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• CoFe2O4/Cu- and Ce-doped SnO2 nano-
composites for sonophotocatalytic 
mineralization. 

• The catalytic activity depends on the at. 
% of doping metal and the composition 
ratio. 

• Complete degradation of Rhodamine B 
in 5 min with the optimized catalyst 
composition. 

• Robust catalysts with structural stability 
and long-term reusability. 

• High mineralization rates for a multi- 
contaminated solution of organic 
pollutants.  
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A B S T R A C T   

The rampant upsurge of organic pollutants in aqueous media has become one of the major concerns nowadays. 
Finding non-specific catalysts that can target a wide range of organic pollutants is a key challenge. Eco-friendly 
oxidative radicals, such as promoted by peroxymonosulfate (PMS), are necessary for efficient water decontam-
ination. We propose a multicomponent composite catalyst for activating PMS using a dual strategy of sono-
photocatalysis. The composite integrates cobalt ferrite and Cu- or Ce-doped SnO2, with the at. % of doping metal 
and the mixture ratio carefully balanced. The top-performing architectures were able to decompose rhodamine B 
(20 ppm), a representative pollutant, in under 3 min and achieve over 70% mineralization in just 5 min. The 
synthesized nanocomposites demonstrated exceptional sonophotocatalytic performance, even when treating 
complex and diverse multipollutant solutions (80 ppm), achieving over 75% mineralization after 150 min. 
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Considering their high stability and reusability, the proposed CoFe2O4/Cu- and Ce-doped SnO2 materials are 
among the state-of-the-art heterogeneous catalysts for mineralizing organic pollutants through PMS activation.   

1. Introduction 

In recent decades, the discharge of emerging organic pollutants into 
the environment has become widespread. These pollutants originate 
from industrial, agricultural, and pharmaceutical activities. This has 
raised concerns due to their persistence, potential toxicity, and limited 
understanding of their long-term effects on aquatic ecosystems and 
human health (Gómez et al., 2022; Lee et al., 2016; Sayadi et al., 2019). 
Water pollution is a major problem in underdeveloped countries due to 
various factors, including inadequate sanitation infrastructure, lax 
environmental regulations, rapid urbanization and population growth, 
low awareness of proper waste management, and improper agricultural 
practices such as pesticide use (Kanakaraju et al., 2018; Serrà et al., 
2020a,b; S. M. Wang et al., 2023). Furthermore, traditional water 
treatment methods can be expensive and may not adequately address 
the persistent and diverse nature of these pollutants. To tackle the dif-
ficulties associated with emerging organic contaminants, cooperation 
among scientific, regulatory, and societal entities is necessary (Serrà 
et al., 2020a,b; Tayyab et al., 2023; Wang et al., 2022a,b, 2024). 

Advanced oxidation processes (AOPs) have gained significant 
attention due to their effectiveness in removing a wide range of pol-
lutants, including organic, inorganic, and biological compounds (Brillas 
et al., 2021; Brillas and Garcia-Segura, 2023; Sayadi et al., 2019; Tayyab 
et al., 2022). AOPs rely on the generation of highly reactive hydroxyl 
radicals (1.8–2.7 V vs NHE, half-life: 1 μs) that rapidly oxidize organic 
compounds, leading their complete mineralization into carbon dioxide, 
water, and inorganic salts. It is worth noting that peroxymonosulfate 
(PMS) has been identified as a promising eco-friendly method for pro-
ducing sulfate radicals in AOPs. These radicals have a potent oxidative 
power (2.5–3.1 V vs NHE) and a relatively longer half-life (30–40 μs) 
compared to hydroxyl radicals (Ni et al., 2022a; Pang et al., 2021; Qi 
et al., 2016; Wacławek et al., 2017; N. Wang et al., 2022a,b). Singlet 
oxygen, which is the dominant reactive oxygen species for oxidizing 
electron-rich organics through a nonradical pathway, is also formed by 
PMS activation (Giannakis et al., 2021; Yue et al., 2024). External fac-
tors, such as ultraviolet radiation, electrolysis, ultrasound, heating, or 
catalytic methods can trigger the activation of PMS (Bui et al., 2021; Ni 
et al., 2022b; Shang et al., 2023; Wacławek et al., 2017; W. Wang et al., 
2022a,b). Despite the promising results, practical implementation of this 
technology requires cost reduction, improved efficiency, and scalability 
(Fedorov et al., 2020; Rahimzadeh et al., 2020; Takdastan et al., 2018; 
Xu et al., 2020). Sonophotocatalysis is a process that combines 
ultrasound-induced acoustic cavitation and catalyst photoexcitation to 
increase radical concentration. This is achieved through a synergistic 
effect resulting from the reduced band-gap due to heightened temper-
ature and pressure from ultrasound, and improved charge carrier sep-
aration through internal electric field formation, which reduces 
recombination losses. Ultrasound-induced cavitation improves mass 
transfer between catalyst and liquid, maintains catalyst homogeneity, 
and cleans its surface (Bembibre et al., 2022; Diao et al., 2020). This dual 
strategy generates diverse highly reactive species, including sulfate and 
hydroxyl radicals, which significantly enhance its degradation potential 
(Barzegar et al., 2018; Rahimzadeh et al., 2020; Xu et al., 2020). 

