
present on the TACGC sponge. Additionally, the very low n value
(0.047) highlights a restricted energy distribution, suggesting
that adsorption primarily involves high-energy binding sites.
This limited distribution could indicate specific or selective
binding interactions, possibly involving chemisorption or
strong electrostatic forces.> The Jossens model illustrates not
only the presence of advantageous energetic interactions but
also confirms the heterogeneous surface architecture of the
TACGC sponge (Fig. 7(a)).

The Toth adsorption isotherm model presents notable
advantages in the examination of the adsorption process of
Cr(vi) onto the TACGC composite sponge, particularly in its
ability to represent systems that do not conform to ideal
monolayer adsorption due to varying surface characteristics.
This model serves as a generalized approach that effectively
connects the Langmuir and Freundlich isotherms, making it
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particularly relevant when the adsorption surface comprises
places with varied energy stages. The information reveals that
the sponge exhibits a maximum adsorption capability (g.,) of
438.94 mg g~ ', importance its significant efficacy in the uptake
of Cr(vi). Additionally, the Toth constant (K, = 21.54 L. mg ™)
suggests a pronounced affinity between the Cr(vi) ions and the
TACGC surface. Additionally, the Toth exponent (¢t = 1.06),
which is close to 1, implies that the system behaves similarly to
Langmuir-type adsorption while exhibiting minor heterogeneity
among the active sites. This balance enhances the Toth model's
capacity to accurately describe real-world systems, which typi-
cally lack perfect surface uniformity. Therefore, the utilization
of the Toth isotherm model facilitates a more precise and flex-
ible assessment of Cr(vi) adsorption efficiency on TACGC, which
further bolsters its applicability in intricate environmental
remediation initiatives.**

The evaluation of adsorption isotherms reveals that the
TACGC composite sponge exhibits significantly enhanced
performance in the adsorption of Cr(vi) compared to the
unmodified TAC. This superior efficacy is attributed to the
synergistic interactions between the activated carbon core and
the functionalized GG-CMC-IA polymer matrix. According to
the Langmuir model, TACGC demonstrates a notable increase
in monolayer adsorption capacity, with values of ¢, =
404.87 mg g~ for TACGC, in contrast to 322.7 mg g~ * for TAC
Fig. S1(a). Additionally, TACGC shows an increased affinity
constant (K; = 0.05896 L mg ' versus 0.029 L mg ') and
a substantially lower R_L value (0.077 as opposed to 0.62),
suggesting a more favorable and robust binding process. The
advantages of TACGC are further substantiated by the Freund-
lich parameters, which indicate a higher heterogeneity factor (n
= 3.32) and nearly double the adsorption capacity at low
concentrations (Kz = 91.65 mg g ' (L mg )" compared to
53.19 mg g ' (L mg """ The Dubinin-Radushkevich
isotherm analysis corroborates the pronounced chemisorptive
characteristics of TACGC, which reveals greater sorption energy
(E. = 33.6 k] mol " as opposed to 31.4 k] mol ') and an elevated
maximum capacity (Qpr = 377.84 mg g ' contrasted with
312.6 mg g '). Furthermore, both the Temkin and Jossens
models signify stronger adsorbate-adsorbent interactions for
the composite sponge, evidenced by a higher Ky (1.46 relative to
0.244 L mol ), an increased by (33.22 versus 27.58 ] mol ), and
a significantly elevated Jossens equilibrium constant (24.49
compared to 7.91 L mg ). The Toth model reinforces these
findings, indicating the superior structural homogeneity and
enhanced affinity of TACGC, which is characterized by a higher
maximum capacity (438.94 mg g~ as opposed to 322.16 mg
g 1), a stronger binding constant (Ky = 21.54 relative to 15.85 L
mg '), and a t value approaching unity (1.06), suggesting a more
uniform distribution of active sites post-polymer encapsulation.
Collectively, these parameters affirm that the TACGC composite
sponge offers improved pore accessibility, enhanced surface
functionality, stronger electrostatic and complexation interac-
tions, as well as more energetically favorable adsorption sites in
comparison to TAC alone, culminating in significantly elevated
efficiency for Cr(vi) removal (Table S6).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4. Adsorption kinetics

The utilization models of adsorption kinetics, including
pseudo-first-order,*” pseudo-second-order,* Intraparticle diffu-
sion,* and Elovich, is essential for elucidating the rate, mech-
anisms, and controlling factors involved in the adsorption of
Cr(vi) onto the TACGC.* The pseudo-first-order model is based
on the concept that the rate of adsorption is directly propor-
tional to the quantity of vacant places obtainable for occupa-
tion, which is often associated with physisorption mechanisms.
An inadequate fit to this model could suggest that physical
interactions by themselves may not sufficiently explain the
uptake of Cr(vi). In contrast, the model of pseudo-second-order
proposes that the adsorption mechanism is primarily driven by
chemisorption, characterized by the exchange or distribution of
electrons among Cr(vi) ions and the functional groups situated
on the surface of TACGC. A strong correlation with this model
suggests that chemical interactions are pivotal in determining
the adsorption rate. The Intraparticle diffusion model assesses
the role of Cr(vi) ion diffusion into the internal pores of the
sponge as a potential limiting factor in the overall reaction rate.
A multi-linear plot would suggest that the adsorption procedure
happens in multiple stages, encompassing both external film
diffusion and intraparticle transport dynamics. Additionally,
the model of Elovich shows to be exceptionally insightful for
elucidating the process of adsorption happening on heteroge-
neous surfaces considered by varying adsorption energy. This
model is regularly applicable to chemisorption phenomena on
materials exhibiting considerable surface irregularities. A solid
fit with the Elovich equation indicates that factors such as
surface activation and varying interaction energies are crucial in
the adsorption of Cr(vi). These models serve a dual purpose:
they enable precise measurement of adsorption kinetics and
assist in determining the mechanisms governing the adsorp-
tion process. Specifically, they can indicate if the process is
predominantly influenced by diffusion, characterized by
chemical interactions, or affected by the variability in surface
characteristics. This insight is crucial for advancing our
comprehension and optimizing the effectiveness of the TACGC
sponge in the removal of Cr(vi) (Table S4).

