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Complex industrial effluents often contain coexisting contaminants that compete for adsorption sites and
complicate wastewater treatment. Here, diepoxyoctane-cross-linked and spermidine-functionalized chitosan
beads (CHI-DEO-SPD) were developed as acid-stable, amine-rich adsorbents for removing Reactive Blue 4 (RB4)
and Cr(VI) from single and binary aqueous systems. The novelty of this strategy lies in combining DEO cross-
linking, which improves structural stability under acidic conditions, with spermidine functionalization, which
increases the density of protonatable amine sites for anionic pollutant binding. The beads were optimized at 1.5
g/L SPD, 40 °C, and 3 h. FTIR, XRD, TGA, SEM, BET, and pHpzc analyses confirmed successful modification,
reduced crystallinity, improved thermal stability, enhanced surface roughness, increased surface area (4.59 to
34.60 m2/g), and a positively charged surface below pH 6.3. Langmuir capacities reached 872.35 mg/g for RB4
and 785.19 mg/g for Cr(VI) in single-solute systems and remained high in binary systems at 715.26 and 699.92
mg/g, respectively. Kinetic and equilibrium data were best described by pseudo-second-order and Freundlich
models, indicating heterogeneous chemisorption driven mainly by electrostatic attraction, hydrogen bonding,
and dye-specific n—r interactions. Thermodynamic analysis confirmed spontaneous adsorption in all systems. RB4
adsorption was weakly exothermic in single systems but became endothermic under competition, while Cr(VI)
adsorption was endothermic in both systems and more energy-intensive in binary systems. After five regener-
ation cycles, the beads retained 89.8% and 82.9% of their initial RB4 and Cr(VI) capacities, respectively. These
results demonstrate the strong potential of CHI-DEO-SPD beads for treating acidic wastewater containing
coexisting dyes and heavy metals.

1. Introduction Chromium, widely used in aerospace, leather tanning, chrome plating,

and textile industries, exists in multiple oxidation states. Of these, hex-

Access to clean and safe water remains one of the most pressing
challenges of the twenty-first century. Rapid urbanization, industrial
expansion, and the widespread discharge of untreated wastewater have
severely degraded water quality and threatened public health world-
wide. Industries such as textile dyeing and metal processing release
hazardous pollutants, including synthetic dyes and heavy metals, into
aquatic systems. These contaminants not only disrupt ecosystems but
also pose serious risks to human health and compromise the long-term
sustainability of water resources [1,2].

Among these pollutants, heavy metals are of particular concern due
to their persistence, bioaccumulation, and inherent toxicity [3].
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avalent chromium (Cr(VI)) is the most problematic because of its high
solubility, mobility, and toxicity in aquatic environments [4]. Industrial
effluents are a major source of Cr(VI), which has been associated with
respiratory disorders, skin lesions, cancers, and even fatalities at low
concentrations [5]. The World Health Organization (WHO) classifies Cr
(VD) as a Group 1 carcinogen and recommends a maximum permissible
concentration of 0.05 mg/L for total chromium in drinking water [4].
Synthetic dyes, particularly reactive dyes, represent another primary
class of pollutants in industrial wastewater. These dyes are valued for
their stability, bright coloration, and cost-effectiveness, which make
them extensively used in textile and electronic applications [6].
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However, their high solubility, persistence, and resistance to biodegra-
dation pose serious ecological and health hazards. Their complex aro-
matic structures contribute to mutagenicity, carcinogenicity, and
aquatic toxicity, while also reducing light penetration, increasing
biochemical oxygen demand, and enabling bioaccumulation in food
chains [7]. Reactive Blue 4 (RB4), in particular, is notoriously resistant
to degradation due to its structural complexity and chemical stability
[8].

To mitigate these impacts, effective wastewater treatment before
discharge is essential. Conventional technologies such as membrane
separation, chemical precipitation, coagulation, and oxidation have
been applied; however, adsorption has emerged as one of the most
efficient and environmentally sustainable alternatives. Adsorption is
favored for its simplicity, cost-effectiveness, and the availability of
regenerable adsorbents [9,10]. The selection of an appropriate adsor-
bent is one of the most critical factors for optimizing adsorption per-
formance. Nevertheless, adsorption efficiency strongly depends on the
physicochemical properties of both the adsorbent and the target pol-
lutants, highlighting the continuous need for stable, high-capacity, and
reusable materials capable of simultaneously removing multiple con-
taminants [11].

Activated carbon remains the most widely used adsorbent, but its
high cost, carbon footprint, and limited regeneration restrict large-scale
use [12]. This limitation has driven growing interest in low-cost alter-
natives derived from agricultural, industrial, and food wastes. Although
such materials are eco-friendly and economical, they often display
inconsistent adsorption capacities and generally underperform
compared with activated carbon [13]. Consequently, natural and
renewable materials, particularly biopolymers, have gained attention as
sustainable, non-toxic, and versatile adsorbents.

In aqueous systems, the speciation of Cr(VI) depends on both pH and
concentration. At concentrations of 0.05-300 mg/L, dihydrogen chro-
mate (HyCrO4) predominates at pH < 1, hydrogen chromate (HCrOy),
and dichromate (CrZO%_) are dominant at pH 1-6, and chromate
(CrO‘zf) becomes the main species at pH > 6 [14]. Industrial effluents,
particularly from tanning and chromium plating, typically contain Cr
(VI) as HCrOz and Crgog’ due to their highly acidic nature (pH =
2.0-3.0) and high chromium content [15]. Similarly, reactive dyes such
as RB4 contain sulfonate groups (-SO3Na) that dissociate in aqueous
solutions to produce negatively charged ions (SO3), conferring strong
anionicity [16]. The coexistence of such strongly anionic pollutants
underscores the need for positively charged adsorbents capable of
effective removal even under acidic conditions.

In industrial wastewater from textile dyeing and metal processing, Cr
(VD) and reactive dyes such as RB4 frequently coexist, forming binary or
multicomponent systems in which competitive adsorption occurs. Under
these conditions, pollutants compete for limited active sites on the
adsorbent surface, often resulting in reduced individual removal effi-
ciencies due to antagonistic effects such as site blockage or electrostatic
inhibition. For example, studies on grafted chitosan have shown that in
mixed systems containing Cr(VI) and reactive dyes such as Remazol Red
3BS, the adsorption capacities of both solutes decrease relative to single-
solute systems, with pH exerting a strong influence on selectivity and
binding strength [17]. These findings highlight a significant challenge in
wastewater treatment, as most adsorbents are optimized for isolated
contaminants rather than complex mixtures. Thus, developing materials
that sustain high performance in realistic, competitive environments,
particularly under acidic conditions typical of industrial effluents, is
essential for advancing practical water purification technologies.

Chitosan (CHI), a cationic polysaccharide derived from chitin, has
shown considerable promise as an adsorbent due to its low cost,
biodegradability, and electrostatic affinity for anionic pollutants. Its
cationic character arises from amino groups that become protonated
under acidic conditions, enhancing their interaction with negatively
charged contaminants. However, CHI's solubility in acidic media limits
its practical application, as protonation induces swelling and eventual
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dissolution [18]. Chemical cross-linking is therefore used to improve
mechanical and chemical stability. By forming covalent bonds with
functional groups, cross-linking reduces swelling and leaching,
increasing acid resistance [19]. Nevertheless, it can also reduce the
number of available adsorption sites, potentially lowering adsorption
efficiency. The outcome depends on the cross-linker type and degree of
modification [18]. Accordingly, research has focused on optimizing
cross-linking conditions and introducing additional functional groups
with strong affinity for anionic species.

Recent strategies to improve CHI-based adsorbents include grafting
quaternary ammonium groups, embedding inorganic nanoparticles (e.
g., Fe30y4, TiOy), and cross-linking with agents such as glutaraldehyde or
epichlorohydrin [20]. Although these modifications often enhance
structural stability and generate new adsorption sites, they can also
introduce trade-offs such as reduced biodegradability, increased syn-
thesis complexity, or diminished performance under highly acidic con-
ditions [21]. Moreover, most reported CHI-based adsorbents target
either heavy metals or dyes individually, while few have demonstrated
simultaneous removal of both classes of pollutants under strongly acidic
conditions. Achieving a balance between acidic stability and high
adsorption capacity for both Cr(VI) and RB4 remains a significant
challenge. Notably, highly reactive cross-linkers such as diepoxyoctane
(DEO) have received limited attention, and multifunctional modifica-
tions that simultaneously strengthen structural stability and enhance
surface amination are rarely optimized for harsh conditions.

To address these limitations, the present study develops a novel CHI-
based adsorbent in bead form for the simultaneous removal of Cr(VI)
and RB4 under strongly acidic conditions. A central innovation is the use
of DEO as a cross-linker, combined with spermidine (SPD) for amino
functionalization. DEO, a bifunctional epoxy compound with high
aqueous solubility, enables the formation of durable covalent bonds
with hydroxyl and amino groups in CHI, thereby enhancing mechanical
strength, acid resistance, and adsorption performance [22]. Subsequent
functionalization with SPD, a biodegradable polyamine, introduces
additional protonatable amino groups, increasing the surface charge
density and strengthening electrostatic interactions with anionic con-
taminants. Compared with conventional chitosan adsorbents, CHI-DEO-
SPD beads offer several advantages, including improved acidic stability,
enhanced amine density, refined mesoporosity, and strong adsorption
affinity toward coexisting anionic contaminants. This design is partic-
ularly relevant for acidic industrial effluents, where Cr(VI) oxyanions
and sulfonated reactive dyes may coexist and compete for adsorption
sites [23].

The effects of SPD concentration, reaction temperature, and func-
tionalization time on adsorption performance were systematically
examined. The resulting amino-functionalized, cross-linked beads (CHI-
DEO-SPD) were characterized using X-ray diffraction (XRD), thermog-
ravimetric analysis (TGA), scanning electron microscopy (SEM), and
Brunauer-Emmett-Teller (BET) analysis. Fourier-transform infrared
spectroscopy (FTIR) confirmed functional group modification. Key
operational parameters, including initial adsorbate concentration, con-
tact time, pH, and adsorbent dosage, were optimized, and regeneration
experiments assessed reusability. Adsorption kinetics and isotherm
models were applied to evaluate performance in both single and binary
systems. The results demonstrate that CHI-DEO-SPD beads exhibit
remarkable structural stability, adsorption capacity, and reusability
under strongly acidic conditions, making them highly effective for
treating complex industrial wastewater such as that generated by textile
dyeing and chrome plating.

2. Materials and methods
2.1. Materials

Analytical-grade reagents were used throughout this study to ensure
high purity and eliminate the need for additional purification steps. The
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primary chemicals included spermidine (SPD, 98% purity), medium-
molecular-weight chitosan (CHI) with a degree of deacetylation of
75-85%, and 1,2,7,8-diepoxyoctane (DEO, 97% purity), all obtained
from Sigma-Aldrich. Epichlorohydrin (ECH) and acetone were pur-
chased from Sinopharm Chemical Reagent Co. Sodium hydroxide
(NaOH), acetic acid, and potassium chromate were supplied by Beijing
Chemical Works. All reagents were used as received without further
purification, and deionized (DI) water was used in all experiments.

