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Abstract
Hierarchically porous CoFe2O4/chitosan (CoFe2O4/CTS) composite spheres were fabricated via a one-pot synthesis strategy, 
enabling controlled incorporation of magnetic cobalt ferrite nanoparticles within a biopolymer framework. Structural char-
acterization confirmed the preservation of the spinel CoFe2O4 phase and its intimate integration within the chitosan matrix, 
giving rise to loading-dependent microstructural evolution. Scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) analyses revealed a transition from uniformly anchored nanoparticles embedded in a continuous chitosan 
network to partial ferrite aggregation at higher loadings, with direct implications for pore accessibility and magnetic response. 
Systematic variation of ferrite content established clear correlations between composite architecture, magnetic behavior, and 
functional performance. Adsorption experiments using representative anionic and cationic dyes served as a structure-sensitive 
probe, demonstrating pronounced selectivity governed primarily by the chitosan-rich matrix under neutral conditions, while 
ferrite loading was found to play a secondary role through its influence on porosity and magnetic recoverability. Despite 
partial dilution of magnetic saturation by the polymer phase, the composites retained sufficient magnetic responsiveness for 
efficient separation. Overall, this study provides a structure–property perspective on bio-magnetic CoFe2O4/CTS composites 
and highlights how controlled ferrite incorporation within a porous biopolymer scaffold can balance adsorption functionality 
with magnetic performance. The findings offer design guidelines for loading-tunable organic–inorganic hybrid materials 
relevant to separation-oriented environmental and functional applications.
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Introduction

The accelerated growth of the textile, pharmaceutical, and 
food industries has resulted in the extensive discharge of 
synthetic dyes into aquatic ecosystems.1 These dyes exhibit 
high chemical stability and potential carcinogenicity, posing 
significant risks to both environmental integrity and public 
health.2,3 Conventional wastewater treatment methods often 
fail to effectively remove such persistent organic pollutants, 
thereby necessitating the development of advanced adsorbent 
materials that align with the principles of green chemistry, 
including biodegradability, low secondary pollution, and ease 
of recovery.4–9

In recent years, bio-based functional composites have gar-
nered increasing attention as sustainable alternatives to tradi-
tional inorganic adsorbents, offering promising avenues for 
circular and eco-efficient water purification technologies.10–12 
Among magnetic nanomaterials, cobalt ferrite (CoFe2O4) 
stands out due to its strong magnetization, chemical durability, 
and rapid magnetic separability.13–15 However, its tendency to 
aggregate and limited surface functionality hinder its adsorp-
tion efficiency, particularly for structurally diverse dye mol-
ecules.16 Chitosan (CTS), a renewable amino-polysaccharide 
derived from marine biomass, is widely recognized for its 
biocompatibility and abundance of chelation-active –NH2 and 
–OH groups.17,18 Nevertheless, CTS-based sorbents often suf-
fer from poor mechanical strength and slow separation kinet-
ics, limiting their practical applicability.19–21

Although previous efforts have explored the integration of 
CoFe2O4 with CTS, most reported strategies involve complex 
multistep synthesis or yield nonporous architectures, which 
compromise dye accessibility, magnetic recovery, and multi-
pollutant removal performance.22–28 This represents a critical 
gap in the design of next-generation adsorbents for emerging 
wastewater challenges.

In this study, we present a facile one-pot synthesis of 
porous CoFe2O4/chitosan (CoFe2O4/CTS) composite spheres 
that synergistically combine bio-derived functionality, high 
dye-binding affinity, and ultrafast magnetic retrievability. The 
resulting hybrid material exhibits superior adsorption perfor-
mance toward both cationic (methylene blue—MB, crystal 
violet—CV) and anionic (methyl orange—MO, eosin Y—EY) 
dyes, surpassing conventional magnetic and biopolymeric sor-
bents. Furthermore, its porous architecture enhances surface 
accessibility and diffusion kinetics, positioning the composite 
as a promising candidate for scalable, zero-waste, and high-
efficiency water remediation platforms.