The application of the pseudo-first-order kinetic model in
examining the adsorption of Cr(vi) onto the TACGC yields
valued visions into the preliminary rate and underlying mech-
anism of the adsorption process.*> This model is founded on the
hypothesis that the variation in the adsorption rate over time is
directly related to the quantity of available active sites. This
relationship generally corresponds with physisorption mecha-
nisms, considered by relatively weak van der Waals forces
(Table S5). The data indicate a rate constant (K;) of 0.0495 X
107> min~ ", suggesting a relatively slow physisorption rate
under the analyzed conditions. Although the pseudo-first-order
model may not completely encapsulate the entire adsorption
phenomenon, particularly in instances where chemisorption
plays a major role, it is particularly effective in delineating the
initial phases of adsorption, wherein physical interactions and
surface diffusion are expected to dominate. Furthermore,
comparing this model with other kinetic frameworks allows

© 2025 The Author(s). Published by the Royal Society of Chemistry
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researchers to assess whether physical or chemical interactions
primarily influence the overall process. As a result, employing
the pseudo-first-order model facilitates a deeper mechanistic
comprehension of Cr(vi) adsorption on TACGC, especially in
scenarios where the dynamics of initial surface interactions are
of significant importance (Table S7).

The kinetic model of pseudo-second-order is utilized to
elucidate the way of Cr(vi) adsorption on the TACGC, offering
insights into the chemisorption mechanism. In this context, the
adsorption rate is determined by the chemical bonds formed
through electron sharing or exchange between Cr(vi) ions and
the active practical groups present on the TACGC surface.” This
model posits that the capacity for adsorption is directly related
to the square of the number of unoccupied sites, making it
particularly applicable in scenarios dominated by chemical
interactions. Analysis of the provided data reveals a rate
constant (K,) of 9.68136 x 10 > g mg ' min ' as well as an
equilibrium adsorption capability (g.) of 404.85 mg g™, which
is consistent with empirical measurements. This close correla-
tion validates that the adsorption dynamics obey to second-
order kinetics, highlighting the significance of chemical reac-
tions occurring at the adsorbent surface. The primary advantage
of this model is its capacity to accurately forecast adsorption
behavior over time, facilitate the design of optimal contact
durations, and elucidate surface interaction characteristics.
This makes it particularly advantageous for enhancing the
efficacy of TACGC in the elimination of Cr(vi) from water solu-
tions, as proved in Fig. 7(b).

The investigation of Cr(vi) adsorption onto the TACGC
composite sponge using the intraparticle diffusion kinetic
model offers crucial information on the fundamental diffusion
pathways that control the adsorption procedure. This model
plays a crucial role in identifying whether the movement of
Cr(vi) ions within the adsorbent's internal structure, rather than
adsorption on its outside surface, is the rate-limiting step. The
data indicates that the intraparticle diffusion rate constant (Kj)
has a recorded value of 40.38 mg g~* min~*?, Additionally, the
width of the border layer (X) is measured at 57.78 mg g~ *.>* This
notable value proposes a resistance to external mass transfer
and underscores the substantial influence of boundary layer
diffusion. The model indicates that if intraparticle diffusion is
the only factor governing the rate of the process, the plotted
graph of the amount adsorbed against time squared would
commence from the origin. However, a non-zero intercept
indicates that multiple stages are at play, including initial
surface adsorption followed by deeper intraparticle diffusion.
Employing this model facilitates a distinct delineation between
the impacts of external and internal diffusion, aids in the
optimization of variables such as particle size and agitation
speed, and improves the comprehension of the adsorption
mechanism. This is especially pertinent for advancing TACGC-
based systems designed to efficiently eliminate Cr(vi) from
water sources.

Employing the model of Elovich kinetic to examine the
adsorption of Cr(vi) onto the TACGC composite sponge offers
significant advantages for understanding adsorption dynamics
on surfaces characterized by energetic heterogeneity. This
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method is mainly advantageous in contexts where chemisorp-
tion plays a dominant role in the adsorption procedure. This
model operates under the hypothesis that the adsorption rate
decreases exponentially over time, a phenomenon attributed to
the gradual saturation of high-energy sites. This behavior is
typical of adsorbents exhibiting diverse active sites, such as
TACGC. According to the data provided, the original adsorption
rate () is resolute to be 0.0048 mg g ' min ', while the
desorption constant () is recorded at 108.58 g mg '. These
figures suggest a relatively slow, yet energetically favorable
adsorption process that becomes progressively slower as the
surface becomes more populated (Table S7). The Elovich model
demonstrates to be notably useful in scenarios where the
adsorption process deviates from simple first- or second-order
kinetics. Additionally, it is effective in cases where the adsorp-
tion rate is influenced by variations in surface activation and
energy distribution. The robustness of this study is attributed to
its ability to clarify the complex kinetics that govern the
adsorption process of Cr(vi) onto TACGC as a role of time. This
investigation offers significant insights into activation energies,
the variability of surface characteristics, and the nature of
connections that occur among the adsorbate and the adsorbent.
The Elovich model aids as an important tool for studying and
improving adsorption mechanisms within the context of real-
world water treatment applications.>®

The kinetic parameters provide compelling evidence that the
TACGC composite sponge exhibits markedly superior adsorp-
tion efficiency for Cr(vi) when compared to raw TAC. This
enhancement can be attributed to the composite's synergistic
structural and chemical properties. Notably, the pseudo-
second-order model, which is representative of systems gov-
erned by chemisorption, reveals a significantly higher rate
constant for TACGC (K, = 9.68136 x 10> ¢ mg ' min') in
contrast to that of TAC (5.68 x 10™> g mg™ "' min~"). This finding
substantiates the notion that TACGC engages in considerably
more rapid electron-sharing or electron-exchange interactions
with chromium species (Fig. S1(b)). Additionally, TACGC
demonstrates a greater theoretical equilibrium uptake (g =
404.85 mg g~ ') relative to TAC (323.2 mg g~ '), implying a higher
density of active sites and improved utilization of surface
functionalities. Further supporting this advantage is the intra-
particle diffusion model, which indicates that TACGC possesses
a higher diffusion rate constant (K; = 40.38 mg g~ ' min~"?)
compared to TAC (35.44 mg g~ min~"/?). This suggests that the
mesoporous polymer-carbon framework of the composite
promotes more efficient transport of Cr(vi) into its internal
pores. The observation of an elevated boundary layer thickness
(X = 57.78 mg g for TACGC vs. 36.82 mg g for TAC) also
points to a more pronounced external-surface interaction zone,
which aligns with enhanced electrostatic attraction and redox
properties.®* Moreover, the Elovich model, indicative of
heterogeneous chemisorption, presents higher values for
« (0.0048 mg g " min~" for TACGC compared to 0.002 for TAC),
reinforcing the conclusion that TACGC offers more energeti-
cally favorable active sites for the initial uptake of chromium.
Lastly, the experimental adsorption capacity adheres to these
observed trends, with TACGC achieving a capacity of 406.22 mg
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g " versus 326.6 mg g~ for TAC, thereby indicating a consider-
able enhancement in both the rate of adsorption and maximum
capacity. In aggregate, these kinetic parameters demonstrate
that the GG-CMC-IA polymer encapsulation not only preserves
but significantly augments the accessibility, reactivity, and
diffusivity of the activated carbon, thereby establishing TACGC
as a markedly more effective material for the removal of Cr(vi)
than TAC alone (Table S7).