2.2. Synthesis of amino-functionalized cross-linked chitosan beads

The synthesis of CHI beads began by dispersing 1.5 g of CHI flakes
into 100 mL of 1.0% (v/v) acetic acid solution. The mixture was stirred
continuously at 25 °C and 400 rpm for 5 h to obtain a homogeneous
solution. The resulting CHI solution was then added dropwise to 500 mL
of 2 mol/L NaOH using a 10 mL syringe, facilitating bead formation and
neutralizing residual acetic acid. The formed beads were washed thor-
oughly with DI water until the pH reached neutrality, confirming com-
plete removal of excess NaOH.

To prepare cross-linked CHI beads (CHI-DEO), all the neutralized
beads (=15.0 g) were immersed in 200 mL of a 6 g/L DEO solution,
adjusted to pH 10. The suspension was agitated in a water bath at 50 °C
and 100 rpm for 5 h. After cross-linking, the beads were rinsed several
times with DI water to remove unreacted DEO and stored in DI water
until further use.

For amino-functionalization, a two-step coupling process was used to
immobilize SPD moieties. First, the CHI-DEO beads were activated by
reaction with ECH. The beads were immersed in 200 mL of acetone, and
5 mL of ECH was added. The mixture was mechanically stirred at 50 °C
for 24 h to promote activation. In this step, ECH acts as a coupling agent,
reacting with the hydroxyl and/or amine groups on the CHI-DEO surface
to introduce reactive epoxy/chlorohydrin terminals. Subsequently, SPD
was covalently attached through these reactive sites. A defined con-
centration of SPD (0.5-3 mg/L) was gradually introduced to the reaction
mixture. Stirring continued for 7 h at temperatures up to 80 °C to
facilitate the nucleophilic ring-opening/addition reaction between the
primary amines of SPD and the ECH-derived terminals. This step results
in the covalent incorporation of SPD molecules into the bead matrix,
significantly increasing the surface amine density. After completion, the
functionalized beads (denoted CHI-DEO-SPD) were cooled, and thor-
oughly washed with DI water to remove any residual ECH or SPD.
Finally, the product was oven-dried at 50 °C for 24 h to yield CHI-DEO-
SPD beads. The synthesis procedure is summarized in Fig. 1.

2.3. Characterization

The effects of cross-linking and functionalization on the
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physicochemical properties of CHI-DEO-SPD beads were evaluated
using multiple analytical techniques. Molecular characteristics were
investigated using FT-IR spectroscopy on an FT-IR NEXUS instrument to
confirm chemical modifications. Crystallographic characteristics were
analyzed via XRD using a Rigaku D/Max RB X-ray diffractometer
(Tokyo, Japan). Specific surface area, pore volume, and pore-size dis-
tribution were determined using a gas adsorption analyzer (Autosorb-
iQ, Quantachrome, USA) by the BET method. Thermal stability was
assessed using a TGA/DSC 1 STAR System (Mettler Toledo, USA).
Additionally, the surface morphology of the beads was examined using
SEM (Merlin Compact, Japan).

The surface charge characteristics were determined using the pH-
drift method. A series of 100 mL Erlenmeyer flasks containing 50 mL
of 0.05 M NacCl solution (as the background electrolyte) was prepared,
and the initial pH (pHmjtia)) was adjusted between 2 and 10 using 0.1 M
HCl or 0.1 M NaOH. Subsequently, 20 mg of CHI-DEO-SPD beads were
added to each flask, and the suspensions were agitated at 150 rpm for 24
h at 25 £+ 1 °C to reach equilibrium. After equilibration, the final pH
(pHrina)) was measured. The point of zero charge (pHpzc) was deter-
mined by plotting ApH = (pHpinal — PHmitial) @gainst pHyitial. The pHpzc
corresponds to the point where ApH = 0, indicating electrostatic
neutrality of the adsorbent surface.

2.4. Adsorption experiments

Batch adsorption experiments were conducted for both single-solute
and binary-solute systems to assess the adsorption performance of CHI-
DEO-SPD beads for RB4 and Cr(VI) removal. Each test was performed in
100 mL Erlenmeyer flasks containing 50 mL of adsorbate solution (RB4,
Cr(VI), or both) and a defined dosage of CHI-DEO-SPD beads. The flasks
were agitated at 180 rpm on an orbital shaker at a constant temperature
of 25 °C. To optimize adsorption performance, key parameters were
systematically varied, including adsorbent dosage (0.25-1.5 g/L), con-
tact time (up to 24 h), initial adsorbate concentration (50-300 mg/L),
and solution pH (3—11). In single-solute systems, only one contaminant
(RB4 or Cr(VI)) was present, while in binary systems, both were intro-
duced at equal initial concentrations. All experiments were performed in
triplicate to ensure reproducibility and statistical reliability.

At equilibrium, the CHI-DEO-SPD beads were separated from the
solutions, and the supernatant was analyzed to determine residual
concentrations. UV-visible spectrophotometry (Hach DR 5000) was
employed at 599 nm for RB4 and 540 nm for Cr(VI). The adsorption
capacity (q.) and removal efficiency (R%) were calculated using Eqgs. (1)
and (2), respectively. Kinetic experiments were conducted at an initial
adsorbate concentration of 100 mg/L (pH 3, 25 °C) for both systems.
Aliquots were collected at predetermined time intervals over a 24 h
period, and the data were fitted to pseudo-first-order (PFO) and pseudo-

Chitosan Solution
(Chitosan + Acetic acid)

% P

Washing
(DI water)

SPD Functionalization Drying
(Spermidine + Epichlorohydrin) (50 °C)
2

!

Beads Formation
(NaOH 2 mol/L)

DEO Crosslinking
(Diepoxyoctane + pH 10)

N4

%)

Washing
(DI water)

Fig. 1. Schematic representation of the CHI-DEO-SPD beads synthesis process.
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second-order (PSO) models (Egs. (3) and (4)). The Elovich model (Eq.
(5)) was also applied to provide additional insight into the adsorption
mechanism and surface heterogeneity.

Isotherm experiments were performed at pH 3 with six initial con-
centrations (50-300 mg/L) and three temperatures (25, 35, and 45 °C).
The equilibrium data for both single- and binary-systems were analyzed
using the Langmuir and the Freundlich models (Egs. (6) and (7)). Model
accuracy was evaluated by the chi-square (Xz) error function (Eq. (8)).
Thermodynamic parameters, including Gibbs free energy change (AG?),
enthalpy change (AH?), and entropy change (AS®), were calculated from
the temperature dependence of Langmuir constants using the van't Hoff
equations (Egs. (9) and (10)) [24].

Co—Ce) XV
q. = u 6
m
Rop = (Co—Co) 100 (2
0
q: = Qe (1 - eiKlt) (3)
_ Kyqlt
&= T Koqt @
1
q = Eln(aﬁt) (5)
_ 9,Ccb
qe - 1 + bCe (6)
q, = KgC/" )
2
qe,ex - qe. cal
=3 () ®)
qe.cal
AG" = —RTIn(b) 9
AS  AH
In(b) = R RT (10)

In these equations, q, and q, (mg/g) represent the adsorption ca-
pacities at equilibrium and at a given time t, respectively. C, and C.
(mg/L) denote the initial and equilibrium adsorbate concentrations. V
(L) is the adsorbate solution volume, and m (g) is the dry mass of the
adsorbent. R% indicates the percentage removal efficiency. For the ki-
netic models K; (b~ and K, (g/(mg.h)) are the rate constants for the
pseudo-first-order (PFO) and pseudo-second-order (PSO) models,
respectively, while t (min) is the contact time. Also, o (mg/g-h) is the
initial adsorption rate, and  (g/mg) is the desorption constant related to
surface heterogeneity. In the Langmuir isotherm, q, (mg/g) is the
maximum monolayer adsorption capacity, and b (L/mg) is the Langmuir
constant, which reflects the affinity of the adsorbent for the adsorbate.
The Freundlich constants Kg ((mg/g)(mg/L)l/ ™ and n (dimensionless),
describe the adsorption capacity and intensity, respectively. The calcu-
lated adsorption capacity obtained from model fitting is denoted as q
(mg/g) and y? represents the chi-square statistic used to evaluate the
goodness of fit between experimental and modeled data. Finally, R is the
universal gas constant (8.314x10°3 kJ/mol/K), and T is the absolute
temperature in Kelvin (K).

2.5. Reusability study

The regeneration performance of CHI-DEO-SPD beads was assessed
through consecutive adsorption—desorption cycles. For adsorption, the
beads were immersed in 100 mL of aqueous solution containing 100 mg/
L of RB4 dye and 100 mg/L of Cr(VI) ions. The suspension was agitated
at 180 rpm and maintained at 25 °C with the solution pH adjusted to 3
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for 24 h to ensure equilibrium adsorption. Afterward, the beads were
separated and thoroughly rinsed with DI water to remove unbound
species. Desorption was performed by transferring the loaded beads into
100 mL of 1.0 mol/L NaOH solution, followed by agitation at 180 rpm
and 25 °C for 2 h. The alkaline environment promoted desorption by
deprotonating amino groups and disrupting electrostatic interactions
between the cationic adsorbent and anionic pollutants. After desorption,
the beads were repeatedly rinsed with DI water until the rinse water
reached neutral pH, ensuring removal of residual NaOH and desorbed
solutes. The adsorbent was then dried in an oven at 50 °C overnight
before reuse. This adsorption—desorption process was repeated multiple
times to evaluate reusability. The adsorption efficiency of the regener-
ated beads was determined after each cycle, and experiments continued
until a marked decline in performance was observed. The progressive
decrease in removal efficiency with repeated cycles was used to assess
the stability and long-term applicability of the CHI-DEO-SPD beads for
repeated wastewater treatment operations.

2.6. Statistical analysis

All optimization experiments were performed in triplicate, and re-
sults were expressed as mean + standard deviation. One-way analysis of
variance (ANOVA) was employed to determine the statistical signifi-
cance of synthesis parameters (SPD concentration, reaction time, and
temperature) on RB4 removal efficiency. When ANOVA indicated sig-
nificant differences (p < 0.05), Tukey's honestly significant difference
(HSD) post-hoc test was performed for multiple comparisons between
individual groups. All statistical analyses were carried out using Ori-
ginPro 2021 (OriginLab Corporation, Northampton, MA, USA).

3. Results and discussion
3.1. Optimizing SPD functionalization conditions

Optimizing key parameters during the functionalization process is
critical to maximizing the adsorption capacity of CHI-DEO-SPD beads.
These parameters include SPD concentration, functionalization dura-
tion, and temperature. Proper adjustment of these factors significantly
enhances the performance of CHI-DEO-SPD beads in adsorption appli-
cations. RB4 was selected as the model anionic dye for optimization due
to its structural complexity and sulfonic acid groups, which make it
representative of many anionic contaminants in wastewater. It was
preferred over Cr(VI) because it is safer to handle, allows rapid con-
centration measurements by UV-Vis spectrophotometry, and enables
high-throughput testing. In contrast, Cr(VI) requires strict safety pro-
tocols, generates hazardous waste, and needs more time-consuming
analyses. Both RB4 and Cr(VI) are anionic under acidic conditions and
interact with cationic sites on beads through similar electrostatic
mechanisms. Therefore, RB4 was chosen as a practical surrogate for
determining adsorption conditions. These conditions were subsequently
validated for Cr(VI) removal. To statistically validate the optimization
ANOVA was performed for each synthesis parameter using triplicate
experimental data (Table 1), followed by Tukey's honestly significant
difference (HSD) post-hoc test to identify significant differences between
specific levels.

