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ARTICLE INFO ABSTRACT

Editor: B. Van der Bruggen The overuse and improper disposal of organic dyes and antibiotics, such as Crystal Violet (CV) and Tetracycline

(TC), endanger aquatic ecosystems and water quality. In this work, a novel magnetic biocomposite was prepared

Keywords: by incorporating magnetite, chitosan, and residual biomass of Chlorella vulgaris after lipid extraction and applied
Te“acyd%ne for the adsorptive removal of TC and CV from water-based solutions. The highest removal of TC and CV occurred
g;}i’:‘:;:wlet at pH 8, with the adsorption efficiency being influenced by the biocomposite dosage, the starting level of pol-
Adsorption lutants, and the time allowed for interaction. The adsorption behavior of TC aligned well with the Langmuir and

Temkin adsorption isotherms, while the Langmuir model best described the CV one, indicating that this process
follows monolayer-type adsorption, with the highest adsorption capacities of 864.382 mg/g for TC and 305.097
mg/g for CV. Kinetic studies showed that a pseudo-second-order model described the adsorption process, sug-
gesting chemisorption as the primary mechanism. The thermodynamic evaluation indicated that the process was
spontaneous and endothermic. This study highlights the effectiveness of the proposed biocomposite in removing

Magnetic Biocomposite

antibiotics and dyes from water as an operative and sustainable adsorbent.

1. Introduction

Recently, the rapid advancement of industrialization and urbaniza-
tion has led to growing concerns about water contamination, particu-
larly from organic and emerging pollutants like synthetic dyes and
antibiotics. Even trace amounts of these contaminants indeed pose
serious threats to ecological systems and human health [1,2].

Synthetic dyes are used widely across industries due to their ability
to form strong bonds with fabrics, resulting in vibrant, long-lasting
colors that remain stable after washing and environmental exposure
[3]. However, even at concentrations as low as 1 mg/L, dyes can disrupt
the photosynthesis process in aquatic life by limiting light penetration.
Additionally, direct contact with dyes can cause skin discoloration in
humans, and inhaling them can lead to symptoms such as confusion,
nausea, and vomiting [4].

Among the various hazardous dyes, Crystal Violet (CV), a triphe-
nylmethane cationic dye, is extensively used in industries. Its strong
adherence to materials, redox activity, and stability makes it valuable as
a biological dye and redox indicator. Furthermore, CV is resistant to
light, heat, and oxidation, making it a suitable model for studying other

persistent organic pollutants in water [5].

On the other hand, numerous studies conducted over recent years
have highlighted the growing concern about antibiotic contamination in
aquatic systems worldwide [6,7]. The current extensive and mostly
inappropriate use of antibiotics in disease treatment in humans and
animals has resulted in their detection in lakes, groundwaters, rivers,
and most importantly, in sources of drinking water. Indeed, these
organic pollutants pose serious risks to marine and freshwater ecosys-
tems. Antibiotics are often not completely metabolized by organisms,
and hence 50-80 % of the ingested amounts are excreted and subse-
quently released to aquatic ecosystems [1,8]. One of the most widely
used classes of antibiotics is that of Tetracycline (TC) and its derivatives,
due to their affordability and broad-spectrum effectiveness. TC has been
detected in substantial quantities, with over 80 % being excreted
through urine within two hours of consumption. It is resistant to
biodegradation and tends to bioaccumulate within the human system
and other organisms via ecological feeding pathways [9].

It is therefore urgent to establish practical and effective removal
methodologies for dealing with water pollution caused by dyes and
antibiotics. Several treatment processes have been studied on
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wastewater contaminated with various organic pollutants [10,11],
among which adsorption has come forward because of its simplicity,
economic viability, and applicability to a wide range of contaminants
[12-14]. In this regard, a wide range of conventional adsorbents have
been employed either in their natural or modified form to improve
adsorption performance toward the effective removal of pollutants in
aqueous solution. These materials include commercial activated car-
bons, inorganic materials such as silica gel, zeolites, and activated
alumina, as well as polymeric organic ion-exchange resins. Although
they possess a high degree of adsorption efficiency, their high prepara-
tion and regeneration costs have restricted their wide industrial appli-
cation [15,16].

To overcome these limitations, several alternative non-conventional
adsorbents have been studied, mainly derived from biological and
agricultural sources. These low-cost and efficient materials include
algae, bacteria, fungi, and natural fibers such as cotton [17,18]. In
addition, polysaccharides such as starch, cellulose, chitosan, and algi-
nates, along with innovative nanomaterials, have also been tested for
their adsorption performance [19,20]. Their attractiveness as non-
conventional adsorbents is based on their abundance, high availabil-
ity, and low cost. Moreover, they often hold unique physicochemical
properties and structural features which make them promising in
developing complex adsorbent materials [21,22]. Based on these ad-
vancements, researchers have focused on developing composite mate-
rials that integrate multiple bio-based components to enhance
adsorption efficiency and overcome individual material limitations.
Among them, biopolymer-based composites have gained significant
attention for their adjustable properties and high adsorption potential.
For example, 3D-printed multifunctional composites based on bio-
polymeric matrices and waste materials have emerged as promising
solutions for heavy metal remediation. These materials, with their
designed structural properties and enhanced adsorption capacities, offer
a sustainable and efficient approach to tackling water contamination
challenges [23,24]. Additionally, biocomposites based on polylactic
acid and natural fibers have been explored for use as fibrous membranes
in filtration applications [25], highlighting the expanding role of
biopolymer-based materials in wastewater treatment.