3.5. Mechanism of diffusion

Regarding the adsorption of Cr(vi) onto the TACGC, the plot of
intraparticle diffusion is depicted in the figure.>® The graph
presents an analysis of the association among adsorption
capacity (gJ) and the square root of time (¢*?), a commonly
employed method for evaluating the diffusion mechanism and
identifying possible rate-limiting factors in the adsorption
procedure. The curve clearly segments into three distinct linear
phases: Stage I, Stage II, and Stage III, with each segment rep-
resenting a specific stage in the broader adsorption mecha-
nism. Stage I indicates the initial phase characterized by a rapid
uptake of Cr(vi) ions, attributed to boundary layer or external
surface diffusion. During this stage, Cr(vi) ions are quickly
absorbed onto the TACGC's outer surface, taking advantage of
the readily available active sites, resulting in a steep slope on the
graph. Stage II reflects the intraparticle diffusion phase, where
Cr(v1) ions begin to penetrate the sponge's internal pores. This
phase occurs at a slower rate and typically controls the overall
adsorption kinetics (Fig. S1(c)). Finally, Stage III represents the
equilibrium phase, where the rate of diffusion decreases, and
the adsorption capacity stabilizes as most active sites become
saturated. The significant finding that the lines fail to meet at
the origin proposes that intraparticle diffusion is not solely
responsible for the rate-limiting factors involved. Both
boundary layer resistance and surface adsorption are also
significant contributors to the overall kinetics. This complex
multi-phase process underscores the intricacies related with the
Cr(vi) adsorption on the TACGC. It underscores the critical need
for optimizing various operational parameters, including
contact time, adsorbent dosage, and mixing techniques, to
efficiently advance the efficacy of removal, as illustrated in
Fig. 7(c and d).

3.6. Adsorption thermodynamics

The figure presented illustrates the relationship between
temperature and the adsorption of Cr(vi) onto the TACGC,
analyzed through Van't Hoff, Arrhenius, and Gibbs free energy
methodologies. In Fig. 8(a), the Van't Hoff graph demonstrates
a linear connection among InK. and 1/7, facilitating the
determination of a positive enthalpy change (AH°® =
93.45 kJ mol™ ") along with a positive entropy change (AS° =
325.57 ] mol ™' K), as detailed in Table S8. This suggests that the
adsorption mechanism is endothermic in nature and correlates
with a rise in disorder at the solid-liquid boundary. This
phenomenon is probably linked to the desolvation of Cr(vi)
ions, which subsequently leads to structural alterations within
the sponge matrix. Typically, physisorption processes are
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Fig. 8 (a) Van't Hoff plot, (b) Arrhenius plot, and (c) effect of temperature on AG®.

characterized by enthalpy values below 40 k] mol !, whereas
chemisorption generally falls within the range of 40 to
200 kJ mol ™, attributed to the establishment of stronger inner-
sphere interactions between the adsorbate and the surface
functional groups. In the present study, Cr(vi) species (HCrO, /
Cr,0,°7) are subjected to a two-step mechanism: an initial
electrostatic attraction to the protonated TACGC surface, fol-
lowed by an in situ reduction to Cr(im) facilitated by electron-rich
oxygenated and nitrogen-containing functional groups, culmi-
nating in subsequent chelation or inner-sphere complexation
with carboxyl and hydroxyl groups within the GG-CMC-IA
matrix. This redox-complexation pathway necessitates consid-
erable energy input, as evidenced by the elevated AH® value.
Moreover, the significant positive entropy change (AS® = +325.7
J mol " K™ further corroborates this hypothesis; the reduction
of Cr(v1) to Cr(m) results in the release of bound water molecules
and an increase in disorder at the solid-solution interface. The
literature corroborates the presence of comparably high
enthalpy values (70-120 k] mol ') associated with Cr(vi)
adsorption systems characterized by redox transformations and
robust coordination interactions. Consequently, the reported
AHP° is consistent with the anticipated thermodynamic profile of
Cr(vi) chemisorption involving reduction, surface complexation,
and strong ligand binding on functionalized carbon—polymer
composites.

In Fig. 8(b), the Arrhenius plot illustrating Ink, vs. 1/T
demonstrates a clear linear correlation. This relationship is
instrumental in calculating the activation energy (E,), which is
determined to be 44.8 k] mol™', as shown in the same figure.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The significance of this activation energy lies in its exceedance
of the conventional benchmark of 40 k] mol™, a critical value
that differentiates physical adsorption from chemical adsorp-
tion. Consequently, this result suggests that the mechanism
governing the removal of Cr(vi) onto TACGC is predominantly
driven by chemisorption.”® Chemisorption is characterized by
stronger interactions, including electron sharing, redox reac-
tions, and surface complexation, which are consistent with the
redox-active sites present in tobacco-derived activated carbon
and the functional groups (-COOH and -OH) from the polymer
matrix.>” In summary, the data from the three plots collectively
demonstrates that the Cr(vi) adsorption onto TACGC is char-
acterized as an endothermic process that is both spontaneous
and chemically driven. This phenomenon exhibits an increase
at elevated temperatures, as depicted in Fig. 8(c).

Fig. 8(c) illustrates a noticeable trend in the Gibbs free
energy change (AG°), indicating that as the temperature rises,
the values of AG° progressively shift toward more negative
values. Specifically, these values demonstrate a range approxi-
mately from —2 to —10 kJ mol " throughout the temperature
range examined.*® This observation suggests that the adsorp-
tion process exhibits spontaneity and becomes increasingly
thermodynamically favorable with rising temperatures.