3.1.1. Effect of reaction time

Fig. 2a illustrates the adsorption behavior of RB4 dye onto CHI-DEO-
SPD beads prepared with varying reaction times (1-7 h). The data
revealed that RB4 uptake follows a distinct pattern: initially, adsorption
efficiency increased rapidly, reaching a maximum within the first 3 h.
Specifically, the adsorption efficiency improved from 57.76% at 1 h to
64.99% at 3 h. This increase is likely due to the prolonged interaction
between the CHI-DEO beads and SPD, which facilitates a greater binding
of SPD molecules to the functional groups on the CHI-DEO surface. As
more SPD molecules are attached, the density of amino functional
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Table 1
ANOVA results for optimization of CHI-DEO-SPD synthesis parameters.
Factor Source Sum of squares df Mean square F-value p-Value
A: Reaction time Model 128.47 6 21.41 98.67 <0.0001
Error 3.04 14 0.22
Total 131.51 20
B: Temperature Model 5334.67 6 889.11 1965.8 <0.0001
Error 6.33 14 0.45
Total 5341.00 20
C: SPD concentration Model 4979.42 6 829.90 2369.5 <0.0001
Error 4.90 14 0.35
Total 4984.32 20
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Fig. 2. Effect of functionalization parameters: time (a), temperature (b), and SPD concentration (c), on RB4 uptake by CHI-DEO-SPD beads (0.5 g/L CS-DEO-SP beads

in 100 mL of 30 mg/L RB4 solution for 24 h at room temperature).

groups on the adsorbent surface increases, thereby enhancing the RB4
adsorption capacity [15]. However, beyond this initial phase, the effi-
ciency of RB4 removal gradually declined, reaching a minimum of
59.3% after 7 h. This decline suggests that the functional sites on the
CHI-DEO surface became saturated. As a result, fewer active sites
remained available, and the concentration of free SPD molecules in so-
lution decreased. Consequently, extending the reaction time beyond this
point did not improve RB4 adsorption, indicating that additional reac-
tion time was ineffective in enhancing adsorption performance. ANOVA
confirmed that reaction time had a statistically significant effect on RB4
removal (F(6,14) = 98.67, p < 0.0001). Post-hoc Tukey HSD tests
revealed that 3 h yielded significantly higher removal than all other
times tested (p < 0.05). These results confirm that extending the reaction
time beyond 3 h was ineffective and even detrimental to adsorption
performance.

3.1.2. Effect of temperature
The effect of temperature on RB4 adsorption by CHI-DEO-SPD beads
was also investigated, with synthesis temperatures ranging from 20 °C to

80 °C. As shown in Fig. 2b, increasing the temperature initially
enhanced RB4 adsorption; however, further increases in temperature
resulted in a decline in adsorption efficiency. The adsorption efficiency
peaked at 40 °C, achieving a removal rate of 75.7%. This improvement is
attributed to the increased kinetic energy of SPD molecules at elevated
temperatures, which accelerates the reaction rate between CHI-DEO and
SPD. The enhanced molecular motion and energy of SPD molecules
result in more frequent and effective collisions between reactant mole-
cules, thereby increasing the likelihood of successful product formation
[25].

Nevertheless, as the temperature increased to 80 °C, the RB4 removal
efficiency declined sharply to just 26.7%. This decrease can be explained
by several interrelated factors, including the disruption of hydrogen
bonding between the adsorbent and SPD molecules, thermal degrada-
tion of the chitosan backbone, and the resulting loss of structural
integrity and adsorption capacity at elevated temperatures. At such high
synthesis temperatures, SPD (a linear polyamine) may undergo oxida-
tive deamination and intramolecular cyclization. These reactions yield
degradation products that lack the primary amine groups required for
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strong electrostatic interactions with RB4. In parallel, chitosan is sus-
ceptible to heat-induced depolymerization and deacetylation, leading to
chain scission and a reduction in molecular weight. Meanwhile,
Maillard-type condensation between SPD amino groups and oxidized
chitosan carbonyls can form Schiff base linkages that block protonatable
sites. Excess thermal energy may also disrupt the hydrogen-bonding
network within the chitosan matrix, lowering crystallinity, decreasing
surface area, and reducing the number of accessible adsorption sites.
Collectively, these degradation and side-reaction pathways reduce both
the net positive charge density and the structural stability of the CHI-
DEO-SPD beads, ultimately impairing their adsorption performance
[26,27]. ANOVA demonstrated a highly significant effect of temperature
on RB4 removal (F(6,14) = 1965.8, p < 0.0001). Tukey HSD analysis
confirmed that 40 °C provided significantly higher removal than all
other temperatures tested (p < 0.0001).

3.1.3. Effect of SPD concentration

The influence of SPD concentration on RB4 adsorption was examined
(Fig. 2¢). The results indicate that increasing SPD concentration initially
enhanced RB4 removal efficiency, reaching a maximum at 1.5 g/L. This
significant enhancement in adsorption, which increased from 46.85% to
96.15%, is likely due to the increased availability of amino functional
groups on the CHI-DEO-SPD bead surfaces resulting from the incorpo-
ration of more SPD during synthesis. These functional groups provide
additional active sites for RB4 adsorption [15]. However, increasing SPD
concentration beyond 1.5 g/L decreased RB4 removal efficiency, drop-
ping to 61.23% at 3.0 g/L. This reduction is likely due to saturation of
adsorption sites, which may cause steric hindrance, limiting RB4
accessibility. Therefore, achieving optimal RB4 adsorption on CHI-DEO-
SPD beads requires careful control of SPD concentration during bead
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synthesis to avoid exceeding the threshold at which additional SPD
becomes counterproductive. ANOVA confirmed that SPD concentration
had a statistically significant effect on RB4 removal (F(6,14) = 2369.5, p
< 0.0001). Post-hoc Tukey HSD tests revealed that 1.5 g/L SPD yielded
significantly higher removal than all other concentrations tested (p <
0.0001), including 1.0 g/L (84.57%) and 2.0 g/L (90.87%). Based on the
statistical analysis, the optimal functionalization conditions were
confirmed as: 1.5 g/L SPD, 40 °C, and 3 h reaction time. These condi-
tions were used for subsequent characterization and adsorption studies.

3.2. Characterization

The FTIR spectrum of pristine CHI beads displayed characteristic
absorption bands attributable to chitosan functional groups (Fig. 3a). A
broad band between 3100 and 3600 cm ™! was assigned to the stretching
vibrations of hydroxyl (—OH) and amine (—NH3) groups, both typical of
chitosan. The peak at 2871 cm™! corresponded to C—H stretching in
aliphatic —CHj groups [28]. Distinct bands observed at 1658, 1590,
1552, and 1311 cm ™! were attributed, respectively, to amide I (C=0
stretching), the overlapping N—H bending of primary amines with
amide II contributions, and C—N stretching coupled with N—H bending
for amide IIT [29]. Peaks at 1417 and 1371 cm ™! were assigned to C—H
bending and the symmetric deformation of —CHg groups [30]. The band
at 1143 cm™! corresponded to the asymmetric stretching of C-O-C
bridges in glycosidic linkages, whereas those at 1058 and 1022 cm ™!
were associated with C—O stretching of the saccharide backbone, fea-
tures characteristic of CHI [29].

In contrast, the FTIR spectrum of CHI-DEO-SPD beads exhibited clear
band shifts and intensity changes consistent with successful cross-
linking and amine functionalization. The overlapping —NH; and —OH
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Fig. 3. FT-IR spectra of CHI and CHI-DEO-SPD beads before and after adsorption (a), and schematic illustration of the CHI-DEO-SPD bead synthesis process (b).
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stretching band (3350 cm™ ) intensified and broadened, indicating
enhanced hydrogen bonding and an increased population of amine
groups from the incorporated SPD [31]. The C—H stretching region near
2860 cm ! also changed in intensity, reflecting modifications to the CHI
matrix and the incorporation of new groups.

Importantly, the interpretation of reactive group formation was
refined. The amide I band shifted from 1658 cm ™! to 1661 cm ™1, and the
complex band at ~1590 cm™! (encompassing N—H bending/amide II)
shifted to 1596 cm ™. These shifts signify an altered chemical environ-
ment for the carbonyl and amine groups, consistent with their involve-
ment in reactions with DEO and ECH, and the subsequent introduction
of SPD [32]. Crucially, the C-O-C/C-O stretching region showed a
notable shift from 1058 cm™! to 1151 cm ™. This shift toward higher
wavenumbers is a key indicator of the formation of new aliphatic ether
(C-0-C) linkages, which is the expected product of the ring-opening
reactions of DEO and ECH epoxides with chitosan's hydroxyl and
amine groups [15]. Collectively, these spectral changes confirm: (1) the
formation of a cross-linked network via DEO/ECH, and (2) the successful
incorporation of SPD amines, resulting in a material with higher amine
density and structural stability. Fig. 3b schematically illustrates the
proposed DEO cross-linking and SPD attachment on the CHI surface.

Fig. 4a presents the XRD patterns of CHI and CHI-DEO-SPD beads.
The CHI beads exhibited two distinct characteristic reflections: a broad,
weak feature near 11° and a more intense, sharper peak at 20.24°. These
are well-known signatures of semi-crystalline chitosan; the low-angle
reflection is commonly associated with hydrated, less-ordered crystal-
line domains, whereas the 20° reflection corresponds to more ordered,
anhydrous/semi-crystalline regions [33]. Together they confirm the
semi-crystalline nature of CHI, which arises primarily from extensive
inter- and intra-chain hydrogen bonding involving hydroxyl and amine
groups [34].

After cross-linking with DEO and functionalization with SPD, the
XRD patterns exhibited substantial changes. The overall intensity of the
diffraction peaks decreased, and the reflection at 20.24° shifted slightly
to 20.56°, accompanied by noticeable peak broadening. These alter-
ations indicate a partial loss of crystallinity and an increase in amor-
phous content, suggesting that cross-linking and grafting disrupted the
regular hydrogen-bonding network of CHI [35]. The reduction in crys-
tallinity can be attributed to the insertion of DEO and SPD between CHI
polymer chains, which hinders tight packing and introduces structural
disorder. Although reduced crystallinity may slightly compromise ri-
gidity, it increases the accessibility of internal functional groups to ad-
sorbates and enhances flexibility, both of which are favorable for
adsorption. Consequently, CHI-DEO-SPD beads exhibit higher adsorp-
tion efficiency due to improved surface accessibility and expanded
diffusion pathways [36].