Materials and Methods

Materials

Cobalt(II) chloride hexahydrate (CoCl2⋅6H2O), ferric 
chloride hexahydrate (FeCl3⋅6H2O), sodium hydrox-
ide (NaOH), acetic acid (CH3COOH), and ethylene 
glycol (HOCH2CH2OH) were purchased from Sigma-
Aldrich (analytical grade). Chitosan (degree of deacety-
lation ~ 85–90%, molecular weight 200–400 kDa) was 
obtained from Merck and used as received. All solutions 
were prepared using distilled water.

Synthesis of Porous CoFe2O4/CTS Spheres

Different amounts of metal precursors were used to obtain 
composites with varying CoFe2O4-to-CTS ratios, while the 
Fe3+:Co2+ molar ratio was adjusted to approximately 2:1 in 
all cases. A 20 mL mixed salt solution was first prepared 
by dissolving FeCl3 and CoCl2 in distilled water with three 
different molar ratios of Co2+:Fe3+ = 0.02:0.04 (CFO/CTS-
04), 0.03:0.06 (CFO/CTS-06), and 0.04:0.08 (CFO/CTS-
08), followed by the addition of 1 mL CH3COOH to assist 
metal–ligand coordination. Subsequently, 0.30 g of CTS 
was introduced into this solution and stirred at room tem-
perature until a homogeneous [Fe3+,Co2+]/CTS gel was 
obtained.

The prepared gel was transferred into a syringe and added 
dropwise into 200 mL of 2.0 M NaOH/ethylene glycol solu-
tion under gentle stirring. The droplets immediately polym-
erized into [Co(OH)2⋅Fe(OH)3]/CTS hydrogel spheres, 
which were left to stabilize for 2 h without agitation.

The collected hydrogel spheres were then subjected 
to hydrothermal treatment in 0.1 M NaOH at  170 °C for 
8 h, during which the structure transformed into black 
CoFe2O4–embedded CTS spheres. Finally, the hydrother-
mally treated spheres were freeze-dried under vacuum at 
−50°C to −30°C for 24 h, yielding hierarchically porous 
brown–black CoFe2O4/CTS composite spheres.

Characterization

Fourier transform infrared (FT-IR) spectroscopy (Shimadzu 
IRPrestige-21) was employed in the range of 400–4000 
cm−1 to examine the characteristic functional groups and 
metal–biopolymer coordination in CTS and the CoFe2O4/
CTS composites. The crystalline structure and phase purity 
were analyzed using X-ray diffraction (XRD; Bruker D8 
Advance X-ray diffractometer) equipped with Cu-Kα radia-
tion (λ = 1.5418 Å, 30 kV, 10 mA) over a 2θ range of 5°–80° 
at a scan rate of 1° min−1.
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The surface morphology and microspherical architecture 
were observed by scanning electron microscopy (SEM; Joel 
JSM-6490LV), while the internal nanostructure and lattice 
fringes were further visualized using transmission electron 
microscopy (TEM; JEOL JEM-2100, 200 kV). The elemen-
tal composition of Co, Fe, C, N, and O was examined using 
energy-dispersive X-ray spectroscopy (EDX) attached to the 
SEM system. The thermal stability and organic–inorganic 
ratio of the composites were investigated by thermogravi-
metric analysis (TGA; TA Instruments Q500) under air 
atmosphere, with heating from  25 °C to  800 °C in steps of  
10 °C min−1. The magnetic properties were evaluated using 
a vibrating-sample magnetometer (VSM, MicroSense EZ9) 
at room temperature with an applied magnetic field ranging 
from −10 kOe to +10 kOe.

Adsorption Experiments

Materials and Stock Solutions

Analytical-grade methylene blue (MB), methyl orange 
(MO), eosin Y (EY), and crystal violet (CV) were used 
without further purification. Stock solutions (1000 mg L−1) 
of each dye were prepared in distilled water and stored in 
the dark. Working solutions were prepared by serial dilution 
immediately prior to use.

