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The increasing release of synthetic azo dyes into aquatic systems demands efficient, low-cost, and
sustainable remediation strategies. In this study, cobalt ferrite (CoFe,QO4) nanoparticles were synthesized
via the co-precipitation method and applied for the adsorption-assisted photocatalytic removal of
Reactive Orange 16 (RO16) dye. The nanoparticles exhibited a mesoporous morphology (average pore
diameter 13.32 nm; specific surface area 26.98 m? gfl) and a narrow optical band gap of 2.91 eV,
ensuring strong visible-light activity. Adsorption experiments revealed a maximum dye uptake of
112.3 mg g, with equilibrium data best fitting the Freundlich and Redlich—Peterson models, confirming
heterogeneous multilayer rate
mechanism, whereas thermodynamic parameters (AH = 51 kJ mol™; AG < 0) indicated that the process

adsorption. Kinetic modeling indicated a pseudo-second-order
is endothermic and spontaneous. Under visible irradiation, CoFe,O, NPs achieved up to 83.5%
photodegradation efficiency at pH 2, following pseudo-first-order kinetics. The integrated adsorption—
photocatalysis mechanism involved synergistic electrostatic, w—m, and hydroxyl radical interactions,
leading to effective decolorization and mineralization. Al-based Shapley Additive Explanations (SHAP) and
Principal Component Analysis (PCA) analyses validated experimental results, identifying contact time and
initial concentration as the dominant factors governing removal efficiency. Phytotoxicity and antibacterial
studies confirmed the eco-safe nature of CoFe,O4 NPs, with over 90% tomato seed germination and no
toxic bacterial response. This work presents a dual-functional, environmentally friendly nanomaterial
capable of coupling adsorption and photocatalysis for the sustainable removal of complex dye pollutants.

Introduction

Industrial development in any country plays a central role in
economic progress, but simultaneously escalates environ-
mental pollution, particularly water contamination.” Synthetic
dyes released by the textile, leather, paper, and plastic indus-
tries are considered among the most harmful and persistent.
Azo dyes are the most important and the largest class of
commercial dyes, and they represent almost 65-75% of all
products of textile dyes. They are chemically stable, water-
soluble, and difficult to degrade, making their removal from
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wastewater a big challenge.” An additional reason for concern
about azo dyes is the risk of exposure to potentially carcinogenic
aromatic amines, formed throughout the metabolic cleavage of
the azo linkage.* Reactive orange 16 (RO16) is usually utilized in
textile dyeing processes and owing to its complex aromatic
structure and resistance to biodegradation, it frequently
escapes conventional treatment methods. Its presence in
aquatic systems poses acute risks to both aesthetic and toxico-
logical aspects by obstructing light penetration, reducing di-
ssolved oxygen, and endangering aquatic organisms.
Furthermore, RO16 and its degradation byproducts, like
aromatic amines, have shown mutagenic, carcinogenic, and
allergenic effects in humans, raising public health issues.*

As the demand for wastewater treatment in a better and
more sustainable way rises around the world, it's important to
discover methods for removing dyes from water that are low-
cost and harmless for the environment. Even though tech-
niques such as coagulation, ozonation, and membrane filtra-
tion have been utilized to treat dye-laden waste, they undergo
from various limitations like clogging, time-consuming, and
high energy input.” Among these wastewater treatment tech-
nologies, adsorption,*® photocatalysis,’ and membrane
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processes™* are showing encouraging results. Among these,
adsorption is considered one of the most effective and
economical methods for dye removal due to its simplicity, high
efficiency, and ability to treat low-concentration pollutants. It
operates through the interaction between dye molecules and
the surface of an adsorbent, offering easy operation, reusability
of materials, and minimal formation of harmful by-products.
Photocatalytic oxidation, a water treatment process that
emerged in the 1970s, has attracted considerable attention due
to its potential for the efficient and sustainable removal of
pollutants from wastewater."”” The synergistic integration of
adsorption and photocatalysis, often referred to as adsorption-
assisted photocatalysis, has gained remarkable attention, as it
combines the high pollutant uptake capacity of adsorption with
the strong oxidative degradation ability of photocatalysis,
ensuring both efficient dye removal and complete mineraliza-
tion. The main advantages are that photocatalysis could be
carried out under ambient conditions, does not involve mass
transfer, and can also lead to total transformation of organic
carbon to CO,." However, the performance largely depends on
the nature and properties of the adsorbent material. Various
nanoparticles have been investigated for environmental reme-
diation due to the ease of changing their surface functionality
and their high surface-to-volume ratio for increased adsorption
capacity and efficiency. Nanosized metal oxides, such as
manganese oxides, aluminum oxides, magnesium oxides, and
cerium oxides, are thought to be capable of adsorbing dyes from
aqueous solutions. They have a number of advantages,
including high chemical stability, unsaturated surfaces, ease of
use, quick kinetics, and favorable dye adsorption in water and
wastewater. Currently, ferrites are well recognized in the area
of different types of wastewater treatment for pollutant removal
via adsorption and photodegradation. As these ferrites mostly
have high surface area to volume ration, excellent chemical
stability and ecofriendly nature. Among these, cobalt ferrite
(CoFe,0,) has attracted significant attention. CoFe,O, is
a spinel-structured magnetic nanomaterial characterized by
high thermal and chemical stability, ferromagnetic and a high
degree of surface functionalization potential.”* These properties
make it a good choice for environmental remediation proce-
dures. The magnetic nature allows for easy recovery of the
adsorbent after treatment using a simple external magnet,
addressing the separation limitations of conventional adsor-
bents. These NPs also exhibit strong light absorption and high
photostability, allowing effective degradation of organic dyes
under irradiation. Moreover, the synthesis of CoFe,O, nano-
particles is relatively straightforward and cost-effective,
involving co-precipitation methods that are scalable and
reproducible.

In recent years machine learning (ML) approaches have
emerged as powerful tools for analyzing adsorption processes.
Traditional kinetic and isotherm models provide mechanistic
insights but are often limited in capturing complex, nonlinear
interactions between multiple experimental variables such as
pH, contact time, temperature, adsorbent dose, and initial
concentration. Al-based models, particularly those using
explainable tools like SHAP (SHapley Additive exPlanations) and
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PCA (Principal Component Analysis), allow for deeper inter-
pretation of parameter influence and correlations. Such anal-
yses not only validate experimental findings but also help in
prioritizing parameters, identifying hidden patterns, and
improving process optimization for dye removal. Integrating Al-
based evaluation with experimental data strengthens the
predictive capacity of adsorption systems and supports the
development of scalable water treatment strategies.

Although CoFe,O, NPs have been extensively investigated for
dye removal, most previous studies have primarily focused on
either adsorption or photocatalysis, often neglecting the inte-
gration of both processes and their comprehensive evaluation.
The present study uniquely combines adsorptive-assisted pho-
tocatalysis with Al-driven data interpretation and eco-safety
validation, thereby bridging critical gaps in current research.
The synthesized CoFe,0, NPs exhibited excellent structural and
surface properties, showing high adsorption capacity (112.3 mg
¢~ ") and eco-safety, supporting their suitability for sustainable
azo dye remediation. Furthermore, Al-based modeling tools,
including SHAP, PCA, and correlation analysis, were employed
to interpret and predict the influence of key operational
parameters (pH, contact time, adsorbent dose, temperature,
and concentration) on dye removal efficiency. This dual exper-
imental computational framework not only validates the
adsorption performance of CoFe,O, NPs but also provides
mechanistic insight and predictive capability for process opti-
mization. By coupling adsorption with photocatalysis, the study
advances a synergistic adsorption-assisted photocatalytic
approach that enhances RO16 degradation efficiency while
ensuring process sustainability. Overall, this research estab-
lishes eco-safe and intelligent hybrid treatment strategy, inte-
grating adsorption, photocatalysis, and artificial intelligence to
achieve efficient and sustainable remediation of dye-
contaminated wastewater.

