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A B S T R A C T

Magnetic ferrite/organoclay composites were developed as magnetically recoverable adsorbents for water 
remediation. Spinel ferrites (i.e., CoFe2O4 and NiFe2O4) were incorporated into an organically modified mont
morillonite clay using GPTMS and APTES alkoxysilanes as coupling agents. These composite materials, along 
with pristine ferrites and montmorillonite, were characterized in terms of morphology, structure, surface 
properties, and magnetic behavior. Magnetic ferrite/organoclay composites were tested as sorbing substrates for 
the removal of Methylene Blue dye species from aqueous matrix. Compared to pristine ferrites 
(3.58–2.93 mg g− 1), the composites exhibited enhanced adsorption capacities of 4.73 mg g− 1 (CoFe2O4-based 
composite, with removal efficiency of 50.6%) and 8.29 mg g− 1 (NiFe2O4-based composite, with removal effi
ciency of 88.5%). Kinetic analysis indicated the predominance of pseudo-second-order mechanisms, suggesting 
the involvement of surface-mediated interactions. Magnetic composites exhibited enhanced adsorption perfor
mances compared to pristine ferrites, with maximum capacities of 8.46 mg g− 1 (CoFe2O4-based composite) and 
13.44 mg g− 1 (NiFe2O4-based composite), and distinct adsorption behaviors described by Langmuir (monolayer 
coverage) and Temkin (more governed by adsorbent–adsorbate interactions and adsorption energy) models, 
respectively. The efficacy, structural integrity, and facile magnetic separation of these sorbent systems demon
strate significant potential as stable, recoverable materials for sustainable water remediation.

1. Introduction

Nowadays, the anthropogenic impact caused by extensive industri
alization concentrated in a few economic areas (with different envi
ronmental laws) combined with the rapid growth of the global 
population with their relative nutritional and energy demands, has 
already become a serious concern to the health of global environment. 
Addressing it requires rapid and proficient technological solutions. 
Environmental pollution is among the main causes affecting the avail
ability of clean water sources, thus dramatically limiting the direct ac
cess to safe and clean water in many areas of the globe [1,2]. Hence, to 
provide widespread and consistent access to clean water, several (waste) 

water treatment plants have been established, especially near over
populated urban areas, to properly remediate contaminated water ef
fluents into drinkable water [3,4]. In particular, common (waste)water 
treatment facilities utilize a combination of various mechanical/
physical, chemical, and (an)aerobic biological processes to effectively 
remove contaminants from domestic and industrial effluents, thus 
enabling their reuse either as potable water or in agricultural and in
dustrial applications [5]. Although conventional (waste)water treat
ment technologies are well-consolidated, the recent rise of a new class of 
microcontaminants defined as “emerging pollutants” (which are a wide 
group of chemicals not covered by existing water-quality regulations, e. 
g., pharmaceuticals, drugs, additives, dyes, etc.) has become a growing 
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1 Both authors contributed equally to this work.
2 Both authors contributed equally to this work as senior authors.

Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

https://doi.org/10.1016/j.ceramint.2026.06.336
Received 8 March 2026; Received in revised form 12 June 2026; Accepted 22 June 2026  

Ceramics International 52 (2026) 38807–38821 

Available online 23 June 2026 
0272-8842/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-6618-4311
https://orcid.org/0000-0002-6618-4311
https://orcid.org/0000-0003-2655-7715
https://orcid.org/0000-0003-2655-7715
https://orcid.org/0000-0003-3428-9511
https://orcid.org/0000-0003-3428-9511
https://orcid.org/0009-0001-7347-3226
https://orcid.org/0009-0001-7347-3226
https://orcid.org/0000-0001-8946-1847
https://orcid.org/0000-0001-8946-1847
https://orcid.org/0000-0002-5980-2003
https://orcid.org/0000-0002-5980-2003
https://orcid.org/0000-0001-8986-5542
https://orcid.org/0000-0001-8986-5542
mailto:mariarosaria.plutino@cnr.it
mailto:roberto.nistico@unimib.it
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2026.06.336
https://doi.org/10.1016/j.ceramint.2026.06.336
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2026.06.336&domain=pdf
http://creativecommons.org/licenses/by/4.0/


concern, as conventional treatment processes are often unable to remove 
them efficiently [6–8]. For effective removal of such emerging pollut
ants from contaminated effluents, innovative advanced treatments (e.g., 
homogenous/heterogeneous photocatalytic processes) are required [9,
10]. Despite the evidence that these advanced treatments are promising 
technologies at the laboratory scale, in most cases, these processes are 
poorly applicable at the industrial scale and/or weakly integrable into 
traditional (waste)water treatment plants, thus limiting their effective 
utilization [11,12].

As reported in the literature, adsorption is a surface phenomenon 
involving the adherence of chemical species (adsorbates) at the surface of 
a solid (adsorbent) through physical or chemical interactions. Conven
tional adsorbents often used in common (waste)water treatment plants 
include highly porous activated carbons, clays, and resins [13–15]. 
However, even if these sorbing systems are quite efficient, their recovery 
from the decontaminated aqueous medium requires either further sep
aration/filtration processes, or an immobilization step, followed by an 
additional regeneration phase [16].

In recent years, magnetic nanomaterials have gained increasing 
consideration in (waste)water remediation due to their cost- 
effectiveness and ease of recovery through the application of an 
external magnetic field, enabling them as a compelling alternative to 
conventional sorption systems [17,18]. In particular, the most investi
gated magnetic nanomaterials are magnetite (Fe3O4) and maghemite 
(γ-Fe2O3) crystal phases, which are two ferrimagnetic materials (or 
eventually superparamagnetic systems depending on the particles’ size), 
mainly due to their environmental friendliness, natural abundance, low 
cost, and relatively high magnetic responsiveness [19–21]. Other mag
netic systems potentially exploitable for their improved magnetism 
include zero-valent metallic nanoparticles (e.g., ZVI, which is a ferro
magnetic system) [22] and ferrite-based systems (i.e., a class of mixed 
oxide compounds with enhanced magnetic response due to the 
co-presence of other elements such as Co and Ni with Fe) [23,24].

Hence, magnetic hybrid/composite systems, with a magnetic core 
covered by a functional (in)organic shell (whose action is to provide a 
specific sorption ability), constitute an advanced strategy for designing 
recoverable adsorbents for (waste)water remediation [25]. Regarding 
the functional (in)organic shells, the literature reports numerous case 
studies evidencing the possibility of covering or grafting the surface of 
magnetic nanoparticles with functional (in)organic shells, which serve 
as sorption sites for the selective removal of microcontaminants from 
aqueous media [26–28].

In this regard, clay-based composite materials represent an attractive 
class of functional systems for environmental applications due to their 
natural abundance, low environmental impact, and intrinsic structural 
versatility, possessing properties like high surface area, ion exchange, 
and controlled release, making them ideal for water purification, soil 
remediation, sustainable building, and even energy storage [29]. The 
combination of inorganic clay matrices with functional molecules, 
nanofillers, and organic or hybrid networks enables the development of 
multifunctional materials with tailored surface chemistry, enhanced 
stability, and improved performance [30]. Moreover, sol–gel chemistry 
has emerged as an effective strategy to act as a cross-linking route, 
allowing the formation of robust organic–inorganic hybrid networks 
under mild and environmentally friendly conditions. The sol–gel process 
promotes strong interfacial interactions between the clay surface and 
functional organic/inorganic moieties, hence ensuring structural integ
rity, durability, and resistance to leaching [31]. Furthermore, 
sol-gel-derived hybrid clay composites can be designed for reusability 
and facile regeneration, hence supporting circular and sustainable ma
terial principles. These features make clay-based sol–gel-crosslinked 
composites highly promising as efficient, functional, and sustainable 
materials for advanced environmental remediation technologies [32,
33].

