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Featured Application

This research applies a “double-green” circular economy strategy by valorizing shrimp
shell waste to treat olive mill wastewater. The developed chitosan biosorbent efficiently
recovers bioactive phenolic compounds, offering a sustainable industrial solution for the
detoxification of effluents and the production of high-value extracts for pharmaceutical,
cosmetic, and food applications.

Abstract

This study proposes a circular economy strategy to recover phenolic compounds by valorizing
shrimp shell waste into a chitosan biosorbent (CH-B). Its adsorption efficiency was evaluated
compared to commercial activated carbon (AC) and synthetic XAD-4 resin. Kinetic analysis
revealed that while both pseudo-first-order (PFO) and pseudo-second-order (PSO) models
exhibited high correlations (R? > 0.96), both CH-B and XAD-4 resin were best described by
the PFO model. This aligns with diffusion-controlled processes consistent with the porous
and physical nature of these adsorbents. In contrast, AC followed the PSO model. Isotherm
modeling indicated that CH-B and AC fit the Temkin model, reflecting heterogeneous sur-
faces, whereas XAD-4 followed the Langmuir model (monolayer adsorption). Notably, CH-B
exhibited a maximum adsorption capacity (qm) of 229.2 mg/g, significantly outperforming
XAD-4 (104.8 mg/g) and AC (90.2 mg/g). Thermodynamic and kinetic modeling confirmed
that the adsorption mechanism was governed by a combination of electrostatic interactions,
m—t stacking, and hydrogen bonding between the hydroxyl/amine groups of chitosan and
phenolic compounds. Optimization using Box-Behnken design for CH-B showed optimal
acidic pH and moderate temperature but non-significant effect of CH-B dose in the exper-
imental domain. Optimisation results showed unexpected high removal efficiency at low
CH-B dosages. A tentative explanation may be adsorbent aggre-gation, which needs to be
confirmed by further experimental evidence.

Keywords: olive mill wastewater; phenolic compounds; adsorption; Box-Behnken design;
chitosan biosorbent; kinetic and isotherm modeling
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1. Introduction

Olive oil production for the 2024-2025 season is expected to exceed 3.5 million tons,
reflecting an increase of nearly 37% compared with the previous year’s low harvest and
around 17% above the past five years” average [1]. This growing production is accompanied
by substantial quantities of olive mill wastewater (OMWW), generated at 3-3.5 m> per
ton of olive oil, which corresponds to an estimated 10~12 million m? of effluents annually.
OMWW is characterized by a very high organic load, significant chemical oxygen demand
(COD), acidic pH, and limited biodegradability. These features make its disposal a per-
sistent environmental challenge [2]. Among its constituents, phenolic compounds are of
particular concern due to their toxicity, resistance to microbial degradation, and inhibitory
effects on biological treatment processes. However, these bioactive molecules possess a
high antioxidant value, offering possibilities for their extraction and potential use in the
pharmaceutical, cosmetic, and food industries [3]. This dual nature as both a pollutant and
a resource has stimulated interest in treatment strategies capable of reducing environmental
risk while enabling the recovery of valuable compounds [4].

Among the various approaches explored, adsorption has gained a growing role as
an efficient and relatively simple process for treating OMWW, particularly because of its
adaptability and cost-effectiveness when dealing with complex effluents [5,6]. A wide
range of adsorbent materials has been investigated, ranging from synthetic polymeric
materials to bio-based sorbents. In particular, XAD-4 resin, activated carbon (AC), and
chitosan biosorbents have attracted particular attention owing to their contrasting surface
chemistries and their proven ability to retain phenolic compounds. XAD-4 resin is a
hydrophobic polystyrene-divinylbenzene polymer distinguished by its strong mechanical
and chemical stability across a wide range of operating conditions, which supports its
use in intensive treatment processes [7]. Activated carbon (AC) remains widely applied
due to its developed porosity and high surface area, enabling the retention of a broad
spectrum of organic pollutants [8]. Recently, biopolymer-based sorbents have attracted
growing attention as environmentally friendly alternatives in recent years [9]. Among
these, chitosan, obtained by N-deacetylation of chitin from crustacean shells, is particularly
promising because it is biodegradable, easily modified, and relatively inexpensive [10].
Utilizing chitosan derived from shrimp shell waste to treat agro-industrial waste (OMWW)
represents a double-green circular economy strategy, as it simultaneously valorizes two
distinct waste streams. Furthermore, the amino and hydroxyl functional groups of chitosan
offer numerous reactive sites, and several studies have demonstrated its effectiveness in
capturing polyphenols from OMWW [11].

A detailed analysis of adsorption performance requires an understanding of both
equilibrium and rate processes. Adsorption isotherms provide insight into the interactions
between solutes and sorbent surfaces [12], while kinetic models help identify the steps
governing mass transfer and adsorption rates [13]. Since system performance is highly
dependent on pH, temperature, and adsorbent dosage that often interact non-linearly,
statistical optimization tools are essential. In particular, the Box-Behnken design (BBD)
has proven valuable for investigating combined parameter effects while minimizing the
number of experiments required. Several recent studies illustrate this potential [14]: Fseha
et al. [15] reported up to 94% phenol removal using date-palm-derived biochar, while
Elayadi et al. [16] achieved more than 90% polyphenol removal using sugarcane bagasse.
These works underscore the capacity of BBD to enhance adsorption efficiency while reveal-
ing significant interactions among operating variables.

While recent studies have explored chitin, insect-based chitosan [17], and chitosan
derivatives [18], or chemically modified nanocomposites [19] for the recovery of phenolic
compounds from olive mill waste waters, these approaches are often limited by matrix com-
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plexity or the use of toxic cross-linkers. In contrast, this study validates a “double-green”
circular economy approach using pure, unmodified crustacean chitosan. Furthermore,
our integrated approach represents a significant practical advancement by directly com-
paring and optimizing the performance of this sustainable biosorbent against established
industrial benchmarks (XAD-4, AC) for the treatment of real OMWW.

In this context, the present study examines the adsorption of total phenolic compounds
(TPhCs) from OMWW using three adsorbent materials: XAD-4 resin, activated carbon (AC),
and a chitosan biosorbent (CH-B). Adsorption kinetics and equilibrium behavior were
examined to better understand the mechanisms governing TPhC uptake and to support the
development of sustainable treatment and resource recovery strategies. The Box—Behnken
design was further employed to evaluate the individual and combined effects of key
operational variables, enabling the identification of optimal conditions for maximizing the
adsorption efficiency.

2. Materials and Methods
2.1. Sample Collection and Materials

OMWW was collected during the olive oil production season of 2024 from a traditional
extraction unit located in Oujda, Morocco. Upon collection, the effluent was transferred
into sealed high-density polyethylene containers and stored at 4 °C to preserve its physico-
chemical characteristics prior to experimental use. Before use, the raw OMWW was filtered
through standard filter paper and diluted to 50% (v/v) with distilled water. Three adsor-
bents were selected for the removal of total phenolic compounds (TPhCs): Amberlite XAD-4
resin, activated carbon (AC), and chitosan biosorbent (CH-B). Both commercial adsorbents
(Amberlite™ XAD-4 resin and AC) were purchased from Sigma-Aldrich (St. Louis, MI,
USA). Commercial powdered activated carbon, particle size 100 mesh, BET surface area
(~600 m?/ g) was used as a reference material, while the macroreticular polymeric resin
(Amberlite™ XAD-4) exhibited a surface area of 750 m?/ g.