Materials and methods

Iron(m) chloride hexahydrate (FeCl;-6H,0), cobalt chloride di-
hydrate (CoCl,-2H,0), hydrochloric acid (HCl), and sodium
hydroxide (NaOH) were purchased from Dae-Jung Chemicals
and Metals Co. Ltd, Republic of Korea. Tomato seeds were
purchased from local market. Reactive orange 16 (99%) of
analytical grade was bought from Merck Germany. All the
reagents were employed without any further purification and
solutions were prepared in distilled water. A 1000 mg per L
stock solution of RO16 dye was prepared by dissolving 1 g of dye
in distilled water and then making up the total volume to 1 L.
The appropriate stock solution dilution with distilled water
leads to various dye solution concentrations.

Synthesis of cobalt ferrite (CoFe,0,4) nanoparticles

CoFe,0, NPs were synthesized by co-precipitation method."®
The stoichiometric amounts of 0.4 M ferric chloride hexahy-
drate (FeCl;-6H,0) and 0.2 M cobalt chloride hexahydrate
(CoCl,-6H,0) were each prepared separately in 20 mL of
distilled water, and the two solutions were then combined 1 M
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NaOH was added dropwise into the above solution as precipi-
tating agent, and it increased the pH of the solution up to 12.

The solution turned dark brown. To facilitate the formation
of precipitates, the mixture was stirred at 1000 rpm for 2 h at
70 °C. Afterwards, the precipitates were collected by centrifu-
gation at 6000 rpm, washed three times with distilled water, and
then dried in an oven at 100 °C for 2 h. Finally, the washed and
dried precipitates were calcined at 400 °C for 4 h in a muffle
furnace."”

CoFe,04 NPs characterization

The functional groups of the CoFe,O, NPs, and CoFe,O, NPs
adsorbed RO16 dye were identified using Fourier transform
infrared spectroscopy. Fourier Transform Infrared (FTIR)
spectra were recorded using a Bruker Alpha-2 spectrometer in
the spectral range of 4000-400 cm ™" with a resolution of 4 cm ™"
and 32 scans. The morphology of the CoFe,0, nanoparticles
(NPs) was investigated using a scanning electron microscope
(SEM). The surface morphology of the samples was examined
using scanning electron microscope. Prior to analysis, the
samples were finely powdered and mounted on aluminum
stubs using double-sided carbon adhesive tape. To improve
conductivity and prevent charging, the samples were sputter-
coated with a thin layer of gold under vacuum. The SEM
images were recorded at an accelerating voltage of 10-20 kv.
The surface area, pore size, and pore volume of the samples
were measured using Brunauer-Emmett-Teller (BET) analysis.
Nitrogen adsorption—-desorption measurements were per-
formed using a Micromeritics ASAP 2460 surface area and
porosity analyzer. Approximately 100 mg of sample was
degassed at 300 °C for 6 h prior to analysis to remove moisture
and impurities. The hydrodynamic size of the CoFe,O, NPs,
which represents the size of the NPs along with the surrounding
solvent layer, was measured using dynamic light scattering
(DLS). Zeta potential analysis afforded details of the stabiliza-
tion of CoFe,0, NPs measured at room temperature (RT; 25 °C)
on a Zeta sizer Nano ZSP (Malvern Instruments, Malvern, UK)
using ZETA SIZER software (8.02). For analysis, 1 mg of the
sample was dispersed in 10 mL of deionized water and ultra-
sonicated for 15 minutes to obtain a homogeneous suspension.
The suspension was transferred into a capillary cell, and
measurements were performed at neutral pH. Each sample was
analyzed in triplicate, and the average value was reported.

Batch adsorption experiment

The batch adsorption experiment was used to study the effi-
ciency of CoFe,0, NPs for RO16 dye removal. Various experi-
mental conditions were applied to obtain the optimal range of
adsorption. A known amount of CoFe,O, NPs was added to the
flasks containing RO16 dye solution (35 mL). These flasks were
agitated at a fixed shaking speed of 200 rpm in a temperature-
controlled orbital shaker at 35 °C. After reaching equilibrium,
the solution was separated from NPs through centrifugation.
Ultimately, the concentrations of residual RO16 dye were
determined by UV-Vis spectroscopy at Amax 496 nm. First
a reagent blank was processed in the same manner. The study
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investigated the impact of varying parameters, including
contact times ranging from 10 to 120 minutes, adsorbent dose
(ranging from 0.25 to 2 mg), pH levels (including 2, 6, 8, and 10),
and initial concentrations (ranging from 10 to 500 mg L™"). The
pH of the solution was adjusted by using 0.1 M HCl and 0.1 M
NaOH. The dye concentrations were measured using a UV-Vis
spectrophotometer at the wavelength of its maximum absor-
bance, Amnax Of 496 nm. Using the Beer-Lambert equation, the
final dye concentration was measured by a spectrophotometer
to correspond to the dye's maximum concentration. A pH meter
was used to determine the pH of the dye solution. Eqn (1) and
(2) were used to calculate the adsorption capacity (g.) and % dye
removal.

0

0= (%) <V )

Here, C, and C, in mg L™" are the initial dye concentration and
the dye concentration at time, V (mL) is the volume of the RO16
dye solution, and m (g) corresponds to the mass of the NPs. All
experiments were performed in triplicate to ensure reproduc-
ibility, and the error bars in the plots represent the standard
deviation of the measurements. A detailed study of adsorption
isotherms, kinetics, and thermodynamic analysis is provided in
the SI.

%R = (%) % 100 (1)

Photocatalytic degradation experiment

The photocatalytic activity of the synthesized CoFe,O, nano-
particles (NPs) was evaluated by monitoring the degradation of
RO16 dye under visible light irradiation. A known amount of
catalyst was added to a fixed volume of dye solution and stirred
in the dark for 30 minutes to attain adsorption-desorption
equilibrium. Afterward, the suspension was exposed to UV light
under continuous stirring. At specific time intervals, aliquots
were withdrawn, centrifuged to separate the photocatalyst, and
analyzed using a UV-Vis spectrophotometer to measure the
remaining dye concentration.

Active species trapping studies

Under similar conditions, the radical-trapping studies were like
those for RO16 photocatalytic degradation. Different scaven-
gers, including EDTA (ethylene diamine tetra-acetate) (h'-scav-
enger), silver nitrate (AgNOj;) (e -scavenger), and n-propyl
alcohol (-OH-scavenger). The study was conducted by adding
0.01 and 0.02 M of each scavenger to the dye solution before
adding the photocatalyst.