Clays are one of the primary porous systems that can be exploited in 
environmental clean-up processes. They are naturally occurring 2D 

layered minerals extracted from the earth, composed of phyllosilicates 
and containing some minor impurities [34,35]. Clays can be classified 
into many subgroups according to their chemical composition and 
structural stacking. In particular, montmorillonite (i.e., one of the most 
important and largely investigated clays) belongs to the smectite sub
groups, which are characterized by a high ion exchange capacity due to 
the presence of both water molecules and many cations in the interlayer 
[34]. Furthermore, clays, particularly montmorillonite due to its struc
ture, can be properly modified by introducing different organic moieties 
into the interlayer, thereby increasing the systems' hydrophobicity and 
consequently favoring the interaction between the sorption system and 
the target organic contaminants [36–39]. According to the literature, 
the possibility of integrating ad hoc functionalized clays with magnetic 
systems presents a very promising technological solution in environ
mental clean-up processes, especially for the capture of charged species 
by exploiting the clays' ion exchange ability. For instance, Yuan et al. 
[40] reported the synthesis of montmorillonite-supported magnetite 
nanoparticles following a co-precipitation method, and successfully 
tested them in the removal of Cr(VI) species from aqueous media, 
achieving a maximum adsorption capacity of ca. 15 mg g− 1 primarily 
following the Langmuir model, whereas Jang et al. [41] reported the 
synthesis of magnetite nanoparticles supported on organically modified 
montmorillonite clay and tested them in the removal of iodine species, 
measuring a maximum adsorption capacity of ca. 322 mg g− 1 according 
to the Langmuir model. Concerning ferrite-based systems, Haounati 
et al. [42] recently reported the incorporation of magnetic Co ferrite 
(CoFe2O4) nanoparticles into organically modified montmorillonite clay 
with sodium dodecyl sulfate and cetyltrimethylammonium bromide and 
successfully tested this system for the removal of Malachite Green dye, 
reaching the impressive maximum adsorption capacity of ca. 
1245 mg g− 1, as per the Langmuir model. Interestingly, Mahmoud et al. 
[43] reported the synthesis of an activated nano
bentonite/CoFe2O4/carboxymethylcellulose composite and tested it 
against the abatement of Cr(VI) ions, demonstrating a preferential 
multilayer adsorption mechanism (Freundlich model) with a maximum 
adsorption capacity of ca. 45 mg g− 1. Lastly, Ahmadi et al. [44] reported 
the synthesis of a nanocomposite made by montmorillonite clays with 
starch and CoFe2O4. The uptake tests demonstrated a preferential 
multilayer adsorption mechanism against Methylene Blue (MB) and 
Methyl Violet dyes with maximum adsorption capacities of ca. 
48 mg g− 1 and 44 mg g− 1, respectively. In particular, this study deeply 
discussed all the possible mechanisms involved, evidencing the key role 
played by the substrate's porosity, electrostatic and surface interactions, 
hydrogen bonds, as well as π-π interactions between the aromatic rings 
of the target dyes and the starch structure.

On the other hand, the sol–gel approach represents a versatile and 
effective route for the surface modification of inorganic substrates and 
functional nanofillers, facilitating the development of hybrid organ
ic–inorganic networks with controlled chemistry and high structural 
stability. In this context, alkoxysilanes are widely employed as coupling 
agents due to their bifunctional nature, which enables simultaneous 
participation in inorganic condensation reactions and organic func
tionalization processes. Upon hydrolysis of the trialkoxysilyl groups, 
silanol moieties are generated, which subsequently undergo condensa
tion reactions to form stable Si–O–Si linkages, leading to the formation 
of a three-dimensional sol–gel-derived network. This process ensures 
strong anchoring of the hybrid matrix to mineral surfaces such as clays, 
while promoting cross-linking within the coating itself [45].

Among the commonly used organosilanes, (3-aminopropyl)trie
thoxysilane (APTES) and (3-glycidyloxypropyl)trimethoxysilane 
(GPTMS) serve complementary roles in the development of organically 
modified inorganic systems. APTES provides terminal amine groups that 
can interact with negatively charged clay surfaces and participate in 
further chemical reactions, while GPTMS contains an epoxy function
ality capable of undergoing ring-opening reactions with nucleophilic 
groups, such as amines or surface hydroxyls. The concurrent presence of 
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APTES and GPTMS favors the formation of a chemically interconnected 
hybrid network in which organic functionalities are covalently linked to 
the inorganic backbone [46–48].

Hence, the present study focuses on the preparation of magnetic 
ferrite/organoclay composite systems and their testing as magnetic 
sorbing systems for the removal of Methylene Blue (MB) dye from 
aqueous matrix. In particular, two magnetic spinel ferrites were syn
thesized, namely Co ferrite (CoFe2O4) and Ni ferrite (NiFe2O4), through 
a co-precipitation method followed by an annealing treatment at 700 ◦C. 
Subsequently, montmorillonite clay was organically modified by 
employing a sol-gel method in the presence of the two selected alkox
ysilanes GPTMS and APTES, to promote the effective integration and 
stabilization of magnetic spinel ferrites within the organoclay structure.

Unlike conventional organoclays modified through ion-exchange 
with surfactants (e.g., CTAB or SDS), which may exhibit thermal and 
chemical instability, the synergistic use of APTES and GPTMS ensures 
the formation of a robust, cross-linked hybrid 3D-architecture. This 
approach not only stabilizes the magnetic ferrites within the clay layers, 
but also creates a stable functional hosting environment that prevents 
the leaching of the organic modifiers during the remediation process.

Pristine ferrites (i.e., CoFe2O4 and NiFe2O4) and montmorillonite, 
along with organically modified montmorillonite, and the resulting 
nanocomposites (i.e., CoFe2O4/modified-montmorillonite and NiFe2O4/ 
modified-montmorillonite, respectively) were deeply physico- 
chemically, morphologically, structurally, and magnetically character
ized by means of Fourier transform infrared spectroscopy in attenuated 
total reflection mode (ATR-FTIR), scanning electron microscopy (SEM), 
x-ray powder diffraction (XRPD), BET specific surface area analyses, and 
vibrating sample magnetometer (VSM), respectively. Furthermore, both 
pristine magnetic ferrites and the relative magnetic ferrite/organoclay 
composites were tested in environmental clean-up processes, investi
gating their performances against the abatement of MB dye solution. 
Given the real-world application of these substrates, both kinetics and 
adsorption isotherms were successfully evaluated, with the later 
accomplished through precise application of the Langmuir, Freundlich, 
and Temkin adsorption models, leading to the pertinent insights 
regarding the potential adsorption mechanism.

2. Experimental

2.1. Chemicals

Reactants: Iron(III) nitrate nonahydrate (Fe(NO3)3•9H2O, 98.0- 
101.0% CAS 7782-61-8, Thermo Scientific), cobalt(II) nitrate (Co 
(NO3)2•6H2O, 99%, CAS 10031-43-3, Alfa Aesar), nickel(II) nitrate 
hexahydrate (Ni(NO3)2•6H2O, 98%, CAS 13478-00-7, Alfa Aesar), so
dium hydroxide pellets (NaOH, ACS reagent standards with purity 
≥98%, CAS 1310-73-2, Sigma-Aldrich), montmorillonite K10 (CAS 
1318-93-0, Sigma-Aldrich), (3-Glycidyloxypropyl)trimethoxysilane 
(hereafter GPTMS, purity ≥98%, CAS 2530-83-8, Sigma-Aldrich), (3- 
Aminopropyl)triethoxysilane (hereafter APTES, purity ≥98%, CAS 919- 
30-2, Sigma-Aldrich), and Methylene Blue dye (MB, CAS 122965-43-9, 
Sigma-Aldrich). Solutions and solvents: deionized water, hydrochloric 
acid (HCl, ACS reagent, purity 37%, CAS 7647-01-0, Sigma-Aldrich), 
ethanol (ACS reagent, purity ≥99.5%, CAS 64-17-5, Sigma-Aldrich), 
and acetone (CAS 67-64-1, Sigma-Aldrich) were used during washing 
procedures. Milli-Q water with a resistivity of 18.2 MΩ cm was used. All 
chemicals were used without further purification.

2.2. Synthesis of magnetic ferrite systems

The synthesis of magnetic ferrites (i.e., CoFe2O4 and NiFe2O4) was 
carried out following a conventional co-precipitation method, as in De 
Pasquale et al. [49]. Initially, the desired amount of inorganic salts, both 
bivalent ions (either Co2+ or Ni2+, 4.1 mmol), and Fe3+ (8.2 mmol) were 
dissolved in distilled water (75 mL), maintaining a fixed molar ratio of 

1:2 (M:Fe), where M represents the bivalent Co/Ni ions. Subsequently, 
5 M NaOH solution (15 mL) was added dropwise (delivery time: 
10 min), maintaining the solution under constant stirring to better 
control the pH and ensure a homogeneous precipitation of the oxides. 
The reaction mixture was gradually heated up to 90 ◦C and maintained 
in isothermal conditions for 2 h under continuous stirring. Afterwards, 
the solid precipitate was recovered by centrifugation (6000 rpm, 
10 min) and washed three times with deionized water and once with 
acetone to remove impurities. The resulting material was then 
oven-dried at 80 ◦C overnight. Finally, the dried solids were manually 
ground and calcined in a Carbolite CWF1200 muffle furnace (Carbolite, 
Hope, UK) with the following thermal program: (i) heating ramp from 
RT to 700 ◦C (heating rate: 10 ◦C⋅min− 1), (ii) isothermal step at 700 ◦C 
for 5 h, and (iii) cooling step from 700 ◦C to 50 ◦C (cooling rate: 
5 ◦C⋅min− 1).