3.7. Interaction mechanism

The interaction mechanism involved between Cr(vi) and TACGC
composite, is influenced by various factors, including electro-
static attraction, redox transformations, surface complexation,
and diffusion-driven entrapment. Under optimal, mildly acidic
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conditions, specifically around a pH of 4, the surface of the
composite acquires a positive charge as the pH approaches the
point of zero charge of the material (pH,,. = 3.59). This alter-
ation in surface charge enhances the electrostatic attraction
towards the predominant anionic forms of Cr(vi), specifically
HCrO,” and Cr,0,”". These anions initially approach the
protonated polymer shell before migrating inward through
mesoporous and microporous pathways present in the activated
carbon core. Upon contact with the abundant electron-rich
functional groups containing oxygen and nitrogen (such as —
OH, -COOH, C=0, and amine-like entities), Cr(vi) is subjected
to reduction to its trivalent form (Cr(m)), a process that is
facilitated by the redox-active nature of the carbon surface. The
resultant Cr(m) subsequently forms stable inner-sphere
complexes with the carboxyl and hydroxyl groups located
within the GG-CMC matrix, leading to significant chemisorp-
tion. Beyond these chemical interactions, the porous architec-
ture of the TACGC, reinforced through crosslinking with
itaconic acid, permits additional physical entrapment and
hydrogen bonding, thereby enhancing metal uptake. While the
presence of competing ions such as sodium (Na") can reduce
the efficiency of this process by compressing the electrical
double layer or competing with Cr(m) for negatively charged
sites, the maintenance of optimal pH levels, facilitation of in
situ reduction of Cr(vi), or incorporation of selective functional
groups may alleviate this issue. Ultimately, the synergistic
interaction of electrostatic forces, redox reactions, complexa-
tion phenomena, and diffusion processes collectively enables
the effective penetration of chromium species into the encap-
sulated matrix, resulting in a strong binding capacity within the
TACGC and culminating in a highly efficient adsorption
mechanism.”

3.8. Effect of coexisting ions

Different concentrations of sodium chloride (NaCl) solutions,
specifically between 10 and 40 g L', were added to an ion-
containing solution. This experiment was designed to evaluate
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how variations in ionic strength influenced the adsorption
behavior of Cr(vi) ions when utilizing a TACGC. The examina-
tion presented in Fig. 9(a) indicates a pronounced reduction in
the removal efficacy of Cr(vi) correlated with an increase in ionic
strength. Significantly, the adsorption capacity experienced
notable deterioration once the concentration of Na" attained
50 g L', The results indicate that the incorporation of NaCl
unfavorably affected the electrostatic connections between
Cr(vi) and the TACGC. Furthermore, this observation lends
credence to the notion that a chemical communication takes
place among Cr(vi) ions and the TACGC.*

Fig. 9(b) offers a comprehensive inspection of the impact
that different salts, particularly NaCl, Na,COj3, and KNOj3, have
on the adsorption capacity of a TACGC for Cr(vi) ions. This
analysis is conducted under a regulated temperature of 25 °C
besides a pH of 4, allowing for a controlled assessment of the
interactions involved. The different ions produced by the
dissociation of these salts are responsible for the variances in
the effectiveness of Cr(vi) removal, underscoring the intricate
interactions at work. The efficiency of Cr(vi) ion removal
exhibited a pronounced correlation with the inclusion of 0.1 M
NaCl. This influence became chiefly apparent when an adsor-
bent dosage of 0.02 g was employed, while consistently main-
taining the pH at 4, adhering to established temperature
situations, and utilizing a sample capacity of 25 mL.** The
findings suggest that sodium chloride and Cr(vi) ions interact
significantly, which may have an effect on the availability of
essential active binding locations needed for the adsorption
mechanism. The efficacy of adsorption seems to be barely
affected by the presence of 0.1 M Na,CO; in the aqueous solu-
tion. However, the adsorption capacity for Cr(vi) is decreased at
the addition of 0.1 M KNO;, indicating a significant interaction
involving KNO; as well as the adsorbent surface.

3.9. Effect on real water samples

Using the batch equilibrium approach, the efficacy of the
synthesized TACGC in removing Cr(vi) from a variety of water
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(a) The influence of NaCl, (b) the influence of different salts on the adsorption of Cr(vi) ions on TACGC.
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Fig. 10 Result of Cr(vi) adsorption from real water samples via TACGC.

sources, such as seawater, industrial effluent, and potable tap
water, was methodically assessed. For the removal of Cr(vi), an
exact mass of 200.0 = 1.0 mg of the TACGC was meticulously
chosen for the analysis. A 100 mL solution containing chro-
mium in the hexavalent state (Cr(vi)) was systematically mixed
with a water sample along with a predetermined quantity of
sponge material. The removal process of Cr(vi) from various
water sources, including tap water, seawater, and wastewater,
was directed concluded a shaking period of 100 min. The
removal efficiencies recorded after the completion of the third
extraction cycle were as follows: 74.6% for wastewater, 96.2% for
tap water, and 62.8% for seawater.* The findings suggest
a substantial impact of water source on extraction efficiency.
Interestingly, both tap water and wastewater showed higher
recovery rates than seawater, highlighting a complex link
between the kind of water used and the extraction process'
efficacy (Fig. 10).

3.10. Reusability

In this investigation, 0.02 g of TACGC was used to treat a 50 mL
aqueous solution containing 100 mg L™ of Cr(vi) ions. The
study lasted for 100 min and was carried out at a pH of 6.
Improving the adsorption capability of Cr(vi) ions onto the
material was the main goal of this experimental setup. The
absorbent that accumulates Cr(vi) ions was then submerged in
a 50 mL solution of 0.05 mol L™" ethylenediaminetetraacetic
acid (EDTA) after the filtration process. For four hours, the
mixture was continuously stirred at a carefully regulated
temperature of 298.15 K. The purpose of this procedure was to
promote the desorption process by improving the contact
between the absorbent material and the EDTA solution. After
this phase, the main technique used to extract the TACGC from
its composite matrix was centrifugation. Afterward, a washing
phase applying distilled water was implemented to guarantee
the removal of impurities. After this cleaning process, the
membrane was subjected to drying under vacuum conditions at
a precisely regulated temperature of 333 K, which prepared it for
reintegration in the following cycle. Five thorough iterations of
the adsorption and reactivation processes were carried out. One
important feature of the sorbent that highlights its usefulness
for possible commercial applications is its remarkable reac-
tivation capability.®** Retention capacities were significantly
reduced during the course of five consecutive cycles of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorption and desorption, providing values of 96.8, 94.1, 91.6,
88.4, and 84.6% of the starting capacity for each cycle, respec-
tively. This steady decrease in uptake can be attributed to the
material's changing geometric structure and active site deple-
tion, which become more noticeable with each cycle repetition.
The TACGC exhibits effective performance for up to five cycles,
as shown in Fig. 11. This finding implies that the adsorbent
consistently maintains its stability over the course of the
testing. The findings suggest that the TACGC has significant
potential for efficient recycling processes. XRD analysis was
carried out both before and after the regeneration process to
assess the stability of the TACGC, as depicted in Fig. S2(a). The
research shows that even after five regeneration cycles, the
adsorbent's structural integrity is unaffected.®**® The FT-IR
spectra of fresh and regenerated TACGC show that the
composite sponge retains structural integrity after multiple
cycles of Cr(vi) removal, indicating chemical stability. Both
samples exhibit a broad band at 3300-3400 cm ™ related to O-H
and N-H stretching from hydroxyl, carboxyl, and amine groups
in the GG-CMC-IA polymer and activated carbon surface, sug-
gesting functional group stability post-regeneration. Peaks near
2900 em™~" demonstrate minimal intensity reductions, indi-
cating preserved functionality. The C=O stretching region
(1650 to 1720 cm™ ') remains intact, with minor intensity shifts
due to chromium complexation. The fingerprint region (1000-
1200 cm ') shows C-O-C stretching and polysaccharide back-
bone vibrations in both samples, confirming GG-CMC integrity.
The regenerated TACGC displays slightly increased trans-
mittance, indicating effective Cr species removal via EDTA
washing. The absence of new peaks confirms no irreversible
chemical reactions or degradation, reaffirming TACGC's func-
tional group retention, structural stability, and reusability
(Fig. S2(b)). The SEM micrograph of the regenerated TACGC
composite shows that it retains its unique porous and inter-
connected sponge-like structure after multiple adsorption-
desorption cycles, demonstrating significant morphological
stability. Its surface features a diverse arrangement of micro-
and mesopores, with irregular rough areas, indicating that the
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polymer-carbon framework remains intact during interactions
with Cr(vi) and the EDTA regeneration solution. While slight
surface smoothing and small fissures are present, likely from
chromium deposition and removal, the pore channels are
unobstructed, ensuring efficient mass transfer. The absence of
extensive collapsed regions confirms that the GG-CMC-IA
matrix protects the TAC particles from structural degradation.
Additionally, the maintained rough texture and visible fracture
lines indicate that active sites for chromium binding are still
available. Overall, these results demonstrate that TACGC
possesses outstanding regeneration stability, keeping its porous
structure and functionality, thus improving its reusability for
Cr(vi) removal applications (Fig. S2(c)).