Al-based data analysis

The experimental adsorption data for RO16 dye removal using
CoFe,0, nanoparticles were analyzed using Python (version 3.9)
with scientific computing libraries including pandas, NumPy,
scikit-learn, SHAP, matplotlib, and seaborn. All computational
analyses were performed on the same workstation used for
previous modeling studies to maintain consistency in data

© 2026 The Author(s). Published by the Royal Society of Chemistry
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processing and visualization workflows. Prior to analysis, the
dataset was organized in tabular format and screened for
missing values and outliers. The experimental parameters
including solution pH, contact time, temperature, adsorbent
dosage, and initial dye concentration were used as input vari-
ables, while the percentage removal efficiency (% removal)
served as the response variable. To ensure comparable scaling
and improve model stability, input features were normalized
using standard feature scaling. A Gradient Boosting Regressor
(GBR) model implemented in the scikit-learn library was
employed to capture nonlinear relationships between opera-
tional parameters and adsorption performance. The dataset was
divided into training and validation subsets to evaluate model
reliability and prevent overfitting.

To interpret the machine learning model and quantify the
influence of individual experimental parameters, SHapley
Additive exPlanations (SHAP) analysis was conducted. SHAP
values enabled identification of both positive and negative
contributions of each variable to the adsorption efficiency,
providing interpretable insights into the relative importance
and interaction of operational parameters. Additionally, Prin-
cipal Component Analysis (PCA) was performed using the scikit-
learn library to reduce data dimensionality and identify
underlying patterns among experimental conditions. PCA
projections facilitated visualization of dominant trends and
clustering behavior within the adsorption dataset. To further
examine relationships among experimental variables, Pearson
correlation coefficients were calculated and visualized using
seaborn heatmaps, enabling rapid identification of linear
associations between parameters and adsorption performance.
The integration of machine learning modeling, SHAP inter-
pretability analysis, and multivariate statistical methods
provided a comprehensive computational framework to
complement experimental observations and improve under-
standing of the adsorption mechanism governing RO16 dye
removal using CoFe,O, nanoparticles.

Phototoxicity and antibacterial activity

Tomato seeds (20 seeds per Petri dish) were surface-sterilized by
immersing them in 70% ethanol for 1 min, followed by a 10 min
treatment with a 30% (v/v) solution of commercial bleach
(sodium hypochlorite, ~5-6% active chlorine), and then rinsed
thoroughly with distilled water. The sterilized seeds were
treated at 4 °C for 24 hours for cold stratification. All materials,
including Petri dishes, filter papers, forceps, and distilled water,
were sterilized by autoclaving. Treated and control solutions
were employed to check the phytotoxic effects on seed germi-
nation under controlled environment. The antibacterial
potential of the synthesized cobalt ferrite (CoFe,O,) NPs was
evaluated using the agar well diffusion method as described in
the literature.'® Pseudomonas aeruginosa PAO1 was selected as
the test microorganism. The bacterial strain was cultured in
Luria-Bertani (LB) broth and maintained on LB agar plates.
Fresh bacterial suspension equivalent to 0.5 McFarland stan-
dard (approximately 1 x 10® CFU mL ") was uniformly spread
on the surface of sterile LB agar plates using a sterile cotton
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swab. Wells of 6 mm diameter were punched aseptically into the
agar using a sterile cork borer, and 100 pL of nanoparticle
suspension (at predetermined concentration) was loaded into
each well. The plates were incubated at 37 °C for 24 hours.
Kanamycin (1 mg mL ") was used as positive control, while
sterile distilled water served as the negative control.

Results and discussions
CoFe,0,4 nanoparticles characterization

UV-visible spectra, Tauc plot, photoluminescence spectra,
and X-ray diffraction spectra. The UV-Vis absorption spectrum
of CoFe,0, NPs shown in Fig. 1a exhibits absorption band at
264 nm 452 nm and 759 nm, indicating electronic transitions
corresponding to metal-ligand charge transfer and d-d transi-
tions of Fe®>" and Co** ions. Tauc plot in Fig. 1b, which is derived
from the UV-Vis spectrum, is used to determine the optical
band gap of CoFe,O, NPs. The Tauc relation, (ahv)" = A(hv —
E,), where « is the absorption coefficient, v is photon energy,
and E, is the optical band gap, helps in estimating the band gap
energy. E, value depended on various factors, including lattice
strain, carrier concentration and crystallite size. By extrapo-
lating the linear region of the Tauc plot to the x-axis, the esti-
mated band gap of 2.91 eV was determined for CoFe,O, NPs. In
another study band gap energies of same material were
observed as 2.1 eV.” Fig. 1lc demonstrates the photo-
luminescence spectra (PL). An excitation wavelength of 325 nm
was chosen to efficiently excite a broad range of electronic states
and defect levels. Similar UV excitation wavelengths have been
employed in previous photoluminescence studies of ferrite
nanomaterials to generate strong emission signals for anal-
ysis.?*** The PL spectrum exhibits multiple emission peaks at
approximately 422 nm, 432 nm, 444 nm, 483 nm, 528 and
568 nm, indicating the existence of different energy states and
defect-related emissions within the NPs. The predominant peak
appears at 422 nm is the result of free electrons intensely
trapped at the holes generated by the photons in the oxygen
vacancies.”” The emission peaks observed at 432 nm and
444 nm correspond to near-band-edge emission, which is
associated with the recombination of excitons. The blue emis-
sion peak was observed at the 460 nm is attributed to the Fe**
transition in the ferrite sites.” Peaks at 528 nm and 568 nm are
typically attributed to deep-level or defect-related emissions,
which are often due to oxygen vacancies, interstitials, or other
surface states within the ferrite structure. The crystal structure
and phase purity of the as-synthesized CoFe,O, NPs were
investigated using XRD. The pattern, presented in Fig. 1d,
confirms the successful formation of the cubic spinel structure.
The main diffraction peaks observed at 26 values correspond to
the (220), (311), (222), (400), (422), and (511) crystal planes.
These characteristic reflections are consistent with the standard
powder diffraction data for cubic CoFe,O, nanoparticles
(NPs).>*

Brunauer-Emmett-Teller (BET) surface analysis of CoFe,0,
NPs. Each sample weighing 100 mg, underwent initial degass-
ing at 300 °C for 6 h to eliminate surface impurities and water.
Subsequently, the N, adsorption and desorption process was

RSC Adv, 2026, 16, 20658-20676 | 20661
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Fig.1 Characterization of CoFe,O4 nanoparticles (NPs): (a) UV-visible absorption spectra, (b) Tauc plot for determination of direct band gap, (c)

photoluminescence (PL) spectra, and (d) X-ray diffraction (XRD) pattern.

conducted at —196 °C using a physical adsorption analyzer, and
the sample's surface area was determined using the Brunauer—
Emmett-Teller (BET) theory. The total pore volume and pore
size distribution were determined using the Barrett-Joyner—
Halenda (BJH) algorithm. The isotherm exhibits a typical type
IV behavior with an H3 hysteresis loop, characteristic of meso-
porous materials.”® The adsorption and desorption curves
closely follow each other, suggesting uniform pore distribution.
The BET surface area of CoFe, O, NPs was calculated to be 26.98
m? ¢g~", while the total pore volume was 0.11 em® g, as shown
in Fig. 2a. Fig. 2b represents the Barrett-Joyner-Halenda (BJH)
pore size distribution, indicating an average pore diameter of
13.32 nm, further confirming the mesoporous nature of the
NPs. These porosity characteristics play a crucial role in the
adsorption performance of CoFe,O, NPs providing ample active
sites for dye molecule interactions.