TGA provided further insight into the thermal stability and decom-
position behavior of the synthesized adsorbents (Fig. 4b). The thermo-
gram of pristine CHI beads exhibited three distinct weight-loss stages.
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The first stage, occurring near 100 °C (approximately 4.0% mass loss),
corresponds to the desorption of physically adsorbed and bound water
from the hydrophilic CHI matrix [37]. The major decomposition
occurred between 250 and 450 °C, resulting in substantial mass loss
primarily due to the depolymerization and degradation of the chitosan
backbone, which involves the dehydration of saccharide units and the
cleavage of acetylated and deacetylated moieties [38]. Beyond 550 °C,
further decomposition occurred, leaving a residual char of 4.5%,
indicative of the limited thermal stability of unmodified CHI.

In contrast, CHI-DEO-SPD beads exhibited enhanced thermal sta-
bility and a modified decomposition pattern. The initial weight loss
below 120 °C decreased to 2.64%, indicating reduced water retention
due to cross-linking, which limits the availability of highly hydrophilic
sites [39]. The primary decomposition proceeded in two overlapping
stages: an initial mass loss of 43.65% between 290 and 340 °C, followed
by a second stage between 450 and 500 °C, yielding a total mass loss of
74% over these temperature ranges. This two-step degradation pattern
suggests structural complexity introduced by DEO cross-linking and SPD
grafting, leading to decomposition of distinct molecular domains at
different temperatures [38]. At 550-600 °C, CHI-DEO-SPD beads
exhibited a total mass loss of 91.8%, corresponding to a residual char
yield of 8.2%, nearly double that of pristine CHI. The higher char residue
indicates the formation of thermally stable carbonaceous structures
reinforced by covalent cross-links and polyamine moieties. This
improvement confirms that DEO cross-linking and SPD incorporation
strengthen the CHI framework, delay degradation, and enhance suit-
ability for applications under harsh thermal or acidic conditions.

The pore structure and surface area play critical roles in adsorption
performance, influencing both the accessibility of active sites and the
diffusion of adsorbates. BET analysis results for CHI and CHI-DEO-SPD
beads are summarized in Table 2. Following modification, substantial
increases in surface area and total pore volume were observed, accom-
panied by a reduction in average pore diameter. Quantitatively, the BET
surface area increased from 4.59 m2/g for pristine CHI to 34.60 m%/g
after modification (an almost eightfold increase). Similarly, the total
pore volume rose from 0.03 cm®/g to 0.09 cm®/g, while the average pore
diameter decreased from 31.50 nm to 11.01 nm. According to IUPAC
classification, both materials are mesoporous (2-50 nm); the modifica-
tion thus led to a refinement of the mesoporous structure, generating a
higher population of pores in the smaller mesopore range [40]. These

Table 2
Textural characteristics of CHI and CHI-DEO-SPD beads.

Adsorbent BET surface area Total pore volume Average pore
(m?/g) (em®/g) diameter (nm)
CHI 4.59 0.03 31.50
CHI-DEO- 34.60 0.09 11.01
SPD
Ry
100 - L 2.64%, (b)

| — CHI-DEO-SPD

95.5%:1
Lo——1

1 1 1 1 1 1
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Temperature (°C)

Fig. 4. XRD patterns (a), and TGA curves (b) of the CHI and CHI-DEO-SPD beads.
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results confirm that DEO cross-linking and SPD functionalization
introduced structural rearrangements, generating additional meso-
porosity and improving access to adsorption sites. The shift to a smaller
average pore diameter (~11 nm) indicates the creation of a more
defined mesoporous network. This pore size is highly relevant for the
adsorption of large organic molecules, such as dyes (e.g., RB4), while
remaining readily accessible to smaller inorganic ions, such as Cr(VI)
oxyanions. The improvement in surface properties is mainly attributed
to partial disruption of dense chitosan networks, followed by cross-
linking that stabilizes the network and prevents collapse during dry-
ing, which generated a more open and interconnected pore system. The
grafted amino groups also increase molecular spacing and enhance
structural porosity. Consequently, CHI-DEO-SPD beads combine high
surface area, appropriate mesopore size, and abundant active sites,
making them highly effective for simultaneous adsorption of dyes and
metal ions.

SEM analysis was performed to examine the morphological charac-
teristics of the synthesized beads (Fig. 5). The images reveal that pristine
CHI beads exhibit a smooth, uniform, and relatively compact surface
morphology. In contrast, CHI-DEO-SPD beads display a rougher and
more irregular surface texture, indicating a heterogeneous and porous
structure. These morphological transformations result from modifica-
tion with DEO and SPD, which alter surface topography and increase the
number of accessible functional groups. The rough, heterogeneous sur-
face of CHI-DEO-SPD enhances the availability of active sites and pro-
motes stronger interactions with adsorbates. Consequently, these
structural changes improve adsorption efficiency and confirm the suc-
cessful modification of CHI beads.

3.3. Effect of adsorbent dosage

Determining the optimal adsorbent dosage is essential to maximize
removal efficiency while maintaining cost-effectiveness and minimizing
material use. In adsorption systems, the adsorbent dosage directly in-
fluences the number of available active sites, the degree of adsorbate-
—adsorbent contact, and the overall driving force for mass transfer
between the solid and liquid phases [41]. The results revealed that

International Journal of Biological Macromolecules 371 (2026) 152990

increasing the dosage of CHI-DEO-SPD beads markedly enhanced the
removal of both RB4 and Cr(VI) in single- and binary-solute systems up
to an optimal concentration of 1.0 g/L, beyond which no significant
improvement was observed (Fig. 6a). As expected, the adsorption effi-
ciencies in the binary system were consistently lower than those in the
single-solute experiments, reflecting the competitive nature of co-
adsorption.

In the single-solute systems, the removal efficiencies of both con-
taminants increased sharply as the adsorbent dosage rose from 0.25 to
1.0 g/L. For Cr(VD), the removal efficiency improved from 30.05% to
73.00%, while RB4 removal increased from 42.05% to 85.00%. This
enhancement in performance at higher dosages can be attributed to the
greater surface area and larger number of active sites available for
adsorption, enabling more effective interactions between the functional
groups on the CHI-DEO-SPD surface and the adsorbate molecules [42].
Under acidic conditions (pH 3), the positively charged amino groups
(—NH3Z) on the CHI-DEO-SPD surface play a dominant role in attracting
negatively charged species through electrostatic interactions. Both RB4
dye anions (bearing sulfonate groups, -SO3) and Cr(VI) oxyanions
(HCrO4 and crzo%*) are effectively drawn toward these protonated
amine sites. In addition to electrostatic attraction, secondary mecha-
nisms, such as hydrogen bonding and n—r interactions between the ar-
omatic rings of RB4 and the chitosan backbone, contribute to dye
adsorption. This combination of interactions explains the consistently
higher RB4 removal efficiency compared with Cr(VI), as the latter de-
pends almost exclusively on electrostatic binding.

Beyond the optimal dosage of 1.0 g/L, the removal efficiency pla-
teaued and even declined slightly at higher dosages. This behavior is
commonly attributed to the aggregation of adsorbent particles, which
reduces the effective surface area and partially blocks active sites,
thereby lowering the overall adsorption capacity. Additionally, at
elevated bead concentrations, the overlapping of diffusion layers sur-
rounding adjacent particles can hinder the mass transfer of adsorbate
molecules from the bulk solution to the adsorbent surface, reducing
apparent efficiency [43].

A similar trend was observed in the binary-solute system, although
overall efficiencies were lower due to competition for shared adsorption

Fig. 5. SEM images of CHI beads (a), CHI-DEO-SPD beads (b), CHI-DEO-SPD after RB4 adsorption (c), and CHI-DEO-SPD after Cr(VI) adsorption (d).
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sites. RB4 removal increased from 33.64% at 0.25 g/L to 72.80% at 1.0
g/L, after which it stabilized. Cr(VI) removal rose from 19.53% at 0.25
g/L to 57.80% at 1.5 g/L, remaining consistently below single-solute
values. The reduced performance in the binary system reflects the
strong competitive adsorption between RB4 and Cr(VI), as both anionic
species vie for the same positively charged sites. Despite this competi-
tion, RB4 exhibited a greater affinity for CHI-DEO-SPD beads than Cr
(VD), even under mixed conditions. This preferential adsorption arises
from RB4's ability to participate in multiple binding mechanisms,
including electrostatic attraction, hydrogen bonding, and n—n stacking
interactions, whereas Cr(VI) relies mainly on electrostatic forces.
Moreover, the larger molecular size and conjugated aromatic structure
of RB4 enable multilayer adsorption and surface occupation at multiple
binding sites, providing a kinetic advantage in accessing available active
sites. Overall, these results demonstrate that an adsorbent dosage of 1.0
g/L provides the best balance between high removal efficiency and
material economy. This dosage ensures sufficient availability of active
sites while minimizing the negative effects of aggregation and diffusion
limitation. Therefore, 1.0 g/L was selected as the optimal adsorbent
dosage for subsequent kinetic, isotherm, and thermodynamic
investigations.

3.4. Effect of pH

Determining the pHpzc of an adsorbent provides valuable insight
into its surface chemistry, adsorption behavior, and dominant interac-
tion mechanisms. The pHpzc is the pH at which the adsorbent's net
surface charge is zero. When pH > pHpzc, the surface becomes nega-
tively charged, favoring the adsorption of cationic species. Conversely,
when pH < pHpzc, the surface is positively charged, enhancing the
uptake of anionic pollutants such as Cr(VI) oxyanions and sulfonated
dye molecules [44].

As shown in Fig. 6b, the surface charge of CHI-DEO-SPD beads was
strongly influenced by the solution pH. The experimentally determined

pHpzc was 6.3, indicating that the bead surface is positively charged
below this value and negatively charged above it. Thus, at pH < 6.3,
electrostatic attraction occurs between protonated amino groups
(-NH3) on the adsorbent and negatively charged Cr(VI) and RB4 spe-
cies, promoting efficient adsorption. This explains the high removal
efficiencies observed under acidic conditions, with optimal performance
at pH 2-3. In contrast, at pH > 6.3, deprotonation of surface amino
groups reduces the positive surface charge and induces electrostatic
repulsion toward anionic contaminants, leading to a pronounced decline
in adsorption efficiency.

The pH of the solution plays a pivotal role in controlling both the
physicochemical properties of the adsorbent and the speciation of the
adsorbate. It governs the protonation and deprotonation of surface
functional groups, thereby determining the charge distribution at the
solid-liquid interface [45]. Both RB4 and Cr(VI) exist predominantly as
anionic species in aqueous media. Deprotonation of sulfonic acid groups
(—SO3H) in RB4 generates sulfonate ions (—SO3), imparting a strong
negative charge to the dye molecule [46]. Similarly, Cr(VI) exists pre-
dominantly as oxyanions such as CrOAzf, Crgo%’, and HCrOj4, depending
on the pH and total concentration. Under acidic conditions (pH < 6),
HCrO4 and CrZO%’ dominate, whereas CrO‘zf becomes predominant in
alkaline media. These negatively charged species interact most effec-
tively with positively charged surfaces [47]. At low pH, the protonation
of amino groups (-NH, — -NH3) enhances the positive surface potential
of CHI-DEO-SPD beads, resulting in strong electrostatic attraction to-
ward anionic RB4 and Cr(VI) species. Additionally, excess H" ions
suppress the dissociation of surface hydroxyl groups, further minimizing
electrostatic repulsion. Therefore, acidic environments strongly favor
adsorption.