Prior to use, the XAD-4 resin was soaked in acetone for 8 h under rotary agitation
at room temperature to remove impurities and activate the sorption sites. The chitosan
biosorbent (CH-B) was synthesized from brown shrimp shell waste collected from a local
seafood processing plant in Morocco. The shells were first washed, dried, and milled
to achieve a particle size of 0.45 mm. Chitosan was subsequently extracted through
successive demineralization, deproteinization, and deacetylation steps, as described in the
following section. All the reagents used were of analytical grade and employed without
further purification.

2.2. Extraction and Preparation of Chitosan Biosorbent

Chitosan was extracted from brown shrimp shells following three successive steps:
demineralization, deproteinization, and deacetylation, adapted from the procedure de-
scribed by Dahmane et al. [20], with minor methodological adjustments. In the deminer-
alization step, the ground shrimp shell powder was treated with 0.25 M hydrochloric
acid (HCI) at a solid-to-liquid ratio of 1:40 (w/v) for 2 h at room temperature. The solid
fraction was subsequently recovered by filtration, thoroughly rinsed with distilled water
until neutral pH, and then dried at 60 °C. Deproteinization was carried out by treating
the demineralized shells with 1 M sodium hydroxide (NaOH) solution at a solid-to-liquid
ratio of 1:20 (w/v) under continuous agitation at 250 rpm for 24 h. The resulting chitin was
separated, rinsed repeatedly with distilled water, and dried. The final step, deacetylation,
was performed to convert chitin into chitosan. The dried chitin samples were treated with
50% (w/v) NaOH solution at a solid-to-liquid ratio of 1:20 (w/v) and heated at 70 °C for
3 h. After deacetylation, the chitosan was filtered and thoroughly washed with distilled
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water until the pH reached neutrality. The purified chitosan was then dried at 60 °C for
20 h, ground to a particle size of 0.45 mm, and stored at room temperature for subsequent
characterization and adsorption experiments.

2.3. Characterization of OMWW and Adsorbents

The physicochemical characterization of the raw and filtered OMWW was performed
following the standard methods outlined by the American Public Health Association
(APHA). The analysis included the determination of total solids (TS), volatile solids (VS),
and pH. Total chemical oxygen demand (TCOD) was measured using Aqualitic COD tubes
(0-1500 mg O, /L). For each analysis, 0.5 g of the sample was hydrolyzed with 20 mL of
concentrated sulfuric acid (H,SO4) and digested overnight to ensure the complete oxidation
of organic matter. A 2 mL aliquot of the diluted hydrolyzed sample was then transferred to
spectroquant test kits, with Milli-Q water used as a blank. The final digestion was carried
out in a HACH COD reactor at 150 °C for 2 h with potassium dichromate under acidic
conditions. After cooling to room temperature, absorbance was read at 620 nm using
a HACH DR/2000 spectrophotometer (Hach Company, Loveland, CO, USA) [21]. The
concentration of total polyphenolic compounds (TPhCs), expressed as mg/L of gallic acid
equivalent (GAE), was analyzed according to the Folin-Ciocalteu method [22]. For this
assay, 20 pL of each diluted sample was mixed with 500 uL of diluted Folin—Ciocalteu
reagent and 400 pL of 20% (w/w) sodium carbonate (Na;COs) solution. The mixtures
were incubated at 35 °C for 20 min, after which absorbance was measured at 760 nm by
a multifunctional microplate reader. All the basic analytical measurements, including
TPhC and physicochemical parameters, were performed in triplicate (n = 3), with the
results expressed as mean =+ standard deviation. The adsorbents XAD-4 resin, AC, and
CH-B were characterized before and after adsorption by elemental analysis (PerkinElmer
2400 Series II CHNS analyzer, PerkinElmer, Waltham, MA, USA), FT-IR spectroscopy
(Thermo Scientific Nicolet iS10, 4000-400 cm 1, 4 cm ™! resolution, Waltham, MA, USA),
and Scanning Electron Microscopy (SH-5500P Tabletop SEM, Hirox, Tokyo, Japan, 10 kV,
high vacuum, SED mode).

2.4. Adsorption Kinetics and Isotherms
2.4.1. Kinetics of Adsorption

Kinetic studies were conducted to understand the adsorption rate and mechanism
of TPhC from OMWW onto the selected adsorbents. In each experiment, a defined mass
of dried adsorbent was added to 50 mL of diluted OMWW (prepared by mixing equal
volumes of OMWW and distilled water, i.e., 50% (v/v)). The flasks were then agitated in a
horizontal shaker operating at 200 rpm, and samples were withdrawn at predetermined
time intervals to determine the residual TPhC concentration.

The pseudo-first-order (1), pseudo-second-order (2), and Elovich’s kinetic models (3)
were used to describe the best fit of the experimental data obtained from TPhC adsorption.
The experimental sorption data were fitted to the non-linear form of the models.

The pseudo-first-order kinetic model (Lagergren’s equation) assumes that the rate of
adsorption is proportional to the number of unoccupied sites on the adsorbent surface.
This model is often associated with physisorption processes, where adsorption is primarily
governed by weak interactions such as van der Waals forces or hydrogen bonding [23], and
is expressed in Equation (1):

a4 = g (1-e™) M

where ge and q; (mg/g) represent the adsorption capacities at equilibrium and at time t
(min), respectively. k; (1/min) is the pseudo-first-order rate constant.
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The pseudo-second-order kinetic model is based on the assumption that chemisorption
is the rate-limiting step involving valence forces [24]. It is expressed as follows (Equation (2)):

Kgqgt

4= 1+ Kpq,t @)

where K; g/(mg.min) is the pseudo-second-order rate constant,.
The Elovich kinetic model, often applied to chemisorption processes on heterogeneous
surfaces [25], is expressed as

1
QG = Eln(l + abt) (3)

where a is the initial adsorption rate constant mg/(g.min), and b is the desorption or surface
coverage constant of the Elovich model (g/mg).

2.4.2. Adsorption Isotherms

In each experiment, 1 g of XAD-4 resin or AC and 100 mg of CH-B were separately
added to 50 mL of diluted OMWW solution (prepared as a 1:1 v/v mixture of OMWW
and distilled water) in 100 mL flasks. A lower mass of CH-B (100 mg) was employed
compared to the commercial adsorbents (1 g) based on preliminary trials. This adjustment
was necessitated by the biosorbent’s significantly lower bulk density and higher specific
adsorption capacity, ensuring both effective hydrodynamic mixing and accurate equilib-
rium data collection. The mixtures were agitated on an orbital shaker at 200 rpm and room
temperature for 1 h to ensure equilibrium was reached. After adsorption, the adsorbents
were removed by filtration, and the supernatants were analyzed for residual TPhC content
using the Folin—Ciocalteu method.