FTIR spectra and hydrodynamic size of CoFe,0, NPs before
and after dye adsorption. FTIR spectra of CoFe,O, NPs before
and after the adsorption of RO16 dye provides insight into the
functional groups involved in the adsorption process are shown
in Fig. 3a and b. The spectrum before adsorption exhibits peaks
at 495 cm™ ', corresponding to stretching and bending vibra-
tions of the M-O bonds in tetrahedral and octahedral sites of
spinel ferrites.>® A broad peak around 3470 cm™ " is attributed to

20662 | RSC Adv, 2026, 16, 20658-20676

the O-H stretching vibration of hydroxyl groups, while a peak at
1640 cm ™' corresponds to H-O-H bending from adsorbed
water.”” These results are consistent with those reported in the
literature.”® After adsorption, noticeable changes are observed
in the FTIR spectrum. New peaks emerge in the 1000-1300 cm ™+
range, corresponding S=O stretching vibration confirming the
presence of sulfonate groups from the dye. The appearance of
peaks at 1400-1660 cm™ ' suggests the presence of C=C
stretching vibrations from the poly aromatic ring of RO16 dye.*
These spectral changes confirm the successful adsorption of
RO16 onto CoFe,0, NPs. Hydrodynamic size** of CoFe,0, NPs
before am dater RO16 dye adsorption is demonstrated in
Fig. 3c. It is observed that the CoFe,O, NPs exhibit hydrody-
namic size of 142 nm, and after adsorption of RO16 size slightly
increases to 210 nm. This value is relatively larger than particle
size calculated from SEM, which is attributed to several
contributing factors. DLS measures the hydrodynamic diam-
eter, which represents not only the core nanoparticle but also
includes the solvation layer and any surface-adsorbed ions or
molecules from the aqueous dispersion medium. Hence, the
solvent effect (due to water molecules and surface hydroxyl
groups forming a hydration shell) leads to an apparent increase
in particle size.*" Aggregation in suspension also contributes to
the larger DLS-measured size.**

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02108e

Open Access Article. Published on 21 April 2026. Downloaded on 5/6/2026 8:50:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

~
<
M

(—@— Adsorption
—®— Desorption

(@)

(] W - n -2
> < =] < =
M M M M M

Quantity Adsorbed (cm*/g STP)
=

=
M

0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Po)

0.0

*lg)

dV/dlog(D) Pore Volume (cm

View Article Online

RSC Advances

(b) I—O— dV/dlog(D) Pore Volume (cm“/g)|

0.032 4

o

;0
0.028 + 75 %0

.
7, 0%0.9-0—9—°
0.024 4 ’.
0.020 4 T
0.0164 O
20 40 60 80 100 120

Pore Diameter (A)

Fig. 2 Porous properties of CoFe,O4 NPs: (a) Brunauer—Emmett—Teller (BET) surface area analysis, and (b) pore size distribution.

1.8 1.0
a (b)
1.6 4 @) 0.9 4
1.4 1 0.8 4 1660 cm™
) 3790 cm™ 1640 cm™ 8 1578 cm™
§ ' £071 3391 cm"
£ 1328 cm! £ cm 1480 o
g 10 £ 0.6
= s
g - [ 1184 cm”
= 0.8+ 495 cm™ £ 054
2 B 03 1028 cm'
061 0.4 4
041 0.3+ 614 cm™
0.2 v x T T T v T T T T v T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (ecm™) Wavenumber (cm™)
250
(c) 210+ 17 nm
E 200+
=
Dot 143 £ 16 nm c
g S
£ 1504 g
= S
= 5 ;]
£ $ -
Z 1004 i ©
a 8 s
£ 2
3 B 3
50 4
0+

CoFe, O, NPs

Fig. 3 Structural and size analysis of CoFe,O4 NPs before and after RO16 dye adsorption: (a) FTIR spectra before adsorption, (b) FTIR spectra
after adsorption, and (c) hydrodynamic size distribution measured by DLS.

SEM analysis of CoFe,0, NPs before and after dye adsorp-
tion. Fig. 4a depicts the SEM image of CoFe,O, NPs showing
a agglomerated, nano-grained structure with irregular shapes.
The NPs were evenly distributed throughout the sample and
were nearly spherical in size. According to the findings of SEM
analysis, CoFe,0, particles have a non-uniform and heteroge-
neous morphology because of the magnetic force's agglomera-
tion.*® The particle size calculated by image J as shown in Fig. 4b
was 35 nm. In contrast, after dye adsorption in Fig. 4c, the NPs
appeared rougher surface morphology, indicating the deposi-
tion of dye molecules onto the adsorbent surface. These struc-
tural modifications suggest successful adsorption of dye onto

© 2026 The Author(s). Published by the Royal Society of Chemistry

CoFe,0,4 NPs. The particle size calculated was 62 nm as shown
in Fig. 4d. Confirmation of dye attachment was also confirmed
through FTIR as discussed above in Fig. 3b, where the appear-
ance of new peaks corresponding to dye functional groups was
observed.

Effect of adsorption parameters on dye removal

Effect of contact time, concentration of RO16 dye and
CoFe,0, NPs dose. The equilibrium time is essential when
considering economical water and wastewater applications, and
contact time is an important component in all transfer
phenomena for the adsorption process.* Adsorption process

RSC Adv, 2026, 16, 20658-20676 | 20663
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was studied as shown in Fig. 5a to establish the best contact
time between 0 and 120 min. The results showed that RO16
removal increases at the beginning of the process with an
increase in contact time, reaching equilibrium at 60 min. The
uptake of RO16 was observed to occur in two phases as a func-
tion of time. The first phase involved fast dye uptake during the
first 20 min of adsorbate-adsorbent interactions, followed by
a slow dye removal phase that lasted significantly longer (60
min) until equilibrium was reached. The higher % removal of
RO16 dye at the start of the process could be owing to the
abundance of active sites on the sorbent at this time. The %
removal becomes less efficient during the slower phase as these
sites are gradually occupied. Kumar and Gayathri reported that
the adsorption efficiency of ZnO-NPs increases with contact
time due to the availability of more active surface sites for dye
binding, supporting our findings.** Fig. 5b findings indicate
that the % removal of RO16 dye molecules decreases from 76 to
35% as the adsorbate concentration increases from 10 to
500 mg L~ ". This trend suggests that at lower concentrations,
dye molecules have abundant adsorption sites on the CoFe,0,
NPs, enabling the effective removal of the dye from the solution.
At higher RO16 concentrations, these molecules saturate the
active binding sites of the NPs.** However, the adsorption
capacity (g.) increases because a higher concentration gradient
enhances mass transfer, leading to greater dye uptake per unit
mass of the adsorbent.** The effect of CoFe,0, NPs dose was

20664 | RSC Adv, 2026, 16, 20658-20676

studied in the range of 0.25 to 2 mg mL ™" at solution pH,
ambient temperature and initial concentration of 20 mg L™ " as
shown in Fig. 5c. Results revealed that the RO16 dye removal
increases from 49 to 90% with an incremental rise in the NPs
dose from 0.25 to 2 mg mL™". This is due to increase in surface
area and availability of greater number of free adsorption sites
on surface of NPs.>**” Similar kinds of trends have been re-
ported in literature for RO16 dye using TiO, nanocomposites®®
and cobalt ferrite NPs.*® On other side adsorption capacity of
NPs decreases from 39 to 8 mg g~ . One possible explanation for
this decrease in adsorption capacity with dose is the over-
lapping of active moieties, which reduces the surface area
available for binding.*