3.11. In contrast to other adsorbents

Table S9 offers a comprehensive qualified study of the perfor-
mance characteristics of the synthesized adsorbent concerning
its efficacy in adsorbing various substances aimed at the
removal of Cr(vi), as reported in the relevant academic litera-
ture. The results indicate significant variations in the maximum
adsorption capacities of the materials evaluated. The findings
show that the materials’ greatest absorption capabilities varied
significantly. Particularly, the developed adsorbent exhibited
enhanced performance, achieving an experimental maximum
capacity of gma = 404.87 mg g~ ". This finding underscores its
potential as an effective and practical intermediate solution for
Cr(vi) removal.

3.12. Statistical study

3.12.1. ANOVA. The conducted analysis of variance
(ANOVA) regarding the adsorption of Cr(vi) onto the TACGC
reveals a statistically significant overall model. This conclusion
is supported by a noteworthy F-value of 57.77, accompanied by
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a P-value that is less than 0.0001.> According to the results, the
model effectively illustrates the relationship between the inde-
pendent factors and the response with regard to Cr(vi) adsorp-
tion. A detailed analysis of the linear factors reveals that the
adsorbent dose (B) exerted the most substantial influence, evi-
denced by an F-value of 312.52 and a P-value less than 0.0001.
Additionally, contact time (C) and pH (4) emerged as statisti-
cally significant variables, with P-values of 0.0003 and 0.0143,
individually. The interaction between dose and time (BC) was
significant (P = 0.0130), indicating a collaborative effect of these
parameters, while the interactions involving pH (AB and AC) did
not show significant results (P > 0.05), suggesting limited
combined impact. The quadratic components A*> and B*
exhibited a notable level of significance (P = 0.0004 and <
0.0001, individually), which suggests the attendance of
nonlinear influences of pH and amount on the adsorption
mechanism. In contrast, the quadratic term associated with
time (C?) did not reach significance (P = 0.5924), implying that
a linear relationship is maintained throughout the evaluated
duration. The coefficient of determination (R*> = 0.9867),
adjusted R® (0.9696), and predicted R*> (0.7874) designate
a strong fit of the model and its predictive capability. Further-
more, the precision value of 25.6017 exceeds the established
threshold, thereby validating an acceptable signal-to-noise
ratio." The relatively low standard deviation (18.32) and coeffi-
cient of variation (8.36%) suggest good reproducibility and
reliability of the model. However, the equality of the lack of fit
value to the total residual implies that model enhancement or
the addition of more replicate experiments could further refine
the findings. In summary, the ANOVA results substantiate the
model's robustness and efficiency in representing the Cr(vi)
adsorption behavior on the TACGC (Table 2).

The information illustrated in Table 3 shows that the
quadratic model demonstrates superior efficacy in accurately

Table 2 The models used have undergone a comprehensive study of variance

Source Sum of squares df Mean squares F-value P-value
Model 1.744 x 10° 9 19380.19 57.77 <0.0001 Significant
A-pH 3513.62 1 3513.62 10.47 0.0143
B-dose 1.049 x 10° 1 1.049 x 10° 312.52 <0.0001
C-time 14 490.61 1 14 490.61 43.19 0.0003
AB 768.77 1 768.77 2.29 0.1739
AC 545.73 1 545.73 1.63 0.2429
BC 3674.50 1 3674.50 10.95 0.0130
A? 13 080.83 1 13 080.83 38.99 0.0004
B 30566.84 1 30566.84 91.11 <0.0001
c* 105.55 1 105.55 0.3146 0.5924
Residual 2348.50 7 335.50

Lack of fit 2348.50 3 782.83

Pure error 0.0000 4 0.0000

Cor. total 1.768 x 10° 16

Std. dev. 18.32

Mean 219.12

C.V. % 8.36

R 0.9867

Adjusted R* 0.9696

Predicted R* 0.7874

Adeq precision 25.6017
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Table 3 The total sum of squared deviations for the following models
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Source Sum of squares df Mean square Sequential p-value Adjusted R® Predicted R

Linear 53914.74 9 5990.53 0.0012 0.6246 0.4902

2FI 48 925.73 6 8154.29 0.7971 0.5572 0.1129

Quadratic 2348.48 3 782.83 <0.0001 0.9696 0.7874 Suggested
Cubic 0.0000 0 1.0000 Aliased

representing the adsorption characteristics of Cr(vi) on the
TACGC. The linear model demonstrated a notable level of
statistical significance, demonstrated by a sequential p-value of
0.0012. However, the accompanying fit statistics were only
moderate in nature, with an adjusted R* of 0.6246 and a Pre-
dicted R* of 0.4902. These values suggest a restricted capability
of the model to elucidate and forecast the outcomes effectively.
In contrast, the two-factor interaction (2FI) model exhibited
even poorer performance, reflected by a non-significant p-value
of 0.7971 and lower fit metrics, yielding an adjusted R of 0.5572
and a predicted R* of 0.1129. This further underscores the
inadequacy of the 2FI model in taking the underlying patterns
of the data. The inclusion of interaction terms seems to have
failed in improving the model's performance, contributing
instead to increased complexity without clear benefit.
Conversely, the quadratic model exhibited a highly noteworthy
p-value below 0.0001, accompanied by robust adjusted R’
(0.9696) and predicted R* (0.7874) metrics. These values reflect
a strong correspondence between the model's accuracy and its
predictive capability. This robust statistical performance rein-
forces the notion that the quadratic model effectively captures
the nonlinear relationships influencing Cr(vi) removal. While
the cubic model may theoretically provide a more nuanced
representation, its practicality is compromised by an insuffi-
cient number of degrees of freedom. Therefore, the quadratic
model appears as the most appropriate and statistically valid
option for subsequent analyses and process optimization.®