Beyond the adsorption performance, the economic viability is the
critical factor to the industrial applicability of biocmposites. For
instance, a comparative study reported that activated charcoal Norit
ROX 0.8 had a cost of approximately 125.5 €/kg, and commercial ion-
exchange resins are priced at 80-100 $/kg [26], whereas chitosan
composites range between 7-10 €/kg. These cost differences highlight
the economic advantage of biosorbents over conventional adsorbents,
further emphasizing their potential as viable alternatives for wastewater
treatment [27].

Among the various biocomposites explored for environmental
remediation, chitosan-based materials have emerged with remarkable
potential due to their unique properties and versatility.

Chitosan contains many hydroxyl and amine functional groups,
which give it a cationic nature, thereby allowing its effective binding
with a variety of inorganic and organic pollutants through chelation and
coordination mechanisms. While chitosan exhibits several desirable
characteristics, including biodegradability, biocompatibility, modifi-
ability, and non-toxicity, some drawbacks such as solubility in acidic
environments, mechanical fragility, and challenges in recovering the
adsorbent after pollutant removal limit its applicability [28-30]. To
overcome these limitations, researchers have focused on developing
chitosan-based composites aimed at enhancing its physicochemical
properties such as surface area, morphology, and mechanical strength
[29].

While chitosan demonstrates strong adsorption potential, the incor-
poration of microalgae into biocomposites offers additional advantages,
including improved pollutant adsorption through different functional
groups and increased surface area for adsorption. Microalgae possess
unique adsorption properties due to their cell wall-containing
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polysaccharides and proteins, which provide active sites for pollutant
adsorption [31,32]. Additionally, the presence of negative charges on
the cell wall, resulting from the dissociation of various functional
groups, further promotes the biosorption of positively charged con-
taminants [33,34].

Combining chitosan and with C. vulgaris into a biocomposite material
creates a synergistic system able to leverage the strengths of both
components [35,36]. In a previous study by Mirizadeh et al. [36], two
novel biosorbents were developed consisting of chitosan, either
Arthrospira platensis or C. vulgaris, and magnetite. These biosorbents
were designed for easy separation, enabling their reuse to remove
various antibiotic classes from aqueous solutions.

To include these advantages in a cost-effective solution, this study
presents the characterization and efficiency of a novel biocomposite,
named MCLFC, which comprises magnetite, chitosan, and lipid-free
C. vulgaris biomass to eliminate TC and CV from aqueous solutions.
This approach offers a sustainable and cost-effective alternative to
conventional adsorbents by reusing waste streams. In this process,
C. vulgaris was cultivated in winery wastewater, reducing nutrient costs
and also contributing to winery waste management. The extracted lipids
serve as a valuable by-product for biofuel production, while the
remaining biomass is transformed into a biocomposite, lowering waste
and optimizing resource efficiency.

To assess the efficiency of the MCLFC biocomposite, the effects of
different experimental parameters, including pH, temperature, and
pollutant concentration, on the adsorption capacity for TC and CV were
investigated. Kinetic and isotherm models were applied to realize the
mechanism of pollutant removal by this biocomposite. Further investi-
gation on the magnetic biocomposite was conducted regarding its
regeneration and reuse potential in order to assess the sustainability and
effectiveness of the material in practical applications.

2. Materials and methods
2.1. Materials and chemicals

Medium molecular weight chitosan, Tetracycline (TC) hydrochlo-
ride, Crystal Violet (CV), and sodium tripolyphosphate (TPP) were ob-
tained from Sigma-Aldrich (Saint Louis, MO, USA), ferrous sulfate
heptahydrate and ferric chloride hexahydrate were provided from
Merck (Darmstadt, Germany), acetic acid, sodium hydroxide, and hy-
drochloric acid were acquired from Carlo Erba Reagents (Cornaredo, MI,
Italy). Chlorella vulgaris strain was acquired from the CCAP, located in
the UK. Winery wastewater (WWW) was kindly provided by a winery
cellar located in the Piemonte region of Italy [37].

2.2. Biocomposite preparation

Initially, microalgae cells were cultured in a column photobioreactor
in continuous mode. The photobioreactor was operated with a working
volume of 6 L, receiving a 20 % (v/v) supply of WWW in Bold Basal
medium. At the end of the growth period, the microalgal biomass was
harvested through centrifugation, followed by freeze-drying. The dried
biomass was then subjected to lipid extraction using a 2.0:2.0:1.8 (v/v/
v) mixture of methanol, chloroform, and water, following the modified
Bligh and Dyer method [38], and the residual biomass was used for the
biocomposite preparation. For this purpose, approximately 0.5 g of
chitosan flakes was mixed into 50 mL of 1 % (v/v) acetic acid solution
and heated to 80 °C, under continuous stirring overnight. Afterward, 0.5
g of dried, lipid-extracted C. vulgaris powdered biomass was mixed and
stirred for one hour at room temperature to ensure a homogenous
biomass distribution. Next, 12 mL of 10 mg/mL TPP solution was added
to cross-link the mixture, which was stirred for 15 min. After adding a
solution of Fe?t and Fe®* (0.001 mol:0.002 mol) and dispersing it for 5
min with an ultrasonic in a water-filled, NaOH (3 N) was gradually
added while stirring to adjust the pH to 11. The obtained suspension was
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magnetically separated and rinsed multiple times with ultra-pure water.
The final magnetic biocomposite, called MCLFC, was dried at 50 °C for
24 h, then ground, sieved with a mesh size of less than 500 pm, and
reserved for future use. A graphical representation of the biocomposite
preparation process has been provided in Fig. 1.