Effect of temperature, surface charge, and pH. The effect of
variable temperatures on the removal of RO16 by CoFe,O, NPs
was studied and displayed in Fig. 6a. The temperature was
varied at 25, 30, 35, 40, and 45 °C, with a constant absorbent
dose of 1 mg mL™", a constant solution pH, and a constant
initial concentration of adsorbate (20 mg L™"). The removal of
RO16 dye onto the NPs was increased from 61.2 to 84.9% with
rise in temperature from 25 to 45 °C because increasing
temperature provide enough kinetic energy to RO16 dye mole-
cules to undergo an interaction with surfaces sites at the surface
of NPs.** Moreover, elevated temperatures can induce a swelling
effect within the internal structure of the adsorbent, allowing
deeper penetration of dye molecules. Two possible mechanisms

© 2026 The Author(s). Published by the Royal Society of Chemistry
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may explain this phenomenon: (i) expansion of the pore
diameters of CoFe,0, NPs, and (ii) breakage of internal bonds,
such as hydrogen bonds between dye molecules and hydroxyl
groups on the adsorbent surface, leading to the generation of
additional active adsorption sites.** pH of the solution directly
impacts the surface charge of the adsorbent and the extent of
ionization of the adsorbate molecules. The zeta potential anal-
ysis of CoFe,O4 NPs in Fig. 6b demonstrates that the surface
charge is strongly influenced by the pH of the medium. The zeta
potential gradually decreases from positive to negative values as
pH increases, and the point of zero charge (PZC) was observed
at pH = 3.3. Below this pH, the NPs surface is positively
charged, which promotes electrostatic attraction with anionic
dye molecules. Above the PZC, the surface becomes negatively
charged, resulting in increased electrostatic repulsion. This
behavior correlates well with the pH-dependent dye removal
results as shown in Fig. 6¢ where the highest removal efficiency
was observed at pH 2, followed by a gradual decline as pH
increased to 10. The enhanced adsorption at acidic pH is
attributed to the strong electrostatic interaction between the
positively charged CoFe,0, surface and negatively charged dye
anions. Similar pH-dependent trends have been reported in
previous studies, supporting that electrostatic forces dominate

© 2026 The Author(s). Published by the Royal Society of Chemistry

the adsorption mechanism of anionic dyes onto metal oxide
nanoadsorbents.*

Equilibrium adsorption isotherm models

The equilibrium isotherm represents the relationship between
the amount of adsorbate adsorbed per unit mass of adsorbent
(g.) and the equilibrium concentration of the adsorbate in the
liquid phase (C.). For the design and optimization of an
adsorption system for the removal of dye from an aqueous
solution, equilibrium isothermal data are necessary. The data
for RO16 dye on CoFe,0, NPs was evaluated using Freundlich,*
Redlich Peterson, Langmuir and Temkin isotherm models and
the results of parameters and constants were calculated and
shown in Table 1 while the corresponding figures are provided
in the SI as Fig. S1. Results revealed that the adsorption of RO16
by CoFe,0, NPs was better fit in order of Freundlich > Redlich
Peterson > Langmuir > Temkin in view of correlation coefficient
(R*) as shown in Fig. S1a-d. Ky and 1/n were found to be 4.7 mg
¢ ' and 0.58, which shows favorability of CoFe,0, NPs for RO16
adsorption. When 1/n equals 1, the adsorption is linear, and the
concentration of dye particles has no effect on the two stages.*
The Redlich-Peterson model exhibited good fit to the

RSC Adv, 2026, 16, 20658-20676 | 20665


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02108e

Open Access Article. Published on 21 April 2026. Downloaded on 5/6/2026 8:50:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
25+ =100
a25°c [Ellq30c EMq¥'C [(2) b)r
q.40°C q45°C 109 |
20 4 99R 25°C{Z7] %R 20°C IR 96 R 35°C L 80
99R40°Cf ] %R &C s
a i gl , = Eo
ch -
5 g
~= :: o 8_101
= 10+ ; ilL40 o S
o
,: -
g 20 N 204 ¥ .
:
q
04 A L0 20 . . . . .
0 2 4 6 8 10 12
Time (min) pH
100
(©)
80 4
= 91
-
=]
g
o 40 1
B
20 4
ol

10 20 30 40 50 60
Time (min)

Fig.6 (a) Effect of temperature (dose =1 mg g~ Co =20 mg L% solution pH, contact time = 60 min), (b) pH influence on nanoparticle surface
charge, (c) effect of different pH (dose =1 mg g%, Co = 20 mg L™, T = 298.15 K, contact time = 60 min).

Table 1 Values of various adsorption parameters and error function for the removal of RO16 dye by CoFe,O4 NPs

Isotherms Parameters Values EABS x’ APE Hybrid
Freundlich K¢ (mg g7) (L mg™1)"/" 4.7 30.42 2.69 7.39 11.09
1/n 0.58
R 0.995
Redlich-Peterson model Kg (L mg™) 4.8 27.15 5.13 17.50 34.99
0.4
R 0.994
Langmuir Gexp (Mg g™ 71.0 119.68 49.98 20.16 30.24
Gmax (Mg g~") 84.0
K, (L mg™) 0.03
R, 0.2
R 0.985
Temkin B(mgg™) 746.1 1028.10 267.98 401.97 68.25
B =RT/br (mgg ") 26.8
In(Aq) 1.22
Ap (Lmg ™) 3.38
R 0.866
experimental data, with a high correlation coefficient (R*> = monolayer adsorption predicted by the Langmuir isotherm,

0.990). The calculated model parameters were Ky equal to 4.8 where g = 1 indicates Langmuir-type behavior and g = 0 corre-
and g is equal to 0.4. g reflects the deviation from ideal sponds to Henry's law. Values of g between 0 and 1 suggest

20666 | RSC Adv, 2026, 16, 20658-20676 © 2026 The Author(s). Published by the Royal Society of Chemistry
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heterogeneous adsorption similar to the Freundlich isotherm.**
The obtained g value of 0.4 lies well within this range, indicating
that the adsorption process follows Freundlich-type behavior,
consistent with multilayer adsorption on a heterogeneous
surface. The results obtained using the Langmuir isotherm
showed correlation coefficient R> = 0.985. In addition, Lang-
muir constant (K,), which is related to the heat of adsorption,
was found to be 0.03. The dimensionless separation factor (Ry),
used to predict the affinity between the adsorbate and the
adsorbent using Langmuir parameters was 0.20 which shows
adsorption of RO16 was favorable. Temkin model with R? value
of 0.866 is less fit among all these models. A similar fitting
result was obtained for the various adsorbent-pollutant
systems. >34

Equilibrium kinetics and thermodynamic analysis. The
adsorption kinetics of RO16 dye removal employing CoFe,O,
NPs were investigated. The plots of PFO, PSO and IPD kinetic
models are presented in SI in Fig. S2 and the respective
parameters and constant are listed in Table 2. The PFO model
showed relatively good fitting at lower concentrations R*> =
0.997 but deviated at higher concentrations due to the differ-
ence between experimental and calculated adsorption capac-
ities. The PSO model generally provided a better description of
the adsorption kinetics at intermediate concentrations (50 and
100 mg L™ 1), R* = 0.997 and 0.995, respectively, suggesting that
chemisorption involving electron sharing or exchange may
govern the adsorption process. The intraparticle diffusion
model exhibited multi-linearity, indicating that adsorption was
controlled by more than one step. At higher concentrations, the
intercept I increased significantly, suggesting a greater contri-
bution of boundary layer diffusion along with intraparticle
diffusion in controlling the rate of adsorption. Overall, the
kinetic study suggests that the adsorption of RO16 onto
CoFe,0,4 NPs proceeds mainly through a pseudo-second-order
mechanism, with both surface adsorption and intraparticle
diffusion playing significant roles in the overall process.