The equilibrium adsorption capacity (qe, mg/g) was calculated according to the
following equation (Equation (4)):

(Ce - CO) \

qe= @

where C. and Cj represent the equilibrium and initial TPhC concentrations in solutions
(mg/L), m is the mass of adsorbent (g), and V denotes the volume of the solution (L). To
describe and compare the adsorption behavior of the three adsorbents. Three equilibrium
isotherm models were applied to the experimental data: Langmuir (5), Freundlich (7), and
Temkin (8).

The Langmuir model assumes monolayer adsorption on a uniform surface with a
finite number of adsorption sites, and that all the adsorption sites have the same sorption
activation energy (Equation (5)).

. ClmKLCe

1 KC ©)

where qm (mg/g) indicates the maximum adsorption capacity and Kj, (L/mg) represents
the Langmuir constant related to the affinity of the binding sites [26]. Moreover, the
dimensionless separation factor RL (Equation (6)) indicates whether the adsorption process
is favorable (0 < Ry, < 1), unfavorable (R, > 1), linear (R, = 1), or irreversible (Ry, = 0):

1

Rp=——
L 1+KpC

(6)
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The Freundlich isotherm was derived from the assumption that adsorption occurs on
a heterogeneous surface through a multilayer adsorption mechanism (Equation (7)):

1
qe= KeCe )

where Kr is the constant of the Freundlich model with a unit of (mg/g)(L/ mg)l/ N, The
value of 1/n represents the intensity of adsorption or surface heterogeneity, indicating the
energy distribution relative to the adsorbate sites and heterogeneity. When0<1/n<1,
the adsorption is favorable. When 1/n > 1, it suggests unfavorable adsorption, while
1/n =1 indicates a linear adsorption isotherm. As 1/n approaches 0, the isotherm becomes
increasingly irreversible. The irreversibility of the isotherm can be attributed to the fact
that pressure or concentration must decrease to a very low value prior to the desorption of
adsorbate molecules from the surface [27].

The Temkin isotherm considers the adsorbate—adsorbent interactions, assuming that
the heat of adsorption decreases linearly with increasing surface coverage [28]. It is ex-

pressed as Equation (8):
qmRT

e = InK1Ce= qpInK7Ce (8)

where ge (mg/g) is the equilibrium adsorption capacity, Ce (mg/L) is the equilibrium
solute concentration, qm (mg/g) is the maximum adsorption capacity, R is the universal
gas constant (8.314 J/mol/K), T is the absolute temperature (K), bt (J/mol) is the Temkin
constant related to adsorption heat, and Kt (L/mg) is the equilibrium binding constant.
The parameter qr (mg/g) is a lumped parameter characterizing the adsorption capacity
normalized by the binding energy.

All the model parameters were calculated using non-linear regression analysis with
Origin 8.0 software (OriginLab, Northampton, MA, USA). While the coefficient of de-
termination (R?) was computed to assess the overall correlation, relying solely on this
metric is often insufficient for discriminating between non-linear models, particularly when
multiple equations lead to similar high correlations [29]. Therefore, to rigorously identify
the most suitable model and avoid statistical bias, the Akaike Information Criterion (AIC,
Equation (9)) and Bayesian Information Criterion (BIC, Equation (10)) were employed as
the decisive selection criteria. As highlighted by Vareda et al. [30], these criteria provide a
more robust assessment by weighing the goodness of fit against the complexity of the model
(number of parameters), thus minimizing information loss and preventing overfitting. The
AIC and BIC values were calculated using the following equations:

AICzNXln(IfIS) +2p )
BIC = N x ln<R§S> + pIn(N) (10)

where N represents the number of experimental data points, RSS is the residual sum of
squares, and p is the number of adjustable model parameters. The model exhibiting the
lowest AIC and BIC values was selected as the best descriptor for the adsorption process.

2.4.3. Experimental Design and Optimization of Adsorption Experiments by RSM

Response Surface Methodology (RSM) was applied to investigate the influence of key
operational parameters on the adsorption of TPhC from OMWW. Among the different RSM
approaches, the Box-Behnken design (BBD) was selected for its efficiency for modeling non-
linear responses with a limited number of experiments [31]. Three independent variables
were considered: adsorbent dosage (X1), effluent pH (X;), and temperature (X3). The
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experimental matrix consisted of 15 runs, including three replicates at the central point to
estimate pure error and ensure reproducibility, and statistical significance was assessed
via ANOVA. Each factor was tested at three coded levels (—1, 0, +1), as summarized in
Table 1. The pH of the OMWW solutions was adjusted to the target levels using negligible
volumes of 1 M HCl or 1 M NaOH to prevent significant dilution. Temperature control was
achieved using a temperature-controlled orbital shaker. To ensure thermal equilibrium, the
samples were incubated at the specified temperature for 20 min prior to the addition of
the adsorbent.

Table 1. Actual and coded levels of factors for Box-Behnken design (BBD).

Coded Levels and Values

Experimental Variable

—1 0 1

A: Temperature (°C) 25 37.5 50
B: pH 2 5 8

. XAD-4 resin, AC 20 60 100
C: Adsorbent dosage (g/L) CHLB ) 5 3

Given the differences in effective dosage ranges across adsorbents, XAD-4 resin and AC
were tested at concentrations of 20, 60, and 100 g/L, whereas the CH-B was evaluated at 2, 5,
and 8 g/L. The experimental design, regression analysis, and analysis of variance (ANOVA)
were performed using Design-Expert software (version 13, Stat-Ease Inc., Minneapolis,
MN, USA).

The experimental data were analyzed using Response Surface Methodology (RSM).
While the data were initially fitted to a second-order polynomial equation, the analysis
indicated the significance of higher-order interactions. Consequently, a reduced cubic
model was applied to optimize the model’s predictive capability [32]. This model includes
linear, quadratic, and specific cubic interaction terms and is expressed by the following
general equation (Equation (11)):

3 3 2 3 3 3
Y= xo+ ) BiXi+ ) BaXi® )0 Y BXiXj+ ) ) BiXitXj e (11)

i=1 i=1 i=1j=i+1 i=1j#i

Y represents the predicted TPhC adsorption yield (%); xg is the intercept; X;, X;, and Xy
represent the coded input factors (A, B, and C); B, Bii, Bij, and Piij are the linear, quadratic,
interaction, and cubic interaction coefficients, respectively; and ¢ is the random error
term. [33].

The TPhC adsorption yield (%) was calculated using the following formula
(Equation (12)):

(CO - Ce)
Co

where Cp and C. are the initial and equilibrium concentrations of phenolic

TPhC adsorption yield (%) = x 100 (12)

compounds, respectively.
The experimental and predicted adsorption yields for XAD-4 resin and activated
carbon are presented in Table S1, while the results for CH-B are shown in Table S2.