2.3. Adsorbent characterization

The features and morphology of the biocomposite and its compo-
nents were examined using scanning electron microscopy (SEM). The
compounds were plated with gold layers and the images were observed
at a magnification of 1000X.

A Thermo Nicolet iS50 Fourier transform infrared spectroscopy
(FTIR) was employed to identify the functional groups and characterize
the chemical bonds present on the surface of the adsorbent. Infrared
spectra were collected within the wavenumber range of 400-4000 cm’!
using the Omnic Lite Software.

The point of zero charge (pHpzc) was evaluated by immersing the
adsorbent in NaCl solutions (0.01 M) adjusted to pH levels between 3
and 11 [39].

2.4. Experimental procedure

A set of duplicate experiments was carried out to examine the impact
of variables such as initial pH (3-11), adsorbent dosage (0.05-1 g/L),
initial concentrations of TC (10-100 mg/L), and CV (5-100 mg/L), as
well as temperature (25, 30, and 35 °C) on the adsorption efficiency.
During the experiments, the flasks were sealed and covered to avoid
photodegradation and volume changes. The collected data were
analyzed to determine equilibrium isotherms, kinetics, and thermody-
namic properties. The initial and residual concentrations of TC and CV
were measured utilizing a UV/Vis spectrophotometer at 360 nm and
590 nm, respectively. The samples of the adsorbent were also regener-
ated by cycling experiments using 5 mL of 0.1 N NaOH, followed by
washing with ultra-pure water to remove any remaining TC and CV and
drying for subsequent reuse. The percentage removal (Y, %), adsorption
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capacity at time t (q;, mg/g), and adsorption capacity at equilibrium (ge,
mg/g) were estimated using the corresponding formulas:

Y(%) = (ﬁ> % 100 &)
Co
q: = M )
m
_ (CO—Ce)V
Qe="—"1 3

where Cy, Ci, and C. (mg/L) are the initial, residual, and equilibrium
concentrations, respectively, m is the mass of the dried adsorbent (g),
and V is the solution volume (L).

2.5. Isotherm, kinetic, and thermodynamic of adsorption process

Adsorption isotherms were analyzed through models such as Lang-
muir, Freundlich, Temkin, and Dubinin-Radushkevich (D-R) to explain
the adsorption behavior and interaction of TC and CV onto MCLFC. The
Langmuir model, presuming the formation of monolayer adsorption and
consistent adsorption energy, is expressed as follows:

_ KLque

4e = quce @

where g, (mg/g) is the theoretical maximum monolayer coverage ca-
pacity, while K (L/mg) is the Langmuir constant that expresses the
molecule affinity to the adsorption sites.

The Freundlich model describes adsorption taking place on irregular
or diverse surfaces:

ge = K Cg (5)

where Kg (mg! ™" L™ g71) is the Freundlich constant, and n is the
heterogeneity factor.

The D-R model accounts for the adsorbent pore size and distribution:
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Fig. 1. Graphical representation of the biocomposite preparation process.
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de = Qs exp(—Bez) (6)

where g, (mg/g) represents the theoretical saturation capacity, B (mol%/
kJ?) is a factor related to the mean energy of adsorption (E) (kJ/mol),
and ¢ (kJ/mol) denotes the Polanyi potential energy. The expressions for
¢ and E are defined below:

¢ = RTIn(1 +Cle) @
1

E= — 8

V2B ®)

The Temkin model accounts for linear decreases in the adsorption

heat as the surface occupancy of the adsorbent increases:
RT

qe = B In(ArCe) (C)]

T
where At (L/mg) denotes the constant of equilibrium association, and by
(J/mol) is a factor associated with the energy of adsorption.

The pseudo-first-order (PFO) (Eq. (10)), Pseudo-Second-Order (PSO)
(Eq. (11)), and Weber-Morris (WM) (Eq. (12)) models used to assess
adsorption kinetics:

In (qe - qt) =1In qe —kit (10)
t 1 1
g 4=t an
4 k@2 g
g =ki > +C (12)

where k; (1/min) and k5 (g/mg-min) denote the rate constants for the

a)
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PFO and PSO models, respectively, while k; (mg/g.min%>) corresponds
to the intraparticle diffusion rate constant and C; (mg/g) accounts for the
boundary layer effect.

Thermodynamic studies were conducted at distinct temperatures
(25, 30, and 35 °C) under optimized setting to evaluate the key char-
acteristics, including the standard Gibbs free energy changes (AG°, kJ/
mol), enthalpy (AH°, kJ/mol) and entropy (AS°, J/mol.K), which were
calculated as follows:

AG = —RTInKp 13
AG®° = AH® — TAS° (14)
where Kp (ge/Ce) is the distribution coefficient.