2.3. Synthesis of (magnetic) montmorillonite-based systems

For the preparation of (magnetic) montmorillonite-based systems 
(Fig. 1), montmorillonite was first organically modified (Fig. 1a) using a 
sol-gel method with selected alkoxysilanes. Specifically, 0.4 g of mont
morillonite clay was gradually dispersed in 200 mL of ethanol in a 
round-bottom flask, and the mixture was stirred and heated at 70 ◦C for 
1 h. Subsequently, GPTMS (3.5 g, 0.0148 mol), APTES (3.28 g, 
0.0148 mol), and 2 mL of 0.1 M HCl (as a catalyst) were added dropwise 
in sequence. The reaction was allowed to proceed under stirring at 70 ◦C 
for 24 h. The resulting solid was recovered by centrifugation and sub
sequently dried at 60 ◦C for 2 days.

Next, the synthesized magnetic ferrite nanoparticles (200 mg) were 
dispersed and incorporated into an aqueous organoclay suspension 
(100 mg in 100 mL), resulting in a 2:1 mass ratio (ferrite:clay), using 
ultrasonic treatment for 2 h. The resulting precipitate was separated by 
centrifugation, rinsed several times with deionized water, and dried at 
60 ◦C for 24 h. The final products, defined as CoFe2O4/modified- 
montmorillonite and NiFe2O4/modified-montmorillonite (Fig. 1b), were 
obtained as brown powders, and their structure and properties were 
subsequently characterized.

2.4. Characterizations

Fourier transform infrared spectra (ATR-FTIR) were collected 
directly on powder samples using a Jasco V-6600 spectrometer (JASCO 
Europe s.r.l., Cremella, LC, Italy) equipped with an Attenuated Total 
Reflection accessory. The instrument was operated with the Spectra 
Manager™ Suite, which includes the integrated KnowItAll® Informatics 
software and the JASCO Edition database (JASCO Europe s.r.l., Cre
mella, LC, Italy). Measurements were performed at room temperature 
(RT) over the 4000–400 cm− 1 range, with each spectrum obtained from 
32 scans at a resolution of 4 cm− 1.

Scanning electron microscopy (SEM) micrographs were obtained 
using a Zeiss Gemini 500 microscope equipped with a field emission 
source (FEG) and a Bruker Quantax detector for energy-dispersive X-ray 
spectroscopy (EDS) microanalysis. The microscope was operating at an 
acceleration voltage of 5.00 kV, and micrographs were captured using 
the “in-lens” detector. Samples were deposited onto SEM stubs using a 
double-adhesive carbon tape, then they were covered with an Au 
coating to prevent charging effects using a VPI SD-900C sputter coater.

X-ray powder diffraction (XRPD) analysis was carried out using a 
Rigaku Miniflex 600 diffractometer equipped with a copper radiation 
source operating at 40 kV and 15 mA. Diffraction data were collected 
across a 2θ range of 5-80◦2θ, employing a fine step size of 0.02◦. Pattern 
identification and lattice parameter determination were conducted 
using PDXL-2 software, referencing the ICDD database for phase 
matching. The average crystallite size (τ, nm), was determined using the 
Scherrer equation, considering the crystal reflection at 35.1 ± 0.2◦2θ 
(corresponding to the Miller indexes (400) and (024)) in the case of 
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magnetic ferrite systems, whereas the crystal reflection at 8.8◦ 2θ (cor
responding to the Miller indexes (001)) was considered in the case of 
montmorillonite clay.

Surface area analyses were performed using a Brunauer–Emmett–
Teller (BET) method to determine the specific surface area. Measure
ments were carried out at 77 K using nitrogen as an adsorbate on an 
Autosorb iQ instrument equipped with ASiQwin software. Before anal
ysis, samples were outgassed at 80 ◦C for 24 h.

Magnetic characterization of all magnetic samples was conducted at 
RT using an EZ-9 MicroSense Vibrating Sample Magnetometer (VSM), 
offering a sensitivity of 1 μemu and a maximum applied magnetic field 
of 2.25 T. Samples were housed in quartz cuvettes for measurement, and 
before data acquisition, all cuvettes were tested to ensure no ferro
magnetic interference. To account for background signals, the intrinsic 
diamagnetic contribution of the quartz was evaluated using empty cu
vettes and automatically subtracted from the sample data.

UV-Vis spectra were recorded using a Jasco V-770 UV-Vis spectro
photometer (JASCO Europe s.r.l., Cremella, LC, Italy) operating at ca. 
25 ◦C. The instrument was equipped with standard measurement and 
analysis programs and utilized the Spectra Manager™ Suite spectros
copy software (JASCO Europe s.r.l., Cremella, Italy).

2.5. Testing

For the study of the adsorption properties of the ferrites, 10 mg of 
material was used and immersed in an MB solution at a concentration of 
5 mg L− 1 (total volume: 20 mL, pH = 7). At each time interval, the 
absorbance was measured using a UV-Vis spectrophotometer at 
λ = 664 nm and a temperature of 25 ◦C, employing a magnet to separate 
the magnetic systems during the sampling of the analyzed aliquot. The 
experiments were performed under limited light exposure.

Calibration curves and adsorption experiments for MB were per
formed using a Jasco V-770 UV-Vis spectrophotometer at ca. 25 ◦C. The 
concentrations of MB were measured at λ = 664 nm.

The removal efficiency (%) of MB dye by the different systems was 
calculated using the following Eq. (1): 

%=
(C0 − Ct)

C0
× 100% (1) 

where C0 (expressed in mg⋅L− 1) is the initial dye concentration, and Ct 
(expressed in mg⋅L− 1) is the concentration at the target time.

The adsorption capacity (qt, expressed as mg⋅g− 1) was calculated 
using the following Eq. (2): 

qt =
(C0 − Ct)V

W
(2) 

C0 and Ct (both expressed as mg⋅L− 1) are the initial and time-dependent 
dye concentrations, V (expressed in L) is the solution volume, and W 
(expressed in g) is the mass of the adsorbent.

2.6. Kinetics and isotherms modeling

Regarding the kinetic study, either CoFe2O4/modified-montmoril
lonite composite or NiFe2O4/modified-montmorillonite (10 mg) was 
utilized, in 5 mg L− 1 MB solution (20 mL, pH = 7). After each time in
terval, the absorbance was measured using a UV–Vis spectrophotometer 
at λ = 664 nm and a temperature of 25 ◦C.

All the parameters were calculated from the graph of the adsorption 
capacity at time t (qt; expressed in mg⋅g− 1) vs time (t; expressed in min). 
The coefficients of determination (R2) for each of the tested models were 
examined and compared in order to establish which model provided the 
best fit to the experimental data.

For the pseudo-first-order calculation, the following Eq. (3) was 
employed [50,51]: 

qt = qe
(
1 − e− k1 t) (3) 

t (expressed in min) is the contact time, qt (expressed in mg⋅g− 1) is the 
adsorption capacity at time t, qe (expressed in mg⋅g− 1) is the adsorption 
at equilibrium, and k1 (expressed in min− 1) is the adsorption rate con
stant of the pseudo-first-order adsorption model.

For the pseudo-second-order calculation, the following Eq. (4) was 
employed [50]: 

qt =
q2

e k2t
1 + qtk2t

(4) 

here t (expressed in min) is the contact time, qt (expressed in mg⋅g− 1) is 
the adsorption capacity at time t, qe (expressed in mg⋅g− 1) is the 
adsorption capacity at equilibrium, and k2 (expressed in g⋅mg − 1 min− 1) 
is the adsorption rate constants of pseudo-second-order adsorption 
model.

Regarding the adsorption isothermal study, either CoFe2O4/modi
fied-montmorillonite composite or NiFe2O4/modified-montmorillonite 
(10 mg) and 1, 2, 5, 10, and 15 mg L− 1 MB solutions (20 mL) were 
employed. After a contact time of 24 h, the absorbance was measured 
using a UV–Vis spectrophotometer at λ = 664 nm and a temperature of 
25 ◦C. All the parameters for the adsorption isotherm study were 

Fig. 1. Schematic illustration of the synthesis of organically modified montmorillonite (a) and magnetic montmorillonite-based composites (b) by means of sol- 
gel technique.
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calculated from the graph of the adsorption capacity at equilibrium (qe; 
expressed in mg⋅g− 1) vs. the equilibrium dye concentration (Ce; 
expressed in mg⋅L− 1). The coefficients of determination (R2) for each of 
the tested models were examined and compared in order to establish 
which model provided the best fit to the experimental data.