3. Results and Discussion
3.1. Characterization of OMWW

The physicochemical characterization of raw OMWW and the filtered effluent is
reported in Table 2. The pH remained stable at 5 after filtration, indicating no significant
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change in acidity. The TCOD declined from 260 &= 6 g O, /L to 243 2 g O, /L, representing
a decrease of 6.54%. Total solids reduced from 145 -4 g /L to 138 &= 2 g /L (4.83% reduction),
while total volatile solids decreased from 111 & 3 g/L to 104 + 4 g/L, corresponding
to a 6.31% loss. The total phenolic content decreased from 8 £ 1 g/Lto 7 £ 2 g/L,
corresponding to an approximate 12.5% reduction, which was slightly higher than the
variations observed for the other parameters. These findings align with other studies
revealing that olive mill effluents tend to be acidic, with a high load of organic matter, and
rich in phenolic compounds [34]. Such characteristics highlight the need for integrated
treatment strategies, such as adsorption, that can handle acidic pH and high organic loads
while enabling phenolic recovery for valorization purposes [35]. Consequently, selecting a
suitable adsorbent tailored to the specific physicochemical properties of OMWW is essential
for achieving efficient and sustainable treatment performance.

Table 2. Physicochemical characterization of raw and filtered OMWW (mean (3) & standard deviation).

Parameters Raw OMWW Filtered OMWW
pH (25 °C) 5.1 5.03
TCOD (gO,/L) 260 + 6 243 +2
Total solids(g/L) 145+ 4 138 +2
Total volatile solids (g/L) 111+3 104 +£4
Total phenolic compounds (g/L) 8§+1 7+2

3.2. Characterization of the Adsorbents Before and After TPhC Adsorption from OMWW
3.2.1. Elemental Analysis

The elemental composition of the adsorbents XAD-4 resin, activated carbon (AC), and
CH-B was determined before and after adsorption of TPhC (Table 3). AC exhibited a mod-
erate carbon content (68%) and a substantially higher oxygen content (31%), indicating the
presence of surface oxygenated functionalities resulting from the activation process. These
oxygenated groups enhance surface polarity and potential hydrogen bonding, thereby
contributing to the affinity of phenolic compounds [36]. Prior to adsorption, XAD-4 resin
exhibited a high carbon content (90%), with negligible nitrogen and minor oxygen (1%),
consistent with its hydrophobic polystyrene-divinylbenzene structure. This elemental
profile confirms the absence of polar functional groups, suggesting that adsorption on
XAD-4 occurs predominantly through non-specific interactions, including 7— stacking or
hydrophobic forces [37]. In comparison, the CH-B displayed a distinct elemental profile,
with a lower carbon content (42%) but significantly higher oxygen (46%) and nitrogen
(6%) contents. These values are consistent with the presence of hydroxyl (-OH) and amine
(-NH3) groups, which are known to facilitate strong hydrogen bonding and electrostatic
interactions with phenolic molecules [38].

Table 3. Elemental composition (%) of AC, XAD-4 resin, and CH-B before and after adsorption (w/w
%, dry basis).

AC XAD-4 Resin CH-B AC XAD-4 Resin CH-B
Element Before Adsorption After Adsorption
Weight Percent (w/w %)
C 68.0 90.0 41.8 73.8 70.7 73.8
N 0.5 - 6.0 1.1 1.1 1.5
@) 30.6 1.0 46.5 22.7 26.4 22.7
H 0.9 9.0 5.7 2.0 1.8 2.0
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Transmittance (a.u)

Following TPhC adsorption, the elemental composition of all the adsorbents changed,
particularly for AC and CH-B. Specifically for AC, the carbon content increased to 71%,
while the oxygen content decreased to 26%. Similarly, for CH-B, the carbon content rose to
74% and oxygen dropped to 23%, indicating surface modification driven by the adsorption
of organic compounds from OMWW.

3.2.2. FTIR Analysis

The FTIR analysis revealed distinct adsorption mechanisms for AC, XAD-4 resin,
and CH-B in the removal of TPhC from OMWW (Figure 1). Based on the specific spec-
tral bands observed, the proposed binding interactions are schematically illustrated in
Figure 2. For AC, spectral changes were detected in the bands corresponding to C-H,
C=0, and C-O stretching variations (~1000-1200 cm™), indicating the involvement of
oxygen-containing surface functional groups in the adsorption process. These spectral vari-
ations suggest that adsorption proceeds primarily through 7—m interactions and hydrogen
bonding with oxygenated surface groups of AC. These findings are consistent with prior
studies that highlight AC’s effectiveness in adsorbing phenolics through its aromatic and
porous structure [39].
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Figure 1. FTIR spectrum of (a) AC, (b) XAD-4 resin, and (c) CH-B before and after adsorption of
TPhC from OMWW.

Activated Carbon (AC)

7 ©OH

-n stacking

XAD-4 resin (polymeric resin)

| Hydrophobic & (

HO,
TPhC
Ho_@_«o
OH

-1 mleracll%r:'s HO
H-bonding
n-n stacking
Chitosan-Biosorbent (CH-B) $
0 ~w Hydrophobic
Ho Q o4 NH, N interactions

OH

o
HO. HO. on Electrostatic H,N*
: O interaction
H.

Chitosan I

T & Dwoor=Zw, (- "Hydrogen

s HO <> Electrostatic
OH OH o Mo o, bonding interaction
o o = o’ OH Fe)
oY oH 2 OH
HO' OH OH

Figure 2. Molecular interaction mechanisms between phenolic compounds and three different
adsorbents (AC, XAD-4, and CH-B).
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For XAD-4 resin, more pronounced absorption bands were observed among the three
materials. Substantial reductions in the aromatic C=C (~1600 cm 1), C-H (~2920 cm 1), and
C=0 (~1700 cm ™) stretching regions, along with a broad decrease in the O-H stretching
vibration (~3400 cm~!) was observed after adsorption. Moreover, the decrease in the
—-OH band intensity suggests the displacement of physically adsorbed water molecules
from the porous matrix by the phenolic compounds. The weak peaks observed in the
1000-1300 cm ! region of the raw resin are attributed to C-O stretching vibrations, likely
arising from minor surface oxidation or residual impurities from the synthesis process.

These spectral changes indicate that the uptake of phenolic compounds occurs primar-
ily through 7—m stacking and hydrophobic interactions with the styrene—divinylbenzene
matrix, complemented by hydrogen bonding involving surface hydroxyl groups. For
CH-B, distinct spectral changes were observed after adsorption. The broad O-H stretching
band (~3400 cm~!) significantly decreased in intensity, indicating hydrogen bonding with
phenolic hydroxyl groups. The amide band C=0 (~1650 cm~!) became more pronounced,
while the N-H bending and C-N stretching (~1550~1400 cm ') exhibited distinct shifts.
Additionally, modifications in the C-O stretching region (1000~1200 cm ') confirmed the
involvement of hydroxyl and amine functionalities in adsorption. These spectral variations
suggest that phenolic uptake by CH-B occurs mainly through hydrogen bonding and
electrostatic interactions involving the -OH and -NH, groups of chitosan, consistent with
previously reported mechanisms for chitosan-based biosorbents [40].