3. Results and discussion

3.1. Characterization of biocomposite and its components

The morphological characteristics of the materials, namely, Chlorella
vulgaris biomass both before and after lipid extraction, chitosan com-
bined with lipid-extracted C. vulgaris biomass, and the magnetic bio-
composite of chitosan with lipid-extracted C. vulgaris biomass, were
examined by SEM. According to the images illustrated in Fig. 2,
C. vulgaris had a smooth, uniform surface prior to lipid extraction,
consistent with its natural cell structure, which, however, became more
porous and fragmented after extraction, leading to an overall increase in
surface irregularities. On the other hand, the magnetic composite
showed a much more complex, matrix-like, and heterogeneous surface
structure. It is likely that the small magnetic iron oxide particles depo-
sition resulted in the formation of irregular protrusions, and that this

Fig. 2. SEM images at a magnification of X1000 showing (a) C. vulgaris biomass; (b) C. vulgaris-lipid extracted biomass; (c) chitosan/C. vulgaris-lipid extracted

biomass; (d) magnetic biocomposite.
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Fig. 3. FTIR spectra of C. vulgaris biomass, C. vulgaris-lipid extracted biomass,
chitosan, FeOx, and Magnetic Biocomposite (MCLFC).

rough and irregular surface increased the surface area and provided
more binding sites, improving the adsorption capacity of molecules.

Functional groups present in the materials were subsequently
analyzed by FTIR spectroscopy.

As shown in Fig. 3, a broad peak in the range of 3400-3500 cm ™! was
observed in all spectra, which can be attributed to water absorbed on the
sample surface, hydroxyl functionalities (—OH) found mainly in
microalgal cell walls and chitosan, and amine (NHy) groups from chi-
tosan [40].

The chitosan spectrum displayed peaks near 2870 and 2925 cm ™},
which are associated with the C—H bonds stretching vibrations in
aliphatic groups and the main polymer chain of chitosan, respectively,
the peak near 1640 cm ™! probably originated from the stretching vi-
bration of C=0 bond in the amide I group in the remaining acetylated
glucosamine residues in chitin. The peak near 1560 cm™! could be
assigned to the stretching vibration of the C—N bond and the N—H
bending bond in the amide II group, and the peak near 1120 cm ™! to the
stretching vibration of the C—O—C in glycosidic linkages between gl
ucosamine residues [36,40].

In C. vulgaris, the peak in the range of 2950-2850 cm™! can be
ascribed to the symmetric and asymmetric stretching vibrations of C—H
bonds from fatty acids, while the peaks near 1620 and 1650 cm ™! to the
stretching vibrations of the C=C bond in unsaturated fatty acids and
C=O0 group in protein amide I, respectively. In addition, the peak near
1500 cm ™! is possibly because of the bending of the N—H bond and
stretching vibrations of the C—N bond in protein, that near 1220 cm™!
to the asymmetric stretching of P—0 in compounds that contain phos-
phate, primarily phosphodiesters, and the one near 1020 cm™* to the
C—O—C bond in polysaccharides. Following lipid extraction, a notable
reduction in the intensity of the C—H stretching groups (2950-2850 cm”
1) and P=0 stretching (1230 cm_l) was noted, confirming the removal
of lipids from the biomass [41].

The FTIR spectrum of the magnetic biocomposite displayed key
characteristic peaks associated with both chitosan and the lipid-
extracted C. vulgaris components, as well as an additional peak related
to the Fe—O stretching band near 565 cm™, confirming the successful
incorporation of magnetic nanoparticles into the biocomposite
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(MCLFQ).

The pHpzc, which plays a key role in adsorption efficiency, was
shown to be 6.5 for MCLFC. At solution pH values below the pHpzc, the
biocomposite surface is predominantly positively charged, enhancing its
attraction to negatively charged species. Conversely, the surface be-
comes mostly negatively charged at pH values higher than the pHpzc,
which promotes the positively charged ions or molecules adsorption.

3.2. Effects of various factors on adsorption

3.2.1. Effect of pH

The effect of pH on the adsorption process was first examined. As is
well known, the solution’s pH is crucial in adsorption as it influences the
adsorbent’s surface charge and alters the speciation of the dissolved
pollutant [28,42]. As shown in Fig. 4, the efficiency of Tetracycline (TC)
removal increased as the initial pH (pH;) was raised from 3 to 8, but it
declined under more alkaline conditions. Consequently, the maximum
TC removal (90.3 %) occurred at a pH; of approximately 8 after 2 h of
contact time.

According to Althumayri et al. [43], TC has a number of ionizable
groups that produce distinct charge states and have pKa values of 3.3,
7.7, and 9.7. At pH values under 3.3, TC carries a positive charge
(TCH3); within the pH;j range of 3.3 to 7.7, it exists in a neutral state
(TCH3); between pH; 7.7 and 9.7, it is negatively mono-charged (TCH),
and at pH; values above 9.7, it is fully negatively charged (TC?).

Under strongly acidic conditions, the positive charge on MCLFC
repelled the positively charged TC molecules, hindering the adsorption
process. As the pH;j increased to 7.7, the concentration of TC molecules
carrying a positive charge reduced, allowing for the adsorption of
zwitterionic TC molecules through the ion exchange mechanism.
Simultaneously, the reduction in electrostatic repulsion between TC and
MCLEC facilitated their interaction. Remarkably, the highest TC removal
efficiency was recorded at pH;j of 8, where the adsorbent surface carried
a negative charge and TC molecules presented as monovalent anions.
Mirizadeh et al. [36] noted that increasing pH from 3 to 8 resulted in an
86.5 % TC removal efficiency using a biosorbent comprised of magne-
tite, chitosan, and Arthrospira platensis biomass. Similarly, a study by
Ahamad et al. [44] revealed that the maximum TC adsorption capacity
of a chitosan-based magnetic nanocomposite occurred at pH; of 8. Such
an effective adsorption can be ascribed to the robust n-n interactions and
Van der Waals forces between the adsorbent surface and the benzene
rings of TC molecules. However, further increases in pH; led to a
reduction in adsorption yield, likely due to strong repulsive forces.