The expression defined through coded variables allows the
estimating of the answer consistent to designated levels of each
variable. In this framework, elevated levels of the variables are
typically indicated by +1, whereas reduced levels are repre-
sented by —1.° The coded equation serves an important func-
tion in assessing the relative impact of various issues. It
facilitates the analysis of the coefficients linked to each factor,
as demonstrated in eqn (4):

ge = 287.806 + 20.9573 x A — 42.5614 x B + 114.484
x C — 11.6804 x AB + 13.863 x AC — 30.3055 x BC
— 55.7358 x A% — 5.0087 x B* — 85.2049 x C* (4)

The equation, when applied to the relevant variables, func-
tions as a forecasting instrument that predicts responses based
on designated values for individually variable. For each variable,
these values must be stated in their original units. However,
because the coefficients in this equation have been standard-
ized to match the units of the corresponding variables, it is not
sufficient to assess the relative importance of the various vari-
ables. Moreover, the intercept does not correspond to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

central location within the design space, as demonstrated in
eqn (5).

ge = —124.176 + 68.025 x pH + 88.5571 x dose + 6.58017
x time — 16.2228 x pH dose + 0.0972842 x pH time
— 2.65837 x dose time — 6.19287 x pH>
— 86.9566 x dose® — 0.0377639 x time? (5)

Fig. 12(a) offerings a normal probability plot of the residuals,
which serves as a diagnostic tool to evaluate whether the errors
from the regression model adhere to a normal distribution.
This adherence is crucial for ensuring the validity of ANOVA and
regression analyses. In this plot, the externally studentized
residuals are plotted against their respective normal probability
values. The data points exhibit a significant correlation with the
red diagonal reference line, suggesting that the residuals are
roughly distributed in a manner conforming to a normal
distribution. There are no significant deviations or outliers
visible, and the residuals exhibit a symmetrical distribution
around zero. This advises that the discrepancies within the
model are both random and impartial. This alignment
strengthens the statistical dependability of the regression
model utilized for Cr(vi) adsorption on the TACGC, confirming
that the foundational assumptions of the model hold true and
that the fitted model upholds its statistical validity.”

3.12.2. Experimental design modeling and response
surface analysis. A crucial diagnostic tool for assessing the
accuracy and predictive power of the regression model used to
evaluate Cr(vi) adsorption on the TACGC is Fig. 12(b), which
compares anticipated values with actual results.®”*® In this
graphical representation, the x-axis displays the actual experi-
mental values, whereas the y-axis illustrates the predicted
values formed by the model. The closeness of the data points to
the 45° diagonal line signifies a robust correlation between the
observed and predicted results. This close alignment verifies
that the model effectively forecasts Cr(vi) removal across the
range of experiments, with only slight deviations. The absence
of notable outliers or discernible patterns implies that the
model is neither underfitting nor overfitting and successfully
captures the primary trends within the data. This graphical
verification reinforces the high R*> and adjusted R*> values ob-
tained in the ANOVA analysis, further highlighting the model's
robustness and its appropriateness for optimization and
process prediction regarding heavy metal adsorption.*

Fig. 12(c) exemplifies a Box-Cox plot working for the purpose
of power transformations, which serves to determine the most
appropriate power transformation for the answer variable. This
approach is intended to stabilize alteration and improve the
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Fig. 12

(a) A normal % probability plot which assesses the distribution of a dataset, (b) a comparison of predicted values against actual outcomes,

(c) a Box—Cox plot illustrating power transformations applicable to Cr(vi), (d) a visual of extremely standardized residuals plotted against predicted
values, (e) a perturbation plot demonstrating the effect of varying input parameters, and (f) a depiction of cubic interactions indicating nonlinear

relationships among variables.

regularity of residuals in the context of regression analysis
concerning Cr(vi) adsorption facilitated by the TACGC
composite sponge. The graph presents the normal logarithm of
the remaining number of squares (Ln (Residual SS)) plotted
along the y-axis, while multiple lambda (1) values are repre-
sented on the x-axis. Notably, the vertical green line marks the
optimal A value, which approaches zero. This observation
implies that applying a logarithmic transformation to the
response variable may yield the most advantageous outcome.
The red and blue vertical lines denote the 95% confidence
interval for lambda, indicating that transformations within this
range do not substantially degrade the model fit. The 1 =
0 value, which resides within this confidence interval and
correlates with the minimum residual sum of squares, suggests
that either no further transformation is necessary or a log
transformation is adequate. This observation strengthens the

48838 | RSC Adv, 2025, 15, 48816-48846

strength of the model's structure and bolsters the statistical
premises concerning the uniformity of variance as well as the
normality of residual distributions.*>”®

Fig. 12(d), depicting the residuals vs. predicted plot, serves as
a diagnostic tool to evaluate the assumptions related to homo-
scedasticity, which pertains to the uniform variance of resid-
uals. This plot also aids in detecting potential outliers or
emerging patterns that could indicate inaccurate model speci-
fications in the analysis of Cr(vi) adsorption using the TACGC.
In this plot, externally studentized residuals are represented on
the y-axis, while predicted values are plotted on the x-axis.
Ideally, these residuals should be randomly and symmetrically
distributed around the zero line, without displaying any
discernible trends or patterns. The data points in this particular
plot are relatively evenly spread around the horizontal zero line,
and all residuals remain comfortably within the red control

© 2025 The Author(s). Published by the Royal Society of Chemistry
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limits (+4.81963), which suggests the absence of significant
outliers. Additionally, there is no indication of funnel shapes or
curvature, which points to a constant variance of residuals
across the predicted value spectrum. This confirms that the
model adheres to the homoscedasticity assumption, and the
residuals exhibit expected behavior. The gathered evidence
strongly supports the model's reliability and its efficiency in
precisely representing the adsorption behavior of Cr(vi) on the
TACGC.”""*

