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ARTICLE INFO ABSTRACT

Keywords: As the demand for critical rare earth elements increases, their recovery from e-waste has become a sustainable
Cerium recovery alternative to traditional mining. Cerium, widely used in strategic technologies, remains challenging to recover
Chitosan

efficiently. In this study, a three-layer bio-based composite adsorbent containing cellulose, phosphorylated
cellulose, and electrospun chitosan nanofibers was developed to selectively adsorb and recover Ce®* ions from
aqueous solutions. The composite’s constituents strongly influenced its adsorption performance: phosphorylated
cellulose introduced phosphate groups that enhanced Ce®" binding through electrostatic interactions, while
chitosan nanofibers provided amino and hydroxyl sites that improved chelation, porosity, and mechanical
integrity. The optimized combination of these components achieved a balance between functionality, perme-
ability, and stability. Characterization (e.g., scanning electron microscopy, energy-dispersive X-ray spectroscopy,
image analysis) confirmed the uniform distribution of active layers and the presence of functional groups
responsible for adsorption. Batch adsorption tests revealed a high adsorption capacity of over 64 mg/g within
60 min, following a pseudo-first-order kinetic model and the Langmuir isotherm behavior. Thermodynamic
analysis indicated an exothermic process, and the composite exhibited selectivity toward Ce3* and Nd3* over
Cu?. Cerium was effectively desorbed and recovered, and the material maintained over 83% of its performance
after four cycles, demonstrating its strong potential for sustainable rare earth recovery in line with circular
economy principles.

Phosphorylated cellulose
Bio-based composite sorbent
Adsorption

Circular economy

danger to human health [5,6]. Due to the presence of non-biodegradable
heavy metals [7], these pollutants can contaminate air, soil, and water,

1. Introduction

The rapid advancement of technology and the significant rise in the
production of electronic products have led to a major environmental
issue: the accumulation of electrical and electronic waste, commonly
referred to as e-waste [1]. E-waste includes any faulty or obsolete
electronic devices [2]. This type of waste, exhibiting alarming growth,
presents a twofold challenge due to its concurrent hazardous nature and
inherent value [3]. On the one hand, the increasing worldwide use of
electronic devices is leading to a considerable rise in end-of-life
byproducts [4], which presents a significant environmental threat and

with severe consequences for ecosystems and public health [8,9]. On the
other hand, e-waste is considered valuable because it contains a wide
variety of recyclable materials, such as plastics, glass, and metals,
including rare earth elements (REEs) [10,11]. Therefore, the recovery of
REEs from e-waste has emerged as a sustainable alternative to conven-
tional mining, aligning with circular economy principles and the tran-
sition toward green technologies [12,13]. Today, countries such as
Canada consider REEs to be essential, as they are critical to the energy
transition [14-17]. In addition, the move towards a low-carbon
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economy, the fight against climate change, and the adoption of low
greenhouse gas emission technologies will increase demand for essential
and strategic minerals [18,19]. This interconnection between e-waste,
critical metals, and sustainable resource management highlights the
necessity of developing environmentally friendly recovery routes for
REEs [20,21]. The complex relationship between e-waste, greenhouse
gas emissions, energy transition, and critical metals underlines the
importance of sustainable management and efficient recovery of REEs
from secondary resources.

The recovery of REEs plays a key role in promoting a circular
economy [22,23]. However, conventional methods, such as hydromet-
allurgical and pyrometallurgical processes, are often costly,
energy-intensive, and generate toxic waste [24-28]. Due to its great
abundance, strategic significance, and extensive application [29],
cerium (Ce) stands out among REEs [30]. It is widely used from catal-
ysis, glass polishing, and fuel cells, to electronic devices [31]. Thus, it is
also among the most abundant rare earth elements in electronic waste
[32]. Its redox couple (Ce**/Ce*) endow it with unique reactivity and
catalytic properties, making it indispensable for several industrial sec-
tors [33,34]. It is also a common component in many everyday devices
such as smartphones, flat-screen TVs, optical lenses, and LED lights [29,
35]. Considering these factors, cerium was selected as the target element
for our work, which aims to evaluate sustainable adsorbent materials
and develop an environmentally friendly recovery process that supports
greener recycling technologies for REEs. Cerium is present in the Earth’s
upper crust at about 64 ppm [35], and occurs mainly as trivalent (ce®hH
and tetravalent (Ce‘”) ions. Its redox reactions are essential for catalytic
applications [36], with high demand in different industrial sectors [37].
For example, cerium is frequently used in petroleum refining processes,
such as fluid catalytic cracking [38], and in vehicle catalytic converters
to reduce harmful emissions [39]. Primary sources of cerium include
monazite and bastnasite, while secondary sources comprise phospho-
gypsum, red mud, NiMH batteries, and spent catalysts [31]. Extracting
cerium from secondary sources is becoming essential to enhance its
availability and minimize the harm associated with improper waste
disposal [38,39].

Several techniques have been developed for the extraction and sep-
aration of metal ions like cerium from aqueous solutions, including
solvent extraction, ion exchange, adsorption, precipitation, membrane
filtration, and electrochemical methods [40-45]. Due to its low cost,
operational simplicity, and high efficiency at trace metal concentrations,
adsorption has emerged as one of the most sustainable and selective
techniques for REE recovery [46-49]. Adsorption is a proven method for
capturing cerium in an aqueous environment [50-53]. Various in-
vestigations have been carried out to develop an adsorbent material for
extracting metals from aqueous solutions [54,55]. Still, they have faced
challenges such as high production costs, elevated energy consumption,
by-product generation, and the difficulty of regenerating adsorbents for
long-term reuse [56-58]. Thus, it is essential to direct research efforts
toward creating adsorbent materials that will overcome these limita-
tions [59].

Overall, our work aims to contribute to the development of efficient,
eco-friendly sorbents for REE recovery from aqueous solutions, in line
with circular economy strategies and sustainable material innovation.
We recently developed a new three-layer bio-based composite sorbent
formed of cellulose, phosphorylated cellulose, and electrospun nano-
fibrous chitosan, which can maintain its structural integrity in an
aqueous environment [60]. This configuration integrates electrospun
chitosan nanofibers as the outer layers and phosphorylated cellulose as
the core, forming a stable and permeable structure that ensures high
accessibility of active sites. The material demonstrated potential for
removing Cerium(III) from aqueous solutions. However, further studies
are needed to better understand the role of each component in the
composite's adsorption capacity and its impact on the accessibility of
adsorption sites.