The thermodynamic parameters including change in
enthalpy (AH) and entropy (AS) were computed from van't Hoff
plot for RO16 removal by CoFe,0, NPs with rise in temperature
at equilibrium time, i.e., 60 min, shown in Fig. S2d (SI). The

View Article Online
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values of all parameters are given in Table 3. The positive sign of
AH (51 k] mol™") confirms that the adsorption process is
endothermic in nature.*” Since this enthalpy change lies in the
intermediate range as commonly shown by physisorption, it
infers that the interaction between the adsorbent and the dye
molecules is mostly physical in nature and not chemical. A
study shows that if AH value less than 80 k] mol ' then it is
physisorption and greater the 80 k] mol " is chemisorption.*
Additionally, the positive sign of AS indicates an increase in the
randomness or disorder at the solid solution interface during
the process of adsorption. The distribution coefficient (Ky)
increased with temperature, indicating enhanced adsorption
capacity at elevated temperatures.

Error function to find most appropriate isotherm model.
The adsorption equilibrium data were fitted to four isotherm
models Freundlich, Langmuir, Temkin and Redlich-Peterson,
and their suitability was assessed using statistical error func-
tions absolute error (EABS), chi-square (x?), average percentage
error (APE), and hybrid error function (HYBRID) and values are
given in Table 1. Among the tested models, the Redlich-Peter-
son model exhibited the lowest EABS (27.15) along with a low x>
(5.13), indicating good agreement between calculated and
experimental ¢g. values across the concentration range. The
Freundlich model also provided a good fit, with low error values
(EABS = 30.421, x> = 2.69, APE = 7.39%, HYBRID = 11.09%),
suggesting heterogeneous surface adsorption with multilayer
formation. In contrast, the Langmuir model showed relatively
higher errors, particularly at high equilibrium concentrations.
The Temkin and model produced the highest errors, indicating
poor representation of the experimental data. Overall, the error
analysis confirmed that the Redlich-Peterson and Freundlich
models best described the adsorption behavior in the present
system.

Photocatalytic degradation performance of CoFe,O, nano-
particles. To further assess the multifunctional nature of
CoFe,0,4 NPs due to their semiconducting nature, their photo-
catalytic degradation activity toward RO16 dye under visible
light irradiation was evaluated. Thus, CoFe,O, NPs shows dual
functionality, where it first adsorbs the RO16 dye molecules and
then effectively degrades them under light irradiation.

Table 2 Parameters and constants of PFO, PSO, and IPD kinetic models' fitness

Initial reactive orange 16 dye concentration (mg L")

Kinetic models Parameters 10mgL™! 20 mg L* 50 mg L7* 100 mg L™ 300 mg L*
PFO e exp (Mg g ) 7.58 14.12 29.83 39.91 106.34
e cal (Mg g™ 7.24 15.84 28.84 28.18 95.49
K; (min™") 0.00 0.04 0.06 0.06 0.00
R 0.997 0.940 0.990 0.929 0.984
PSO e exp (Mg g ) 7.58 14.12 29.83 39.91 106.34
e ca (Mg g™ ) 11.47 26.89 37.86 36.63 149.92
K, (g (mg " min™")) 2 %1077 7x10°* 1x107° 4x107° 2 x10°°
R 0.964 0.955 0.997 0.995 0.890
IPD I 2.03 2.70 14.10 25.40 28.80
Kaige (mg g~ min~"?) 0.18 0.39 0.58 0.50 2.42
R 0.972 0.993 0.865 0.900 0.973

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Thermodynamic parameters for RO16 removal by CoFe,O4 NPs
AG AS AH

Temp. (K) Kq (kJ mol ™) K "' mol™) (k] mol ™) R
CoFe,0,4 NPs 298.15 1.58 —8.60 0.20 51.0 0.984

303.15 1.94 —9.60

308.15 2.72 —10.60

313.15 3.77 —11.50

318.15 5.66 —12.80

Photocatalytic degradation of RO16 dye. The photocatalytic
degradation efficiency of CoFe,O, NPs was tested against RO16
dye. For this aqueous solution of RO16 dye with 100 mg L™"
concentration was treated with 1 mg mL~"' of CoFe,0, NPs
nanoparticles were added to the dye solution and stirred in
visible light for 60 minutes, an aliquot of 5 mL was taken after
10 minutes and then subjected to centrifugation at 3000 rpm for
5 min. Dye solution after centrifugation was subjected to the
UV-Vis spectral analysis to record the photo catalytic degrada-
tion of RO16 dye. Following eqn (3) was used to calculate the
photocatalytic degradation of RO16 dye.

Degradation(%) = (%) x 100 (3)

0

Optimization studies for RO16 dye degradation by CoFe,0,
NPs

Effect of pH. The pH of the solution is an important
parameter governing the nanoparticle dye interaction, followed
by its overall photocatalytic degradation efficiency.* Fig. 7
presents time-dependent UV-Visible spectra (a-c) and final
photocatalytic degradation efficiencies (d) under acidic (pH 2),
neutral (pH 6.5), and alkaline (pH 12) conditions. The spectra
(a—c) show a main absorption band around 490-500 nm, char-
acteristic of the RO16 dye's azo (-N=N-) chromophore and -
conjugated structure. Upon exposure to visible light, a rapid
and continuous decrease in the intensity of this band is
observed across all experiments, providing direct kinetic
evidence of chromophore cleavage and dye mineralization. The
highest degradation rate was observed under highly acidic
conditions (pH 2, Fig. 7a), due to favorable electrostatic inter-
action at given pH. NPs are positively charged in the acidic
medium, enabling promising interaction with the anionic dye
due to negatively charged sulfonate groups. At this pH, the Apax
showed an immediate shift and the absorbance dropped
quickly, indicating rapid structural changes and subsequent
cleavage of the azo bond. Conversely, the photocatalytic degra-
dation efficiency was considerably slower under pH 6.5 (Fig. 7b)
and alkaline pH 12 in (Fig. 7c), which can be attributed to the
lower interaction of anionic dye with negatively charged surface
NPs at given pH. Acidic medium also favors the RO16 molecules
to undergo protonation, alter its molecular configuration and
make the azo bond more vulnerable to nucleophilic attack by
reactive oxygen species. Fig. 7d demonstrates the overall
degradation efficiency of RO16, in various pH, with a maximum

20668 | RSC Adv, 2026, 16, 20658-20676

degradation efficiency of 83.5% was achieved at pH 2 after 60
minutes of irradiation. This efficiency sharply declined to 33.5%
at pH 6.5 and further to 21% in the highly alkaline medium of
pH 12. This clear trend suggests a strong pH-dependent
mechanism. It is noteworthy that, like pH-dependent
behavior, the photocatalyst dose also governs the availability
of surface-active sites and the generation of reactive species,
thereby directly influencing the overall photocatalytic degrada-
tion efficiency of RO16 under visible light irradiation.