Fig. 12(e) features a perturbation plot that illustrates the
responsiveness of the Cr(vi) adsorption capacity (g.), quantified
in mg g™, to alterations in three defined process variables: A
(pH), B (adsorbent dose), and C (contact time), while holding all
other factors constant at a reference level. The individual curves
presented on the plot depict the variation in the response
variable as one specific factor shifts from its mean (reference)
position. The analysis reveals that factor B (adsorbent dose),
indicated by the blue curve, demonstrates the most significant
curvature and steep gradient, signifying its strong impact on
Cr(vi) adsorption. As the adsorbent dose increases from a low
level, the adsorption capacity rises rapidly, reaches a peak, and
then shows a slight decline at higher doses, indicating
a nonlinear response and a potential saturation effect. Factor A
(pH), represented by the green curve, also plays an important
role in adsorption, displaying an increasing trend that eventu-
ally levels off, which suggests the presence of an optimal pH
range for achieving maximum adsorption efficiency. In
contrast, factor C (contact time), depicted by the gray curve,
illustrates a nearly horizontal line, indicating that, within the
examined range, contact time has a relatively minor influence
on adsorption capacity. This analysis further corroborates the
ANOVA results, highlighting that dose and pH are essential
parameters, while contact time plays a less significant role
under the conditions tested. The plot effectively visually rein-
forces the predominance of adsorbent dose (B) in optimizing
the removal of Cr(vi) using the TACGC.”>"*

The 3D cube plot (Fig. 12(f)) illustrates the interactive effects
of pH (4), contact time (B), and adsorbent dose (C) on the
capacity for Cr(vi) adsorption (g., mg g~ ') using the TACGC
composite sponge. Each axis represents the varying levels of
these parameters. The maximum adsorption capacity recorded
is 375.711 mg g, occurring under specific conditions that
include a high pH level of 8, an extended contact duration of
100 min, and a minimal amount of adsorbent utilized, quan-
tified at 0.02 g.”°7”7 This suggests that alkaline conditions
coupled with sufficient interaction time greatly improve Cr(vi)
uptake, especially when the sponge's active sites are not fully
saturated. Conversely, the lowest adsorption capacity recorded
was 10.5379 mg g ', happening at high pH, with a short
interaction time (5 min), and a high adsorbent dose (0.5 g). This
reduction in capacity can be accredited to the aggregation of
active places at higher dosages, which decreases the effective
surface area and restricts accessibility to Cr(vi). The plot also
indicates that at low pH (2) and minimal dosages, adsorption
remains low regardless of contact time, underscoring the
adverse effects of acidic conditions on Cr(vi) removal. These
observations underscore the necessity of optimizing all three

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

variables collectively and reinforce findings from the ANOVA
and perturbation analysis, highlighting that the adsorbent dose
is the most sensitive variable, while pH and time also signifi-
cantly contribute to the enhancement of adsorption capacity in
the TACGC."

3.12.3. Model adequacy checking. A contour plot, a desir-
ability plot, and a three-dimensional interaction surface are the
three different visual representations shown in Fig. 13(a).
Collectively, these visualizations illustrate the effect of two
variables adsorbent amount (4) and communication time (B) on
the adsorption capacity of Cr(vi) (g., expressed in mg g )
utilizing the TACGC, all while keeping the pH level consistent.
Analysis of the 3D surface plot reveals an evident downward
trend, suggesting that an increase in adsorbent amount corre-
lates with a important decrease in adsorption capacity, whereas
an extended contact time has a positive effect, enhancing the
adsorption capability. The supreme adsorption capacity,
approximately 400 mg g, is recorded at a minimal dosage of
approximately 0.02 g combined with a prolonged contact
duration of around 100 min. In contrast, the minimal adsorp-
tion capability of roughly 42 mg g~ " is noted at a higher dosage
of 0.5 g with a significantly shorter contact time of only 5 min.
This evidence illustrates an inverse correlation between dosage
and equilibrium adsorption capacity (g.), potentially attribut-
able to phenomena such as site aggregation or a diminished
driving force for adsorption.”®®*® The contour plot reinforces this
trend from a top-down perspective, indicating that the upper
left area (characterized by low dose and longtime) corresponds
to high adsorption capacity (marked in red), while the lower
right area (defined by high dose and short time) is associated
with low ¢g. (shown in blue). Additionally, the desirability plot
identifies the optimal conditions for maximizing Cr(vi) removal
efficiency, with desirability values growing towards the upper
left area, achieving a peak of 0.970. This indicates that the ideal
conditions for adsorption are characterized by minimal dosages
and extended contact times, thereby optimizing the balance
between effective adsorption performance and
efficiency."”

Fig. 13(b) presents three distinct graphical formats: a 3D
surface plot, a contour plot, as well as a desirability plot, all of
which underscore the interactive effects of pH (4) and adsorbent
dosage (B) on the adsorption capacity (g, mg g~ ') of Cr(vi) when
utilizing the TACGC. The 3D interaction plot features a dome-
shaped surface, highlighting a notable correlation between g,
and the variables of pH and adsorbent amount. The capacity for
adsorption increases as the pH level rises, peaking at an optimal
point near pH 5. Beyond this threshold, there is a marginal
reduction in adsorption efficiency. Conversely, a higher dosage
of adsorbent generally leads to a reduction in ¢, likely due to
potential overlapping of particles and diminished surface area
availability. This occurrence is distinctly illustrated in the
contour plot, which reveals that the peak adsorption capacity
(approximately 300 mg g ') emerges at around pH 5 and
a minimal dosage (approximately 0.02 g), as denoted by the
yellow region. The desirability plot also affirms this optimal
zone, recording the highest desirability value (0.970) at low
dosage and pH values between 4.5 and 5.0, with a decline
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Fig. 13 Contour and 3D interaction between Cr(vi) and TACGC (a) interaction between dose and time, (b) dose and pH, and (c) pH and time.

observed when either the dosage increases or the pH moves
away from the optimal range. These findings indicate that
conditions of moderate acidity combined with minimal adsor-
bent loading are most effective for enhancing Cr(vi) adsorption,
highlighting the importance of electrostatic interactions and
optimal utilization of active sites in this process."”