Experimental data confirmed this expectation: both RB4 and Cr(VI)
removal efficiencies increased substantially at low pH. In single-solute
systems, adsorption exhibited a clear pH dependence, with maximum
removal efficiencies of 98.08% for RB4 and 74.58% for Cr(VI) at pH 3
(Fig. 6¢). At this pH, RB4 exists mainly as RB4-SO3, while Cr(VI) occurs
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primarily as HCrO4™. The extensive protonation of amino groups on CHI-
DEO-SPD (forming —NH3 sites) facilitates strong electrostatic attraction
with these negatively charged species [48].

At pH values below 3, partial protonation of RB4 sulfonate groups to
—-SO3H slightly decreases the dye's negative charge; however, RB4
largely retains its anionic character and continues to adsorb effectively.
In contrast, under highly acidic conditions, Cr(VI) shifts toward its
neutral molecular form, H,CrO4, which exhibits a weaker electrostatic
affinity for the protonated adsorbent, leading to reduced adsorption
[49]. Moreover, excessive protonation of surface amino groups can
generate intramolecular electrostatic repulsion and partially neutralize
charges, diminishing overall adsorption capacity [50].

As the pH increased from 3 to 11, the adsorption capacities of both
RB4 and Cr(VI) decreased sharply, to 20.95% and 14.45%, respectively.
This decline results from the deprotonation of amino groups, which
reduces positive charge density and induces electrostatic repulsion be-
tween the negatively charged adsorbent surface and the anionic adsor-
bates. In alkaline media, hydroxide ions (OH ™) also compete with Cr(VI)
oxyanions and RB4 sulfonates for active sites, further hindering
adsorption. Additionally, at high pH, the diminished hydrogen-bonding
capacity and potential swelling relaxation of the chitosan framework
can slightly reduce surface accessibility [51].

In the binary-solute system, a similar pH-dependent trend was
observed, although overall adsorption efficiencies were lower due to
competition for available sites [52]. For RB4, the maximum removal
efficiency at pH 3 was 80.88%, compared with 98.08% in the single-
solute system, while for Cr(VI) it was 51.09%, dropping to 7.28% at
pH 11. The stronger suppression of Cr(VI) uptake in the binary system
suggests that RB4 possesses a higher affinity for the available cationic
sites and effectively outcompetes Cr(VI) under coexisting conditions.

The preferential adsorption of RB4 can be attributed to its multiple
binding mechanisms. In addition to electrostatic attraction, RB4 in-
teracts through hydrogen bonding between its sulfonate moieties and
the amino or hydroxyl groups on CHI-DEO-SPD, as well as through n—=
stacking between its aromatic rings and the polysaccharide backbone.
By contrast, Cr(VI) adsorption relies primarily on electrostatic in-
teractions. This structural versatility provides RB4 with both kinetic and
thermodynamic advantages, explaining its dominant removal perfor-
mance under single- and binary-solute conditions [52].

Overall, adsorption of both RB4 and Cr(VI) was most effective under
acidic conditions and decreased progressively with increasing pH.
However, in multicomponent systems, competitive interactions signifi-
cantly reduced the uptake of both species, particularly Cr(VI). These
results demonstrate that RB4 exhibits a higher affinity toward CHI-DEO-
SPD due to its diverse binding modes, while Cr(VI) adsorption is more
sensitive to electrostatic competition. This behavior highlights the
importance of evaluating adsorption performance under realistic
multicomponent conditions, as single-solute studies may overestimate
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adsorbent efficiency in practical wastewater treatment applications.

3.5. Adsorption kinetics

Contact time is one of the most critical parameters influencing
adsorption performance, as it determines the rate at which equilibrium
is achieved and reflects the overall efficiency of the adsorbent. Under-
standing adsorption kinetics is therefore essential for optimizing treat-
ment system design to ensure high removal efficiency and cost-
effectiveness [53]. The adsorption of RB4 and Cr(VI) onto CHI-DEO-
SPD beads exhibited a distinct biphasic kinetic profile characterized
by an initial rapid uptake followed by a slower approach to equilibrium
(Fig. 7). In the single-solute system, CHI-DEO-SPD beads showed sub-
stantial adsorption during the first few hours, with RB4 reaching 132.40
mg/g and Cr(VI) attaining 104.89 mg/g within 4 h. The rapid initial
adsorption can be attributed to the abundance of available active sites
and the strong concentration gradient between the bulk solution and the
bead surface, which enhances external mass transfer [41].

As adsorption progressed, the rate gradually decreased due to the
progressive occupation of surface sites, which reduced the driving
concentration gradient and introduced intraparticle diffusion resistance.
RB4 reached equilibrium earlier than Cr(VI), stabilizing between 8 and
12 h at approximately 189.36 mg/g, whereas Cr(VI) required up to 20 h
to reach equilibrium at 159.27 mg/g. The faster equilibration and higher
overall uptake of RB4 suggest stronger interactions between the dye
molecules and the functionalized CHI-DEO-SPD surface, consistent with
multiple binding mechanisms, including electrostatic attraction,
hydrogen bonding, and n—= stacking [54]. In the binary-solute system,
overall adsorption capacities decreased due to competition for shared
active sites. RB4 remained the dominant species, although its equilib-
rium capacity declined to 151.50 mg/g, while Cr(VI) adsorption
decreased more markedly to 95.56 mg/g. Interestingly, equilibrium was
reached slightly earlier under binary conditions (12-16 h for both sol-
utes), likely because simultaneous competition accelerated surface
saturation and led to earlier steady-state conditions.

To quantitatively describe the adsorption kinetics, the pseudo-first-
order (PFO) and pseudo-second-order (PSO) models were applied to
the experimental data (Table 3). The PFO model assumes that the
adsorption rate is proportional to the number of unoccupied sites and is
primarily governed by physical diffusion. In contrast, the PSO model is
based on chemisorption involving valence forces through electron
sharing or exchange between functional groups on the adsorbent and the
adsorbate. For both RB4 and Cr(VI), the PSO model provided a superior
fit compared with the PFO model, as indicated by higher correlation
coefficients (R2 = 0.996-0.999) and lower chi-square (X2 = 0.34-2.93)
values. In the single-solute system, RB4 adsorption followed PSO ki-
netics with R? = 0.999 and y? = 1.28, while Cr(VI) exhibited similar
behavior with R? = 0.999 and ¥ = 2.93. The binary-solute system also
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Fig. 7. Adsorption kinetics of RB4 and Cr(VI) onto CHI-DEO-SPD beads in single- and binary-solute systems (1 g/L of beads in 100 mL of 100 mg/L adsorbate

solution at pH 3 for 24 h at room temperature).
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Table 3
Kinetic model parameters for the adsorption of RB4 and Cr(VI) onto CHI-DEO-
SPD beads in single- and binary-solute systems.

Kinetic model Parameters Single-solute system Binary-solute system
Cr(VI) RB4 Cr(VI) RB4
Experimental q. (mg/g) 159.27 189.36 95.56 151.50
data
Pseudo-first- Qca (Mg/g) 155.8 187.2 94.1 149.5
order K (h™h) 0.538 0.642 0.685 0.698
%2 3.14 1.83 2.86 0.60
R? 0.997 0.998 0.994 0.998
Pseudo-second- Qe (Mg/g) 160.5 189.5 96.3 151.8
order K (g/ 0.0082 0.0091 0.023 0.0125
(mg-h))
x 2 2.93 1.28 2.24 0.34
R? 0.999 0.999 0.996 0.999
Elovich o (mg/ 86.86 135.05 53.4 121.22
(g-h)
B (g/mg) 0.021 0.021 0.037 0.027
x? 3.96 5.32 1.41 3.98
R? 0.942 0.924 0.942 0.931

fit the PSO model well (R? = 0.996-0.999), confirming that chemi-
sorption is the dominant rate-controlling step for both adsorbates. This
indicates the involvement of valence forces through electron sharing or
exchange between the adsorbent's amino and hydroxyl groups and the
anionic species in solution.

The equilibrium adsorption capacities calculated from the PSO
model (q.,;) were in excellent agreement with the experimental values
(q.), validating the model's applicability. In the single-solute system,
Q. Values were 189.5 mg/g for RB4 and 160.5 mg/g for Cr(VI), while in
the binary system, they decreased to 151.8 mg/g and 96.3 mg/g,
respectively, demonstrating the impact of competitive inhibition on
adsorption performance.

The kinetic rate constants further supported these observations. For
the PFO model, K; values were 0.642 h! (RB4-single) and 0.538 hl(cr
(VD)-single), with binary conditions yielding 0.698 h~! (RB4) and 0.685
h~! (Cr(VD). For the PSO model, K, values were 0.0091 g/(mg-h) (RB4-
single) and 0.0082 g/(mg-h) (Cr(VI)-single), while binary systems yiel-
ded 0.0125 g/(mg-h) (RB4) and 0.023 g/(mg-h) (Cr(VD)). The higher
apparent K; for Cr(VI) in the binary system, despite its lower equilib-
rium capacity, suggests a faster initial adsorption process constrained by
competition with RB4 molecules for available active sites.

The Elovich model was also employed to interpret the chemisorption
process further and assess the surface heterogeneity of CHI-DEO-SPD
beads. The Elovich equation assumes that adsorption occurs on ener-
getically heterogeneous surfaces and that the rate decreases exponen-
tially with increasing surface coverage [55]. As shown in Table 3, the
Elovich model produced strong linear correlations (R? = 0.924-0.942)
for all systems, confirming that chemisorption predominates. The initial
adsorption rate (a) was higher for RB4 than for Cr(VI) in both single
(135.05 vs. 86.86 mg/g-h) and binary (121.22 vs. 53.40 mg/g-h) sys-
tems, indicating faster surface interactions for the dye. The f values
(0.021-0.037 g/mg) indicate moderate surface heterogeneity, with
slightly higher f values in binary systems, likely reflecting competition-
induced variations in surface energy distribution. The agreement be-
tween the Elovich parameters and PSO results reinforces the conclusion
that adsorption proceeds predominantly through heterogeneous chem-
isorption, involving the interaction of anionic species with protonated
amino and hydroxyl groups on the CHI-DEO-SPD surface.

Overall, these findings confirm that the PSO model most accurately
describes the adsorption kinetics of both RB4 and Cr(VI) in single- and
binary-solute systems. The predominance of PSO kinetics indicates that
chemisorption (driven by specific surface interactions and possible co-
ordination between adsorbate ions and protonated amine groups) gov-
erns the adsorption mechanism. RB4 exhibits both a stronger affinity
and a faster equilibrium rate than Cr(VI), consistent with its multiple
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binding pathways and larger aromatic structure, which enable n-n
stacking, hydrogen bonding, and electrostatic attraction. Cr(VI)
adsorption, by contrast, is largely restricted to electrostatic mechanisms.
The kinetic analysis thus underscores the importance of evaluating
adsorption behavior under competitive multicomponent conditions,
which more closely replicate industrial wastewater environments and
yield a realistic assessment of adsorbent performance.