For the Langmuir calculation, the following Eq. (5) was employed 
[52,53]: 

qe =
qmkLCe

1 + kLCe
(5) 

with Ce (expressed in mg⋅L− 1) representing the equilibrium dye con
centration in the solution, kL (expressed in L⋅mg− 1) is the Langmuir 
adsorption constant, and qm (expressed in mg⋅g− 1) is the theoretical 
maximum adsorption capacity.

To better evaluate the Langmuir model's validity and the affinity 
between the MB dye and the composites, the dimensionless separation 
factor (RL) was defined as follows: 

RL =
1

1 + KLCmax
(6) 

KL is the Langmuir constant and Cmax is the highest initial dye 
concentration.

For the Freundlich calculation, the following Eq. (7) was used [52,
54]: 

qe = kFC1/n
e (7) 

kF (expressed in L⋅mg− 1) and n represent the Freundlich isotherm con
stants indicating the capacity and intensity of the adsorption, 
respectively.

For the Temkin calculation, the following Eq. (8) was employed 
[55–57]: 

qe =BT ln(kTCe) (8) 

BT (expressed in J⋅mol− 1) corresponds to RT/b (where T is the absolute 
temperature in K, and R is the universal gas constant) and kT (expressed 
in L⋅mg− 1) is the Temkin isotherm constant related to the heat of 
adsorption.

3. Results and discussion

3.1. Characterization of bare magnetic ferrite systems

The ATR-FTIR spectra of CoFe2O4 and NiFe2O4 ferrites are shown in 
Fig. S1. Both materials exhibit the characteristic metal–oxygen stretch
ing vibrations due to spinel ferrites in the low-frequency region. The 
absorption bands located at ca. 556 cm− 1 are attributed to the stretching 
vibrations of Fe–O bonds in the tetrahedral sites [58]. These features 
confirm the successful formation of spinel-type structures. Besides, the 
broad band centered around 3500–3400 cm− 1, observed in the 
high-wavenumber region of both ferrites' spectra, corresponds to the 
stretching vibrations of surface-adsorbed hydroxyl groups (–OH) and/or 
physically adsorbed water molecules. The weak band at ca. 1640 cm− 1 is 
attributed to the bending vibration of H–O–H, further supporting the 
presence of residual moisture on the particle surface, which is commonly 
observed in ferrite nanoparticles.

The distinct band at ca. 1441 cm− 1 could be assigned to the 
stretching vibration modes of carbonate groups (CO3

2− ), probably orig
inating from the adsorption of atmospheric CO2 at the ferrite's surface 
[59]. The relative intensities and slight band shifts observed between 
CoFe2O4 and NiFe2O4 reflect differences in cation distribution and local 
bonding environments within the spinel lattice, consistent with the 
distinct nature of Co2+ and Ni2+ ions. Overall, the ATR-FTIR results 
confirm the spinel ferrite structure of both samples and highlight subtle 
compositional influences on the vibrational characteristics.

Morphological analysis of bare magnetic ferrite systems is reported 
in Fig. 2a and b. SEM micrographs reveal significant differences between 
the two magnetic ferrite systems. In the case of CoFe2O4 (Fig. 2a), a 
predominantly granular morphology is observed, revealing the presence 
of micrometric particles with rounded edges, along with aggregates of 
nanoscopic particles. In contrast, NiFe2O4 (Fig. 2b) exhibits an aniso
tropic rod-shaped morphology with average diameters of approx. 
450 nm and lengths of several microns, with a relatively homogeneous 
distribution. Structural XRPD characterization is reported in Fig. 2c. The 
XRPD analysis performed on both ferrite samples confirms the presence 
of diffraction peaks attributable to spinel-type metal ferrites, with both 
CoFe2O4 and NiFe2O4 exhibiting similar diffraction patterns [60]. In the 
case of CoFe2O4, the XRPD pattern shows the main reflections at 
2θ = 30.1◦ (104), 35.4◦ (113), 37.0◦ (006), 43.1◦ (024), 53.4◦ (214), 
56.9◦ (125), 62.5◦ (208), and 75.0◦ (226) belonging to the CoFe2O4 
crystal phase (card number 01-079-1744) [61], whereas in the case of 
NiFe2O4, the XRPD pattern revealed the main reflections at 2θ = 30.3◦

(220), 35.6◦ (311), 37.3◦ (222), 43.3◦ (400), 53.7◦ (422), 57.3◦ (511), 
62.9◦ (440), 66.2◦ (531), 74.5◦ (533), confirming the presence of 
NiFe2O4 crystal phase (card number 01-080-0072) [62]. Furthermore, in 
the case of CoFe2O4 the presence of a large background signal at ca. 25◦

2θ is attributable to the presence of a certain level of amorphous phase.
Table 1 reports the lattice parameters, the crystallite average sizes, 

the specific surface area (SSA), and magnetic properties for all magnetic 
ferrite systems. The average crystallite size is larger in the case of 
CoFe2O4 (ca. 18 nm) compared to NiFe2O4 (ca. 11 nm). Moreover, since 
both magnetic ferrite systems have a cubic unit cell, the lattice param
eters are identical along all spatial directions (a = b = c), and similar in 
both samples (i.e., 8.3 Å for both CoFe2O4 and NiFe2O4) [49].

In addition, N2 adsorption–desorption isothermal profiles are re
ported in Fig. S3. Both curves exhibit a type IV profile, with a hysteresis 
loop of type H2 (from IUPAC classification) in the relative pressure 
range 0.4–1.0 for NiFe2O4, indicating a complex ink-bottle inter-particle 
mesoporosity, and of type H3 for CoFe2O4, indicating a slit-shape inter- 
particle mesoporosity. SSA values were calculated applying the BET 
equation, showing in both cases low SSA values, with NiFe2O4 exhibit
ing 22 m2 g− 1, and CoFe2O4 exhibiting 16 m2 g− 1. Magnetic properties of 
both magnetic ferrite systems, including magnetization saturation (Ms), 
coercivity (Hc), and remnant magnetization (Mr), are listed in Table 1, 
whereas magnetization curve profiles are reported in Fig. 2d (i.e., an 
enlarged view of the central section of the hysteresis loop is reported in 
Fig. S2). Results indicated that both samples show a superparamagnetic 
behavior, with a hint of hysteresis (thus indicating a certain level of 
ferrimagnetism) in the case of CoFe2O4. As reported in Table 1, CoFe2O4 
exhibits the highest Ms value (55.6 emu⋅g− 1) compared to NiFe2O4 (18.8 
emu⋅g− 1). In contrast, NiFe2O4 showed a slightly higher Hc (17.4 Oe) 
with respect to CoFe2O4 (6.4 Oe). Both samples exhibit negligible Mr (i. 
e., below 0.5 emu⋅g− 1) [24,49]. The observed jumps in CoFe2O4 could be 
attributed to the coexistence of Co-ferrite and metallic Co phases in the 
nanoparticles, yielding two different magnetic hardness and reversal 
fields [63], which is instead absent in NiFe2O4. The magnetic charac
terizations reflect the intrinsic differences between the two magnetic 
ferrite systems, likely influenced by both the distinct cation distributions 
within the crystal lattice sites and the different morphologies and par
ticle shapes [24,64].

3.2. Characterization of (magnetic) montmorillonite-based systems

Physicochemical, morphological, structural, textural, and magnetic 
characterization of (magnetic) montmorillonite-based systems, namely 
bare montmorillonite, modified montmorillonite, CoFe2O4/modified- 
montmorillonite and NiFe2O4/modified-montmorillonite composites, 
were performed.

The ATR-FTIR spectra of montmorillonite, modified montmoril
lonite, and the ferrite–montmorillonite composites are shown in Fig. 3. 
Pristine montmorillonite displays the characteristic bands associated 
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with Si–O stretching vibrations (at ca. 1100–1000 cm− 1), Al–OH 
bending (at ca. 910 cm− 1), and a broad O–H stretching (at ca. 
3400 cm− 1) related to structural hydroxyl groups and interlayer water 
[65]. Upon organic modification, new signals appear in the region of 
2950–2850 cm− 1, corresponding to C–H stretching vibrations, thus 
validating the successful grafting of organosilane groups onto the clay 
matrix [66].

Regarding the ferrite–montmorillonite composites, both CoFe2O4/ 
modified-montmorillonite and NiFe2O4/modified-montmorillonite 
retain the main clay absorption bands. Overall, the ATR-FTIR analysis 
verifies both the organic modification of montmorillonite and the suc
cessful integration of spinel ferrites, leading to the formation of mag
netic ferrite/organoclay systems.