Recent research has shown that cobalt-based nanostructures are 
effective catalysts for activating PMS and generating sulfate radicals (Du 
et al., 2016; Ni et al., 2022a). However, the instability and poor reus-
ability of most cobalt nanostructures hinder their efficiency and trigger 
the release of environmentally harmful Co(II), which poses ecological 
risks due to its toxicity (Han et al., 2024; Ma et al., 2023; Peng et al., 
2023; Yao et al., 2015). Cobalt ferrite (CoFe2O4) is a promising option 
due to its semiconductor nature, narrow band gap, remarkable 

optoelectronic properties, broad visible light absorption range, 
cost-effectiveness, photochemical stability, and inherent magnetic 
characteristics. These properties collectively enhance PMS activation for 
sulfate radical formation (Dai et al., 2023; Du et al., 2016; Xu et al., 
2019; Yang et al., 2018; Zhang et al., 2023). In addition, the charac-
teristics of magnetic nanoparticles make catalyst separation and reus-
ability easier, which effectively addresses a major challenge in 
heterogeneous catalysis. However, cobalt ferrite has limitations in terms 
of organic compound mineralization rates and sustained 
medium-to-long-term activity, which could restrict its applicability (Dai 
et al., 2023; Du et al., 2016; Sun et al., 2023). Research suggests that the 
catalytic activity for organic compound mineralization can be substan-
tially enhanced by combining tin oxide (SnO2), a semiconductor tran-
sition metal oxide, with other metal. This holds true for both purely 
photocatalytic processes and those reliant on PMS catalysis. This 
improvement arises from heightened charge separation, expanded light 
absorption range, and increased surface reactivity (Pang et al., 2021; S. 
Wang et al., 2023; Yang et al., 2023). 

This study presents a comprehensive investigation into the advanced 
degradation of organic pollutants using a novel approach: the sono-
photocatalytic heterogeneous activation of PMS facilitated by CoFe2O4/ 
Cu- and Ce-doped SnO2 nanocomposites. This work contributes to the 
fundamental understanding of the underlying mechanisms and in-
teractions involved in the complex system through a systematic explo-
ration of the synthesis, characterization, and catalytic performance of 
the developed nanocomposites. The results presented here hold signifi-
cant implications for the design and optimization of efficient and sus-
tainable technologies for environmental remediation. 

2. Experimental details 

2.1. Synthesis of Cu- and Ce-doped SnO2 particles 

SnO2, Cu-doped SnO2, and Ce-doped SnO2 nanoparticles were syn-
thesized via a sol-gel process involving supercritical drying of ethanol. 
The procedure began with dissolving 16 g of tin precursor (SnCl2. 6 H2O; 
98%) in 112 mL of methanol. Copper chloride [CuCl2, 99%] and cerium 
nitrate [Ce(NO3)3. 6 H2O, 98%] were then added in appropriate quan-
tities to achieve the desired copper and cerium doping concentrations 
(1, 3, and 5 at.%), respectively. The precursors were stirred until fully 
dissolved, resulting in a clear solution. The solution was then subjected 
to supercritical drying with ethanol to yield powdered aerogels. Finally, 
the samples underwent a 2-h calcination process at 500 ◦C. 