3.6. Adsorption isotherms

The Langmuir and Freundlich isotherm models were employed to
analyze the equilibrium adsorption behavior of RB4 and Cr(VI) onto
CHI-DEO-SPD beads. These models provide critical insights into the
adsorption mechanisms, surface heterogeneity, and the nature of
adsorbate-adsorbent interactions. The Langmuir model assumes
monolayer adsorption onto a homogeneous surface with identical,
energetically equivalent sites, while the Freundlich model is an empir-
ical equation describing adsorption on heterogeneous surfaces [56].

The experimental isotherms for both solutes in single- and binary-
solute systems are presented in Fig. 8. The adsorption capacity for all
systems increased with the initial adsorbate concentration, exhibiting a
steep rise at low concentrations that gradually plateaued at higher
concentrations. This shape indicates a high affinity between the adsor-
bates and the CHI-DEO-SPD surface at low concentrations and pro-
gressive saturation of available binding sites at higher loadings [57].

The corresponding Langmuir and Freundlich parameters, obtained
via nonlinear regression analysis, are summarized in Table 4. Both
models fitted the equilibrium data well, with R? generally exceeding
0.99; however, the Freundlich model consistently provided a superior
fit, as evidenced by lower X2 values (Table 4). This outcome suggests that
adsorption occurs predominantly on a heterogeneous surface with sites
of varying affinity, consistent with the structural characteristics of
chitosan-based materials. The glucosamine and N-acetylglucosamine
units of chitosan furnish both amino and hydroxyl groups, enabling
diverse adsorption mechanisms, including electrostatic attraction,
hydrogen bonding, and coordination-type interactions [58].

The Freundlich parameters further highlight the differences in
adsorption behavior between RB4 and Cr(VI). In single-solute systems,
RB4 displayed higher Ky values than Cr(VI) at all temperatures, with
values of 7.6, 6.21, and 4.73 (mg/g)(mg/L)l/n at 25, 35, and 45 °C,
respectively. The corresponding n values (x=1.44-1.45) indicate favor-
able adsorption (n > 1), reflecting strong binding intensity and high
surface heterogeneity [59]. These results align with the structural
complexity of RB4, which possesses multiple sulfonate groups and aro-
matic rings, consistent with adsorption on heterogeneous surfaces and
potential multi-mechanistic interactions such as electrostatic attraction,
hydrogen bonding, and n-x stacking.

In binary-solute systems, Kr values for RB4 decreased slightly, and
Langmuir monolayer capacities (q,,) dropped more sharply, from
872.35 mg/g (single) to 715.26 mg/g (binary) at 25 °C, from 670.61 to
554.46 mg/g at 35 °C, and from 539.82 to 347.51 mg/g at 45 °C. The
more pronounced decline at elevated temperatures indicates that RB4
adsorption is exothermic and highly sensitive to competition with Cr
(VD). Conversely, in single-solute systems, Cr(VI) exhibited lower Kg
values (5.37, 4.62, and 4.15 across 25-45 °C) and slightly smaller n
values (1.38 to 1.34), still indicating favorable but less intense adsorp-
tion than RB4. Notably, Cr(VI) exhibited increasing q, values that
increased with temperature (739.91, 756.27, and 785.19 mg/g),
reflecting an endothermic adsorption process. This behavior implies that
higher temperatures enhance Cr(VI) mobility and facilitate diffusion
into internal binding sites.

Under binary conditions, Cr(VI) q,, values decreased only modestly
(699.92, 724.93, and 760.01 mg/g), and Ky increased slightly with
temperature, reaching 5.7 at 45 °C. These results suggest that the
competitive inhibition of Cr(VI) adsorption by RB4 weakens at elevated
temperatures and that competitive effects diminish as thermal energy
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Fig. 8. Adsorption isotherms of RB4 and Cr(VI) onto CHI-DEO-SPD beads in single-solute systems (a, b) and binary-solute systems (c, d) (1 g/L of beads in 100 mL of

adsorbate solution at pH 3 for 24 h at 25, 35, and 45 °C).

Table 4

Isotherm parameters for the adsorption of RB4 and Cr(VI) onto CHI-DEO-SPD beads in single- and binary-solute systems.
Adsorbate Langmuir Freundlich

q,, (mg/g) Ky, (L/mg) e R? Kr (mg/g)/(mg/L)"" n e R?

Single-solute
RB4 @25 °C 872.35 0.0027 67.8 0.995 7.6 1.44 1.75 0.999
RB4 @35 °C 670.61 0.0028 49.8 0.994 6.21 1.45 0.80 0.999
RB4 @45 °C 539.82 0.0027 41.52 0.992 4.73 1.44 2.761 0.999
Cr(VI) @25 °C 739.91 0.0021 87.99 0.991 5.37 1.38 30.07 0.996
Cr(VI) @35 °C 756.27 0.0022 56.89 0.994 4.62 1.36 10.63 0.998
Cr(VI) @45 °C 785.19 0.0023 64.33 0.992 4.15 1.34 19.76 0.998
Binary-solute
RB4 @25 °C 715.26 0.0024 67.8 0.995 7.59 1.44 14.62 0.998
RB4 @35 °C 554.46 0.0024 49.78 0.994 6.21 1.45 8.71 0.998
RB4 @45 °C 347.51 0.0021 41.52 0.992 4.73 1.43 2.15 0.999
Cr(VI) @25 °C 699.92 0.0020 18.01 0.997 3.65 1.32 4.14 0.998
Cr(VI) @35 °C 724.93 0.0022 24.75 0.997 4.41 1.36 1.69 0.999
Cr(VI) @45 °C 760.01 0.0025 37.39 0.996 5.7 1.40 1.00 0.999

increases, likely due to improved adsorbate diffusion and increased ac-
cess to deeper sorption sites.

Taken together, these findings indicate that RB4 adsorption follows a
heterogeneous and exothermic process strongly influenced by surface
heterogeneity and competitive interactions. In contrast, Cr(VI) adsorp-
tion, while often conceptualized as a site-specific electrostatic interac-
tion, is best described by the Freundlich model, indicating significant
surface energy heterogeneity. The process is endothermic and compar-
atively resilient under binary conditions. The consistently high q,, values
for both adsorbates underscore the excellent performance of CHI-DEO-
SPD beads and confirm their versatility for the simultaneous removal
of dyes and heavy metals in complex wastewater environments.

The q,,, parameter is a critical indicator of an adsorbent's efficiency.
Comparing q,,values across studies provide meaningful benchmarks for
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evaluating relative performance. In this study, the highest q,, for RB4 in
single-solute systems was 872.35 mg/g at 25 °C and pH 3, markedly
higher than most previously reported adsorbents. For example, guar
gum-graft-poly(acrylamide)/silica [60] and peanut shell activated
carbon modified with ionic liquid [61] achieved 579.01 mg/g and
364.14 mg/g, respectively. Other chitosan- or carbon-based sorbents
typically exhibit capacities below 300 mg/g. These comparisons clearly
demonstrate the exceptional affinity of CHI-DEO-SPD beads for dye
adsorption.

Similarly, for Cr(VI) in single-solute systems, CHI-DEO-SPD beads
achieved a maximum capacity of 785.19 mg/g at 45 °C and pH 3, sur-
passing most reported materials. For instance, Parthenium hysterophorus-
based biochar-Fe304 [62] and polypyrrole-PAN/PEI [63] reached only
400 mg/g and 368 mg/g, respectively, while Fe—Mn oxide-modified



M. Vakili et al.

biochar [64] and magnetic kaolin—chitosan beads [65] showed lower
capacities (118.03 and 144 mg/g). The superior performance of CHI-
DEO-SPD beads can be attributed to the combined effects of structural
stabilization and surface functionalization. DEO cross-linking improves
the acid stability of chitosan and preserves bead integrity under the
acidic conditions required for effective RB4 and Cr(VI) removal. At the
same time, SPD functionalization introduces additional protonatable
amino groups, increasing the positive surface charge and strengthening
electrostatic attraction toward RB4 sulfonate groups and Cr(VI) oxy-
anions. The increased BET surface area, refined mesoporous structure,
and reduced crystallinity further improve the accessibility of active sites
and facilitate adsorbate diffusion. For RB4, adsorption is additionally
supported by hydrogen bonding and possible dye-dye n-associated in-
teractions, whereas Cr(VI) uptake is mainly governed by electrostatic
attraction and interactions with amino and hydroxyl groups. Therefore,
the high adsorption capacities of CHI-DEO-SPD beads arise from the
combined contribution of abundant active sites, improved pore acces-
sibility, enhanced acid stability, and strong affinity toward anionic
pollutants. These results demonstrate the potential of CHI-DEO-SPD
beads as a versatile, high-capacity, and reusable adsorbent for indus-
trial wastewater treatment (Table 5).

3.7. Thermodynamic study

Thermodynamic parameters derived from adsorption data are
essential for understanding the feasibility, energetic nature, and mo-
lecular mechanisms governing adsorption processes. These parameters
provide crucial insights into the interactions between adsorbate mole-
cules and adsorbent surfaces, helping to determine whether the process
is spontaneous, endothermic, or exothermic, and to assess the degree of
molecular organization at the solid-liquid interface [69]. The standard
Gibbs free energy (AG®), enthalpy (AH), and entropy (AS°) changes for
the adsorption of RB4 and Cr(VI) onto CHI-DEO-SPD beads were
determined from temperature-dependent Langmuir constants using the
van't Hoff equation (Table 6). Thermodynamic parameters were evalu-
ated for both single- and binary-solute systems to assess the influence of
competitive adsorption on the energetic nature of the process. All cal-
culations were performed within the temperature range of 25-45 °C at
pH 3.

The calculated AG® values were negative across the studied tem-
perature range for all systems (Table 6), indicating that the adsorption
process is thermodynamically spontaneous under the given conditions.
For RB4 in the single system, AG® ranged from —18.5 to —19.7 kJ/mol,

Table 5
Comparison of maximum adsorption capacities (q,,) of various adsorbents for
RB4 and Cr(VI).

Adsorbent pH q, (mg/ Ref.
g)
RB4
Chitosan-hydroxyapatite nanocomposite 4 166.8 [66]
Activated carbon from Enteromorpha prolifera 6 131.93 [50]
Poly (methylmethacrylate) grafted chitosan 4 204 [67]
Peanut shell modified by ionic liquid 2 290 [61]
Peanut shell activated carbon modified by ionic =~ 2 364.14 [61]
liquid
Guar gum-graft-poly (acrylamide)/silica 2 579.01 [60]
CHI-DEO-SPD beads 3 872.35 Present
study
Cr(VD)
CaFe,0,@rGO-modified biochar 2 30.8 [68]
Fe-Mn oxide-modified biochar 2 118.03 [64]
Parthenium hysterophorus-based biochar-Fe;04 3 400 [62]
Polypyrrole-PAN/PEI 2 368 [63]
Magnetic kaolin-embedded chitosan beads 2 144 [65]
CHI-DEO-SPD beads 3 785.19 Present
study
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Table 6
Thermodynamic parameters for the adsorption of RB4 and Cr(VI) onto CHI-DEO-
SPD beads in single- and binary-solute systems (pH 3, 25-45 °C).