Fig. 4 shows SEM micrographs of the montmorillonite-based sys
tems, revealing significant morphological differences between the un
modified and modified samples. In particular, bare montmorillonite 
(Fig. 4A and A’) exhibits the characteristic layered, plate-like structure, 
forming compact aggregates with irregular surfaces that become more 

noticeable at higher magnification, reflecting the intrinsic nature of the 
silicate layers [67]. In addition, its surface appears rough, composed of 
both fine and coarse particles, with noticeable roughness and poorly 
defined boundaries between particle clusters. Upon modification 
(Fig. 4B and B’), the clay shows partial exfoliation and increased surface 
roughness, which indicates loosening of the stacked layers. Compared to 
the unmodified sample, the particles seem more consolidated with fewer 
loose aggregates.

SEM analysis of (magnetic) montmorillonite-based systems reveals 
clear morphological changes induced by the presence of the clay. In the 
CoFe2O4/modified-montmorillonite composite (Fig. 4C and C’), nano
particles are dispersed across the clay surface, forming loosely bound 
aggregates with some degree of agglomeration. The consequence of this 
is a more porous and fragmented morphology, with evident exfoliated 
flakes and a sponge-like texture, suggesting enhanced dispersion 
compared to the granular structure of pure CoFe2O4. In contrast, in the 
NiFe2O4/modified-montmorillonite composite (Fig. 4D and D’), the 
nanorod structure of pure NiFe2O4 is no longer evident. Instead, the 

Fig. 2. Characterization of bare ferrite systems. Panels (a,b) SEM micrographs of CoFe2O4 (a) and NiFe2O4 (b); micrographs were collected at the same magnification 
(30k×). Panel (c) XRPD patterns of CoFe2O4 (black) and NiFe2O4 (red). XRPD reference patterns: CoFe2O4 (01-079-1744, black) and NiFe2O4 (01-080-0072, red). 
Panel (d) Magnetization curves (M vs. H) of CoFe2O4 (black) and NiFe2O4 (red). An enlarged view of the central section of the hysteresis loops is provided in Fig. S2. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1 
Crystallite average sizes, lattice parameters, BET SSA, and magnetic properties measured at RT for both bare magnetic ferrite systems.

Samples Crystallite average size (nm) Lattice parameter (Å) a = b = c SSA (m2⋅g− 1) Ms (emu⋅g− 1) Hc (Oe) Mr (emu⋅g− 1)

CoFe2O4 18 8.3 16 55.6 2.7 0.2
NiFe2O4 12 8.3 22 18.8 17.4 0.5
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sample displays a more homogeneous distribution of nanoparticles, with 
smaller clusters and reduced aggregation, indicating better dispersion 
within the support. This disruption of the original morphology may 
result from interfacial interactions during synthesis, leading to partial 
fragmentation or restructuring within the layered clay environment 
[68].

Fig. 5 reports the structural XRPD analysis of montmorillonite and 
magnetic montmorillonite-based composite systems. In the XRPD pat
terns of the bare montmorillonite and modified-montmorillonite sam
ples, an intense diffraction peak appears at ca. 8.8◦ 2θ, indicating the 
presence of dioctahedral phyllosilicates, characteristic of montmoril
lonite, among the other main reflections at 2θ = 19.9◦ (002), 35.0◦

(107), 54.2◦ (0013), 62.0◦ (2011), 71.1◦ (308) (card number 00-029- 
1499, ICDD) [69]. Additionally, the existence of a diffraction peak at 
26.6◦ 2θ (together with other minor signals) suggests the presence of 
quartz as a secondary phase (card number 01-082-0511, ICDD) [70]. 
Moreover, since montmorillonite possesses a hexagonal structure, the 
lattice parameters a and b are the same (ca. 5 Å), whereas c is different 
(ca. 15 Å). From the structural viewpoint, the crystallite size and lattice 
parameters of bare montmorillonite and modified montmorillonite are 
similar to each other (ca. 60 nm), see Table 2. The magnetic 
montmorillonite-based composite systems confirm the presence of 
montmorillonite (card number 00-013-0135, ICDD), as well as the 
CoFe2O4 (card number 01-079-1744, ICDD) and NiFe2O4 (card number 
01-080-0072, ICDD). These results confirm the successful incorporation 
of both ferrite crystal phases into the layered clay while preserving the 
crystalline identity of both components.

Comparing the structural parameters between the bare CoFe2O4 and 
its montmorillonite-modified counterpart (CoFe2O4/modified-mont
morillonite composite), crystallite size remains essentially unchanged, 
with values of ca. 18-19 nm. A similar trend is observed for the NiFe2O4 
and its montmorillonite-modified counterpart (NiFe2O4/modified- 
montmorillonite composite) with an analogous crystallite average size 
(ca. 11-12 nm). Interestingly, the lattice parameters of both ferrite- 
modified-montmorillonite composites closely resemble those of the 
corresponding pure ferrites, suggesting that the clay modification does 
not significantly distort the spinel lattice, as expected. On the contrary, 
when comparing crystallite average sizes among the montmorillonite- 

based systems, an increase is observed, from 58 nm to 72 nm (for 
CoFe2O4/modified-montmorillonite composite) and 66 nm (for the 
NiFe2O4/modified-montmorillonite composite), even if the lattice pa
rameters remain nearly constant.

The N2 adsorption–desorption isotherms are presented in Fig. S4. All 
samples display characteristic type IV isotherms, as classified by IUPAC, 
which are typically associated with mesoporous structures. Montmoril
lonite, modified-montmorillonite, and CoFe2O4/modified-montmoril
lonite composites exhibit a pronounced H3-type hysteresis loop in the 
relative pressure range of 0.4-1.0, suggesting the presence of slit-like 
pores arising from the layered morphology of the clay. In contrast, 
NiFe2O4/modified-montmorillonite composite displays H2-type hyster
esis loops characterized by ink-bottle type mesoporosity. The SSA, 
determined from the BET model, is summarized in Table 2. Bare 
montmorillonite exhibits a relatively high surface area (218 m2 g− 1), 
consistent with its typical lamellar and porous nature [71], whereas 
modified montmorillonite shows a drastic decrease of the SSA to 
85 m2 g− 1, in agreement with the SEM images [72]. Interestingly, in the 
case of magnetic ferrite/modified montmorillonite composite samples, a 
further decrease of the SSA is observed, reaching 68 m2 g− 1 for 
CoFe2O4/modified-montmorillonite composite and 74 m2 g− 1 for 
NiFe2O4/modified-montmorillonite composite, respectively [73,74].

The analysis of the magnetic properties shows notable differences 
among the pure ferrites and the ferrite/modified montmorillonite 
composites. In particular, the incorporation of ferrite with modified 
montmorillonite slightly affects the Ms, Hc, and Mr values. The magne
tization hysteresis curve profiles are reported in Fig. 6, whereas mag
netic parameters are listed in Table 3.

In the case of CoFe2O4/modified-montmorillonite composite, the 
sample presents the presence of a hysteresis loop with relevant coer
civity and remanence values, thus suggesting a certain level of ferri
magnetism and stronger interparticle interactions compared to NiFe2O4 
modified-montmorillonite sample, which instead seems more para
magnetic [44] (Fig. 6) as its non-modified counterpart. The increase of 
the minor loops in the CoFe2O4/modified-montmorillonite composite 
with respect to the bare ferrite could be ascribed to a phase separation 
between CoFe2O4-based and other phases, with an increase of the 
magnetically harder fraction of the compound or to exchange-biased 
effects between adjacent particles [75]. As reported in Table 3, both 
ferrite/modified-montmorillonite composites present lower Ms values 
compared to their bare ferrite counterparts, with both CoFe2O4/modi
fied-montmorillonite and NiFe2O4/modified-montmorillonite compos
ites displaying Ms values of ca. 49.5 emu⋅g− 1 and ca. 12.0 emu⋅g− 1, 
respectively. Interestingly, for the CoFe2O4/modified-montmorillonite 
composite, a noticeable increase in Mr (ca. 6.3 emu⋅g− 1) is observed 
compared to bare CoFe2O4 (ca. 0.2 emu⋅g− 1). On the contrary, both 
NiFe2O4/modified-montmorillonite and bare ferrite exhibit negligible 
Mr values. Overall, magnetic results suggest that the incorporation of 
ferrites into montmorillonite reduces Ms values due to the dilution effect 
caused by the presence of a non-magnetic counterpart. The distinct 
magnetic responses between the two magnetic composites can be 
attributed to differences in ferrite loading, chemical nature, and parti
cles’ morphology of the two starting ferrite systems [76].