Batch Adsorption Procedure

All adsorption experiments were conducted in batch mode 
using 50 mg of CoFe2O4/CTS spheres with 100 mL of aque-
ous dye solutions of MB, MO, EY, or CV (C0 = 30 mg L−1), 
under room temperature and magnetic stirring at 200 rpm. 
After the desired contact time, the CoFe2O4/CTS spheres 
were rapidly collected from the suspension using an external 

magnet. Each assay was performed in triplicate.22,24  The 
residual dye concentration in the supernatant was quantified 
by ultraviolet–visible spectrophotometry at the correspond-
ing maximum absorption wavelength of each dye (MB: 664 
nm,29 MO: 464 nm,30 EY: 517 nm,31 CV: 589 nm32). The 
adsorption performance was evaluated in terms of percent-
age removal (%R), equilibrium adsorption capacity (qe), and 
time-dependent adsorption capacity (qt), following standard 
equations in the literature.22,24

Percentage removal:

Amount adsorbed at time t:

Equilibrium adsorption capacity:

Here, C0 , Ct , and Ce represent the dye concentrations 
(mg L−1) at initial, time t, and equilibrium, respectively; V is 
solution volume (L), and m is the mass of the adsorbent (g).

Results and Discussion

Characterization of CoFe2O4/CTS Spheres

To elucidate the interfacial interaction between CoFe2O4 and 
CTS within the hybrid composite, FT-IR spectroscopy was 
employed (Fig. 1a). The FT-IR spectrum of pure CTS shows 
the characteristic vibrational features of the polysaccharide 

(1)%R =
(C0 − Ce)

C0

× 100

(2)qt =
(C0 − Ct)V

m

(3)qe =
(C0 − Ce)V

m
.

Fig. 1   Structural characterization of CoFe2O4/chitosan aerogels with varying ferrite content: (a) FT-IR spectra and (b) XRD patterns of CFO/
CTS-04, CFO/CTS-06, and CFO/CTS-08.
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backbone. A broad and intense band centered at 3400–3450 
cm−1 corresponds to the overlapping O–H and N–H stretch-
ing modes, indicative of extensive intra- and intermolecular 
hydrogen bonding within the polymer structure. The absorp-
tion at approximately 1650 cm−1 is assigned to the resid-
ual amide I (C=O) stretching of partially acetylated units, 
while the band near 1080–1020 cm−1 arises from C–O–C 
and C–O stretching vibrations of the glucosamine rings.33 In 
the CoFe2O4/CTS composite, the broad O–H/N–H stretching 
band is retained but slightly altered in shape and intensity, 
suggesting interactions between functional groups of CTS 
and the ferrite surface.34 Notably, additional features appear 
in the 600–500 cm−1 region, which are characteristic of the 
metal–oxygen stretching modes of spinel ferrites35. The 
bands assigned to Fe–O and Co–O vibrations confirm the 
successful incorporation of CoFe2O4 nanoparticles into the 
CTS matrix.36 Furthermore, the slight shifts and changes 
in intensity of the C–O–C and amide-related bands imply 
coordination or hydrogen-bond interactions between CTS 
and the metal oxide nanoparticles.22,36 Overall, the FT-IR 
results demonstrate that the polymer matrix and cobalt fer-
rite nanoparticles interact without compromising the funda-
mental CTS structure, verifying the formation of a structur-
ally integrated CoFe2O4/CTS composite.

XRD analysis was conducted to further confirm the 
phase formation and structural integrity of the CoFe2O4/
CTS composites. Figure 1b shows the XRD patterns of the 
CoFe2O4/CTS composites with different ferrite loadings 
(CFO/CTS-04, CFO/CTS-06, and CFO/CTS-08). All sam-
ples exhibit characteristic diffraction peaks at 2θ = 18.29°, 
30.10°, 35.43°, 43.06°, 53.45°, 56.98°, and 62.60°, respec-
tively corresponding to the (111), (220), (311), (400), (422), 
(511), and (440) crystallographic planes of the cubic spinel 
CoFe2O4 structure, in excellent agreement with JCPDS no. 
22–1086.37,38 The complete retention of these reflections 
confirms the formation of a single-phase spinel ferrite with 
high structural purity, as no impurity-related peaks are 
detected.36,39 