3.2.3. Morphological Characteristics of the Used Adsorbents During Polyphenol
Adsorption from OMWW

The morphological characteristics of the AC surface before and after TPhC adsorption
were examined by SEM micrographs, and the results are shown in Figure 3. The raw AC
surface (Figure 3a) exhibited a highly porous, fractured, and irregular structure, charac-
terized by abundant macro- and mesopores. These textural features reflect the material’s
high specific surface area and accessibility of internal pore networks, which are critical for
efficient adsorption. After adsorption (Figure 3b), the surface appeared smoother, with par-
tial pore filling and the presence of adsorbed material, suggesting that phenolic molecules
became deposited within the pore network and across the surface. Distinct surface changes
were also observed for the XAD-4 resin before and after TPhC adsorption in the SEM
images (Figure 3c,d). Initially, the resin exhibits smooth, spherical beads with a homo-
geneous surface, characteristic of its cross-linked polystyrene—divinylbenzene structure.
After adsorption (Figure 3d), subtle surface irregularities and localized deposits appear,
indicating the formation of adsorbate layers without significant structural deformation.

The morphological evolution of the biosorbent was examined via SEM (Figure 4).
Raw shrimp waste (Figure 4a) exhibited a compact, layered structure with low porosity,
likely due to the presence of residual proteins and minerals that restrict active site acces-
sibility. After deacetylation, the CH-B (Figure 4b) exhibited a porous surface with ridges
and fissures, thereby enhancing surface area and increasing the availability of binding
sites. Following TPhC adsorption (Figure 4c), the CH-B surface appeared smoother with
embedded aggregates, indicating active site occupation and surface complex formation.

3.3. Batch Adsorption Kinetics

The adsorption kinetics of TPhC onto AC, XAD-4 resin, and CH-B were analyzed using
the pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich models. The kinetic
parameters, along with the coefficient of determination (RZ), Akaike Information Criterion
(AIC), and Bayesian Information Criterion (BIC), are summarized in Table 4. As illustrated
in Figure 5, the experimental data for all the adsorbents were satisfactorily described
by both the PFO and PSO models, with high coefficients of determination (R2 > 0.96)

https:/ /doi.org/10.3390/app16031231


https://doi.org/10.3390/app16031231

Appl. Sci. 2026, 16, 1231

11 0f 22

observed across all the systems. However, the high similarity in R? values precluded
definitive discrimination between the models. Consequently, the selection of the optimal
kinetic descriptor was based on the physical consistency between the model-predicted
equilibrium capacity (qc,1) and the experimental value (qexp) and validated by the lowest
AIC and BIC values to minimize information loss.

Figure 3. SEM images of (a) AC before adsorption, (b) AC after adsorption, (c¢) XAD-4 resin before
adsorption, and (d) XAD-4 resin after adsorption of TPhC from OMWW.

Figure 4. SEM images of (a) raw shrimp waste, (b) CH-B before, and (c) CH-B after adsorption of
TPhC from OMWW.

Table 4. Parameters of the kinetic models for the adsorption of TPCs on AC, XAD-4 resin, and CH-B.
Values are reported as parameter + standard error (SE) of the non-linear regression.

Model Parameters AC XAD-4 Resin CH-B
q1 (mg/g) 84.1+08 90.5 + 3.1 210 + 6
PFO Ky (x1072) 1/min 17 +£2 6.9 + 0.8 42404
. R2 0.98 0.98 0.99
Equation (1
(Equation (1)) AIC 29.7 35.9 21
BIC 23.9 30.1 33.9
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Table 4. Cont.

Model Parameters AC XAD-4 Resin CH-B
q2 (mg/g) 89.6 £ 0.9 136.1 £ 0.3 258 + 20
PSO K (x10~4) g/(mg.min) 29.7 2.5 7.6+23 1.6+ 0.5
(Equation (2) R 0.99 0.96 0.97
AIC 16.1 39.2 48.6
BIC 10.3 24.4 40.4
a (g/mg) 656 + 592 16159 + 7.6 1514.9 + 5.9
Elovich b (mg/(zg min) 0.10 £ 0.01 0.04 £ 0.01 0.01
(Equation (3)) R 0.98 0.94 0.95
AIC 31.8 44.6 52.9
BIC 26.1 38.8 44.8
100 100 250
—ew TSI T0
80 4 80 200 4
60+ 60+ 150+
§; 40 g‘ 40 ch: 100
20 4 & AC 204 i ;&D"-:d:?sin 50 4
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t(min) t (min) t(min)

Figure 5. Adsorption Kinetics of TPhC onto (a) AC, (b) XAD-4 resin, and (¢) CH-B (pH =5, T = 25 °C).

For AC, the adsorption equilibrium was reached rapidly, within 45 min, achieving an
experimental capacity of 86 mg/g. The kinetic analysis identified the PSO model as the most
statistically robust descriptor, exhibiting the lowest AIC (16.5) and BIC (10.3) values com-
pared to the PFO model. Furthermore, the equilibrium capacity predicted by the PSO model
(q2 = 89.6 £ 0.9 mg/g) showed excellent agreement with the experimental data. Moreover,
the high pseudo-second-order rate constant (K;) of (29.7 £ 2.5) x 104 g/(mg.min) under
the PSO model supports the presence of fast external diffusion and high accessibility to
microporous structures. This strong PSO fit suggests that the rate-limiting step is governed
by surface chemical interactions, likely involving 7t— interactions and hydrogen bonding
with surface functional groups. These results are consistent with the previous findings of
Solomakou and Goula [41], who reported a multilayer and energetically heterogeneous
adsorption behavior on activated carbon materials.

In the case of XAD-4 resin, a distinct divergence was observed between the models.
While the PSO model provided a mathematically acceptable fit (R = 0.96), it overestimated
the equilibrium capacity (qp = 136.1 mg/g) that significantly exceeded the experimental
value (90.2 mg/g). In contrast, the PFO model demonstrated superior physical consistency,
yielding a predicted capacity (q; = 90.5 mg/g) nearly identical to the experimental observa-
tion. This physical validity is corroborated by the statistical metrics, where the PFO model
achieved a lower AIC (35.9) than the PSO model (39.2), along with a moderate rate constant
(K1 =(6.9 + 0.8) x 1072 min~'). This kinetic behavior reflects diffusion-limited physisorp-
tion, where the rigid polymeric network of XAD-4 restricts intraparticle diffusion. Given
the non-polar, microporous architecture of XAD-4, adherence to PFO kinetics aligns with a
physical adsorption mechanism governed fundamentally by intraparticle diffusion. These
findings are consistent with Barkakati et al. [42], who similarly reported that adsorption
onto XAD-type resins is primarily governed by diffusion-controlled physiosorption due to
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the microporous structure of the polymeric matrix. According to Juang and Yeh [43], the
ratio of adsorbent pore diameter to adsorbate molecular size determines the predominant
adsorption domain, supporting this diffusion-controlled mechanism.