System  Adsorbate T (K) AG® (kJ/ AH° (kJ/ AS° (kJ/
mol) mol) mol-K)
Single RB4 298.15 185 -1.25 0.058
308.15  —-19.2
318.15  -19.7
C(VD 298.15 -13.6 1.52 0.051
308.15 —-14.2
318.15 -14.8
Binary RB4 298.15  -18.2 9.23 0.092

308.15 -18.8
31815 -19.0
C(VD) 298.15 135 15.30 0.097
308.15 -14.2
31815 -15.0

while for Cr(VI) it varied from —13.6 to —14.8 kJ/mol. In the binary
system, AG® values remained negative and similar in magnitude (—18.2
to —19.0 kJ/mol for RB4; —13.5 to —15.0 kJ/mol for Cr(VI)), confirming
that co-adsorption remains spontaneous even under competitive con-
ditions. The magnitude of AG® (between —10 and —20 kJ/mol) is
characteristic of processes driven by a combination of physical in-
teractions, such as electrostatic attraction and hydrogen bonding, which
are reversible and typical for adsorption onto biopolymer-based mate-
rials [70].

The AH° values revealed distinct and system-dependent energetic
behaviors for the two adsorbates (Table 6). In the single-solute system,
RB4 adsorption exhibited a slightly negative AH° (—1.25 kJ/mol),
indicating a weakly exothermic process. This is consistent with the
observed decrease in adsorption capacity with increasing temperature
(Table 4) and aligns with adsorption mechanisms dominated by elec-
trostatic and n-n interactions, which are often slightly weakened at
higher temperatures [71]. However, in the binary system, RB4 adsorp-
tion became endothermic (AH®° = +9.23 kJ/mol). This marked shift
suggests that the presence of competing Cr(VI) oxyanions imposes an
energetic penalty on RB4 uptake, likely due to restricted access to high-
affinity sites and the need for molecular reorientation on a partially
occupied surface.

For Cr(VI) in the single-solute system, adsorption exhibited a small
positive AH® (+1.52 kJ/mol), confirming an endothermic process [72].
The positive enthalpy suggests that adsorption requires a modest energy
input, likely associated with the dehydration of Cr(VI) oxyanions and
their diffusion to the adsorbent surface. Under binary conditions, the
endothermic nature of Cr(VI) adsorption became substantially more
pronounced (AH° = +15.30 kJ/mol), indicating that its uptake becomes
strongly dependent on thermal activation when RB4 occupies a signifi-
cant portion of the available cationic sites. The endothermic character in
both systems explains the increase in Cr(VI) uptake with temperature, as
thermal energy enhances ion mobility and may promote stronger surface
complexation.

The AS° values were positive for both adsorbates in all systems,
indicating an increase in randomness at the solid-liquid interface during
adsorption. In single systems, AS° values were +0.058 kJ/(mol-K) for
RB4 and +0.051 kJ/(mol-K) for Cr(VI). These values increased notably
in binary systems, reaching +0.092 kJ/(mol-K) for RB4 and +0.097 kJ/
(mol-K) for Cr(VI). A positive entropy change often reflects the
displacement of ordered water molecules from the hydration shells of
the adsorbates or from the adsorbent surface, leading to a net increase in
system disorder. The higher AS° values observed under competitive
conditions suggest greater interfacial disorder, consistent with the
simultaneous adsorption of two dissimilar anionic species and the
displacement of additional water molecules.

Overall, the thermodynamic analysis demonstrates that the adsorp-
tion of both RB4 and Cr(VI) onto CHI-DEO-SPD beads is spontaneous
(AG® < 0) and accompanied by an increase in entropy (AS° > 0). RB4
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adsorption transitions from weakly exothermic in single systems to
endothermic under competition, while Cr(VI) adsorption remains
endothermic but becomes substantially more energy-intensive in binary
systems. These results underline the role of distinct yet complementary
mechanisms and reveal that competitive interactions not only reduce
equilibrium capacities but also fundamentally alter the thermodynamic
driving forces of adsorption. The favorable thermodynamics, together
with the high capacities observed in both single and binary systems,
confirm that CHI-DEO-SPD beads provide an energetically stable and
efficient platform for the simultaneous removal of anionic dyes and
heavy-metal ions from acidic wastewater.

3.8. Adsorption mechanism

Fig. 9 illustrates the proposed mechanisms governing the adsorption
of RB4 and Cr(VI) onto CHI-DEO-SPD beads. The exceptionally high
adsorption efficiency of the beads arises from the abundance of surface
functional groups (particularly —NH; and —OH groups), which play
pivotal roles in both physical and chemical adsorption. In the case of
RB4 adsorption, the amino groups on CHI-DEO-SPD are protonated
under acidic conditions to form —-NH3 species. These cationic sites
interact strongly with the anionic sulfonate groups (—SO3) of RB4
molecules via electrostatic attraction [73]. This Coulombic interaction
serves as the primary driving force for the initial attachment of RB4 onto
the adsorbent surface. Beyond electrostatic forces, hydrogen bonding
significantly enhances the stability of the adsorbed layer. The hydroxyl
and amino groups of CHI-DEO-SPD can form hydrogen bonds with ox-
ygen or nitrogen atoms in the sulfonate and aromatic structures of RB4,
further stabilizing the adsorbate-adsorbent complex [74]. Additionally,
potential n—x stacking or n-x interactions between the aromatic rings of
RB4 and electron-rich regions (e.g., glycosidic oxygen atoms) on the
polysaccharide chain contribute to further stabilization [75]. These
combined interactions account for the high affinity of CHI-DEO-SPD
beads for RB4, as observed in both single- and binary-solute systems.

Spectroscopic and structural evidence corroborates these mecha-
nistic interpretations. FTIR analysis revealed a noticeable shift in the
amide I band from 1661 to 1635 cm™!, along with a decrease in the
intensity of the N—H bending band (1590-1560 crn’l), broadening of
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the O-H/N-H stretching region (3300-3500 cm™}), and the emergence
of new sulfonate-related peaks at 1200 and 1045 em™? (Fig. 3a). These
spectral modifications confirm the participation of amino and hydroxyl
groups in electrostatic and hydrogen-bonding interactions with RB4.
Complementary XRD results showed reduced crystallinity, peak broad-
ening, and slight shifts toward lower diffraction angles (Fig. 4a), sug-
gesting partial disruption of the chitosan polymeric structure due to the
adsorption and potential intercalation of large RB4 molecules within the
matrix.

Morphological analysis further supports these findings. SEM images
of pristine CHI-DEO-SPD beads revealed a rough, irregular, and porous
surface. Following adsorption, the bead surfaces became smoother and
more compact, indicative of pore blockage and the formation of a sur-
face layer. This morphological transformation was more pronounced for
RB4 than for Cr(VI), as the bulky aromatic RB4 molecules interact more
extensively with the polymeric network (Fig. 5¢).

In contrast, Cr(VI) adsorption occurs through a combination of
physisorption and chemisorption mechanisms. Under acidic conditions,
the protonated amino groups (-NH3) on CHI-DEO-SPD act as positively
charged active sites that electrostatically attract anionic Cr(VI) species
such as CrO%’ and HCrOy. This electrostatic interaction is strongest at
low pH, when the surface is highly protonated. However, adsorption is
not governed by electrostatic forces alone; surface complexation also
plays a significant role. The reactive -NHz and ~OH groups can coordi-
nate with Cr(VI) species, forming both outer-sphere (electrostatic) and
inner-sphere (ligand-exchange) complexes, depending on local pH and
redox conditions.

At pH ~ 3, where HCrOj predominates, Cr(VI) is likely to form inner-
sphere complexes through ligand exchange between oxygen atoms in
the oxyanion and surface hydroxyl or amino groups. FTIR spectra
confirmed these interactions by showing changes in N—H stretching
vibrations, along with new Cr—O stretching bands at approximately 940
and 885 cm’l, and a less intense band at 780 cm ! associated with di-
chromate species. Broadening of the O-H/N-H stretching region further
supports the involvement of surface functional groups in coordination-
type bonding. XRD analysis also corroborated these findings, display-
ing decreased peak intensities and broadened diffraction patterns after
Cr(VI) adsorption (Fig. 4a), indicative of partial structural

0 NH,

---------- Electrostatic interaction

= = = Hydrogen bonding interaction

= = N-Tt interaction

Fig. 9. Proposed mechanisms of RB4 and Cr(VI) adsorption on CHI-DEO-SPD beads.
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rearrangement and reduced crystallinity. Unlike RB4, Cr(VI) ions adsorb
primarily on external surfaces or near-surface pores through electro-
static attraction and coordination bonding. Intraparticle diffusion fa-
cilitates the transport of Cr(VI) species into internal pores, while weak
van der Waals forces may also contribute [76].

In the binary-solute system, containing both RB4 and Cr(VI),
competition for active sites alters both the adsorption pathway and the
relative affinity of each species. Although both adsorbates interact with
the same surface functional groups (—NH3 and —OH), the strength and
complexity of their interactions differ markedly. RB4, with its large ar-
omatic framework and multiple sulfonate groups, can engage in multi-
ple simultaneous interactions (electrostatic attraction, hydrogen
bonding, and possible n—r interactions), thereby occupying active sites
more effectively. Cr(VI), on the other hand, relies predominantly on
electrostatic attraction and surface complexation. In the presence of
RB4, many surface-NH3 sites become occupied by dye molecules,
reducing the number of accessible cationic sites for Cr(VI) binding.

Nevertheless, Cr(VI) adsorption still proceeds via coordination with
residual ~-OH and unprotonated -NH;, groups and through diffusion into
unoccupied inner pores. Interestingly, the coexistence of both adsor-
bates generates competitive yet partially synergistic effects. While RB4
adsorption can physically block pores, it also increases the local positive
charge density, which may enhance the electrostatic attraction of Cr(VI)
species to adjacent binding sites. This phenomenon may account for the
observed moderation in the competitive suppression of Cr(VI) uptake at
higher temperatures under binary conditions.

The experimentally observed competitive adsorption behavior is
consistent with the thermodynamic and isotherm analyses. RB4
adsorption is exothermic and site-specific, whereas Cr(VI) adsorption is
endothermic and involves significant diffusive transport. Consequently,
in multicomponent systems, RB4 preferentially occupies high-affinity
surface sites, while Cr(VI) adsorbs onto lower-energy or diffusion-
accessible sites through thermally activated mechanisms.