Thus, the primary goal herein is to incorporate phosphate and amino
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functional groups at an optimized ratio in the bio-based composite
material, for tailoring its property of adsorbing Cerium(III) from water
solutions, while preserving its permeability and access to these active
sites. Adsorption selectivity has also been studied to determine the po-
tential capacity of the three-layer bio-based sorbent to recover Cerium
(III) from a mixture of several rare-earth elements. Compared to other
studies, our approach focuses on a three-layer composite system
combining cellulose, phosphorylated cellulose, and chitosan nanofibers,
which provides a more complex architecture and enhanced functional
diversity. This configuration allows the simultaneous contribution of
electrostatic interactions and chelation sites, offering higher selectivity
for cerium ions and faster kinetics.

2. Materials and methods
2.1. Materials

Low molecular weight chitosan (CS, deacetylation degree 75-85%)
from Sigma-Aldrich and polyethylene oxide (PEO, M, ~
900,000 g-mol™!) from Sigma-Aldrich were used to prepare the elec-
trospinning solutions. Chitosan was dissolved in concentrated acetic
acid (99.7%, ACS reagent grade, Fisher Scientific) and blended with PEO
to facilitate the electrospinning of the polymer mixture. Cerium(III)
nitrate hexahydrate (Ce(NO3)3-6H30 > 99.5%, Sigma-Aldrich) was used
as the target element for Ce>* ion adsorption experiments. Copper (II)
sulfate pentahydrate (CuSO4-5H20 > 99%, Sigma-Aldrich) and neo-
dymium(III) chloride hexahydrate (NdCl3-6H20) were used in compet-
itive adsorption tests to evaluate selectivity. Six aqueous eluent
solutions were selected for desorption studies based on literature data:
ethylenediaminetetraacetic acid (EDTA) 0.05 M, hydrochloric acid
(HCD 0.01 M, sodium hydroxide (NaOH) 0.1 M, sodium chloride (NaCl)
1.0 M, a mixture of EDTA and NaOH, and a mixture of EDTA and HCI
solutions. All reagents were of analytical grade and used without further
purification. Aqueous solutions were prepared using deionized water.
Bleached hardwood kraft pulp (BHKP), labeled KP, was supplied by
Kruger Inc. (Trois-Rivieres, Canada) and was used to prepare phos-
phorylated pulp, labeled PKP.

2.2. Methods

2.2.1. Preparation of the three-layer bio-based composite adsorbent

The bio-based composite adsorbent was prepared according to the
procedure outlined in our previous publication [60]. First, bleached
hardwood kraft pulp fibers (KP) were phosphorylated using the method
described by Shi and colleagues [61], which involved the use of phos-
phoric acid and phosphate esters in molten urea. The fibers were then
washed with deionized water and an HCI solution 0.1 N to ensure the
protonation of the phosphate groups. The washed fibers were then dried,
yielding phosphorylated kraft pulp (PKP). Handsheets (60 g/m? basis
weight) containing mixtures of KP and PKP fibers (ratios 100:0, 80:20,
and 60:40) were prepared using the TAPPI T 205 sp-18 standard
method. Most of the samples used in this study were made from a
cellulosic handsheet with a KP:PKP ratio of 60:40, which was used to
produce the central core of the three-layer bio-based composite adsor-
bent materials. A chitosan-polyethylene oxide (CS-PEO) solution was
prepared by dissolving chitosan in acetic acid (90% w/v) and poly-
ethylene oxide in water (1.5% w/v). Both solutions were mixed at a 4:3
mass ratio and stirred for 2 h. Then, the CS-PEO solution was electrospun
onto both sides of a piece of the KP:PKP handsheet under specific
voltage, flow rate, and distance from the syringe to the collector surface,
as previously described [60]. The electrospinning time, ranging from 75
to 210 min, was varied to study the influence of the electrospun coating
weight on the composite’s performance. The resulting composite ma-
terial was finally dried overnight in a conditioning room at 23 °C and
50% of relative humidity (TAPPI Standard No. 402-sp-03).



B.B. Berfai et al.

2.2.2. Characterization of the three-layer bio-based composite adsorbents

Various analytical technologies were used to thoroughly examine
representative samples of each composite material. A Hitachi SU1510 X-
ray scanning electron microscope (SEM), equipped with an Oxford
energy-dispersive X-ray spectroscopy (EDX) detector, was used to
examine the surface morphology of the materials and analyze their
elemental composition. The average fiber diameter was measured using
ImageJ software (National Institutes of Health, USA), based on 100 in-
dividual measurements per sample. All characterizations and measure-
ments were repeated at least three times to ensure the quality and
reliability of the results.

The phosphorus content of the KP:PKP handsheet was determined at
three different ratios: 0% (KP:PKP ratio of 100:0), 2.5% (KP:PKP ratio of
80:20), and 5% (KP:PKP ratio of 60:40), using inductively coupled
plasma optical emission spectrometry (ICP-OES, Agilent 5100, Agilent
Technologies, Santa Clara, CA, USA). The phosphorus content is
expressed as wt% (weight percent). Phosphate standard solutions
(0.3-60 mg/L) were first prepared from monobasic potassium phos-
phate (KH2PO4) and allowed to equilibrate for 24 h. These solutions
were used to generate a calibration curve for the ICP-OES spectrometer.
Then, handsheet samples (0.5 g of KP:PKP) were mixed with 10 mL of a
solution of concentrated sulfuric acid and 10 mL of hydrogen peroxide
(H2S04/H205), followed by thermal digestion. The resulting solutions
were then diluted to 100 mL in a volumetric flask. This treatment con-
verted phosphorus into phosphate, which was subsequently measured
by ICP-OES. The total surface charge density of the materials was
determined by conductimetric titration.

To study and optimize the effects of electrospun chitosan nanofibers
coat weight and amino functional group content of the bio-based com-
posite material, the impacts of electrospinning time on pore size and
water flux through the bio-based composite were assessed using a dead-
end stainless-steel cell (HP4750 from Sterlitech, USA) with an active
membrane area of 14.6 cm?. The composite samples used for the tests
had a KP:PKP ratio of 60:40. The electrospinning time was varied from
0 to 210 min, labeled MOmin, M75min, M120min, M165min, and
M210min. Before testing, the bio-based composite samples were pre-
compacted with distilled water at 5 psi for 10 min to achieve steady
water flux and ensure that all pores are open. Permeation tests were
conducted at a pressure of 7 psi and room temperature, using 0.1 L of
deionized water. The water flux was calculated using Eq. (1) [62]:

(€8]

where J is the water flux (L/m> h), V is the filtrate volume (L), A is the
surface area of the bio-based composite (m?), and t is the filtration time
(h).