For CH-B, adsorption equilibrium was attained after about 60 min, with an experimen-
tal capacity of 205.1 mg/g. The PFO model demonstrated superior performance for this
system. It provided a precise prediction of the equilibrium uptake (q; =210 + 6 mg/g),
whereas the PSO model overestimated the capacity (qo = 258 £ 20 mg/g). Statistical val-
idation confirmed this superiority, with the PFO model presenting the lowest AIC (42.1)
and BIC (33.9) values, indicating minimal information loss relative to the PSO model
(AIC = 48.6). This suggests that TPhC uptake by CH-B is likely controlled by the high
availability of active sites or external mass transfer limitations, rather than a singular
second-order surface reaction. Although Al-Qodah et al. [44] highlighted that biosorption
systems involving functionalized biopolymers, such as chitosan derivatives, typically con-
form to PSO kinetics, Simonin et al. [45] demonstrated that PFO kinetics frequently provide
a superior fit for adsorption datasets when rigorous non-linear regression is applied, chal-
lenging the widespread dominance of the PSO model. Consequently, the adherence to
the PFO model suggests that the adsorption process is driven initially by rapid physical
binding and surface-controlled kinetics before chemisorption dominates at later stages.

The Elovich model was also evaluated to examine potential chemisorption kinetics
on heterogeneous surfaces. However, it yielded significantly lower correlation coefficients
(R? < 0.95) and higher AIC values specifically for XAD-4 and CH-B. This poor fit further
confirms that the adsorption mechanism for these two materials is not governed by the
specific chemisorption steps described by the Elovich equation, but rather by physical
diffusion processes best captured by the PFO model.

In conclusion, integrating the AIC and BIC criteria with physical validation (qcy
VS. dexp) enabled a robust differentiation of kinetic mechanisms. The PFO model was
selected for XAD-4 and CH-B due to its superior predictive accuracy and consistency with
physical diffusion processes. Conversely, the PSO model was confirmed for AC, reflecting
its chemisorption-dominated nature.

3.4. Batch Adsorption Isotherms

The equilibrium adsorption data for TPhC were analyzed using the Langmuir, Fre-
undlich, and Temkin isotherm models to characterize the sorption behavior of XAD-4 resin,
AC, and CH-B. As illustrated in Figure 6, each of the three adsorbents exhibited distinct
adsorption profiles, reflecting differences in surface properties, binding affinities, and in-
teraction mechanisms. The model parameters and statistical error functions, specifically
the coefficient of determination (R?), Akaike Information Criterion (AIC), and Bayesian
Information Criterion (BIC), are summarized in Table 5. The analysis of the error functions
revealed that relying solely on R? is insufficient for robust model discrimination, particu-
larly for AC and CH-B, where correlation coefficients exceeded 0.98 for multiple models.
Consequently, model selection was guided by the minimization of AIC and BIC values to
identify the model that best describes the data with minimal information loss.

The adsorption on AC presented a case of model equifinality, where the Langmuir,
Freundlich, and Temkin models all yielded identical correlation coefficients (R2 =0.99),
preventing their discrimination. Although relying on a small dataset leading to a risk of
over-interpretation, the Akaike Information Criterion suggests a statistical advantage for
the Temkin model (lowest AIC of —1.02). This is, however, in agreement with an adsorption
process occurring on an energetically heterogeneous surface, a behavior typical of micro-
porous activated carbon with diverse surface functional groups [46]. These findings are
consistent with those of Solomakou et al. [47], who reported heterogeneous and multilayer
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adsorption on activated carbon. Furthermore, Allahkarami et al. [48] linked this behavior
to the high surface functionalization of activated carbons, where diverse active sites create
a non-uniform distribution of adsorption energies.
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Figure 6. Adsorption isotherms of TPhC onto (a) AC, (b) XAD-4 resin, and (¢) CH-B (pH =5,

T =25 °C).

Table 5. Parameters of the isotherm model for the adsorption of TPhC on AC, XAD-4 resin, and CH-B.
Values are reported as parameter + standard error (SE) of the non-linear regression.

Model Parameters AC XAD-4 Resin CH-B
dm (Mg/g) 90.2 £2.1 1048 1.4 2292 +17.3
Ky (x10~3) (L/mg) 6.01 £ 0.8 2.11 £ 0.09 1.01 + 0.32
. . R 0.01 0.21 0.17
L E L
angmuir (Equation (5)) R? 0.99 0.99 0.98
AIC 27.3 14.9 42.6
BIC 14.6 2.3 30.02
K¢ (mg/g)(L/mg)l/ 16.05 + 1.32 2.36 4 1.04 11.4+26
1/n 0.22 +0.01 0.52 4+ 0.08 0.35 4+ 0.03
Freundlich (Equation (7)) R? 0.99 0.96 0.98
AIC 27.03 44.5 449
BIC 1.8 19.3 19.7
qr (mg/g) 147 £0.1 393423 48.6 +5.04
Kr (x1072) (L/g) 15 £ 0.6 1.0 =+ 0.09 14+05
Temkin (Equation (8)) R? 0.99 0.99 0.99
AIC —1.02 19.3 39.2
BIC —13.6 6.7 26.6

For XAD-4 resin, the experimental data were best fitted by the Langmuir model
(R? = 0.99), which exhibited the lowest AIC (14.9) and BIC (2.3) values compared to the
Temkin (AIC = 19.3) and Freudlich (AIC = 44.5) models. The robustness of the Langmuir
equation fits confirms that TPhC adsorption onto XAD-4 resin is governed by a monolayer
coverage on a structurally homogeneous surface with energetically equivalent binding sites.
This aligns with the resin’s non-functionalized, hydrophobic polystyrene-divinylbenzene
matrix, where uptake is driven by non-specific hydrophobic interactions rather than het-
erogeneous chemical binding. The maximum monolayer adsorption capacity (qm) was
determined to be 104.8 + 1.4 mg/g, with a separation factor (R ) of 0.21, confirming the
favorable nature of the adsorption process. The adsorption behavior observed in this study
is in strong agreement with the established literature regarding Amberlite XAD-4. Ku and
Lee [7] reported a correlation coefficient (R?) of 0.98 for the Langmuir isotherm, compared
to 0.95 for the Freundlich model, reinforcing the validity of the monolayer coverage theory
for this adsorbent-adsorbate system.
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Among the tested materials, CH-B demonstrated the highest adsorption potential.
Statistical analysis favored the Temkin model, which yielded the lowest AIC (39.2) and
BIC (26.7) values compared to the Langmuir and Freundlich models. The adherence to the
Temkin equation implies that the surface of the biosorbent is energetically heterogeneous,
characterized by a non-uniform distribution of binding energies. This strong interaction is
corroborated by a high equilibrium binding energy parameter (qr = 48.6 mg/g), reflecting
the significant affinity of phenolic compounds for the functional groups on the biosorbent
surface. This aligns with the work of El-Shafey et al. [49], who similarly attributed the
complex adsorption behavior of phenol on chitosan/MCM-48 nanocomposites to the
heterogeneous surface structure resulting from material modification. Additionally, Liu
et al. [11] noted that the presence of multiple functional groups (amine and hydroxyl)
on chitosan surfaces inherently leads to energetic heterogeneity during adsorption of
phenolic compounds.