2.2. Synthesis of CoFe2O4 nanoparticles 

The synthesis of cobalt ferrite nanoparticles was achieved through a 
simple wet chemical co-precipitation method. In this standard proced-
ure, a 50 mL of 0.4 M iron (II) chloride solution was combined with a 50 
mL of 0.2 M cobalt chloride solution both prepared using Milli-Q water. 
the pH was then carefully monitored and adjusted to a pH level of 11–12 
by gradually adding 25 mL of a 3 M potassium hydroxide solution under 
vigorous stirring. The reaction medium was then heated to 80 ◦C and 
stirred mechanically for 30 min. Subsequently, oleic acid (8 mL) was 
added dropwise, and the mixture was further stirred for another 30 min 
under the same conditions. The resulting product was collected through 
magnetic sedimentation and cooled to room temperature. The nano-
particles were then rinsed with ethanol and distilled water to remove 
excess surfactant. The material was dried in air overnight at 100 ◦C, then 
ground into a fine powder and calcined at 400 ◦C for 1 h. 
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2.3. Synthesis of CoFe2O4/Cu- or Ce-doped SnO2 nanocomposite 

A sequential hydrothermal and calcination procedure was used to 
synthesize CoFe2O4/Cu- or Ce-doped SnO2 nanocomposites. The 
CoFe2O4 nanoparticles (100 mg) were combined with varying quantities 
of Cu- or Ce-doped SnO2 particles (100, 200 or 300 mg) in absolute 
ethanol (80 mL) following a general protocol. The resulting mixtures 
were sonicated for 2 h, maintaining a constant volume of 80 mL by 
adding absolute ethanol when necessary. Each suspension was then 
transferred to a Teflon-lined autoclave and heated at 60 ◦C for 12 h. The 
resulting precipitates were collected using an external magnet, washed 
multiple times with distilled water and ethanol, and then dried at 60 ◦C. 
Finally, the nanocomposite was formed by annealing the precipitates at 
280 ◦C for 2 h in a muffle furnace, resulting in a strong interaction be-
tween the cobalt ferrite and the doped tin oxide. 

2.4. Material characterization 

Several characterizations were performed to analyze the properties 
of the prepared samples. The microstructure was analyzed using X-ray 
diffraction (XRD) patterns obtained from a Bruker D8 Advance A 25 X- 
ray diffractometer equipped with a CuKα radiation source (1.54 Å) at 40 
kV. To evaluate the morphology of the nanopowders, Scanning Electron 
Microscopy (SEM) was conducted at 20 kV using FE-SEM JEOL J-7100 
instrument. N2-physisorption at 77 K with a pressure transducer was 
used to conduct Brunauer-Emmet-Teller (BET) surface area measure-
ments. The samples were degassed at 100 ◦C for 12 h under under 
vacuum prior to the N2 physisorption analyses. 

2.5. Catalytic experiments 

Rhodamine B (Rh–B) degradation and mineralization were assessed 
at pH 7. Independent experiments were conducted to evaluate the 
effectiveness of photolytic, sonolytic, sonophotolytic, photocatalytic, 
sonocatalytic and sonophotocatalytic remediation. A standard proced-
ure was followed, in which 50 mL of a 20 ppm Rh–B solution was sub-
jected to 80 min of illumination using a 1.6 W white LED strip (2.2 ×
10− 3 W cm− 2), sonication with a 40 kHz frequency and 100 W output 
power, or a combination of both. The experiments used a total catalyst 
amount of 50 mg. The catalyst was kept in contact with the polluted 
solution without PMS for 30 min in darkness to establish adsorption- 
desorption equilibrium. Prior to irradiation, 5 mL of a 2.5 mM PMS 
solution was added to the reactor. At predefined time intervals ranging 
from 0 to 80 min, 3 mL samples were extracted, subjected to UV–vis 
measurements, and subsequently reintroduced into the reaction me-
dium. Degradation and mineralization were quantified using Shimadzu 
Corporation’s UV-1800 UV–vis spectrophotometer and TOC-VCSH 
equipment, respectively. The TOC content reduction was measured to 
determine mineralization. The experiments were conducted in triplicate 
to ensure accuracy. The study evaluated the potential reusability of 
CoFe2O4/Cu- and Ce-doped SnO2 nanocomposite by quantifying the 
degradation and mineralization of fresh 20 ppm solutions through 15 
successive cycles in 80-min sonophotocatalytic experiments. The study 
investigated the mineralization performance of a multipollutant solu-
tion containing 20 ppm of each of rhodamine-B, tetracycline, methylene 
blue, and levofloxacin under sonophotocatalytic conditions using the 
two most effective catalysts. 