To determine the diameter of the largest pores in the material, the
Young-Laplace Eq. (2) [62] was used:

__4ycosd
- P

d

@

where P represents the bubble point pressure (MPa), y is the surface
tension at the air-liquid interface (N/m), 0 is the liquid-solid contact
angle, which is assumed to be 0° when a gas bubble penetrates a pore of
equivalent diameter, and d is the average diameter of the largest pore
(um).

The surface charge of the composite was evaluated by determining
the point of zero charge (PZC) by measuring the zeta potential ({) as a
function of pH, following the methods described in [63]. The suspen-
sions' ionic strength was maintained constant using a 1 mM NacCl solu-
tion. To ensure proper dispersion, the samples were sonicated after
adjusting the pH from 2 to 11 with 0.1 M HCl and NaOH solutions. The
zeta potential of the suspensions was measured at room temperature
using a Zetasizer Nano ZS instrument (Malvern Panalytical). The pH at
which the zero potential axis intersects the { = f(pH) curve was
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identified as the PZC. This analysis provides insight into the surface
charge behavior of the material across different pH levels, which is
essential for predicting the adsorption performance toward metals such
as Ce3*.

2.2.3. Adsorption experiments

A stock solution of Cerium(IIl) at 100 mg/L was prepared by dis-
solving cerium nitrate hexahydrate (0.0312 g) in deionized water and
then diluting to 100 mL with deionized water in a volumetric flask. To
investigate the ability of the adsorbent media in removing cerium from
water, a series of tests were conducted using 50 mL samples of solution
initially containing 100 mg/L of cerium. Samples of 50 mg of the three-
layer bio-based composite adsorbent at a KP:PKP ratio of 60:40 were
used for all experiments. Tests were conducted at 25 °C and pH 6.8, with
continuous stirring at 150 rpm using an orbital shaker (ORBIT Environ
shaker, Lab-Line). The concentration of residual cerium in the aqueous
solution was measured using ICP-OES. The maximum cerium adsorption
capacity of the sorbent media was calculated using Eq. (3).

i—1
CoVo— S GV — Ci[Vo — (i— 1)V]
1

q: = m 3

where:
g¢ Amount of cerium ion adsorbed at time t (mg/g);
Co: Initial cerium ion concentration (mg/L);
C;: Cerium ion concentration at time t (mg/L);
Vo: Initial volume of solution (L);
V: Volume of the solution sample at time t (L);
m: Mass of the sorbent (g).

2.2.3.1. Adsorption kinetics. The adsorption kinetics of cerium ions by
the three-layer bio-based composite adsorbent was studied by placing
50 mg of the media into 50 mL of a solution at an initial concentration of
cerium (Cp) of 100 mg/L. Tests were conducted at 25 °C and pH 6.8,
with continuous stirring at 150 rpm. The adsorption trials were con-
ducted over a period of 0-180 min, with samples collected at 0, 5, 10,
15, 30, 60, 120, and 180 min. The concentration of cerium was deter-
mined using ICP-OES. Non-linear pseudo first-order (Eq. 4) and non-
linear pseudo second-order (Eq. 5) models were used to fit the experi-
mental data:

q: = q.(1 —exp7ht) ©)]
o kzqgt

q: = m %)

where:

ge: Amount of cerium ion adsorbed at equilibrium (mg/g);

g Amount of cerium ion adsorbed (mg/g) at time t (min);
ki: Pseudo first order adsorption rate constant (rnin_l);

kz: Pseudo second order adsorption rate constant (g/(g min)).

2.2.3.2. Thermodynamic analysis. During adsorption, thermodynamics
plays an important role. Thermodynamic parameters: Gibbs free energy
values (AG®), enthalpy change (AH®), and entropy change (AS°) deter-
mine the degree of spontaneity of the process and its feasibility. These
parameters were determined by Egs. (6) and (7), respectively.

AG = —RTInk, (6)
AG = AH —TAS 2]

where R is the universal gas constant (8.314 J/mol K), T is the tem-
perature (K) and k. is the adsorption equilibrium constant. The latter is
calculating using (Eq. 8).
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o Cs _ (CO - Ce)
kc—c—e— c. ®

where Cs and C, are the equilibrium concentrations of Cerium(III) on the
adsorbent material and in the aqueous solution in (mg/L); Co is the
initial cerium ion concentration in the aqueous solution (mg/L). The
relationship between the equilibrium constant (k.) and the temperature
is given by the van’t Hoff equation (Eq. 9).

Ink, = ——=+— 9

The enthalpy and entropy changes are obtained from the slope AH°/
R and the intercept AS°/R by plotting In k. versus 1/T according to Eq.
(9). Negative values of AG® indicate that adsorption is a spontaneous
and favorable process, where no energy input from outside the system is
required. Negative values of AH® suggest the exothermic nature of the
adsorption process, while positive values indicate an endothermic na-
ture. Negative AS° values evidence that randomness decreases at the
solid-solution interface during adsorption, while positive AS° values
indicate the opposite.

2.2.3.3. Equilibrium isotherms. The sorption isotherms were studied
under batch conditions at 25 °C, 45 °C, and 60 °C for initial cerium
concentrations ranging from 50 to 300 mg/L. After 120 min contact
time, samples of 2 mL were taken from the flasks, and cerium concen-
trations were determined by ICP-OES. The Langmuir (Eq. 14) and the
Freundlich (Eq. 11) equations were used to fit the experimental data:

_ quL Ce

_ nKiCe 1
% =11K.cC, ao

where:
gm: Maximum adsorption capacity (mg/g);
Kj: Langmuir constant (L/mg);
ge: Amount of cerium ion adsorbed at equilibrium (mg/g);
Ce: Cerium ion concentration at equilibrium (mg/L)
and

qe = K:C)/" an

where:
n: Adsorption intensity constant;
Kp: Freundlich constant (mg/g);
ge: Amount of cerium ion adsorbed at equilibrium (mg/g);
Ce: Cerium ion concentration at equilibrium (mg/L).