Effect of photocatalyst dose. Fig. 8a and b displays the time-
dependent UV-Visible absorption spectra of RO16 solution at
photocatalyst doses of 0.5 g L™ " and 1.5 g L™, respectively. A
steady decline in the intensity of the absorption band centered
near 490-500 nm confirms the progressive degradation of the
dye upon exposure to light irradiation. Bar graph in Fig. 8c
summarizes the overall photocatalytic degradation efficiency,
which increased from 30.4% at 0.5 ¢ L™ " to 33.5% at 1.0 g L'
and reached 38.8% at 1.5 ¢ L™". An 8% increase in dye degra-
dation was observed, indicating that photocatalyst loading has
a minor effect. The slight enhancement arises from more active
sites and improved photon absorption, generating additional
reactive oxygen species. Similar results are provided in the
literature, which supports our findings.*

Effect of initial RO16 concentration and PFO kinetic model.
Fig. 9a shows the photocatalytic performance of CoFe,O, NPs
for various initial RO16 concentrations (10, 20, 50, 100, 200,
300, 400, and 500 mg L") at a fixed dose of 1 mg mL ™" and
neutral solution pH (6.5). A given number of NPs were added to
each dye solution, stirred for 60 minutes under visible light. The
highest photocatalytic degradation efficiency was observed at
a lower dye concentration of 96% for 10 mg L™". The degrada-
tion efficiency decreases continuously with initial RO16
concentration and reaches 13% for 500 mg L™ " dye concentra-
tion (Fig. 9b). Such a decrease in photocatalytic degradation
efficiency of NPs can be attributed to the blockage of the pho-
tocatalyst active sites.”®** Fig. 9b shows a decrease in overall
degradation efficiency from 96% at 10 mg L' to 13% at
500 mg L™ " after 60 minutes of irradiation. Fig. 9c, shows the
photocatalytic degradation mechanism follows pseudo-first-
order kinetics, confirmed by the linear relationship between
In(Cy/C;) and irradiation time. The corresponding kinetic
parameters are summarized in Table 4. The apparent rate
constant (K,pp) values plotted in Fig. 9d show a decreasing
reaction rate with increasing dye concentration, emphasizing
that higher dye loads result in significant light attenuation and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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lower generation of reactive species, thus slowing the overall
photocatalytic degradation rate.

Adsorption and photocatalytic degradation mechanism

The degradation of RO16 dye by CoFe,O, NPs involves a syner-
gistic adsorption-photocatalysis mechanism. The effectiveness
of an adsorption system is fundamentally tied to the physico-
chemical interactions between the adsorbate and the adsor-
bent. A comprehensive understanding of these interactions is
crucial for elucidating the underlying adsorption mechanism.
When pollutants are adsorbed onto ferrites, a variety of inter-
actions are involved, including hydrogen bonding, -7 inter-
actions, surface complexation, electrostatic interactions,
chemisorption, and ion exchange in an aqueous medium. Metal
oxides, such as CoFe,0,, develop a layer of surface hydroxyl
groups (~OH) through the reaction of water molecules with the
material's surface.

The adsorption of RO16 dye onto the CoFe,O4 NPs is driven
by a complex interplay of these interactions, as shown in
Fig. 10a. A predominant electrostatic attraction occurs between
the negatively charged RO16 dye anions and the positively
charged surface of the CoFe,O, NPs. In addition to electrostatic

© 2026 The Author(s). Published by the Royal Society of Chemistry

forces, the adsorption mechanism involves H-bonding interac-
tions between the surface hydroxyl groups of the NPs and the
aromatic rings of the RO16 dye. Furthermore, the - inter-
actions between the N=N azo group and the aromatic rings of
the RO16 dye with the d-orbitals of the NPs also contribute
significantly to the adsorption process. This intricate combi-
nation of electrostatic, hydrogen-bonding, and m—7 interactions
governs the adsorption of RO16 dye, underscoring the efficacy
of CoFe,0, NPs for dye removal. This adsorption step enhances
the local concentration of dye near the active sites, facilitating
efficient charge transfer during photocatalysis. Upon exposure
to visible light, as shown in Fig. 10b, the energy absorbed by the
material that excites electrons (e”) from the valence band (VB)
to the conduction band (CB) of the nanomaterial, which
possesses a narrow band gap (E, = 2.91 eV) calculated from the
Tauc equation mentioned in eqn (6). This charge separation
generates reactive positive holes (h*) in the valence band. The
photogenerated charge carriers then initiate the degradation via
redox reactions.?® The electrons in the conduction band, which
have a potential of —0.15 eV vs. NHE, react with dissolved
molecular oxygen (O,) to produce the superoxide radical anion
(0y7), a potent oxidizing species, as shown in eqn (4).
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ecg + 0, = -0y

(4)

The holes in the valence band, with a potential of 2.76 eV vs.
NHE, react with water (H,O) to generate the hydroxyl radical
(OH), as shown in eqn (5). The OH radical is the primary, non-
selective oxidant responsible for attacking the RO16 dye
molecule.

hyg” + H,O —» -OH + H* (5)

(6)

Collectively, the OH and O, radicals rapidly attack the RO16
molecule, leading to the efficient cleavage of the azo chromo-
phore, the formation of degraded intermediate products, and
ultimately, complete mineralization into carbon dioxide (CO,),
water (H,O), and mineral acids. The relative ease of charge
transfer and radical generation confirms the suitability of the
CoFe,0, photocatalyst for visible-light-driven degradation
applications. Adsorption process localizes dye molecules at the
photocatalyst surface, while photocatalysis promotes their
oxidative degradation, confirming the high efficiency of
CoFe,0,4 NPs for visible-light-driven dye removal.

(ahv)' = A(hv — E,)

20670 | RSC Adv, 2026, 16, 20658-20676

Scavenging studies

Fig. 10c illustrates the influence of different scavengers at
varying concentrations (0.01 and 0.02 M) on the photocatalytic
degradation of RO16 dye using cobalt ferrite nanoparticles. In
the presence of n-propanol ('OH scavenger), the degradation
efficiency significantly decreased to 63.1% (0.01 M) and 47.5%
(0.02 M), indicating the major role of hydroxyl radicals.*® For
AgNO; (electron scavenger), only a slight change was observed,
with efficiencies of 81.9% (0.01 M) and 88.1% (0.02 M). Such
a slight increase in degradation efficiency at higher AgNO;
concentration could be attributed to the involvement of silver
metal in photocatalytic activity.”* In contrast, EDTA (hole scav-
enger) reduced the degradation efficiency from 85% to 69.4% at
0.01 M and 0.02 M, respectively.>® These results confirm that the
degradation of RO16 dye primarily involves reactive species
generated by cobalt ferrite nanoparticles, particularly -OH
radicals and photogenerated holes.

The band energy position of cobalt ferrite nanoparticles was
calculated using Mulliken electronegativity theory, as shown in
eqn (7) and (8).*

Eyg = X — 0.5E, 7)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Pseudo-first-order kinetic parameters for RO16 degradation
by CoFe,O4 nanoparticles

Co (mg L) K; (min™1) R?