For CV, a cationic dye, the removal efficiency also increased with
increasing pHj, achieving a maximum value of approximately 85.2 % at
a pH; range of 7-8. This increase was probably attributed to the adsor-
bent’s surface’s excess of OH™ ions, which increased the attraction of
positively charged CV molecules. In contrast, the presence of H + ions at
low pH caused the MCLFC surface to become positively charged. These
ions competed with CV molecules, leading to a reduction in the
adsorption effectiveness. The study was limited to a pH; of 8, as higher
pH; values caused CV degradation.

3.2.2. Impact of adsorbent dosage

To ascertain the optimal biocomposite quantity for achieving the
highest capacity of adsorption, the effect of the adsorbent dosage (m) on
both removal efficiency and adsorption capacity was studied by varying
it between 0.05 g/L and 1 g/L. As shown in Fig. 5, a progressive increase
in m led to a significant improvement in removal efficiency, which
reached maximum values of 89.51 % for TC and 95 % for CV. However,
despite the higher removal efficiency, the adsorption capacity exhibited
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Fig. 4. Initial pH (pH;) effect on the yield (Y) of a) Tetracycline (TC) and b) Crystal Violet (CV) adsorption onto magnetite/chitosan/C. vulgaris-lipid extracted
adsorbent. Experimental conditions: initial TC concentration: 30 mg/L, initial CV concentration: 10 mg/L, adsorbent dosage: 0.05 g/L, temperature 298 K, and

contact time: 180 min.

a decline for m > 0.05 g/L, which can be ascribed to the excessive in-
crease in unoccupied binding sites, resulting in lower efficiency in the
use of the adsorbent surface area per unit mass [24,29]. The maximum
TC and CV adsorption capacities were found to be 367.901 mg/g (58.7
%) and 167.02 mg/g (3 %), respectively. These results are qualitatively
similar to those for the adsorption of sulfamethoxazole onto a chitosan-
biochar composite using adsorbent dosages in the range of 1-20 g/L
[45]. Many studies that focused on the effect of adsorbent dosage have
often prioritized simply increasing the amount to maximize pollutant
removal. However, it should be noted that, while using higher dosages
may improve performance, it can also lead to economic downsides and
practical issues such as clumping and blocking of active sites.
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3.2.3. Impacts of initial pollutant level and contact time

Fig. 6 illustrates the changes in the adsorption capacity at different
initial concentrations of TC and CV. This investigation is valuable given
the wide range of pollutant concentrations found in industrial
wastewater.

When the concentration of TC was raised from 10 to 100 mg/L, the
adsorption capacity along the time (qy) progressively increased and
reached a maximum value of 730 mg/g, with only slight variations
observed above 80 mg/L. A similar trend was noted for CV, which
achieved a maximum g; value of 270 mg/g at 100 mg/L. This increase in
adsorption capacity at higher initial concentrations of TC and CV can be
attributed to the enhanced driving force between the two phases [46].
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Fig. 5. Biocomposite quantity effects on the removal efficiency (Y) and adsorption capacity (q); a) tetracycline, initial concentration: 30 mg/L and b) crystal violet,

initial concentration: 10 mg/L; pH: 7.5-8, contact time: 1 h.
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Fig. 6. Effects of initial concentration of (a) tetracycline and (b) crystal violet on the biocomposite adsorption capacity (q,) over time (t).
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Regarding contact time, a quite important factor in practical applica-
tions, g; for TC increased rapidly during the initial 60 min, and
adsorption reached equilibrium after 120 min. For CV, g; rose quickly
during the initial 15 min, followed by a gradual decline in the rate of
adsorption, eventually reaching equilibrium around 90 min.

It was also noted that the starting pollutant concentration (Cp) did
not significantly influence the duration required to achieve adsorption
stability, with the exception of the 10 mg/L TC concentration, reaching
equilibrium in 60 min. As the increase in contact time, the adsorption of
both TC and CV gradually slowed down until saturation was achieved.
This behavior can be assigned to a decrease in the number of accessible
adsorption sites and the presence of repelling interactions between the
bulk phase and the solute molecules, a fact that was confirmed in many
studies [36,47,48].

Although the present study evaluated the efficiency of MCLFC bio-
composite for the removal of TC and CV at the laboratory scale, its
possible application in real wastewater treatment appears highly
promising. This potential is supported by studies on similar materials,
such as magnetic chitosan and microalgae-based adsorbents, which have
shown effectiveness in treating real industrial effluents.

Basically, the efficiency of adsorption for such materials depends
greatly on the kind of industrial effluent, concentration of contaminants,
and presence of other organic and inorganic competitors. For instance,
Kyzas et al. [27] investigated the adsorption of mixtures of dyes onto
chitosan beads coming from industrial dyeing effluent. The adsorption
capacity resulted in 466 mg/g for synthetic effluent and 447 mg/g for
real effluent, with only a slight decrease when passing from controlled to
real conditions.

Moreover, when compared to commercial activated carbon, which
exhibited adsorption capacities of 542 mg/g and 521 mg/g for synthetic
and real effluents, respectively, the chitosan-based material still
demonstrated competitive performance.