2.2.3.4. Selective adsorption. Multicomponent aqueous solutions con-
taining ce®t, Nd®*, and Cu®* ions were used to evaluate the composite
material's selectivity toward some critical and strategic metals. By
combining equal amounts (33.33 mg/L) of each metal ion in a volume of
50 mL, a total metal ion concentration of 100 mg/L was achieved.
Equimolar conditions are thus achieved for Ce>" and Nd®* ions, while
the molar concentration of Cu?* ijons is 2.2 times higher vs those of rear
earth metal ions. The adsorbent (50 mg) was added, and the solution
was agitated (150 rpm) at a pH of 6.8 for 3 h at room temperature to
ensure adsorption equilibrium, taking into account the difference in
molar masses of each ion to ensure equimolar conditions. After the
adsorption process, ICP-OES was employed to detect the residual con-
centrations of Ce>t, Nd**, and Cu*. The selectivity coefficient (K-REE)
was calculated to quantify the preference for Ce®>* over competing ions.
First, Eq. 12 was used to calculate the adsorption capacity of each metal
ion at equilibrium:

(Co—C)xV

R T S 12

where:

Journal of Environmental Chemical Engineering 14 (2026) 121977

ge: Amount of ion adsorbed at equilibrium (mg/g);

Co: Initial ion concentration (mg/L);

Ce: Ion concentration at equilibrium (mg/L);

V: Volume of solution (L);

m: Mass of the sorbent (mg).

Then, the selectivity coefficients Kggg were calculated to quantify the
selectivity of the adsorbent for rare earth elements (REE) over other
metal ions using Eq. 13 [64]:

Krer = Jerzs 13)

Gem

where gerpr, and qom are the adsorption capacities of the rare earth
element and the competing metal ion, respectively.

2.2.4. Desorption and regeneration studies

The investigation focused on recovering cerium ions and evaluating
the desorption efficiency and reusability of the three-layer bio-based
composite adsorbent through multiple sorption-desorption cycles. After
the adsorption phase, the sorbent samples were immersed in various
eluent solutions, including EDTA (0.05M), HCl (0.01 M), NaOH
(0.1 M), NaCl (1 M), EDTA/NaOH (80:20), and EDTA/HCI (80:20), and
allowed to desorb for 24 h at room temperature while being stirred
continuously. Prior to reuse, the sorbent materials were dried at 40 °C
for 12 h following desorption and were thoroughly rinsed with deion-
ized water to eliminate any residual eluent. Adsorption and desorption
cycles were then conducted up to four times. ICP-OES was used to
measure the adsorption capacity of the regenerated adsorbent at the end
of each cycle. Desorption efficiency and adsorption capacity were
calculated after each cycle, confirming that a gradual decrease beyond
four cycles may be attributed to minor structural degradation or loss of
active sites. The desorption efficiency was calculated using Eq. 14 [64]:

=XV 100% (14)
m

DE

where:
C: concentration of adsorbates in the desorption solution (mg/L);
q: The amount of adsorbate adsorbed on the material before the
desorption experiment (mg/g);
V: Volume of solution (L);
m: Mass of the sorbent (mg).

2.2.5. Recovery of cerium

After desorption using an EDTA (0.05M)/HCl (0.1 M) eluent
mixture (80:20), cerium was recovered as Ce*"-EDTA complexes in the
aqueous phase. The eluate was concentrated by evaporation at 70 °C
under continuous stirring. To induce cerium decomplexation and pre-
cipitation as cerium hydroxide, the pH was gradually raised to 10 by
adding aliquots of a 1 M NaOH solution, under vigorous agitation. Then,
the suspension was aged for 12 h at room temperature to ensure com-
plete precipitation. The resulting solid was separated by vacuum filtra-
tion using a 0.45pm membrane filter, thoroughly washed with
deionized water to remove residual impurities, and dried at 80 °C for
12 h. Finally, the dried material was calcined in a laboratory muffle
furnace at 400 °C for 4 h to eliminate organic residues and convert the
hydroxide into cerium dioxide (CeOs). A colorimetric confirmation
using Arsenazo III reagent verified the oxidation of Ce3" to Ce* during
desorption. This step serves as a qualitative indicator of oxidation in
acidic media.

3. Results and discussion
3.1. Characterization of the three-layer bio-based composite adsorbent

The structure of the three-layer bio-based composite has been
investigated using SEM and EDX analyses. Fig. 1 presents SEM
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Fig. 1. SEM micrographs and EDX elemental mapping of representative bio-based composite samples with a KP:PKP ratio of 60:40: a) SEM of the cross-section of the
bio-based composite, b) EDX mapping of the composite before adsorption, ¢) EDX mapping of the composite after adsorption, d) SEM imaging combined with EDX

scanning analysis of the cross-section after adsorption.

micrographs and EDX elemental mapping of a typical bio-based com-
posite material sample (core cellulose handsheet (KP:PKP of ratio 60:40)
with electrospun chitosan coating). Fig. la clearly illustrates two
distinct layers. The bottom layer shows a blue coloration, indicating the
presence of phosphorus, which confirms the presence of phosphorylated
cellulose in the KP:PKP handsheet. This observation is consistent with
the proposed sandwich structure, where the central core layer is
composed of phosphorylated cellulose. Conversely, the top layer shows
no phosphorus, suggesting it mainly comprises chitosan from the elec-
trospun nanofibers deposited on the central core cellulose handsheet. In
the EDX mapping of the composite before adsorption (Fig. 1b), as ex-
pected, no signal corresponding to cerium is present, while in the EDX
mapping of the composite after adsorption (Fig. 1c), the cerium peak is
identified. Fig. 1d shows the SEM imaging, combined with EDX scanning
analysis, revealing a non-uniform distribution of cerium on the com-
posite's layers.

The intensity profile of the Ce Lo signal (Fig. 1d) indicates a pref-
erence for cerium accumulation at the surface and edges of the com-
posite material (where chitosan is prevalent), while the inner regions
(cellulose and phosphorylated cellulose-rich) exhibit a lower density of
cerium. This distribution could arise from restricted diffusion of Ce®*
ions in the deeper layers, attributed to porosity limitations and the
significant volume of hydrated cerium complexes. Moreover, this cerium
distribution pattern could also result from instantaneous, surface-
dominant adsorption, caused by the presence of more easily accessible
functional groups (such as amines) in the chitosan thin layer electrospun
on both sides of the central core cellulosic handsheet, or potentially by
the saturation of surface-active sites, which hinders access to internal
zones. These results suggest that continuous adsorption may be more

advantageous than batch adsorption for future work.

Fig. 2a and Fig. 2b show a representative analysis of the chitosan
nanofibers electrospun on top of the KP:PKP handsheet. An average
nanofiber diameter of approximately 114.34 + 17.17 nm was deter-
mined (Fig. 2a). As shown in Fig. 2b, the nanofibers appear uniform,
continuous, and evenly distributed. The small diameter of the fibers
contributes to a high surface-to-volume ratio, resulting in a high surface
area. This exposes more amino groups (-NHj) from chitosan on the
surface of the composite, thereby enhancing the material’s adsorption
capacity for metals, including cerium.