Table 6 presents the performance of phenolic compound adsorption from OMWW
on chitosan biosorbent (CH-B) and recent chitosan-based adsorbents published in the
literature. Direct quantitative comparison is challenging, as the present study is the only
one among those listed to report a full isotherm analysis and a determined maximum
adsorption capacity (qm = 229 mg/g). However, valuable context can be drawn from
specific benchmarks. For instance, insect-based chitosan [17] exhibited a higher capacity
(416 mg/g), although it was achieved under conditions of lower adsorbent dosage and
lower initial concentration of phenolic compounds. Two other studies compared modified
chitosan [18] or chitosan composite [19] with unmodified chitosan; in both cases the
modification led to increased adsorption capacity. The modified lobster-based chitosan [18]
showed a capacity of the order of magnitude of the present unmodified shrimp-based
chitosan. It is interesting to note the high capacity of both unmodified shrimp and insect-
based chitosans, confirming the interest of their use in treating wastewaters such as OMWW.

Table 6. Phenolic compound (PC) adsorption performance of various chitosan-based adsorbents and
composites reported in the recent literature. Adsorption capacity in the conditions of the test (Qexp)
and maximum adsorption capacity from isotherms (Qmax)-

Adsorh Precursor/ Capacity Initial Conc. of b (/L) Ref
sorbent egs e TPh L osage (g eference
Modification Qexp (Mg/g)  Qmax (mglg) C (Cp, mg/L)
Chitosan .
Biosorbent (SSEEE dsigig‘; 19 229 3765 2 This Study
(CH-B)
Unmodified .. .
Insect Chitosan Herm‘ex;:sztléucens 416 269 0.5 e]tiﬁu[a]l;]
(H. illucens) ’
Lobster wastes 83
(Unmodified, CS) Belhadi
. - elhadj
Chltosan ' Chltosan_ 8210 30 ot al. [18]
epichlorohydrin bead 232.6
(CS-ECH)
Commercial 15 10
Chitosan Unmodified Chitosan 28 Shmeis
Nanocomposite Nanocomposite 198 ) etal. [19]
(CKI-CP) ’

In summary, the combined statistical and mechanistic evaluation supports distinct
adsorption behaviors: energetically heterogeneous for AC and CH-B versus homogeneous
for XAD-4. Crucially, CH-B was identified as the most efficient material, exhibiting the
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highest adsorption capacity for phenolic compounds and significantly outperforming both
commercial adsorbents.

3.5. Adsorption Performance, Process Modeling, and Optimization by Response
Surface Methodology

3.5.1. Model Adequacy Checking and Statistical Analysis

In the study, the adsorption yield of TPhC using AC, XAD-4 resin, and CH-B adsor-
bents was evaluated through RSM based on the Box—Behnken design (BBD), considering
temperature, pH, and adsorbent dosage as key operational parameters. The analysis of
variance (ANOVA) was applied to validate the regression models and assess the influence
of each factor, with the main results summarized in Table 7. Adequate precision (A.P)
compares the predicted signal to the experimental noise, coefficient of variation (C.V)
indicates the model’s reproducibility, and desirability is a multi-response optimization
index ranging from 0 to 1. Detailed ANOVA outputs, including F-values and p-values
for all terms, are reported in Supplementary Table S3. All three regression models were
statistically significant (p < 0.05), with F-values exceeding 4.9 and adequate precision values
(AP > 4), confirming an acceptable signal-to-noise adequacy of the design. Coefficients of
determination (R? > 0.90) further supported model reliability, although the coefficients of
variation (CV) highlighted variability in robustness among the adsorbents [50].

Table 7. Analysis of variance of optimization models when polyphenol adsorption yield is maximized
using AC, XAD-4 resin, and CH-B adsorbents.

Adsorbent Reduced Equation R? AP S.D (GAY
Y1=5892 — 1.61A — 11.54B + 16.27C + 4.39AB — 0.58AC
AC 1 0.88BC — 0.14A2 + 8.35B2 + 1.33C2 + 10.66A2B 096 915 494 787
. Y2 = 85.15 + 3.17A + 53.47B + 0.91C — 1.44AB — 0.02AC —
XAD-d resin 0.02BC + 0.028A2 — 4.88B2 — 0.0006C2+ 0.14AB? 094 939 363 5.68
CLLB Y3 = 63.38 + 220A + 048128 — 2.67C +297AB+077AC+ (0o a0 o5 -

5.59BC — 20.01A2 + 7.08B2 — 0.46C2 + 3.35A2B — 1.48A2C

The fitted regression model for AC was statistically significant (F = 8.85, p = 0.0250),
with a non-significant lack of fit (p = 0.8554), indicating acceptable model adequacy. The
most influential factor was adsorbent dosage (F = 61.77, p = 0.0014), while pH and temper-
ature were not statistically significant within the tested range. Model evaluation metrics
confirmed a good fit with R2 =096, AP.=9.15,S.D. =4.94, and CV = 7.87%, suggesting
acceptable precision and moderate variability.

The XAD-4 resin model presented a more complex behavior, incorporating both lin-
ear and interaction effects. strong reliability (R? = 0.94) with acceptable reproducibility
(CV =5.68%). The regression equation was significant (F = 6.11, p = 0.0480), and the lack
of fit was not significant (p = 0.6782). Key influencing factors included pH (F = 12.40,
p = 0.0244) and adsorbent dosage (F = 11.64, p = 0.0270), while interaction terms AB
(F=9.60, p = 0.0363) and AC (F = 31.10, p = 0.0051) also played a significant role. The
complexity of the adsorption mechanism was further evidenced by the significance of the
quadratic coefficient B2 (F = 16.10, p = 0.016) and the reduced cubic interaction term AB?
(F =12.53, p = 0.024). The statistical significance of this asymmetric term validates the
non-linearity described by the reduced cubic model (Equation (9)) and indicates that the
effect of temperature (B) is strictly dependent on the pH level (A). The statistical adequacy
was supported by R? = 0.94, A.P. =9.39,S.D. = 3.63, and CV = 5.68%, confirming a reliable
and reproducible model.
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The model developed for CH-B demonstrated the highest statistical robustness and
complexity among all the adsorbents. The regression was highly significant (F = 119.11,
p = 0.0011), and the lack of fit was not statistically significant (p = 0.0908). Significant
contributions came from temperature (F = 24.79, p = 0.0156), interaction terms AB (F = 22.60,
p = 0.0177) and BC (F = 80.21, p = 0.0029), and especially quadratic terms such as A2
(F =948.51, p < 0.0001) and B? (F = 118.77, p = 0.0017).

Regarding the CH-B adsorbent, the stepwise regression analysis revealed significant
higher-order interactions, specifically the cubic term AB? (F = 14.43, p = 0.032). Retaining
this term in the modified polynomial was critical for enhancing the model’s predictive
accuracy. The model’s statistical descriptors were excellent, with R? = 0.99, A.P. = 37.77,
S.D. =1.25, and CV = 2.22%, confirming its high accuracy, low variability, and outstanding
predictive ability.