3.3. Sorption performances by UV-Vis kinetics and isotherm fitting

The adsorption performance of the magnetic ferrites and 
montmorillonite-based composite systems for MB dye was assessed by 
dispersing a fixed amount of each material (10 mg) in 20 mL of a 
5 mg L− 1 MB solution. To prevent interference from suspended magnetic 
particles during sampling, ferrite powders were magnetically separated 
before performing the UV–Vis analysis. The experimental evidence of 
the recovery capability of composite systems by applying an external 
magnetic field is reported in Fig. S5.

All adsorption tests were performed at neutral pH (pH = 7) to 
evaluate the materials under environmentally relevant conditions. It is 

Fig. 3. ATR-FTIR spectra of montmorillonite (blue line), modified- 
montmorillonite (green line), CoFe2O4/modified-montmorillonite composite 
(black line), and NiFe2O4/modified-montmorillonite composite (red line). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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well-known that for cationic dyes like MB, an increase in pH typically 
favors adsorption due to enhanced electrostatic interactions with the 
deprotonated surface sites, while acidic conditions may inhibit the 
process, resulting in the dissolution of the ferrite component. The stable 

performance observed at neutral pH suggests that these composites are 
effective without requiring any pH adjustment.

As summarized in Fig. 7, after 24 h of contact, the CoFe2O4 and 
NiFe2O4 ferrites exhibit an MB removal efficiency of 33.7% and 27.6%, 

Fig. 4. SEM micrographs of bare montmorillonite (A, A′), modified-montmorillonite (B, B′), CoFe2O4/modified-montmorillonite composite (C, C′), and NiFe2O4/ 
modified-montmorillonite composite (D, D′). Micrographs were collected at same magnifications, namely at low (50k ×, left) and high (100k ×, right) magnifications.
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corresponding to adsorption capacities of 3.58 mg g− 1 and 2.93 mg g− 1, 
respectively. In contrast, the CoFe2O4/modified-montmorillonite and 
NiFe2O4/modified-montmorillonite composites show significantly 
enhanced adsorption behavior, achieving an MB removal efficiency of 
50.6% and 88.5%, corresponding to adsorption capacities of 
4.73 mg g− 1 and 8.29 mg g− 1, respectively. The improved performance 
of the composites can be attributed to the synergistic effect between the 
magnetic ferrite nanoparticles and the organically modified montmo
rillonite matrix, which increases the availability of active adsorption 
sites and facilitates dye–surface interactions.

The adsorption kinetics of MB onto both CoFe2O4/modified-mont
morillonite and NiFe2O4/modified-montmorillonite were investigated 
to elucidate the rate and mechanism of the adsorption process. The 
temporal profiles of adsorption capacity (qt; expressed in mg⋅g− 1) as a 
function of contact time (t; expressed in min) were employed to fit 
different kinetic models (Eq. 3 and 4, Fig. 8).

To interpret the kinetic behavior, the pseudo-first-order (PFO) and 

pseudo-second-order (PSO) models were applied. The PFO model is 
commonly used to describe adsorption systems dominated by phys
isorption phenomena, where the rate of occupation of adsorption sites is 
proportional to the number of unoccupied sites. Conversely, the PSO 
model assumes that the rate-limiting step may involve electron sharing 
or exchange between adsorbent and adsorbate, making it suitable for 
systems where chemisorption or stronger surface interactions contribute 
significantly to the overall adsorption rate. The goodness of fit was 
assessed by comparing the calculated equilibrium adsorption capacities 
(qe) with experimental values and by analyzing the coefficient of 
determination (R2) (Table 4).

For the CoFe2O4/modified-montmorillonite composite, the experi
mental equilibrium adsorption capacity (qe,exp = 4.74 mg g− 1) closely 
agrees with the value predicted by the PSO model (qe = 5.10 mg g− 1), 
whereas a slightly larger deviation is observed for the PFO model 
(qe = 4.51 mg g− 1). The superiority of the PSO model is further 
confirmed by its higher coefficient of determination (R2 = 0.9642), in 
comparison to PFO model (R2 = 0.9243). Despite that, these findings 
indicate that the adsorption of MB onto this composite is governed by a 
kinetic mechanism consistent with both PFO and PSO behavior, sug
gesting the involvement of both weaker and stronger interactions be
tween the dye molecules and the active sites of the modified 
montmorillonite [77].

A similar trend is observed for the NiFe2O4/modified-montmoril
lonite composite, where the experimental qe,exp (8.29 mg g− 1) is nearly 
identical to that predicted by the PSO model (8.36 mg g− 1). The PFO 
model provides a slightly lower value (7.98 mg g− 1). Most notably, the 
PSO model displays an excellent correlation (R2 = 0.9992), higher than 
that of the PFO model (R2 = 0.9931). This high quality of fit highlights 
that the adsorption kinetics are driven again by both pseudo-first- and 
second-order mechanisms, thus indicating the relevance of surface- 
mediated interactions and possibly chemisorption phenomena.

Overall, both materials exhibit kinetic behavior best described by the 
PSO model, pointing toward a rate-controlling step associated with 
surface interactions rather than simple mass transfer or physisorption. 
The higher adsorption capacity and superior kinetic fit observed for the 
NiFe2O4-based composite further suggest a stronger interaction between 
particles and MB, likely due to differences in surface charge distribution, 
availability of active sites, or specific adsorbent–adsorbate interactions 
enhanced by the presence of NiFe2O4.

To further investigate the rate-controlling step, the intraparticle 
diffusion model was also evaluated. However, the preliminary testing 
yielded low correlation coefficients (ranging from 0.44 to 0.89 for the 
NiFe2O4-based and CoFe2O4-based composites, respectively), suggesting 
that the mass transfer within the pores is not the primary rate- 
controlling factor relative to the surface adsorption mechanisms. The 
high correlation for the PSO model confirms that the overall adsorption 
rate is primarily governed by the chemical interaction between the MB 
dye and the available active sites (i.e., amines and silanols) on the hybrid 
sol-gel matrix, rather than by diffusion through the boundary layer or 
the internal pore structure.

To gain insight into the equilibrium adsorption behavior of MB dye 
on both CoFe2O4/modified-montmorillonite and NiFe2O4/modified- 
montmorillonite composites, adsorption isotherms were developed 

Fig. 5. XRPD patterns of bare montmorillonite (blue), modified- 
montmorillonite (green), CoFe2O4/modified-montmorillonite composite 
(black), and NiFe2O4/modified-montmorillonite composite (red). XRPD refer
ence patterns: montmorillonite (00-013-0135, blue), quartz (01-082-0511, 
purple), CoFe2O4 (01-079-1744, black), and NiFe2O4 (01-080-0072, red). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Table 2 
Crystallite average size, lattice parameters, and SSA values for bare montmorillonite, modified-montmorillonite, and magnetic montmorillonite-based composite 
systems.

Samples Crystallite average size (nm) Lattice parameters (Å) SSA (m2⋅g− 1)

Montmorillonite Ferrite Montmorillonite Ferrite

a = b c a = b = c

Bare montmorillonite 58 – 5.2 15.0 – 218
Modified-montmorillonite 59 – 5.1 14.9 – 85
CoFe2O4/modified-montmorillonite composite 72 19 5.1 15.1 8.4 68
NiFe2O4/modified-montmorillonite composite 66 11 5.1 14.7 8.3 74

G. Rando et al.                                                                                                                                                                                                                                  Ceramics International 52 (2026) 38807–38821 

38815 



using initial MB concentrations ranging from 1 to 15 mg L− 1 at 25 ◦C (see 
the experimental section). After 24 h of contact, the equilibrium dye 
concentration (Ce) was measured, and the adsorption capacity at equi
librium (qe) was plotted as a function of Ce. The experimental data were 
fitted to the Langmuir (Eq. (5)), Freundlich (Eq. (7)), and Temkin (Eq. 
(8)) isotherm models to elucidate the adsorption mechanism and surface 
characteristics of the composite materials (Fig. 9). The isotherm pa
rameters were derived through non-linear regression analysis of the 
experimental data points. This approach was chosen to maintain the 
integrity of the experimental results and to provide a direct correlation 
between the equilibrium concentrations and the adsorption capacity. 
The consistency of the results across the different models confirms the 
reliability of the observed adsorption trends for both magnetic 

composites.
The Langmuir model assumes monolayer adsorption on a homoge

neous surface with a finite number of identical sites, providing the 
theoretical maximum adsorption capacity (qm). In contrast, the 
Freundlich model describes adsorption on heterogeneous surfaces and 
allows multilayer formation, with 1/n signifying the adsorption favor
ability and surface heterogeneity [78]. The Temkin model considers 
adsorbent–adsorbate interactions and a linear decrease of the heat of 
adsorption with the surface coverage [79]. The model that best repre
sents the system was identified by comparing the coefficients of deter
mination (R2) and the agreement between calculated and experimental 
parameters (Table 5).