3.2. Effect of phosphorus content on total surface charge density of the
three-layer bio-based composite adsorbent

Increasing the phosphorus content in the sorbent material by varying
the ratio of KP to PKP fibers in the pulp mixture introduces negatively
charged phosphate groups onto the fiber surfaces, thereby providing
additional adsorption sites for Cce3t ions [60]. Phosphorus content
determination for each pulp mixture resulted in phosphorus content of
0% (ratio KP:PKP of 100:0), 2.5% (ratio KP:PKP of 80:20), and 5% (ratio
KP:PKP of 60:40), respectively. The total surface charge was measured
for three handsheet samples with varying phosphorus levels (Table 1).

The phosphorus-free sample (0%) exhibited a minimal total charge,
reflecting the limited presence of acidic functional groups, primarily
carboxyl groups. In contrast, samples with higher phosphorus content
showed a significant increase in surface charge density. This trend was
especially noticeable in samples with 2.5% and 5% phosphorus, where
the total charge reached 1895 + 79 mmol/kg and 1960 + 138 mmol/
kg, respectively. This increase in negative surface charge, resulting from
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Fig. 2. a) Average diameter of the chitosan nanofibers electrospun onto the KP:PKP handsheet (ratio 60:40), b) SEM image of the top surface of the three-layer bio-

based composite adsorbent.

Table 1
Total surface charge density and phosphorus content of handsheet samples at
various KP:PKP ratios

Sample KP:PKP KP:PKP KP:PKP
(100:0) (80:20) (60:40)
Phosphorus content( 0 2.5 5
wt%)
Total charge* 182 £76 1895 £ 79 1960 + 138
(mmol/kg)

*Standard deviations are calculated based on three measurements per sample.

the addition of phosphate groups, is expected to provide additional
adsorption sites and enhance the material’s overall ability to adsorb
cerium ions through electrostatic interactions.

3.3. Effect of electrospinning time on the three-layer bio-based composite
pore size and permeability

Table 2 presents the effect of electrospinning time on the overall
permeability of the three-layer bio-based composite adsorbent (KP:PKP
of 60:40).

Results indicate a significant reduction in water flux, along with a
decrease in mean pore size, as the electrospinning time increases from
0 to 210 min. This trend suggests that the reduction is due to the higher
coat weight of chitosan nanofibers deposited on the KP:PKP central core
handsheet. Thus, partial obstruction of the interfiber pores is likely to be
caused, resulting in a decrease in water flux and a reduction in mean
pore size. Therefore, the amount of chitosan nanofibers applied to both
sides of the cellulosic handsheet has a significant influence on the
overall porosity of the composite. To optimize the balance between
electrospinning time and the reduction of mean pore size and water flux,
an electrospinning duration of 75 min was chosen for the adsorption
experiments. At this electrospinning duration, the mean pore size and
the water flux obtained for the composite were 7.7 + 0.5 ym and

Table 2

Effect of electrospinning time on mean pore size and water flux
Samples Mean pore size Water flux

(um) @Um>2h)

MOmin 20.75 +1.57 412.89 £1.28
M75min 7.7 +£0.5 150.48 + 2.19
M120min 5.05 + 0.17 37.42 +1.72
M165min 1.95 +0.07 6.32 + 0.88
M210min 1.58 +0.05 1.33+£0.16

150.48 + 2.19 Lm~2h ™}, respectively (Table 2).
3.4. Zeta potential

The pH of the solution plays a crucial role in the adsorption of heavy
metals, as it directly affects both the metal ion speciation in solution and
the surface charge characteristics of the adsorbent [65]. To characterize
the surface charge of the composite and determine its point of zero
charge (PZC), the variation of the zeta potential as a function of pH has
been studied. Fig. 3 shows a positive charge at acidic pH ({ = +21.7 mV
at pH 2), resulting from the protonation of chitosan's amine groups
(-NH3). As pH increases, the zeta potential gradually decreases, and
around pH 4.03 (the material's isoelectric point (IEP)), it reverses
charge. Beyond this point, the surface acquires a negative charge,
reaching { = -36.5 mV at pH 11 due to the combined effects of amine
deprotonation and phosphate ionization in phosphorylated cellulose.
This change shows that the composite's charge level strongly depends on
the pH of the aqueous environment. Therefore, the optimal pH range for
the adsorption of Ce>" by the composite is between 4 and 7, where the
surface is sufficiently negatively charged, and the cerium mainly exists
in the Ce>* form [66]. A previous study [60] demonstrated that pH 6.8
provides the optimal adsorption performance; therefore, this work was
conducted exclusively under this condition.

3.5. Adsorption study

3.5.1. Effect of electrospinning time and phosphate content on adsorption
capacity

This section examines the combined effect of the phosphorylation
level of kraft fibers and the addition of a chitosan nanofiber layer,
applied via electrospinning, on the composite material's capacity to
adsorb Ce(III) ions. Fig. 4 shows how the adsorption capacity at equi-
librium (qe) changes with the concentration of phosphate groups in the
absence of electrospinning treatment and when electrospinning treat-
ment is applied..

The reference material, a handsheet sample made entirely of un-
treated kraft fibers (0% degree of phosphorylation) without electrospun
chitosan nanofibers, shows a limited adsorption capacity of 7.49 mg/g,
suggesting a lack of functional groups that can form specific interactions
with Ce3* ions. To better understand the effect of phosphorylation on
kraft fibers, handsheets containing mixtures of untreated and phos-
phorylated kraft fibers at KP:PKP ratios of 80:20 (which corresponds to a
2.5% degree of phosphorylation of the untreated kraft pulp) and 60:40
(which corresponds to a 5% degree of phosphorylation of the untreated
kraft pulp) were tested. The higher the degree of phosphorylation, the
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Fig. 3. Effect of pH on the zeta-potential of the three-layer bio-based composite and determination of the point of zero charge (PZC), the material's isoelectric

point (IEP).