The diffraction peaks, in particular the intense (311) 
reflection, increase in intensity with higher ferrite content, 
indicating enhanced crystallinity and a larger proportion 
of CoFe2O4 in CFO/CTS-08 compared to CFO/CTS-04 
and CFO/CTS-06. In contrast, broader and weaker peaks 
in the lower-ferrite composites suggest smaller crystallite 
domains and the influence of the partially amorphous CTS 
matrix.22,40,41 Based on Scherrer’s equation applied to the 
(220), (311), (400), (511), and (440) peaks, the average crys-
tallite size of CoFe2O4 in all three composites is estimated as 
approximately 23–28 nm, confirming the nanoscale nature 
of the ferrite domains.40,42

The observed peak broadening across the composites, 
together with the moderate reduction in intensity, points 
to nanoscale dispersion of CoFe2O4 within the polymeric 

network and possible lattice strain induced at the inor-
ganic–organic interface.41 Importantly, hybridization with 
CTS does not disrupt the intrinsic crystallinity of the spinel 
phase; instead, it results in subtle structural modifications 
consistent with genuine interfacial interaction rather than 
simple physical blending or surface coating.

Collectively, these XRD results confirm the successful 
formation of structurally stable CoFe2O4/CTS hybrids and 
provide essential structural evidence for understanding the 
morphological, magnetic, and surface-property evolution 
discussed in the following sections.

Morphology and Microstructure

SEM and TEM analyses were performed to further elucidate 
the multi-scale structural characteristics of the CoFe2O4/
CTS aerogel composites and to correlate their morpho-
logical evolution with increasing cobalt ferrite loading. 
At low magnification, all samples CFO/CTS-04 (Fig. 2a), 
CFO/CTS-06 (Fig. 2d), and CFO/CTS-08 (Fig. 2g) exhibit 
a highly porous, three-dimensional architecture typical of 
freeze-dried CTS aerogels, consisting of interconnected 
macropores with thin, smoothly interconnected pore walls. 
This open-cell, continuous network is advantageous for mass 
transport, surface accessibility, and the exposure of active 
sites.43–45 Higher-magnification images reveal that the CTS 
pore walls possess a multilayered, wrinkled texture that 
remains structurally intact upon nanoparticle incorpora-
tion. In the CFO/CTS-04 sample, only a sparse population of 
CoFe2O4 nanoparticles is observed across the matrix; how-
ever, the nanoparticles are uniformly distributed and firmly 
anchored to the CTS surface (Fig. 2b and c). As the loading 
increases to CFO/CTS-06 (Fig. 2e and f), the pore walls 
become more densely decorated with CoFe2O4 nanocrystals, 
yet the aerogel structure remains well preserved, and the 
dispersion of nanoparticles remains homogeneous. At the 
highest loading (CFO/CTS-08, Fig. 2h and i), the surfaces 
appear heavily coated with densely packed ferrite nanoparti-
cles, leading to a partial reduction in pore openness, though 
the hierarchical aerogel network is still identifiable.

To further verify the nanoscale dispersion and interfa-
cial integration of CoFe2O4 nanoparticles within the CTS 
framework observed by SEM, TEM analysis was performed, 
revealing the nanoscale organization and composite forma-
tion in CoFe2O4/CTS aerogels. As shown in Fig. 3a, the CTS 
matrix develops into a fibrous, interconnected framework of 
low electron contrast, serving as a continuous scaffold for 
nanoparticle immobilization. Within this network, CoFe2O4 
nanoparticles with cubic-like morphology are clearly dis-
tinguished (Fig. 3b–d), consistent with the spinel ferrite 
structure confirmed by XRD. The particles exhibit a narrow 
size distribution of ~10–50 nm, consistent with crystallite 
sizes estimated from XRD. At lower ferrite loading (CFO/
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CTS-04 and CFO/CTS-06), the nanoparticles are uniformly 
dispersed and strongly anchored along the CTS fibers, indi-
cating that the CTS matrix effectively regulates nucleation 
and growth while minimizing agglomeration. This uni-
form dispersion reflects the interfacial interactions between 
CoFe2O4 and CTS functional groups (–NH2, –OH), which 
stabilize the nanocrystals within the polymer network. At 

higher loading (CFO/CTS-08), denser particle populations 
and localized clustering appear, suggesting partial satura-
tion of available anchoring sites. This microstructural evo-
lution is consistent with SEM observations and underpins 
the loading-dependent changes in magnetic properties and 
pore accessibility discussed later. Overall, TEM confirms 
the successful construction of a hierarchically organized 

Fig. 2   SEM micrographs of CFO/CTS aerogels (a–c) CFO/CTS-04, (d–f) CFO/CTS-06, and (g–i) CFO/CTS-08, showing porous chitosan 
matrix and CoFe2O4 nanoparticle dispersion at low and high magnification.