10 0.063 0.9
20 0.053 0.951
50 0.017 0.966
100 0.006 0.95
200 0.004 0.998
300 0.004 0.985
400 0.002 0.916
500 0.002 0.85

ECB = EVB - Eg (8)
where X is the absolute electronegativity, E, is the band gap
energy, and E. represents the energy of the conduction band (a
constant value of 4.5 eV on the hydrogen scale). The calculated
conduction and valence band positions of cobalt ferrite nano-
particles were —0.155 and 2.76 €V, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Al-based model and interpretation of adsorption parameters

To complement the experimental adsorption study, Al-based
models were employed to evaluate the relative importance,
interactions, and correlations among operational parameters
affecting RO16 dye removal by CoFe,04 NPs. These approaches
provided additional predictive insights beyond conventional
kinetic and isotherm analyses. The SHapely Additive explana-
tion (SHAP) summary plot (Fig. 11a) revealed that contact time
had the greatest influence on dye removal, followed by initial
concentration, pH, and adsorbent dose, while temperature
contributed comparatively less. This ranking is consistent with
batch adsorption experiments, where equilibrium time and
concentration critically governed removal efficiency. The SHAP
beeswarm plot (Fig. 11b) further illustrated that longer contact
times and higher adsorbent doses enhanced removal efficiency,
whereas alkaline pH values reduced adsorption, in agreement
with experimental findings that acidic conditions favor dye
uptake. The principal component analysis (PCA) in Fig. 11c
showed clear clustering of experimental conditions, with high-
removal cases grouping, confirming that low pH, longer
contact times, and moderate concentrations dominate adsorp-
tion efficiency. Meanwhile, the correlation heatmap (Fig. 11d)

RSC Adv, 2026, 16, 20658-20676 | 20671
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=30 mL, T =298.15K, time = 60 min).

demonstrated that contact time (r = 0.52) and adsorbent dose (r
= 0.24) correlated positively with % removal, while pH (r =
—0.41) and initial concentration (r = -—0.43) correlated
negatively.

Tomato seed germination and antibacterial study of
CoFe,0, NPs. The toxicity study, as shown in Fig. S3a (SI),
indicated that the tomato seed germination rate was higher
than 90% in both the control and CoFe,O, NPs alone groups,
which implies that CoFe,O, NPs are safe for seeds. In the NPs
treated group, germination was reduced to 71%, indicating
minor residual effects following dye adsorption but retaining
acceptable seed viability. Conversely, seeds treated with RO16
dye alone had a significant reduction to 32%, verifying the
intense phytotoxicity of the dye. In general, CoFe,O, NPs were
safe and efficient in lowering dye toxicity in water. The findings
of this study are consistent with previously reported results,
where exposure to various NPs showed minimal or no inhibitory
effects on tomato seed germination. Similar to the observations
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of Song et al. (2013).°® The CoFe,0, NPs used in the present
work did not cause any significant reduction in germination
percentage. This agreement further supports that certain metal
oxide NPs, including CoFe,O, NPs, exhibit low phytotoxicity
and can be considered environmentally safe for practical
applications such as wastewater treatment.””

While in the antibacterial study, as depicted in Fig. S3b, no
visible zone of inhibition was observed around the wells con-
taining CoFe,O, NPs, indicating no antibacterial activity®®
under the tested conditions. In contrast, the positive control
(kanamycin, 1 mg mL ") exhibited clear zones of inhibition
measuring approximately 0.7 cm, 1.0 cm, and 1.2 ¢cm in diam-
eter. The synthesized CoFe,O, NPs did not exhibit any observ-
able antibacterial activity against Pseudomonas aeruginosa PAO1
as determined by the agar well diffusion method. The absence
of a clear inhibition zone may be attributed to several factors,
including insufficient diffusion of NPs in the agar medium,
nanoparticle aggregation, or low intrinsic antibacterial proper-
ties of the tested ferrite compositions. P. aeruginosa is a Gram-
negative bacterium known for its robust outer membrane,
which may hinder the interaction of NPs with cellular targets. In
contrast, the positive control (kanamycin) showed clear anti-
bacterial activity, validating the assay. Our findings parallel
those of Sulaiman et al. (2021), who reported no observable
antibacterial activity of pure CoFe,O, NPs (sintered at 400 °C
and 600 °C) against Enterococcus faecium using the Kirby-Bauer
method, unless the NPs were combined with chlorhexidine.*
This supports our results and suggests that the absence of
activity may be due to both poor diffusion in agar and the low
intrinsic antimicrobial potential of ferrite NPs at 1 mg mL™".

Desorption efficiency of CoFe,O, NPs. A major characteristic
of an adsorbent is its capability to be regenerated and reused in
multiple desorption cycles. These factors considerably impact
the overall performance and cost of the adsorption process.* In
this study, the regeneration data are provided in the SI (Fig. S4),
and 0.1 M NaOH was employed as the desorbing agent to assess
the reusability of CoFe,O,4 nanoparticles. Initially, 50 mg of the
CoFe,0, nanoparticles were dispersed in 50 mL of RO16 dye
solution (20 mg L™"). The suspension was stirred at 200 rpm on
an orbital shaker for 60 minutes to ensure maximum adsorp-
tion. Following this, the dye-laden NPs were collected by
centrifugation and thoroughly rinsed with distilled water to
remove any loosely bound dye molecules. For the desorption
step, the used nanoparticles were immersed in 50 mL of 0.1 M
NaOH and agitated for another 60 minutes to facilitate dye
desorption. Afterward, the NaOH containing the released dye
was decanted, and the nanoparticles were once again washed
with distilled water to eliminate NaOH residues. The cleaned
particles were then dried at 60 °C for 1 hour to prepare them for
reuse. This process was repeated for up to five cycles using the
same batch of nanoparticles, allowing assessment of their
stability and regeneration potential over multiple uses. During
this % removal decrease from 90% to 72% after five cycles. So, it
can be said that the material is a useful adsorbent for treating
dye contaminated water.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

This study developed CoFe,O, NPs through a simple co-
precipitation method and demonstrated their remarkable effi-
ciency for the removal of RO16 dye via an integrated adsorp-
tion-photocatalysis mechanism. Structural and optical analyses
confirmed the formation of a mesoporous spinel nanomaterial
with an optimal band gap for visible-light activation. The
adsorption data followed the Freundlich and Redlich-Peterson
isotherms, while pseudo-second-order kinetics suggested
chemisorption involvement. Thermodynamic parameters
confirmed the endothermic and spontaneous nature of
adsorption. Under visible light, the NPs achieved rapid photo-
catalytic degradation through the generation of hydroxyl and
superoxide radicals, enabling efficient dye breakdown. AI-
assisted data analysis provided predictive insights, validating
experimental observations and ranking key parameters influ-
encing the adsorption efficiency. The eco-safety assessment
confirmed that the NPs exhibit negligible phytotoxic or cytotoxic
effects, supporting their environmental compatibility. Collec-
tively, these findings establish CoFe,0, NPs as a highly active,
stable, and environmentally sustainable nanomaterial capable

© 2026 The Author(s). Published by the Royal Society of Chemistry

of uniting adsorption and photocatalysis for effective treatment
of dye-contaminated wastewater.
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