70

H 0 min ™75 min

63.41

10 | 7.49

21.16

46.64

30.61

0%

2.5% 5%

Degree of phosphorylation

Fig. 4. Effect of electrospinning and phosphorylation on the adsorption capacity of the three-layer bio-based composite samples with phosphorus content of 0% (KP:
PKP ratio of 100:0), 2.5% (80:20), 2.5% (80:20) + 75 min of chitosan electrospinning, 5% (60:40), and 5% (60:40) + 75 min of chitosan electrospinning. (Co =
100 mg/L, adsorbent mass = 50 mg, temperature = 25 °C, pH = 6.8, contact time = 60 min.).

higher the adsorption capacity. This enhancement is attributed to the
introduction of phosphate groups, which provide specific electrostatic
binding sites with Ce(Il) ions [64]. To study the combined effects of
phosphate and amino functional groups within the bio-based composite
sorbent, electrospinning was performed for 75 min. Chitosan nanofibers
were thus applied to both sides of the handsheet samples with KP:PKP
ratios of 2.5% and 5% phosphorylated fibers. The 75-minute electro-
spinning duration was selected based on prior characterization data,
which indicates that it provides the optimal balance between perme-
ability and accessibility of active areas. Longer electrospinning times
have shown an opposing effect, associated with increased densification
of the fiber network, which reduces porosity and limits species move-
ment to reactive sites (Section 3.3). The combination of various types of
functional groups has a synergistic effect on the adsorption capacity of
Ce(III) by the bio-based composite sorbent. On one hand, electrospun
chitosan nanofibers introduce primary amines that interact favorably
with anions or contribute to chelate metal cations [67]. Additionally, the
hydroxyl groups in chitosan's structure contribute to adsorption,
improving the material's overall effectiveness [68]. On the other hand,
phosphorylation increases the density of phosphate-charged groups
within the cellulosic support, promoting electrostatic interactions with
these ions. Consequently, the integration of chemical and nanofiber
structures has yielded a dual-functionalized system that proves to be

highly effective for the adsorption of Ce(III) ions.

Furthermore, considering that the adsorption experiments were
carried out at a pH of 6.8, these conditions favored Ce(III) chemistry, as
indicated by speciation diagrams showing that Ce3" remains the pre-
dominant species at this pH, with no significant formation of hydrolyzed
or precipitated species such as Ce(OH)s() [66]. The combination of
these approaches enables the development of a multifunctional com-
posite material that ensures effective adsorption of rare earth elements.

3.5.2. Adsorption kinetics

Batch adsorption tests were carried out with an initial cerium ion
concentration of 100 mg/L. Tests were conducted at 25°C and pH 6.8
using three-layer bio-based composite samples with a KP:PKP ratio of
60:40. Fig. 5 shows that the adsorption capacity of the three-layer bio-
based composite adsorbent reaches an equilibrium within about 60 min
of contact time. Therefore, this is the optimal choice for cerium
adsorption experiments. To investigate the mechanisms involved in
adsorption, nonlinear pseudo first-order and pseudo second-order ki-
netic model fittings of experimental data were studied and are shown in
Fig. 5. Table 3 summarizes the fitting parameters of both models. Results
indicate that the pseudo first-order kinetic model better describes the
experimental data with a coefficient of determination (R?) of 0.99. Since
the sorbent material has functional groups that promote both
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Fig. 5. Fitting of experimental data to adsorption kinetics pseudo first- and
pseudo second-order models. Tests were conducted using three-layer bio-based
composite samples with a KP:PKP ratio of 60:40. (Co = 100 mg/L, adsorbent
mass = 50 mg, temperature = 25 °C, pH = 6.8, contact time = 60 min.).

Table 3
Summary of kinetic model parameters for cerium ion adsorption onto the three-
layer bio-based composite sample with a KP:PKP ratio of 60:40

Pseudo first-order model Pseudo second-order model

Qexp R? ky Qeq R? ky Qeq
(mg/g) (min™") (mg/g) (g/g min) (mg/g)
64.26 0.99 0.091 64.35 0.95 0.002 67.79

electrostatic interactions (e.g., phosphate groups in phosphorylated
cellulose) and chelation (e.g., amine groups in chitosan nanofibers), the
overall adsorption rate is mainly governed by a physisorption mecha-
nism rather than surface chemical reactions and should be regarded as
the most plausible model for this study. This is consistent with the rapid
initial uptake observed and the strong correlation between predicted
and experimental capacities. Similar conclusions have been reported in
studies where composites containing cellulose or chitosan exhibited a
better fit with the pseudo first-order model [68], particularly when ionic
interactions dominate the adsorption process. This conclusion is also in
line with the strong electrostatic character of the interactions in cerium
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ion complexation, even in chelating environments, induced by the
presence of electrons in the lanthanide core-type f orbitals (a charac-
teristic of lanthanide complex formation) [69].

3.5.3. Adsorption isotherms

The adsorption isotherm evaluates the material’s surface properties
and adsorption capacity [70]. Figs. 6a and 6b present the Langmuir and
Freundlich isotherm nonlinear fitting models of the experimental data.
Experiments were conducted at 25 °C, 45 °C, and 60 °C at a pH of 6.8,
with initial cerium concentrations varying from 50 to 300 mg/L. A
three-layer bio-based composite sample with a KP:PKP ratio of 60:40
was used. The equilibrium time was set at 120 min based on the kinetic
tests conducted previously. Table 4 summarizes the isotherm parameters
obtained from nonlinear fitting models. The results indicate that,
generally, the Langmuir model better describes the experimental data,
exhibiting higher correlation coefficients (Rz) compared to the
Freundlich isotherm, at most temperatures. These results suggest that Ce
(II1) adsorption onto the three-layer bio-based composite primarily oc-
curs in a monolayer. The exothermic nature of the process is further
supported by the observed decrease in the Langmuir constant K;, with
increasing temperature [71]. Moreover, the Freundlich constant n was
greater than 1 at all tested temperatures, confirming that the adsorption
process was favorable.

3.5.4. Thermodynamic analysis

Thermodynamic analysis was carried out to assess the spontaneity
and energetic nature of the adsorption process on the composite mate-
rial studied, made up of cellulose, phosphorylated cellulose and chitosan
nanofibers. The equilibrium constants k., determined at different tem-
peratures (25 °C, 45 °C, and 60 °C), were used to calculate the standard
thermodynamic parameters (Gibbs free energy change (AG®), enthalpy
change (AH®), andentropy change (AS°)), according to the van't Hoff
equation.