For the CoFe2O4/modified-montmorillonite composite, the Lang
muir model provides a good fit to the experimental data, with an R2 

value of 0.9492 and a theoretical maximum adsorption capacity (qm) of 
8.46 mg g− 1. This suggests that MB adsorption on this composite tends 
toward monolayer coverage on relatively uniform active sites. However, 
the Freundlich model also yields a reasonably high R2 value (0.8669), 
with a 1/n value of 0.5499, indicating a moderately heterogeneous 
surface and a favorable adsorption process. The Temkin model 
(R2 = 0.9422) further supports the presence of appreciable adsor
bent–adsorbate interactions, reflected by the Temkin constant 
BT = 1.853 J mol− 1. Although all three models show acceptable corre
lation, the Langmuir model appears to best describe the equilibrium 
behavior, highlighting the prevalence of monolayer adsorption on the 
modified montmorillonite surface in the presence of CoFe2O4.

Fig. 6. Magnetization curves M vs. H of magnetic ferrite/modified-montmorillonite composite systems (A, left). Magnetization curves enlarged area to highlight the 
middle section of the hysteresis loop (B, right). Legend: CoFe2O4/modified-montmorillonite composite (black), NiFe2O4/modified-montmorillonite composite (red). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3 
Comparison between the magnetic response of bare ferrites and (magnetic) 
montmorillonite-based composite systems measured at RT.

Samples Ms 

(emu⋅g− 1)
Hc 

(Oe)
Mr 

(emu⋅g− 1)

CoFe2O4 55.6 2.7 0.2
NiFe2O4 18.8 17.4 0.5
CoFe2O4/modified-montmorillonite 

composite
49.5 114.2 6.3

NiFe2O4/modified-montmorillonite 
composite

12.0 15.5 0.2

Fig. 7. Plots showing the removal percentage (left vertical axis) and sorption capacity (right vertical axis) of pristine ferrites (a), and montmorillonite-based 
composite systems (b), at different contact times. Conditions: [sorbent] = 10 mg, [MB dye solution] = 5 mg ⋅ L− 1, Vtot = 20 mL. Legend: CoFe2O4 and CoFe2O4/ 
modifed-montmorillonite composite (black), NiFe2O4 and NiFe2O4/modified-montmorillonite composite (red). (for interpretation of the references colour in this 
figure legend, the reader is referred to the Web version of this article.)
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In contrast, the NiFe2O4/modified-montmorillonite composite ex
hibits a higher affinity toward MB, with a Langmuir qm value of 
13.44 mg g− 1, significantly exceeding that of the Co-based analogue. 
Among the tested isotherms, the Temkin model provides the best fit 
(R2 = 0.9671), suggesting that adsorbent–adsorbate interactions and 

variations in adsorption energy play a more dominant role in this sys
tem. The corresponding Temkin constant BT (3.304 J mol− 1) is markedly 
higher than that of the CoFe2O4-based material, indicating stronger in
teractions between MB molecules and the NiFe2O4 composite. The 
Langmuir and Freundlich models also correlate reasonably well 

Fig. 8. Plot of the adsorption capacity of MB by CoFe2O4/modified-montmorillonite (a) and NiFe2O4/modified-montmorillonite (b), as a function of time, together 
with kinetic models fitting.

Table 4 
Adsorption kinetic rate constants for different applied mechanism models for the adsorption of MB by montmorillonite-based composite systems.

Samples Experimental data Kinetic modelsa

Pseudo-first order Pseudo-second order

qe,exp (mg•g− 1) qe (mg⋅g− 1) k1 (min− 1) R2 qe (mg⋅g− 1) k2 (g mg− 1 min− 1) R2

CoFe2O4/modified-montmorillonite 4.74 4.51 0.0043 0.9243 5.10 0.00107 0.9642
NiFe2O4/modified-montmorillonite 8.29 7.98 0.0314 0.9931 8.36 0.0089 0.9992

a Note: See Eq. (3) and Eq. (4).

Fig. 9. Plot showing the adsorption capacities of CoFe2O4/modified-montmorillonite (a) and NiFe2O4/modified-montmorillonite (b), as a function of different MB 
equilibrium concentrations, together with isotherm models fitting.

Table 5 
Isotherm equilibrium constants for different applied fitting models relative to the adsorption of MB by montmorillonite-based composite systems.

Samples Adsorption modelsa

Langmuir Freundlich Temkin

qm (mg⋅g− 1) kL (L⋅mg− 1) R2 RL 1/n kF (L⋅g− 1) R2 BT (J⋅mol− 1) kT (L⋅mg− 1) R2

CoFe2O4/modified-montmorillonite 8.459 0.1914 0.9492 0.297 0.5499 1.617 0.8669 1.853 1.899 0.9422
NiFe2O4/modified-montmorillonite 13.44 0.2393 0.9603 0.253 0.6152 2.569 0.8735 3.304 1.844 0.9671

a Note: See Eqs. (5)–(8).
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(R2 = 0.9603 and 0.8735, respectively), with the Freundlich 1/n value 
of 0.6152, further confirming a favorable, though heterogeneous, 
adsorption process. The overall results suggest that the NiFe2O4-modi
fied composite follows a mixed adsorption mechanism, characterized by 
both monolayer formation and energetically variable adsorption sites, 
with a more pronounced interaction energy profile than the Co- 
containing system.

Taken together, these findings show that both composites exhibit 
favorable MB adsorption, with slightly different surface behaviors. In 
particular, the CoFe2O4/modified-montmorillonite system is more 
consistent with Langmuir-type monolayer adsorption, while NiFe2O4/ 
modified-montmorillonite displays an adsorption process better repre
sented by the Temkin model, indicating stronger dye–surface in
teractions and a more energetically heterogeneous adsorption 
environment.

To confirm the favorability of the adsorption process, the dimen
sionless separation factor (RL) was calculated using Eq. (6). The values 
obtained were 0.297 for the CoFe2O4-based composite and 0.253 for the 
NiFe2O4 analogue. Both values are between 0 and 1, thus indicating 
quantitative evidence of a favorable adsorption of MB on these magnetic 
hybrid substrates and indicating a strong affinity between the dye 
molecules and the functionalized organoclay surface.

As highlighted in the comparative analysis presented in Table 6 [44,
80–83], the maximum adsorption capacities (qm) obtained in this study 
(8.46 and 13.44 mg g− 1) are significantly higher than those reported for 
similar pristine ferrite systems synthesized via simpler routes, such as 
the grinding method (1.9–3.6 mg g− 1). While some literature reports, 
often involving complex bio-polymeric composites (i.e., 
chitosan-blended, starch) [84] or specific alkaline conditions (e.g., pH 
10), show higher absolute uptake values. It is important to emphasize 
that the materials developed in this work achieve competitive perfor
mance under neutral conditions (pH 7), which is more representative of 
realistic wastewater scenarios, within a robust sol-gel framework. This 
specific architecture prioritizes structural stability and magnetic recov
erability, ensuring that the functional sites remain anchored without the 
leaching issues that are typical in surfactant-rich or purely physically 
blended systems. Furthermore, this stable host matrix facilitated a 
distinct differentiation between the performance of CoFe2O4 and 
NiFe2O4, revealing fundamentally different adsorption mechanisms (i.e., 
Langmuir vs. Temkin). This distinction provides deeper insight into how 
the specific choice of the magnetic spinel filler influences the surface 
energy distribution and the overall behavior of hybrid network.

4. Conclusions

In the present study, magnetic ferrite/organoclay composite systems 
were prepared by introducing either CoFe2O4 or NiFe2O4 magnetic 
particles through intercalation into an organically modified montmo
rillonite clay functionalized by two alkoxysilanes. The effectiveness of 
the synthesis of these magnetic composites was monitored by means of 
many physicochemical (ATR-FTIR spectroscopy), morphological (SEM), 
structural (XRPD, BET isotherms), and magnetic (VSM) characterization 
techniques. Lastly, both pristine magnetic ferrites and ferrite/organo
clay composites were tested as sorbents for the removal of Methylene 
Blue (MB) dye from an aqueous matrix. Experimental and model- 
predicted results demonstrated that. 

• Pristine CoFe2O4 and NiFe2O4 exhibited a MB removal efficiency 
(adsorption capacity) of 33.7% (3.58 mg g− 1) and 27.6% 
(2.93 mg g− 1), respectively. Interestingly, CoFe2O4/modified-mont
morillonite and NiFe2O4/modified-montmorillonite composites 
exhibited an enhanced adsorption behavior, achieving an MB 
removal efficiency (adsorption capacity) of 50.6% (4.73 mg g− 1) and 
88.5% (8.29 mg g− 1), respectively.