Similarly, Nasiri et al. [49] evaluated a CuCoFe204@Chitosan bio-
composite for TC removal and observed a reduction in efficiency from
93.07 % in synthetic samples to 67 % in real samples. This decrease was
likely due to the presence of soluble organic matter and competing
pollutants. Nevertheless, the material still exhibited an appreciable
removal capacity. Microalgae-based adsorbents have also been applied
to treat complex effluents. For example, a study on magnetic Spirulina-
based adsorbents reported a 98 % removal efficiency in textile dyeing
wastewater, showing that microalgae-based materials can be effective in
real-world applications [50].

These observations therefore suggest that the MCLFC biocomposite,
which incorporates both chitosan and microalgae, holds potential for
real-world wastewater treatment. While its performance in complex
wastewater systems is expected to be comparable to that of similar
materials, future research should focus on testing the MCLFC bio-
composite in real industrial effluents to fully establish its practical
applicability.

a)

450
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3.2.4. Regeneration of the biocomposite

The regeneration and reusability of MCLFC were evaluated over four
consecutive adsorption—desorption cycles using 0.1 N NaOH as the
desorbing agent. The regeneration efficiency of the biocomposite grad-
ually decreased with each cycle, indicating a decline in the material’s
adsorption capacity towards both TC and CV (Fig. 7). Specifically, after
four cycles, the adsorption capacity decreased by 12 % for TC and 15 %
for CV. Such a reduction could be attributed to several factors. Repeated
exposure to the alkaline regenerating agent (NaOH) may have caused
partial degradation or structural alteration of the chitosan or C. vulgaris
components of the composite. Additionally, the loss of active sites,
including amino and hydroxyl groups responsible for electrostatic in-
teractions and hydrogen bonding, may have contributed to the decline
in adsorption efficiency.

In comparison to other adsorbents, various regeneration techniques
have been investigated in the literature, including chemical (acids,
bases, salts, and organic solvents), thermal, and microwave-assisted
techniques. Among them, acid and base regeneration methods are the
most commonly used due to their simplicity and effectiveness. However,
the use of acids may result in adsorbent degradation, while thermal
methods can be energy-intensive. In the case of MCLFC, 0.1 N NaOH as a
regenerating agent aligns with the broader trend of using alkaline so-
lutions for chitosan-based materials since they can effectively desorb
contaminants without compromising material stability.

Several studies have investigated the regeneration of chitosan- and
microalgae-based adsorbents using different approaches. For instance,
Zheng et al. [51] used 1 M HCI to regenerate a magnetic chitosan
composite and achieved a desorption efficiency of over 90 % after five
cycles of TC adsorption—desorption. Similarly, in another study on CV
adsorption, the regeneration efficiency decreased by around 20 % after
six cycles using 0.1 M HCl [52]. Liu et al. [53] reported that the
regeneration of TC from the ethylenediamine-modified magnetic chi-
tosan using 0.1 M NaOH kept the regeneration efficiency at 76.2 % after
four cycles.

These findings align with the observed decline in MCLFC’s adsorp-
tion capacity, suggesting that repeated exposure to chemical regener-
ants, whether acidic or alkaline, can gradually reduce efficiency due to
structural changes or the depletion of active sites. Other chemical
desorption methods include salt and solvent-based regeneration. He
et al. [54] used a 1 M NaCl solution to regenerate a Konjac
glucomannan-GO-chitosan-sodium alginate composite for the adsorp-
tion of ofloxacin, TC, and sulfadiazine, achieving removal yields above
70 % after five cycles. Ahamad et al. [44] used 40 % methanol to
regenerate a chitosan/thiobarbituric acid/malondialdehyde-Fe304
composite for TC desorption, reaching 95 % desorption efficiency after
five cycles. However, methanol’s toxicity requires careful handling,
which may limit its practical use. These studies highlight the trade-offs
between desorption efficiency, material stability, and environmental
safety when choosing a regeneration method.
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Fig. 7. Impact of four consecutive reuses of the biocomposite on its equilibrium adsorption capacity (q.) towards a) tetracycline, and b) crystal violet.
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Microwave-assisted regeneration has also been explored as an
alternative technique to reduce chemical consumption. This technique
quickly and uniformly heats the adsorbent, enhancing desorption by
breaking adsorbate-adsorbent bonds effectively [55]. Mirizadeh et al.
[36] applied microwave-assisted treatment to magnetic chitosan-
microalgal adsorbents, enabling reuse over four cycles with negligible
adsorption capacity loss (7 % for TC, 4 % for ciprofloxacin, and 9 % for
amoxicillin).

In general, various regeneration methods have been successfully
applied to the adsorbents, each with their respective advantages and
limitations. Each method is chosen according to different criteria such as
desorption efficiency, stability of materials, environmental impact, and
operational feasibility.

3.3. Adsorption isotherms, kinetics, and thermodynamics

Isotherm models assist in understanding the adsorption mechanism,
which assumes that the adsorption of adsorbate depends on the equi-
librium concentration. For this purpose, the data obtained in this study
were analyzed using the Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) models to give details about the adsorption
behavior. The fitting results obtained from all these models are given in
Table 1, and the fitting curves are illustrated in Fig. 8.