Based on the findings in Table 5, the negative Gibbs free energy
change (AG®) (—1.45 kJ/mol at 25 °C) indicates that the adsorption is

Table 4
Summary of isotherm parameters for cerium ion adsorption onto the three-layer
bio-based composite sample with a KP:PKP ratio of 60:40

Freundlich Langmuir
T K (mg/g) n R? Qmax (Mg/g) Ky R?
[§9) (L/mg)
25 4.903 1.848 0.98 134.63 0.009 0.99
45 5.303 2.430 0.96 62.38 0.014 0.95
60 1.506 1.757 0.94 65.86 0.005 0.97
120
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1| « s0°c
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Fig. 6. Non-linear fitting of experimental data: a) Langmuir isotherm model, b) Freundlich isotherm models at 25 °C, 45 °C, and 60 °C. Tests were conducted using
three-layer bio-based composite samples with a KP:PKP ratio of 60:40. (Cy = 50-300 mg/L, adsorbent mass = 50 mg, pH = 6.8, contact time = 120 min.).
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Table 5
Parameters of thermodynamic analysis

Journal of Environmental Chemical Engineering 14 (2026) 121977

Temperature (°C) Qe (mg/g) C. (mg/L) ke = qe/Ce In (ko) AG® (kJ/mol) AH° (kJ/mol) AS° (J/mol-K)
25 64.26 35.74 1.79 0.59 -1.45 -47.60 -155.23
45 30.75 69.25 0.44 -0.81 +2.15

60 19.72 80.28 0.25 -1.40 +3.89

spontaneous at room temperature. However, as the temperature in-
creases, AG® becomes less negative and eventually positive, reaching
+2.15 kJ/mol at 45 °C and +3.89 at 60 °C. This progression clearly
reflects a decline in spontaneity with rising temperature. The transition
to positive AG® at higher temperatures reveals that the adsorption be-
comes thermodynamically unfavorable, which is consistent with the
phenomenon of thermal desorption often observed in exothermic sys-
tems. The calculated standard enthalpy changes AH°= -47.60 kJ/mol
supports this observation by showing that the adsorption is exothermic
(heat is released during the process). Despite being moderate, this value
is typical of physisorption (weak interactions (e.g., hydrogen bonds,
electrostatic interactions, or van der Waals forces)involved) versus
chemisorption. Furthermore, the standard entropy change (AS°) was
found to be —155.23 J/mol-K, suggesting a decrease in randomness at
the solid-liquid interface during the adsorption process. This entropy
reduction reflects the formation of a more ordered system, likely due to
the immobilization of Ce(III) ions on the adsorbent surface. The
observed loss of configurational freedom can be attributed to strong
adsorbent-adsorbate interactions and the structured rearrangement of
water molecules around the active functional groups, such as phosphate
and amine moieties. Such a negative entropy change is not uncommon in
adsorption systems where specific interactions constrain the mobility of
adsorbed species, resulting in a more rigid interfacial configuration. The
observed thermodynamic behavior can be linked to the complex surface
chemistry and structure of the phosphorylated cellulose-chitosan bio-
based adsorbent. More specifically, the presence of various functional
groups such as phosphate, hydroxyl, and amine likely contributes to the
formation of multiple adsorption sites with varied affinities, resulting in
temperature-sensitive interactions.

3.5.5. Comparative analysis of Cerium(II[) removal effectiveness with
various materials

Table 6 presents a comparative analysis of various sorbent materials
for the removal of Cerium(III). At a pH of 6.8, the three-layer bio-based
composite adsorbent (KP:PKP ratio of 60:40) shows a significant cerium

Table 6
Comparative analysis of adsorption capacity of various sorbent materials
Adsorbent Material Maximum Experimental Ref.
Adsorption Conditions
Capacity (gmax)
mg/g
Amidoxime-modified biochar 45.20 pH 6, 25 °C, [72]
equilibrium time:
100 min
Fe304-pectin—chitosan 9.72 pH 5, 25 °C, [73]
nanocomposite equilibrium time:
30 min
Activated carbon from rice 4.13 pH 4, 35 °C, [74]
straw equilibrium time:
500 min
Activated carbon derived from 24.58 pH 5.7, 25 °C, [75]
date seeds equilibrium time:
180 min

Hydrous ferric oxide (HFO) Not specified pH 4-10, 30-60 °C, [76]

equilibrium time:

60 min
Cellulose-phosphorylated 64.26 pH 6.8, 25 °C, This
cellulose/chitosan equilibrium time: study
nanofiber composite 60 min

adsorption capacity of 64.26 mg/g within 60 min. Activated carbon,
commonly used as a conventional adsorbent, shows much lower per-
formance under similar or even more favorable conditions. Activated
carbon derived from rice straw reached only 4.13 mg/g after 500 min at
pH 4, while that obtained from date seeds showed a moderate capacity
of 24.58 mg/g at pH 5.7, with a contact time of 180 min. Compared to
our composite, these values show lower adsorption capacity, while
requiring significantly longer equilibrium times. Other materials, such
as the amidoxime-modified biochar and the FeOs—pectin—chitosan
nanocomposite show lower adsorption capacities of 45.20 mg/g and
9.72 mg/g, respectively, under more acidic conditions and/or longer
equilibrium times. These comparisons demonstrate that our three-layer
bio-based composite adsorbs cerium ions more effectively, positioning it
as a potentially good candidate for wastewater treatment and the
recycling of electronic waste.

3.5.6. Selectivity of the three-layer bio-based composite adsorbent in the
presence of other metallic ions

Ion selectivity is a crucial parameter that determines the material’s
ability to specifically recognize and capture target metal ions in the
presence of competing species [77]. The selectivity of the three-layer
bio-based composite adsorbent made of chitosan, cellulose, and phos-
phorylated cellulose toward cerium ions (Ce®") was also examined.
Adsorption experiments were conducted in multicomponent aqueous
solutions simultaneously containing Ce®>*, Nd**, and Cu* ions. Table 7
indicates that the bio-based composite has a strong affinity for trivalent
rare earth metal ions. For Ce3", an adsorption capacity of 28.13 mg/g
was achieved in the multicomponent system. In the same mixed system,
neodymium (Nd®") displays a higher adsorption level of 30.23 mg/g,
while copper (Cu®"), being a divalent ion, is significantly less adsorbed
at 19.18 mg/g. Selectivity coefficients, calculated as the ratio of the
adsorption capacity of the rare earth metal ions to that of cu?t, were
1.47 and 1.58 for Ce>* and Nd>*, respectively (Table 7). These values
indicate preferential adsorption of trivalent rare earth ions over divalent
copper ions. This selective behavior can be attributed to several physi-
cochemical factors. The phosphorylated functional groups on cellulose
and the amine functionalities on chitosan serve as strong chelating
agents [60], facilitating the formation of stable complexes with trivalent
ions. Furthermore, the higher ionic charge and larger ionic radius of
lanthanides enhance both electrostatic attractions and coordination in-
teractions with the composite’s active sites [69]. In summary, the
three-layer bio-based composite adsorbent exhibits notable selectivity
for trivalent rare earth metal ions (Nd** and Ce3*") over divalent metal
ions such as Cu®". This selectivity profile confirms the material’s po-
tential for separating rare earth elements from complex matrices, such as
those found in electronic waste leachates, offering a promising solution
for recovering critical metals in sustainable recycling strategies.