Fig. 3   TEM images of CoFe2O4/CTS composites showing (a) the aerogel-like fibrous morphology of the chitosan matrix and representative 
nanoparticle distribution for (b) CFO/CTS-04, (c) CFO/CTS-06, and (d) CFO/CTS-08.



	 N. T. T. Dang et al.

organic–inorganic composite, with CoFe2O4 nanoparticles 
intimately integrated into the CTS matrix. This architec-
ture preserves the magnetic functionality of cobalt ferrite 
while ensuring structural stability and accessibility of active 
sites.46–48

To complement the SEM and TEM analyses, EDX char-
acterization was employed to confirm the elemental com-
position and to examine changes associated with different 
ferrite loadings of the CoFe2O4/CTS composites. Repre-
sentative EDX spectra of CFO/CTS-04, CFO/CTS-06, and 
CFO/CTS-08 are presented in Fig. 4. All spectra exhibit 
strong signals corresponding to C, N, and O, which originate 
from the CTS matrix, along with characteristic Fe and Co 
peaks associated with the CoFe2O4 nanoparticles, confirm-
ing the coexistence of organic and inorganic components 
within the composites. The relative intensity of the Fe K 
and Co K peaks systematically increases from sample CFO/
CTS-04 to sample CFO/CTS-08, consistent with the inten-
tional increase in CoFe2O4 content. In sample CFO/CTS-04 
(Fig. 4a), Fe and Co account for 13.66 wt% and 6.08 wt%, 
respectively; these values increase to 15.81 wt% Fe and 8.18 
wt% Co in sample CFO/CTS-06 (Fig. 4b), and reach 24.35 
wt% Fe and 10.77 wt% Co in sample CFO/CTS-08 (Fig. 4c). 
This monotonic increase in metal content confirms the effec-
tive incorporation and controlled adjustment of the ferrite 
fraction within the composite.26,36

The Fe-to-Co ratios obtained from the EDX spectra are 
consistent with the expected stoichiometry of the spinel 
CoFe2O4 phase, with Fe present at approximately twice the 
concentration of Co. Meanwhile, the gradual decrease in 
the relative carbon and nitrogen content reflects the reduced 
proportion of CTS as the ferrite loading increases. No addi-
tional peaks attributable to extraneous elements are detected, 
indicating that the synthesis yields chemically clean com-
posites without detectable secondary phases. Overall, the 
EDX results provide compositional support for the structural 
and magnetic analyses, demonstrating that ferrite loading 
can be systematically tuned while preserving the chemical 
integrity of both the CoFe2O4 and CTS components.34,49

Thermal Stability

The thermal behavior of pure CTS and the CoFe2O4/CTS 
composites was evaluated using TGA–derivative thermo-
gravimetry (DTG), as shown in Fig. 5a. The CTS sample 
exhibits a two-stage degradation profile typical of polysac-
charide-based biopolymers. The initial weight loss below  
150 °C corresponds to the removal of physically adsorbed 
and bound water. The major decomposition event occurs 
between approximately  250 °C and  350 °C, where a sharp 
DTG peak is observed, reflecting the depolymerization 
and thermal cleavage of chitosan’s glycosidic linkages and 
the breakdown of its acetylated and amine-bearing units. 
Beyond  400 °C, CTS undergoes continuous mass loss asso-
ciated with carbonization, leaving a relatively small residual 
mass at 800–900°C.17,50,51