The Langmuir model describes monolayer adsorption occurring on a
uniform surface with a limited number of adsorption sites. The
maximum adsorption capacity for TC (qn) was 864.382 mg/g, which
indicates a high affinity between the adsorbent and the antibiotic. The
high value of the determination coefficient (R2 = 0.998) confirms the
excellent fit of the data to this model. For CV, the maximum capacity
(305.097 mg/g) was significantly lower than for TC but still suggests a
good adsorption performance, and the R? value of 0.964 indicates a
reasonably good fit of results to the model. The Langmuir constant (K =
0.795 L/mg) for CV was much higher than that for TC (K; = 0.096 L/
mg), indicating a higher affinity for CV at low concentration. This result
could be attributed to the cationic nature of this dye and the negatively
charged surface functional groups on the biocomposite that enhanced
electrostatic interactions.

According to the Freundlich model, adsorption occurs on non-
uniform surfaces, and this model provides insight into surface hetero-
geneity and adsorption intensity, in terms of the n parameter. An n value
within the range of 0 to 1 suggests that the removal of adsorbate is
favorable, if n equals 1, the adsorption process represents a linear rela-
tionship without any interactions among adsorbed molecules, while ann
value exceeding 1 indicates less favorable and more difficult adsorption
[56]. For TC and CV, n was 0.3709 and 0.169, respectively, which
suggests favorable adsorption in both cases, with the R? values indi-
cating a better fit for TC (0.949) than for CV (0.846).

The D-R isotherm provides information about the adsorption energy

Table 1
Isotherm model coefficients and determination coefficients (R?) for Tetracycline
(TC) and Crystal Violet (CV) adsorption onto the magnetic biocomposite.

Model Parameters Target contaminants
TC cv
Langmuir qm (mg/g) 864.382 305.097
K, (L/mg) 0.0963 0.795
R? 0.998 0.964
Freundlich n 0.3709 0.169
Kg (mg! "LV g1y 168.376 152.04
R? 0.949 0.846
D-R qs (mg/g) 718.669 290.163
B (mol/kJ)? 9.695 0.253
E (kJ/mol) 0.227 1.409
R? 0.841 0.949
TemKin br (J/mol) 14.033 62.525
Ar (L/mg) 1.116 35.804
R? 0.994 0.883
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and facilitates the differentiation of physical and chemical adsorption
mechanisms. For TC, the adsorption capacity (q;) was estimated as
718.669 mg/g. The adsorption energy estimated by the model (E =
0.227 kJ/mol) was well lower than 8 kJ/mol, which suggests that the
predominating mechanism was physical adsorption [57]. However, the
relatively low R? value (0.841) indicates that this model did not fit
satisfactorily the TC adsorption data. For CV, the value of g; (290.163
mg/g) was much lower, while that of E (1.409 kJ/mol) was much higher
than for TC, thus suggesting that the mechanism of dye adsorption may
include more complex processes, possibly involving physical and weak
chemical interactions.

The Temkin model accounts for the linear decrease in adsorption
energy due to adsorbate-adsorbent interactions [58]. For TC, the values
of the br parameter (14.033 J/mol) and the equilibrium binding con-
stant (A7 = 1.116 L/mg) suggest moderate interactions between the
adsorbent and the antibiotic given the good fitness (R? = 0.994), while a
value of br more than 4 times higher for CV (62.525 J/mol) suggests
stronger adsorbate-adsorbent interactions. However, the unsatisfactory
value of R? for CV (0.883) indicates that, although the Temkin model
gives some valuable information about the adsorption mechanism, it
may not be as accurate for dyes as it is for antibiotics.

To compare these results with those recently reported in the litera-
ture, maximum adsorption capacities for TC, and CV adsorption onto
different chitosan- and microalgae-based adsorbents are shown in Fig. 9.
For TC adsorption, MCLFC (864.4 mg/g) and MCC (831.1 mg/g) had the
highest adsorption capacity, far beyond those of ZIF-8-chitosan (495
mg/g) and magnetic chitosan (230.7 mg/g) composite. MCLFC also
showed a high adsorption capacity for CV adsorption, 305.1 mg/g,
compared to adsorbents like chitosan aerogel at 8.1 mg/g and bentonite-
chitosan nanocomposite at 113 mg/g. This indicates that the modified
MCLFC has outstanding performance and promising applications in
wastewater treatment.

Adsorption kinetics helps analyze the rate of adsorption and efficacy
of the adsorbent, which is useful in designing batch adsorption systems
and optimizing operational parameters for large-scale facilities [75]. For
this purpose, the adsorption kinetics of both TC and CV were evaluated
by applying three well-known kinetic models, PFO, PSO, and WM
models, with their plotted curves illustrated in Fig. 10 (b-d) and cor-
responding kinetic parameters are listed in Table 2.

Based on the results of Table 2, the values of R? for the PSO model
(0.993-0.997) were higher than those of the PFO one (0.985-0.923)
when referring to experimental initial TC and CV concentrations up to
50 mg/L, which suggests that the mechanism of adsorption is primarily
controlled by chemisorption, involving the absorbent and adsorbate
sharing or exchanging electrons, rather than physical adsorption [28].
This is consistent with a wide range of studies on the adsorption of an-
tibiotics and dyes, in which chemisorption is usually observed as a
controlling mechanism due to interactions between the functional
groups on the molecules and the adsorbent surface sites [72,76-78].
Accordingly, the equilibrium adsorption capacities calculated from the
fitting by the PSO model (ge ca)) were more similar to the experimental
ones (ge,exp)-

For CV, the rate constants of the PSO model were larger than for TC,
pointing to a quicker adsorption phenomenon. The faster adsorption of
CV can be ascribed to the smaller size of its molecules and the compa-
rably higher reactivity of their cationic form, which enhance chem-
isorptive interactions with the negatively charged adsorbent surface. It
is worth mentioning, however, that the R? values of the PFO model for
adsorption of both TC and CV were all > 0.900, indicating that a
physical adsorption process may have also occurred in the system.