• In kinetic studies that were carried out on both CoFe2O4/modified- 
montmorillonite and NiFe2O4/modified-montmorillonite compos
ites, the MB adsorption is governed by a kinetic mechanism consis
tent with both pseudo-first-order (PFO) and pseudo-second-order 
(PSO) behaviors, thus suggesting the involvement of both weak and 
strong interactions (chemisorption) between the dye molecules and 
the available active sites, with a prevalence of the pseudo-second- 
order model, characterized by a rate-controlling step associated 
with surface interactions.

• In equilibrium adsorption isotherm studies, the behavior of 
CoFe2O4/modified-montmorillonite composite (theoretical 
maximum adsorption capacity (qm) of 8.46 mg g− 1) is more accu
rately described by the Langmuir model, suggesting a tendency to
ward a monolayer coverage on relatively uniform active sites, 
whereas the behavior of NiFe2O4/modified-montmorillonite com
posite (qm value of 13.44 mg g− 1) seems better characterized by the 
Temkin model, suggesting that adsorbent–adsorbate interactions and 
adsorption energy play a more dominant role in the adsorption 
mechanism.

In conclusion, this work demonstrates that the rational design of a 

Table 6 
Comparison of the performances of different developed ferrite-based adsorbent systems.

Functional materials Synthesis approach Experimental conditions Starting MB 
conc. 
(mg⋅L− 1)

Theoretical maximum adsorption 
capacity (qm) (mg⋅g− 1)

Ref.

ZnFe2O4 Grinding method pH 7, 0.1 g of adsorbent and 100 mL of 
MB

10–100 3.6 [80]

CoFe2O4 Grinding method pH 7, 0.1 g of adsorbent and 100 mL of 
MB

10–100 1.9 [80]

Montmorillonite/NiFe2O4@amine- 
functionalized chitosan composite

Blending pH 7, 0.05 g of adsorbent, 50 mL of MB, 
and temperature (25–60 ◦C)

25 137 [81]

Montmorillonite/CoFe2O4 and 
Montmorillonite/starch/CoFe2O4

Co-precipitation 
method

pH (2–10), time (10–50 min), composite 
concentration (0.6–1.4 g L− 1), and 
temperature (25–45 ◦C)

5–25 Montmorillonite/CoFe2O4: 36.91 
and Montmorillonite/starch/ 
CoFe2O4: 43.95

[44]

CoFe2O4@Kaolinite Co-precipitation 
method

pH (2–10), adsorbent dose 
(0.2–1.2 g L− 1), and temperature 
(25–55 ◦C)

10–500 175.28 (at pH 10) [82]

Fe3O4/kaolinite (the obtained samples are 
labelled as KAFE-x, where x is the mass 
percentage of Fe3O4)

Solid state reaction 
method

pH (2–10), 0.05 g of adsorbent and 
20 mL of MB

25–400 KAFE-7: 42.3 
KAFE-30: 14.3

[83]

CoFe2O4/modified-montmorillonite Sol-gel and 
ultrasound 
intercalation

pH 7, 0.01 g of adsorbent and 20 mL of 
MB

1–15 8.46 This 
work

NiFe2O4/modified-montmorillonite Sol-gel and 
ultrasound 
intercalation

pH 7, 0.01 g of adsorbent and 20 mL of 
MB

1–15 13.44 This 
work

G. Rando et al.                                                                                                                                                                                                                                  Ceramics International 52 (2026) 38807–38821 

38818 



covalent sol-gel network is a viable strategy to integrate magnetic fer
rites into clay structures. The novelty lies not merely in the adsorption 
capacity, but in the creation of a chemically stable and magnetically 
responsive platform where the choice of the spinel ferrite allows for the 
tuning of the adsorption mechanism, moving from monolayer coverage 
to energy-distributed interactions. Although the maximum adsorption 
capacities are lower than those reported for some surfactant-rich sys
tems, the developed composites offer superior practical competitiveness 
due to their structural integrity, which prevents the leaching of organic 
modifiers, and their good magnetic responsive nature, which facilitates 
rapid and low-cost recovery from treated water.

These very interesting and promising adsorption results, coupled 
with the intrinsic magnetic properties shown by these composite ma
terials, clearly suggested the potential application of these sorbing sys
tems in environmental remediation processes involving the bonification 
of contaminated aqueous media. Moreover, although the kinetic and 
isotherm models point toward a mechanism dominated by surface in
teractions and chemisorption phenomena, additional spectroscopic 
studies, such as post-adsorption XPS, could be carried out in future work 
to provide direct evidence of the chemical linkages and coordination 
environments between the dye molecules and the hybrid sol-gel matrix. 
Furthermore, while the magnetic properties of the composites were 
successfully demonstrated, additional experimental tests are required to 
optimize the regeneration protocols (e.g., using specific matrices or pH 
adjustments) and to evaluate the retention of adsorption capacity over 
multiple cycles. The high structural stability of the sol-gel framework 
presented here provides a promising foundation for these future reus
ability tests. Therefore, future developments of this work will focus on 
evaluating the preservation of the adsorption performance of the mag
netic ferrite/organoclay composites over multiple adsorp
tion–desorption cycles, to assess their reusability, structural stability, 
and long-term effectiveness as sustainable and magnetically recoverable 
sorbents for water remediation applications.
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[24] R. Nisticò, R. Mantovan, M. Cantoni, C. Rinaldi, M. Malandrino, S. Mostoni, 
M. D'Arienzo, B. Di Credico, R. Scotti, Hydrothermal synthesis of Cu-substituted Ni 
ferrites: structural, morphological, and magnetic properties, J. Alloys Compd. 981 
(2024) 173628, https://doi.org/10.1016/j.jallcom.2024.173628.

[25] S.F. Rafie, N. Abu-Zahra, M. Sillanpaa, A comprehensive review of spinel ferrites 
and their magnetic composites as highly efficient adsorbents of rare earth 
elements, Emerging Contam. 11 (2025) 100429, https://doi.org/10.1016/j. 
emcon.2024.100429.

[26] M. Wang, X. You, Critical review of magnetic polysaccharide-based adsorbents for 
water treatment: synthesis, application and regeneration, J. Clean. Prod. 323 
(2021) 129118, https://doi.org/10.1016/j.jclepro.2021.129118.

[27] B. Junlu, H. Pengfei, Z. JunJie, Z. Xiaojun, L. Peipei, Preparation of a separable 
composite of Fe3O4@SiO2@MnO2 magnetic submicrospheres as an efficient 
adsorbent for the highly sensitive determination of tetracyclines in aquatic 
products, Microchem. J. 212 (2025) 113453, https://doi.org/10.1016/j. 
microc.2025.113453.
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ferrites as Pt-free catalysts for hydrogen evolution from water photo-electrolysis, 
Dalton Trans. 55 (2026) 4584–4600, https://doi.org/10.1039/D5DT03018H.

[50] H. Moussout, H. Ahlafi, M. Aazza, H. Maghat, Critical of linear and nonlinear 
equations of pseudo-first order and pseudo-second order kinetic models, Karbala 
Int. J. Mod. Sci. 4 (2018) 244–254, https://doi.org/10.1016/j.kijoms.2018.04.001.

[51] S.K. Lagergren, About the theory of so-called adsorption of soluble substances, 
K. Sven. Vetenskapsakad. Handl. 24 (1898) 1–39.

[52] K.L. Yu, X.J. Lee, H.C. Ong, W.-H. Chen, J.-S. Chang, C.-S. Lin, P.L. Show, T.C. Ling, 
Adsorptive removal of cationic methylene blue and anionic Congo red dyes using 
wet-torrefied microalgal biochar: equilibrium, kinetic and mechanism modeling, 
Environ. Pollut. 272 (2021) 115986, https://doi.org/10.1016/j. 
envpol.2020.115986.

[53] I. Langmuir, The adsorption of gases on plane surfaces of glass, mica and platinum, 
J. Am. Chem. Soc. 40 (1918) 1361–1403, https://doi.org/10.1021/ja02242a004.

[54] H.M.F. Freundlich, Over the adsorption in solution, J. Phys. Chem. 57 (1906) 
1100–1107.
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[65] Z. Danková, A. Mockovčiaková, S. Dolinská, Influence of ultrasound irradiation on 
cadmium cations adsorption by montmorillonite, Desalination Water Treat. 52 
(2014) 5462–5469, https://doi.org/10.1080/19443994.2013.814006.

[66] V. Tobilko, L. Spasonova, I. Kovalchuk, B. Kornilovych, Y. Kholodko, Adsorption of 
uranium(VI) from aqueous solutions by amino-functionalized clay minerals, 
Colloid Interface Sci. 3 (2019) 41, https://doi.org/10.3390/colloids3010041.
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