In contrast, all CoFe2O4/CTS composites exhibit mark-
edly enhanced thermal stability compared to pure CTS. The 
composites show a similar initial dehydration stage, but 
the onset of the main degradation step is shifted to higher 
temperatures, and the corresponding DTG peaks become 
broader and less intense, indicating a more gradual decom-
position. This stabilization effect is attributed to interac-
tions between the polymer matrix and the CoFe2O4 nano-
particles, which restrict the heat-induced mobility of the 
CTS chains.25,36,52 Furthermore, the total weight loss of 
the composites is significantly reduced; the residual mass 
increases systematically with higher ferrite content (CFO/
CTS-04 < CFO/CTS-06 < CFO/CTS-08), consistent with 
the presence of a thermally robust metal oxide. Based on 
the residual mass remaining at approximately 850–900°C 
after complete decomposition of the organic matrix, the 
CoFe2O4 content in CFO/CTS-04, CFO/CTS-06, and CFO/
CTS-08 was estimated at 31.6 wt%, 42.5 wt%, and 49.2 
wt%, respectively. These values confirm the effective and 
controlled incorporation of cobalt ferrite within the CTS 
matrix. The higher char yield and attenuated DTG intensity 
confirm that incorporation of CoFe2O4 serves as an effective 
thermal reinforcement.53,54 Overall, the TGA–DTG results 

Fig. 4   EDX spectra of CoFe2O4/chitosan aerogels with different fer-
rite loadings: (a) CFO/CTS-04, (b) CFO/CTS-06, and (c) CFO/CTS-
08. The spectra were collected from representative regions of the 

SEM images shown in Fig. 2, confirming the presence and loading-
dependent increase in Co and Fe elements within the chitosan matrix.
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demonstrate that embedding CoFe2O4 nanoparticles substan-
tially improves the thermal resistance of CTS, and the extent 
of this enhancement correlates positively with the ferrite 
content of the composites.

Magnetic Properties

To evaluate the magnetic behavior of the CoFe2O4/CTS 
composites and elucidate the influence of ferrite loading, 
room-temperature VSM measurements were performed, and 
the corresponding hysteresis loops are shown in Fig. 5b. All 
samples exhibit clear ferromagnetic behavior, character-
ized by well-defined hysteresis loops that confirm the pres-
ervation of the ferrimagnetic spinel CoFe2O4 phase after 
incorporation into the CTS framework.55,56 A pronounced 
increase in saturation magnetization (Ms) is observed with 
increasing ferrite content: 20.83 emu g−1 for CFO/CTS-04, 
26.13 emu g−1 for CFO/CTS-06, and 32.26 emu g−1 for 
CFO/CTS-08. This trend reflects the progressively higher 
fraction of magnetic nanoparticles within the composite and 
is consistent with previous reports on CoFe2O4–biopolymer 
systems, where Ms scales with ferrite loading due to the 
dominant contribution of the inorganic magnetic phase.40,57

Coercivity (Hc) and remanent magnetization (Mr) also 
vary across the samples. Specifically, CFO/CTS-04, CFO/
CTS-06, and CFO/CTS-08 exhibit Hc values of 3390 Oe, 
4465 Oe, and 3390 Oe, respectively, while their Mr val-
ues are 13.46 emu g−1, 16.87 emu g−1, and 18.94 emu g−1. 
The higher coercivity observed in CFO/CTS-06 suggests 
stronger dipole interactions and reduced interparticle spac-
ing at intermediate ferrite loading, whereas the compara-
ble Hc values of CFO/CTS-04 and CFO/CTS-08 indicate 
that excessive ferrite incorporation may promote partial 

aggregation, thereby diminishing coercivity.56,57 In contrast, 
the monotonic increase in Mr with ferrite content confirms 
the increasing contribution of the magnetic phase to the 
overall remanent response. The moderately wide hysteresis 
loops correspond to single-domain or pseudo–single-domain 
magnetic behavior, characteristic of nanoscale cobalt fer-
rite particles with crystallite sizes around 20–30 nm. The 
absence of superparamagnetic behavior at room tempera-
ture aligns with literature findings for CoFe2O4 nanocrystals 
above the superparamagnetic threshold (~10–15 nm), indi-
cating that thermal fluctuations are insufficient to randomize 
the magnetic moments in these composites.55–57