Even though the PSO model provided the best overall fit, the WM
intraparticle diffusion model was also applied to check whether diffu-
sion within the pores of the adsorbent played an important role [58,79].
The WM model suggests multistage adsorption for both TC and CV since
the fitted lines did not pass through the origin point, corresponding to
initial surface adsorption, followed by diffusion into the pores, and
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Fig. 9. Maximum adsorption capacities for Tetracycline (TC) and Crystal Violet (CV) adsorption onto various chitosan- and microalgae-based adsorbents. (CMNs:
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CSMan: Mannose-grafted chitosan, AC-Sp: Activated carbon of Spirulina, MCC: Magnetic chitosan C. vulgaris.).

finally equilibrium. The R? values were relatively high in the early stages
for both adsorbates, pointing to the predominance of surface adsorption
at the beginning, while lower values in the later stages suggest that
intraparticle diffusion became more significant as the process pro-
gressed. This inference aligns with typical chemisorption systems where
quick initial binding to surface sites is followed by slower movement of
adsorbate molecules into the interior pores of the adsorbent [80].

Thermodynamic studies are important for understanding energy
changes associated with various processes, including adsorption, and for
assessing their practical feasibility [81]. To explore this issue, AG° was
estimated by the Van’t Hoff equation using the distribution coefficient
(Kp) (Eq. (13)), while AH® and AS° changes were calculated by plotting
InKp against the reciprocal absolute temperature (1/T), according to
Equation (14). The values of the thermodynamic parameters are sum-
marized in Table 3.

The negative AG° values for both TC and CV indicate that the
adsorption process onto MCLFC was spontaneous [82]. Additionally, the
positive AH° values denote the endothermic nature of the adsorption
process, meaning that the energy needed to expose active sites at higher
temperatures might have exceeded the energy released during the
interaction between sorbate and sorbent. This may have led to an in-
crease in adsorption capacity as the temperature was raised [83].

Moreover, the positive AS° values indicate an increase in randomness
and affinity at the solid/solution interface due to TC and CV adsorption
[84].

4. Conclusions

This study demonstrated the successful application of a novel mag-
netic biocomposite composed of chitosan and lipid-free Chlorella vulgaris
(MCLFC) biomass for the removal of Tetracycline (TC) and Crystal Violet
(CV) from liquid solutions. The results highlighted the potential of this
biocomposite as an effective and sustainable adsorbent for addressing
water contamination caused by organic dyes and antibiotics. Experi-
mental conditions such as pH, contact time, adsorbent dosage, and
starting pollutant concentration, significantly influenced its perfor-
mance as an adsorbent. Isotherm studies showed that the adsorption of
TC and CV fitted well with the Langmuir model, suggesting monolayer
adsorption on homogeneous surfaces. The maximum adsorption ca-
pacities were 864.38 mg/g for TC and 305.10 mg/g for CV. The
adsorption process was found to follow a Pseudo-Second-Order (PSO)
mechanism based on kinetic modeling, suggesting chemisorption as the
predominant mechanism for both pollutants. Thermodynamic studies
confirmed the spontaneous and endothermic nature of the adsorption
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Table 2

Kinetic models coefficients and determination coefficients (R?) to analyze the
Tetracycline (TC) and Crystal Violet (CV) adsorption onto the magnetic

adsorbent.
Parameter TC concentration (mg/  CV concentration (mg/
L) L)
30 50 10 50

Model  geexp (Mg/g) 410.8 574.72 187.116 320.432
e cal (Mg/g) 622.43 501.433  131.739 158.7
k; (1/min) 0.039 0.035 0.022 0.0244

PFO R? 0.985 0.972 0.983 0.923
Qe.cal (Mg/g) 475.464 662.251  203.666 304.878
ko x 10° (g/ 0.051 0.067 0.283 0.271
mg-min)

PSO R? 0.993 0.995 0.999 0.997
ki (mg/g.min®) 56.885 92.901 39.651 90.1
Ci1 (mg/g) —94.532  -144.426  —49.179  -136.5

WM R2 0.995 0.989 0.999 0.999
kiz (mg/g.min®) 34.858 24.819 11.152 17.88
Ciz (g/g) 58.414 313.54 64.492 139.66
RZ 0.976 0.855 0.994 0.977
ki3 (mg/g.min®%) 5.331 7.673 4.384 2.934
Cis (mg/g) 341.5 474.258  128.64 282.25
R2 0.804 0.872 0.992 0.815

process, further supporting the feasibility of using MCLFC in practical
applications. Furthermore, the biocomposite demonstrated regeneration
potential, retaining high adsorption efficiencies across four consecutive
adsorption—desorption cycles with declines of 12 % for TC and 15 % for

10

Table 3
Parameters of thermodynamics for tetracycline and crystal violet adsorption
onto the magnetic adsorbent.

T Tetracycline Crystal violet

K

) AG° kJ/ AH° kJ/ AS° J/ AG° kJ/ AH® kJ/ AS° J/
mol mol mol.K mol mol mol.K

298 -9.23 10.11 64.9 -11.93 39.53 172.66

308 -9.88 —13.65

318 —10.53 —15.38

CV. Overall, the MCLFC biocomposite proved to be a promising adsor-
bent for the efficient removal of TC and CV from contaminated water.
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