Table 7
Summary of selectivity tests for cerium vs. other metals on a three-layer bio-
based composite sample with a KP:PKP ratio of 60:40

Tons Adsorption capacity in a REE Selectivity Selectivity
multicomponent solution vs Cu?™ comparison
(mg/g)
ce** 28.13 1.47 Nd** > ce®t >
Nd** 30.23 1.58 Cu*'
cu?** 19.18 1
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3.6. Regeneration and reusability of the three-layer bio-based composite
adsorbent

3.6.1. Desorption and concentration of cerium

Desorption of cerium ions from the three-layer composite material
(KP:PKP ratio of 60:40) was carried out using six different eluents.
Fig. 7a shows the desorption rate for each eluent and the change in
weight of the adsorbent material. EDTA/HCI was the most effective
eluant tested, with a desorption rate of 87% with minimal mass loss
(3.34%). In comparison to EDTA and EDTA/NaOH, this result is due to a
dual synergistic action: on one hand, HCl protonates the adsorption
sites, promoting the release of Ce>* ions, while on the other hand, EDTA
forms stable complexes with the metal ions, facilitating their transfer
into solution. At the end of the desorption step, the cerium initially
present as Ce>* is oxidized to Ce**. This was confirmed by a colorimetric
assay using Arsenazo III reagent, known for its sensitivity to cerium
oxidation states. In the presence of Ce**, the solution exhibits a char-
acteristic purple color, clearly indicating the oxidation of trivalent
cerium to its tetravalent form (Fig. 7b). This oxidation results from the
oxidizing nature of the environment, especially due to the presence of
HCI. This favors the conversion of Ce>* to Ce**, a more stable species in
an acidic and oxidizing medium [78]. The other eluent solutions eval-
uated for the desorption process yielded less satisfactory results. For
example, NaOH and HCI alone resulted in high matrix degradation
(mass losses of 25% and 20%, respectively), while EDTA/NaOH showed
moderate yield with significant structural impact. EDTA, while gentle on
the material, failed to yield adequate recovery results, achieving only
40%. Similarly, NaCl demonstrated limited effectiveness, attaining a
recovery rate of 50%.

The EDTA/HCI system was the most effective desorption agent,
facilitating the efficient and clean recovery of cerium ions, with the
conversion of Ce>* to Ce** in solution. After the desorption of cerium by
the EDTA/HCI eluant mixture, the recovered cerium was transferred to
an aqueous solution, as Ce**, for recycling. Concentration and precipi-
tation steps were then carried out. The solution containing Ce*"-EDTA
was subjected to evaporation under stirring, then the pH was adjusted
using NaOH to destabilize the complex and precipitate the cerium as
hydroxide. The solid was filtered, washed with deionized water, and
dried at 80 °C. A final calcination step yielded high-purity cerium di-
oxide (CeOy), a material of strategic interest for numerous applications
(catalysis, optics, oxygen storage, etc [79,80].). This comprehensive
approach not only demonstrates the effectiveness of the three-layer
bio-based composite adsorbent for the selective capture of cerium, but
also facilitates its direct recovery in a reusable form, addressing the
current challenges of circularity and recycling of critical materials.

)
S
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3.6.2. Adsorption-desorption cycle

The regenerative capacity of an adsorbent is an important factor in
evaluating its practical applicability, particularly for large-scale, cost-
effective operations. To assess the reusability of the three-layer bio-
based composite adsorbent (KP:PKP ratio of 60:40), four consecutive
adsorption-desorption cycles were performed using Ce>* ions as the
target species. Between each cycle, the composite samples were thor-
oughly rinsed with distilled water and dried to restore their active sites.
Fig. 8 illustrates the progression of adsorption capacity over successive
adsorption and desorption cycles.

The initial desorption efficiency was 93.34%, but after four succes-
sive cycles, it decreased slightly to 77.91%, corresponding to an 83%
retention of the initial performance. This gradual decline suggests that
the composite material maintains good regeneration capacity despite a
slight loss of efficiency over successive cycles. This decrease is likely
attributable to the degradation of the chitosan nanofiber layers. Indeed,
the acidic desorption medium (EDTA/HCI) promotes protonation of the
chitosan amino groups. This protonation, along with mechanical agita-
tion and prolonged immersion, speeds up the material's structural
degradation, causing a gradual loss of active sites and a decline in
adsorption performance. Figure S1 shows FTIR spectra of the composite
material after the first regeneration cycle. It is clear that the peak related
to chitosan has been altered, but despite this fact, the material remains
quite effective even after repeated use, highlighting the structural
strength of the composite matrix and the chemical stability of the
functional phosphate and amine groups. These findings confirm that the
three-layer bio-based composite maintains durability over multiple uses.

4. Conclusions

A three-layer bio-based composite adsorbent was developed for the
selective recovery of Ce(Ill) from aqueous media. The material was
produced using an environmentally benign electrospinning technique,
where a nanofibrous chitosan layer was applied to a 60:40 phosphory-
lated kraft pulp/kraft pulp core, forming a mechanically stable and
chemically active core-shell structure. The composite exhibited a high
adsorption capacity of 64 mg/g within 60 min, following a pseudo first-
order kinetic model and a Langmuir isotherm, indicating monolayer
adsorption on a homogeneous surface. It also showed strong selectivity
toward Ce(III) and Nd(III) ions over Cu(Il), highlighting its efficiency for
rare-earth recovery. Morphological (SEM) and elemental (EDX) analyses
confirmed the uniform electrospun layer and the incorporation of active
sites. The composite retained 83% of its performance after four
adsorption/desorption cycles, confirming its durability. Thermody-
namic analysis revealed an exothermic and spontaneous process.

This work introduces an innovative multilayer bio-based structure
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Fig. 8. Adsorption-desorption cycles of the three-layer bio-based composite adsorbent. Tests were conducted using three-layer bio-based composite samples with a

KP:PKP ratio of 60:40.

combining phosphorylation and electrospinning, providing higher
adsorption capacity and better reusability than previously reported
cellulose- or chitosan-based adsorbents. Overall, the developed com-
posite represents a sustainable and efficient solution for cerium recovery
from secondary sources, supporting circular economy principles.
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