Overall, the VSM results demonstrate that the magnetic 
properties of CoFe2O4/CTS aerogel composites can be effec-
tively tuned by adjusting ferrite content, with  Ms and  Mr 
scaling with nanoparticle loading, while Hc exhibits a non-
linear dependence due to particle distribution and aggrega-
tion effects. This tunability provides flexibility for optimiz-
ing the composites for magnetic separation, environmental 
remediation, targeted delivery, and catalytic applications, 
where strong and stable magnetic responsiveness is highly 
advantageous.40,56

Adsorption Performance of CoFe2O4/CTS 
Composites Toward Organic Dyes

Although CoFe2O4/CTS composites have been studied as 
magnetic adsorbents, most previously reported materials 
possess low porosity and have been evaluated against only 
a limited range of dyes.22–25,27,41 As a result, the adsorption 
behavior of highly porous CoFe2O4/CTS structures and their 
performance toward both anionic and cationic dyes remain 
insufficiently explored.22,24,25,27,49 In this work, a CoFe2O4/

Fig. 5   Thermal and magnetic properties of CoFe2O4/chitosan aerogels with different ferrite loadings: (a) TGA–DTA thermograms and (b) room-
temperature VSM magnetization curves of CFO/CTS-04, CFO/CTS-06, and CFO/CTS-08.
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CTS aerogel with a porous architecture is synthesized, and 
its adsorption capability is systematically assessed using 
four representative dyes—eosin Y (EY), methyl orange 
(MO), methylene blue (MB), and crystal violet (CV)—to 
probe structure-related performance trends.

At neutral pH, the CoFe2O4/CTS aerogel exhibits mark-
edly distinct adsorption behavior toward structurally diverse 
dyes, underscoring a mechanistic selectivity that has been 
overlooked in prior studies. The adsorption profiles of the 
CFO/CTS-04 sample (Fig. 6a and b) reveal a pronounced 
preference for anionic species: EY and MO achieve high 
maximum adsorption capacity of 62.2 mg g−1 and 58.7 mg 
g−1, respectively, and are removed with exceptionally high 
efficiency of 99.1% and 96.7%. Both dyes reach equilibrium 
rapidly within 20–40 min, which can be attributed to the 
interconnected porous network facilitating mass transport, 
together with favorable interaction between the CTS-rich 
matrix and negatively charged dye species under near-neu-
tral conditions.22,28,58 In contrast, cationic dyes  MB and CV 
display much lower capacity of 25.8 mg g−1 and 17.9 mg 
g−1, with removal efficiency of only 42.2% and 29.6%, and 
require longer time (60–120 min) to stabilize. This dimin-
ished uptake is consistent with a less favorable interaction 
environment at pH 7, where the composite surface—domi-
nated by protonated amino groups of CTS and ferrite-asso-
ciated hydroxyls—provides limited negative charge den-
sity for effective binding of cationic species.49,59,60 These 
observations suggest that surface charge characteristics in 

combination with pore accessibility play an important role 
in governing adsorption trends rather than a single dominant 
mechanism.61,62

The effect of ferrite loading on adsorption behavior was 
further examined by comparing CFO/CTS-04, CFO/CTS-
06, and CFO/CTS-08 aerogels (Fig. 6). Only modest vari-
ations in adsorption performance are observed across the 
three samples. For anionic dyes, EY and MO consistently 
exhibit high removal efficiency (98.8–99.2% for EY and 
95.9–97.7% for MO) and comparable maximum adsorption 
capacity (61.9–62.2 mg g−1 for EY and 58.2–59.3 mg g−1 for 
MO) across all samples. These results suggest that adsorp-
tion is predominantly governed by the CTS-rich, positively 
charged aerogel matrix, where the porous architecture and 
abundant protonated amino groups provide strong electro-
static attraction toward anionic dye molecules. Increasing 
the ferrite fraction beyond a certain level therefore provides 
limited additional enhancement to dye uptake, as the pri-
mary adsorption sites remain associated with the polymer 
matrix.17,62,63 In contrast, cationic dyes MB and CV consist-
ently display low removal efficiency (42.2–44.2% for MB 
and 28.9–31.8% for CV) and limited adsorption capacity 
(25.8–27.0 mg g−1 for MB and 17.5–19.3 mg g−1 for CV), 
regardless of ferrite loading. The slight variations observed 
among the composites may be attributed to minor changes 
in surface area or pore accessibility, or nanoparticle disper-
sion induced by higher ferrite incorporation.22,64 Moreover, 
higher ferrite incorporation may reduce the proportion of 