Three distinct visual formats a contour plot, a desirability
plot, and a three-dimensional surface plot are depicted in
Fig. 13(c). Together, these illustrations show how pH (4) and
contact duration (B) interact to affect the Cr(vi) adsorption
capacity (¢, expressed in mg g~ ') when the TACGC composite
sponge is used and the adsorbent dose is kept constant. The
three-dimensional surface plot distinctly portrays an upward-
curving surface, suggesting that the adsorption capability (g.)
increases with both pH and communication time. It reaches its
maximum at around pH 5 and a contact extent of 100 min, after
which the adsorption capacity stabilizes. This reflection is
corroborated by the contour plot, which identifies the highest g,
values (above 300 mg g~ ') in the upper-central region of the
graph, where contact time is maximized and pH hovers around
5. Variations from the ideal pH, whether they involve lower or
higher values in conjunction with decreased contact times, are
linked to a notable reduction in the quantity adsorbed per gram

48840 | RSC Adv, 2025, 15, 48816-48846

(ge)- This pattern implies that extended contact durations
enhance the diffusion of ions and strengthen the interactions
with the active sites present. Furthermore, a moderately acidic
pH is advantageous as it encourages electrostatic attraction
between Cr(vi) ions and the surface of the composite sponge.
The desirability plot further reinforces this optimal range,
revealing that the peak desirability score of 0.970 is attained at
a pH near 4.5 to 5, alongside a maximum contact duration of
approximately 100 min. These results underscore the impor-
tance of sufficient contact time and an appropriate pH range in
attaining optimal Cr(vi) removal, consistent with considerations
regarding kinetics and surface charge."

3.12.4. The validation of models and the desirability
strategy. The ramp plots illustrated in Fig. 14(a) effectively
delineate the individual impacts of adsorbent amount (4),
communication time (B), and pH (C) on achieving an optimal
overall desirability score of 0.970 for the Cr(wv) adsorption
through the TACGC, as well as the estimated adsorption
capacity (g.). In the upper-left plot, the adsorbent dose (4) is
systematically altered from 0.02 to 0.50 g. The red marker
positioned near the 0.02 g dosage indicates that this minimal
quantity produces the greatest desirability. This phenomenon
can be attributed to the lower sponge loading, which mitigates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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site aggregation and enhances the adsorption efficacy (ge)
relative to the mass of the adsorbent. The upper-right plot
indicates that the contact time (B) ranges from 5 to 100 min,
with the red marker positioned at 100 min, suggesting that
extended interaction periods enhance removal efficiency,
allowing Cr(vi) ions to fully diffuse and attach to the active sites.
The lower-left graph depicts fluctuations in pH (C) ranging from
2 to 8. A moderately acidic environment promotes advantageous
electrostatic relationships involving negatively charged Cr(vi)

© 2025 The Author(s). Published by the Royal Society of Chemistry

ions and the positively charged functional groups found on the
composite surface, as seen by a red indication at pH 4. Notably,
the effectiveness of these interactions decreases as pH levels
surpass 4. Lastly, the lower-right plot represents the predicted g,
(mg g~ ") across a range from 42.25 to 404.85, with a blue marker
at 363.25 mg g~ ', which corresponds to the model's predicted
adsorption capacity under the optimal conditions (A = 0.02 g, B
= 100 min, C = 4). Collectively, these plots illustrate that the
ideal strategy for achieving near-complete Cr(vi) elimination
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involves employing the lowest dose, the longest contact time,
and a pH of 4, thereby maximizing both the predicted g. and
overall desirability.**

Fig. 14(Db) offerings a comprehensive optimization analysis of
the adsorption process of Cr(vi) onto the TACGC. This analysis
investigates the individual effects of three key variables:
adsorbent dosage (4), communication time (B), and pH level (C)
on two critical outcomes: overall desirability, depicted in the
better section of the figure, and adsorption capability (ge,
measured in mg g~'), illustrated in the lower section. The
desirability plots indicate that the most promising situations
for adsorption occur at a minimal amount of 0.02 g of adsor-
bent, a contact length of 100 min, and a pH around 4, as
denoted by the peak values highlighted with red crosses.
Notably, desirability declines significantly with increasing
adsorbent dose due to diminished surface efficiency and
potential particle aggregation. In contrast, desirability improves
with extended contact time as equilibrium is approached, and it
demonstrates a bell-shaped relationship concerning pH,
emphasizing the significance of electrostatic attraction around
a pH of 4. Correspondingly, the g. plots illustrate these patterns:
adsorption capacity diminishes as the dose increases, increases
with time until it levels off at equilibrium, and peaks around pH
4 to 5. The presence of narrow confidence intervals (depicted by
dashed lines) surrounding these curves further validates the
model's predictions. Overall, this analysis verifies that employ-
ing a low adsorbent dose, prolonged contact time, and suitable
pH levels collectively enhance both adsorption capacity and
desirability of the process, establishing these parameters as
optimal for maximizing Cr(vi) removal efficiency.*®

Fig. 14(c) presents a desirability bar diagram that effectively
summarizes the results of the optimization process involving
the adsorption of Cr(vi) on the TACGC. This analysis is groun-
ded in the specified input parameters and corresponding
response metrics. The chart breaks down the desirability scores
associated with three critical factors: amount (4), contact time
(B), and pH (C), together with the response variable, g.
(adsorption capability), culminating in a comprehensive overall
desirability score. The desirability values for the dose
(0.999998), contact time (0.999999), and pH (1.000000) are all
exceptionally close to 1, suggesting that the chosen operating
conditions (0.02 g dose, 100 min of contact time, and pH 4) are
nearly optimal for achieving the desired operational targets.
The predicted adsorption capacity (g.) has a somewhat lower
desirability score of 0.885282, indicating a high-performance
result while revealing a slight compromise relative to the theo-
retical maximum. The overall combined desirability value of
0.969996 further verifies that the optimized conditions create
a nearly ideal equilibrium among all process variables, facili-
tating highly efficient Cr(vi) removal. This outcome underscores
the effectiveness and reliability of the multi-criteria optimiza-
tion strategy implemented in this research.*

4. Conclusion

The research findings indicate that the TACGC composite
sponge serves as a strong, sustainable, and highly effective
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bioadsorbent for the extraction of Cr(vi) from water sources.
This composite is created by combining tobacco-derived acti-
vated carbon with a biodegradable dual-polymer matrix con-
sisting of guar gum and carboxymethyl cellulose, which is
crosslinked with itaconic acid. This design not only enhances
mechanical stability and surface functionality but also adheres
to green chemistry principles by utilizing inexpensive, renew-
able materials and waste biomass. The composite demonstrates
a high adsorption capacity, swift kinetics, and favorable ther-
modynamic properties, representative that the procedure of
Cr(vi) uptake is both spontaneous and endothermic, primarily
driven by electrostatic interactions and surface complexation.
Furthermore, the material shows significant reusability, main-
taining its effectiveness across five consecutive regeneration
cycles, which emphasizes its economic and practical viability.
Statistical optimization via the Box-Behnken design has further
validated the reliability and efficiency of the process under
different operational conditions, providing a predictive frame-
work for large-scale applications. Overall, these results high-
light the TACGC as a promising bio-based solution for advanced
industrial or municipal wastewater treatment, with important
implications for developing environmentally friendly and
industrially applicable technologies for the remediation of
heavy metals.
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