3.5.2. Analysis of Process Interactions and Optimization of Operating Conditions

The three-dimensional response surface plots derived from the Box-Behnken design
are illustrated in Figure 7. These plots showcase the interactive effects of temperature,
pH, and adsorbent dosage on the adsorption yield of TPhC onto XAD-4 resin, AC, and
CH-B, respectively. Table 8 summarizes the optimal operating conditions determined
via the desirability function for each adsorbent. The surface plots reveal distinctive re-
sponse topographies for each adsorbent, reflecting differences in their physicochemical
characteristics and underlying adsorption mechanisms.

Table 8. Optimal experimental conditions obtained by the desirability function for maximizing TPhC

adsorption yield.
Adsorbent Temperature (°C) pH Dosage (g/L) TPhC Yield (%)  Desirability
AC 49 7 100 80 1
XAD-4 resin 25 493 100 79 0.98
CH-B 39 2 2 78 0.96

For AC, the response surfaces exhibited predominantly linear profiles, with adsorption
yields increasing steadily with dosage. In contrast, the surfaces remained relatively flat
with respect to pH and temperature, indicating limited sensitivity to these parameters
within the tested range. Numerical optimization yielded a maximum desirability score
of 1.0. The optimal conditions were identified as 49 °C, pH 7, and a dosage of 100 g/L,
resulting in a maximum TPhC adsorption yield of 80%.

These findings confirm that AC primarily operates through non-specific, physical
adsorption mechanisms, driven by its high surface area and porous structure rather than
specific chemical interactions. Such behavior aligns with previous studies that emphasize
the non-specific yet reliable adsorption behavior of activated carbon. Mojoudi et al. [8]
observed similar results, indicating that adsorption capacity increases linearly with the
availability of surface area. Similarly, Nguyen et al. [51] highlighted that AC shows effec-
tiveness across a broad pH range; however, it lacks selectivity, resulting in the adsorption of
both target pollutants and biodegradable co-substrates. This behavior underscores the phys-
ical nature of adsorption onto AC, which is primarily influenced by its specific surface area
and porous structure, rather than by particular chemical affinities or environmental factors.

In the case of XAD-4 resin, the response surface plots reveal significant curvature,
particularly in the interaction between pH and adsorbent dosage. This suggests that the
adsorption efficiency is not only dependent on individual factors but is also significantly
influenced by their synergistic effects. The most prominent effect is observed in the pH-
dosage surface, where higher adsorption yields are attained at low pH and high adsorbent
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dosage (up to 100 g/L), reflecting strong acid-dependent adsorption behavior. The optimal
conditions determined by the desirability function were 25 °C, pH 4.93, and 100 g/L dosage,
achieving a predicted TPhC yield of 78.81% and a desirability of 0.98. This is supported
by the findings of Petrotos et al. [37] and Ku and Lee [52], who demonstrated that XAD-4
resin exhibits increased affinity for polyphenols under acidic conditions. This behavior is
attributed to the state of the phenolic hydroxyl groups at low pH. By maintaining these
groups in their protonated (neutral) form, the solubility of the phenolic compounds is
reduced, thereby promoting hydrophobic interactions with the non-polar polystyrene—
divinylbenzene matrix of the resin. Furthermore, the positive effect of dosage confirms
that increasing the mass of resin provides a greater number of active sites, effectively

overcoming saturation limitations.
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Figure 7. Response surface 3D plots of TPhC adsorption yield (%) into AC, XAD-4 resin, and CH-B.

The response surface plots for CH-B demonstrate pronounced non-linearities, indicat-
ing strong interactions between operational parameters. In particular, the temperature-pH
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and temperature-dosage plots reveal significant curvature. The effects of temperature
and pH were particularly pronounced. In particular, the high impact of pH with high
adsorption yields at acidic pH aligns with previous studies [26,52], which demonstrated
that chitosan-based adsorbents exhibit strong binding capacity under acidic conditions due
to the protonation of amine groups. The process optimization revealed that a relatively
low dosage of 2 g/L was sulfficient to achieve a maximum adsorption yield of 78% low pH
of 2 and moderate temperatures of 39 °C (desirability = 0.96). This result was unexpected,
as conventional adsorption theory suggests that increasing adsorbent dosage typically
enhances removal efficiency due to the increased availability of active sites.

However, in the studied experimental domain, the RSM statistical analysis indicated
that the main effect of the adsorbent dosage factor was non-significant on the TPhC re-
moval yield, as confirmed by the relatively flat shape of the response surface curves along
the dosage axis. A plausible explanation for this phenomenon may be the agregation of
particules at high dosage, which was previ-ously described in the literature as the ‘solid
concentration effect’ [53,54]. At high solid loads, particle overcrowding can lead to the
formation of clusters. This would reduce the total surface area available for mass transfer
and make the active sites located deep inside these aggregates inaccessible to the adsorbate
molecules. However, as morphological analysis of aggregates was not carried out in this
study, this explanation remains a strong hypothesis and should be confirmed withby further
researchexperimental evidence.

4. Conclusions

This study identifies the chitosan biosorbent (CH-B) as an efficient and sustainable
alternative to commercial activated carbon and synthetic resins for the recovery of TPhC
from OMWW. Mechanistic analysis reveals that the enhanced performance of CH-B is
driven by adsorption on an energetically heterogeneous surface, facilitated by the abun-
dant -NH2 and -OH functional groups. The conformity of CH-B adequacy to the PFO
model suggests a process governed by diffusion limitations or active site availability ra-ther
than simple surface reaction steps. While commercial adsorbents demonstrated effec-
tive uptake governed by chemisorption (AC) and hydrophobic retention (XAD-4), the
thermodynamic and kinetic properties of bio-based CH-B highlight its superior potential.
Consequently, the deployment of CH-B offers a dual advantage: valorizing a biopolymer
waste stream while efficiently detoxifying complex industrial effluents. Future research
should focus on the regeneration capacity and long-term stability of CH-B, alongside an
assessment of the economic feasibility for its industrial-scale implementation. While these
results confirm the robustness of CH-B in a real matrixHowever, the unexpected high
re-moval efficiencies at low CH-B dosages with the hypothetic explanation of particle
aggre-gation at high dosages needs further investigation. Future studies should focus
on hydro-dynamic particle size analysis and microscopic observations to experimentally
confirm the physical mechanisms limiting adsorption efficiency at high solid concentrations.
Ad-ditionally, further experimental studies are required to quantify the specific interference
and competition of sugars and lipids in this multicomponent system. Finally, assessing the
regeneration capacity, long-term stability, and economic feasibility of CH-B will be crucial
for its deployment in real-world wastewater treatment scenarios.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/app16031231/s1. Table S1: Experimental and predicted TPhC
adsorption yields (%) for XAD-4 resin and activated carbon; Table S2: Experimental and predicted
TPhC adsorption yields (%) for CH-B; Table S3: Statistical parameters of the fitted RSM models for
TPhC adsorption yield by AC, XAD-4 resin, and CH-B.
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