In summary, the adsorption of RB4 onto CHI-DEO-SPD is governed
by a combination of electrostatic attraction, hydrogen bonding, and n-n
interactions, resulting in strong binding and measurable structural
modification of the adsorbent, as verified by FTIR, XRD, and SEM ana-
lyses. In contrast, Cr(VI) adsorption primarily involves electrostatic
attraction and surface complexation, with diffusion processes contrib-
uting to the uptake. In binary-solute systems, competitive adsorption
introduces additional complexity: RB4 dominates due to its multifunc-
tional binding capabilities, while Cr(VI) uptake is modulated by residual
site availability and thermal activation. The interplay among electro-
static, hydrogen-bonding, and coordination mechanisms enables CHI-
DEO-SPD beads to efficiently capture both large organic dyes and
inorganic oxyanions, confirming their versatility, robustness, and po-
tential as an advanced adsorbent for industrial wastewater treatment
applications. It is important to acknowledge that while the adsorption
mechanism has been comprehensively investigated through experi-
mental techniques including FTIR, XRD, SEM, zeta potential, and ki-
netic/isotherm modeling, theoretical validation wusing Density
Functional Theory (DFT) simulations was beyond the scope of the pre-
sent study. DFT calculations would provide valuable atomic-level in-
sights into adsorption configurations, binding energies, and charge
transfer processes between RB4/Cr(VI) and the functional groups of
CHI-DEO-SPD beads. Such theoretical analysis would complement the
experimental findings presented here and could guide future structural
optimization of the adsorbent. Therefore, DFT simulations are recom-
mended as an important direction for subsequent investigations.

3.9. Adsorbent reusability

The recovery and reusability of adsorbents are critical parameters for
evaluating their economic and practical feasibility in real-world waste-
water treatment systems. Efficient regeneration directly influences ma-
terial sustainability, operational cost, and environmental compatibility.
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The surface charge of CHI-DEO-SPD beads (highly sensitive to pH) plays
a decisive role in determining regeneration behavior after desorption.

In most adsorption systems, alkaline solutions are commonly
employed for desorption and regeneration because hydroxide ions
effectively compete with anionic contaminants for active sites. Hy-
droxide ions displace bound species such as RB4 and Cr(VI) from pro-
tonated amino and hydroxyl groups, weakening electrostatic
interactions and promoting contaminant release. Accordingly, a 1.0
mol/L NaOH solution was used in this study for regenerating CHI-DEO-
SPD beads [77]. The observed decrease in adsorption efficiency under
alkaline conditions (Fig. 6¢) supports this approach: high pH values
neutralize the surface charge by converting protonated —NH3 groups
back to their neutral -NH. form, thereby diminishing electrostatic
attraction toward negatively charged RB4 (—SO3) and Cr(VI) species
(HCrOg, CrZO%’). This pH-dependent mechanism underlies the
desorption and regeneration strategy adopted here.

Desorption and regeneration experiments demonstrated that CHI-
DEO-SPD beads could be reused effectively for multiple adsorp-
tion—desorption cycles. However, a gradual decline in adsorption ca-
pacity was observed with repeated use (Fig. 10). For RB4, the initial
adsorption capacity was 200.71 mg/g in the first cycle, decreasing
slightly to 195.86 mg/g by the third cycle (a 2.4% reduction). By the
fifth cycle, the capacity dropped to 180.39 mg/g (a 10.1% reduction). A
more significant decline was observed in later cycles, with RB4
adsorption capacity falling to 82.46 mg/g after the tenth cycle (a 58.9%
reduction) and to 19.59 mg/g after the fifteenth cycle (a 90.2%
reduction).

The gradual loss of adsorption capacity with successive regeneration
cycles can be attributed to several interrelated mechanisms. Repeated
exposure to strong alkaline desorption media progressively deproto-
nates surface amino groups, reducing the number of positively charged
—NHY sites available for electrostatic interaction with RB4's sulfonate
(-SO3) groups. Additionally, repeated swelling and contraction during
adsorption and desorption induce mechanical fatigue, leading to partial
pore collapse and diminished surface accessibility. Secondary forces,
such as hydrogen bonding and n-x interactions, also weaken over time
due to molecular rearrangements and structural relaxation. Moreover,
incomplete desorption of strongly bound RB4 molecules leads to pro-
gressive site blocking, further limiting active-site availability in subse-
quent cycles [77].

A similar but more pronounced decline was observed for Cr(VI). The
initial adsorption capacity of 139.49 mg/g decreased moderately to
131.50 mg/g by the third cycle (a 5.7% reduction) and to 115.68 mg/g
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by the fifth cycle (a 17% reduction). The decline accelerated rapidly
thereafter, with Cr(VI) adsorption capacity dropping to 25.94 mg/g after
the tenth cycle (an 81.4% reduction) and to 5.31 mg/g after the fifteenth
cycle (a 96% reduction).

This steep decline is primarily due to the oxidative nature of Cr(VI).
Chromate (CrO%’) and dichromate (Crzog’) ions are strong oxidizing
agents capable of reacting with chitosan's amino and hydroxyl groups,
leading to the chemical degradation of active sites and progressive
weakening of the polymer matrix [78]. Repeated alkaline regeneration
also contributes to deacetylation, chain scission, and partial depoly-
merization of chitosan, thereby reducing mechanical integrity and
adsorption capacity.

Additionally, incomplete desorption of residual chromium species
(particularly those involved in inner-sphere complexation) leads to cu-
mulative surface fouling. Consequently, both the number of reactive
sites and the available pore volume decrease with successive cycles.
Notably, the primary degradation mechanisms differ between the two
adsorbates. For RB4, performance loss is mainly due to physical and
mechanical factors: site saturation, pore blockage, and fatigue from
swelling/contraction. For Cr(VI), the decline stems more from chemical
degradation: oxidative damage to the polymer backbone and functional
groups, which is more rapid and irreversible. This distinction is consis-
tent with the observation that Cr(VI)-loaded beads exhibited visible
discoloration and increased brittleness after several cycles, whereas
RB4-loaded beads retained better structural cohesion over the same
period.

Overall, these findings indicate that CHI-DEO-SPD beads exhibit
strong short-term regenerability but limited long-term stability. For both
RB4 and Cr(VI), adsorption capacity remained above 50% of the initial
value for the first 8-10 regeneration cycles. Beyond this point, the
decline became more pronounced, with efficiencies dropping below
levels typically acceptable for industrial-scale wastewater treatment.
These results align with previous observations for chitosan-based ad-
sorbents, where long-term degradation is often attributed to oxidative
attack, alkaline hydrolysis, and cumulative site occupation [77,78].
While the 15-cycle test provides valuable insight into durability, it also
underscores the limitations of repeated NaOH-based regeneration. For
large-scale applications, alternative regeneration strategies, such as
milder alkaline agents, chelating solutions, or electrochemical desorp-
tion, could extend the operational lifetime of CHI-DEO-SPD beads while
minimizing structural degradation. Therefore, under the conditions
tested, CHI-DEO-SPD beads can be effectively reused for approximately
8-10 adsorption—-desorption cycles, maintaining high removal efficiency
and mechanical stability before requiring replacement or chemical
reinforcement.

4. Conclusions

This study developed CHI-DEO-SPD beads as a high-performance
biopolymeric adsorbent for the removal of Cr(VI) and RB4 from acidic
aqueous systems. The dual-modification strategy combined the struc-
tural reinforcement provided by DEO cross-linking with the increased
amine density introduced by SPD functionalization, thereby addressing
two major limitations of conventional chitosan adsorbents: poor acid
stability and limited adsorption capacity. Comprehensive characteriza-
tion confirmed successful chemical modification, reduced crystallinity,
improved thermal stability, refined mesoporosity, and a substantial in-
crease in surface area from 4.59 to 34.60 m?/g. The pHpzc value of 6.3
indicated that the beads remain positively charged under acidic condi-
tions, favoring the electrostatic attraction of anionic Cr(VI) species and
sulfonated RB4 molecules.

Under optimized synthesis conditions of 1.5 g/L SPD, 40 °C, and 3 h
reaction time, CHI-DEO-SPD beads exhibited excellent adsorption per-
formance. In single-solute systems, the maximum Langmuir adsorption
capacities reached 872.35 mg/g for RB4 and 785.19 mg/g for Cr(VI). In
the binary system, the capacities remained high at 715.26 mg/g for RB4
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and 699.92 mg/g for Cr(VI), although the decrease relative to single-
solute systems confirmed competitive adsorption between coexisting
anionic pollutants. Kinetic data were best described by the pseudo-
second-order model, suggesting that chemisorption played a major
role in the adsorption process. The Freundlich model provided the best
fit for equilibrium data, indicating heterogeneous multilayer adsorption
involving electrostatic interactions, hydrogen bonding, and, particularly
for RB4, possible n—r interactions. Thermodynamic analysis showed that
adsorption was spontaneous in all systems, while differences in enthalpy
behavior revealed that competitive adsorption altered the energetic
requirements of pollutant uptake.

The broader significance of this work lies in its contribution to the
design of sustainable, multifunctional adsorbents for complex waste-
water treatment. Many adsorbents perform well in single-contaminant
systems but lose efficiency when exposed to mixed pollutants. In
contrast, CHI-DEO-SPD beads maintained high adsorption capacities
under binary Cr(VI)/RB4 conditions, which more closely resemble ef-
fluents from textile dyeing, chrome plating, and related industrial pro-
cesses. The use of chitosan as a renewable polymer, combined with
amine-rich functionalization and acid-resistant cross-linking, provides
a promising platform for developing practical adsorbents capable of
treating wastewater streams containing both heavy metals and synthetic
dyes. The regeneration results further support the practical relevance of
the material, as the beads retained substantial adsorption capacity over
repeated adsorption-desorption cycles.

Despite these promising findings, several limitations should be
acknowledged. First, the adsorption experiments were conducted using
synthetic aqueous solutions under controlled laboratory conditions.
Therefore, the influence of real wastewater constituents, including
competing ions, dissolved organic matter, salts, surfactants, suspended
solids, and fluctuating pH, remains to be fully evaluated. Second, the
study focused on batch adsorption, and continuous-flow column ex-
periments are needed to determine breakthrough behavior, hydraulic
performance, mass-transfer limitations, and long-term operational sta-
bility. Third, although the RB4/Cr(VI) binary system provides a more
realistic assessment than single-solute experiments, actual industrial
wastewater contains more complex mixtures of dyes, metals, salts, and
auxiliary chemicals that may affect adsorption selectivity and capacity.
Fourth, while NaOH regeneration was effective, repeated alkaline
treatment caused gradual performance decline, indicating the need to
explore milder, less destructive regeneration approaches. Finally, scale-
up factors, including synthesis cost, adsorbent leaching, mechanical
durability, disposal or recovery of spent beads, and techno-economic
feasibility, were not addressed in this work.

Overall, CHI-DEO-SPD beads demonstrate strong potential as a sus-
tainable, reusable, and acid-stable adsorbent for treating wastewater
containing coexisting anionic dyes and Cr(VI). By maintaining high
adsorption performance under binary conditions, this material offers a
promising platform for addressing complex industrial effluents where
dyes and heavy metals occur simultaneously. Future work should focus
on validation with real wastewater, continuous-flow operation, opti-
mized regeneration, and techno-economic assessment to support prac-
tical implementation.
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