Fig. 6   Time-dependent adsorption capacity (qt) and removal efficiency (R%) of CFO/CTS aerogels: (a, b) CFO/CTS-04, (c, d) CFO/CTS-06, and 
(e, f) CFO/CTS-08, evaluated for four dyes (eosin Y, methyl orange, methylene blue, and crystal violet) at pH 7.
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accessible amino groups and partially block pores, further 
constraining adsorption of cationic species.58,65,66

Taken together, these results indicate that the adsorption 
performance of CoFe2O4/CTS aerogels is governed primar-
ily by the interplay between surface charge characteristics, 
porous architecture, and nanoparticle distribution within the 
composite, while variations in ferrite loading exert a second-
ary influence. Adsorption is therefore treated here as a struc-
ture-dependent functional response rather than as evidence 
for a single, definitive adsorption mechanism. This compara-
tive analysis of anionic and cationic dyes within a highly 
porous CoFe2O4/CTS framework provides insight into how 
composite architecture influences adsorption behavior in 
bio-magnetic hybrid materials.

Although chitosan–ferrite hybrid materials prepared via 
one-pot strategies have been reported previously, the pre-
sent work provides a distinct structure–property perspective 
by systematically elucidating how ferrite loading governs 
the hierarchical architecture and functional performance of 
porous CoFe2O4/CTS spheres. Rather than focusing solely 
on adsorption capacity, this study demonstrates that vari-
ations in CoFe2O4 content induce a clear microstructural 
evolution, from uniformly anchored nanoparticles within a 
continuous CTS network to partial clustering at higher load-
ings. This transition directly influences pore accessibility, 
magnetic response, and recoverability, highlighting the criti-
cal role of nanoparticle dispersion and interfacial integra-
tion in determining composite functionality. The combined 
SEM, TEM, and EDX analyses establish a direct correlation 
between nanoscale organization and macroscopic magnetic 
behavior, offering insight into how inorganic loading modu-
lates the balance between structural integrity and magnetic 
efficiency. Such a loading-dependent structure–property 
relationship has not been explicitly addressed in prior chi-
tosan–ferrite adsorption studies and provides a materials-
design guideline for optimizing bio-magnetic composites 
beyond empirical performance metrics.

Conclusion

In this work, hierarchically porous CoFe2O4/chitosan com-
posite spheres were successfully fabricated via a one-pot 
synthesis strategy, enabling controlled incorporation of mag-
netic ferrite nanoparticles within a biopolymer framework. 
Beyond demonstrating adsorption capability, this study 
elucidates how systematic variation of ferrite loading gov-
erns the multi-scale structure and functional response of the 
composites. Structural and morphological analyses reveal a 
clear loading-dependent microstructural evolution, ranging 
from uniformly anchored CoFe2O4 nanoparticles within a 
continuous CTS network to partial nanoparticle clustering 
at higher ferrite content.

This structural transition is shown to influence pore acces-
sibility, thermal stability, and magnetic behavior, highlight-
ing the importance of nanoparticle dispersion and interfa-
cial integration in determining composite performance. The 
correlation established between nanoscale organization and 
macroscopic magnetic response provides a structure–prop-
erty perspective that extends beyond empirical adsorption 
metrics commonly reported for chitosan–ferrite systems. 
Adsorption studies using representative anionic and cationic 
dyes further illustrate how these loading-dependent struc-
tural features translate into selective functional responses 
governed primarily by the CTS-rich matrix under neutral 
conditions.

Overall, the insights gained from this work contribute 
to a deeper understanding of loading-controlled architec-
ture–property relationships in organic–inorganic hybrid 
materials. The one-pot strategy presented here offers a 
practical materials-design approach for balancing porosity, 
magnetic functionality, and structural integrity, and provides 
design guidelines for optimizing porous magnetic compos-
ites for separation-oriented environmental and other func-
tional applications.
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