2.6. Stability of CoFe2O4/Cu- or Ce-doped SnO2 nanocomposites 

The stability of CoFe2O4/Cu- or Ce-doped SnO2 nanocomposites was 
assessed by conducting a procedure to determine the impact of exposure 
to light and ultrasound in the presence of PMS. on the dissolution and 
release of metallic ions. A 0.23 mM solution of PMS in Milli-Q water 
(total volume of 50 mL) and pH adjusted to 7, containing 50 mg of the 
two most effective catalysts, was continuously irradiated with visible 

light, facilitated by a 1.6 W white LED strip (2.2 × 10− 3 W cm− 2) and 
ultrasound irradiation with a frequency of 40 kHz and an output power 
of 100 W for 24 h. In the sonophotocorrosion experiments, we per-
formed multiple short cycles over a total duration of 24 h to prevent a 
significant temperature rise. After, the solution was subjected to 
centrifugation, adjusted to the initial 50 mL with Milli-Q water, and then 
filtered through a 0.22 μm syringe filter to determine the concentrations 
of iron, cobalt, tin, copper, and cerium ions. The concentration of 
metallic ions in solution was measured using inductively coupled 
plasma-mass spectrometry (ICP-MS). 

3. Results and discussion 

3.1. Characterization of Cu- and Ce-doped SnO2 nanoparticles 

Fig. 1a–b shows the X-ray diffraction spectra of pure SnO2, Ce-doped 
SnO2 and Cu-doped SnO2 nanopowders heat-treated at 500 ◦C for 2 h in 
air. The undoped SnO2 material exhibited diffraction peaks at 2θ values 
of 26.61◦, 34.11◦, 37.94◦, 52.03◦, 54.58◦, 58.29◦, 61.84◦, 65.68◦, 71.50◦

and 79.04◦, which are related to (110), (101), (111), (211), (220), (002), 
(310), (202), (320), and (321) planes, respectively. The peaks observed 
in the synthesized materials indicate a tetragonal rutile geometry, which 
is in accordance with the standard diffraction card N◦ 41–1445 (Babu 
et al., 2017). These same peaks were also observed in the Ce-doped and 
Cu-doped spectra. The absence of secondary phases, such as CeO2 or 
CuO, in the patterns indicates the purity of the synthesized samples and 
the successful incorporation of Ce and Cu ions into the SnO2 network. 
The sample doped with 3 at.% Ce exhibited broader peaks, indicating 
that Ce atoms limited the growth of larger crystallites, which is consis-
tent with prior research (Liu et al., 2012; Weber et al., 2004). The peaks 
recorded from the Cu-doped samples were more intense than those in 
pure and Ce-doped samples. The average crystallite sizes, determined 
using Scherrer’s formula, were 5 nm for SnO2, 7 nm for SnO2:Ce1%, 4 nm 
for SnO2:Ce3%, and 6 nm for SnO2:Ce5%. In contrast, the average crys-
tallite sizes of the Cu-doped SnO2 samples are as follows: 8 nm for SnO2: 
Cu1%, 6 nm for SnO2:Cu3%, and 9 nm for SnO2:Cu5%. 

The FE-SEM images presented in Fig. 1c–h depict the morphology 
and dimensions of undoped SnO2 and SnO2 doped with Ce or Cu. The 
undoped SnO2 particles were observed to have diverse shapes and sizes, 
with an approximate diameter of 1 μm. The introduction of cerium 
caused alterations in grain size and shape. Specifically, the 1 at. % and 3 
at. % Ce-doped samples exhibited regular and spherical grains 
measuring 1–2 μm, in contrast to the pure sample. The samples with a Ce 
concentration of 5 at. % exhibited an agglomeration phenomenon, 
resulting in larger irregularly-shaped ones. The sample with 1 at. % Cu 
also displayed irregularly-shaped grains of varying sizes. However, with 
an increased Cu concentration of 3 at. %, the grains became spherical 
and some agglomerates formed. In the sample with 5 at. %, a larger 
number of agglomerates were observed, leading to an increase in grain 
size and changes in grain shape. 

Another important factor in heterogeneous catalytic processes is the 
active and accessible surface area of the catalyst. The surface area values 
were consistent with the FE-SEM images, with non-doped tin oxide 
having a surface area of 76 m2g-1. The effect of the dopant on the surface 
area depends on the amount and chemical nature. Doping with 1 at. % 
Ce resulted in a slight increase to 82 m2g-1, while doping with 3 at. % Ce 
or 1 at.% Cu resulted in surface areas of 80 m2g-1 and 84 m2g-1, 
respectively. For Ce at. 5% (58 m2g-1), Cu at. 3% (67 m2g-1), or Cu at 5% 
(61 m2g-1), the reduction in area was more significant due to the for-
mation of aggregates and variations in entity size. 

3.2. Characterization of CoFe2O4 nanoparticles 

The FE-SEM and X-ray diffraction techniques were used to survey the 
morphological and structural characteristics of the CoFe2O4 nano-
particles, as shown in Fig. 2. The nanoparticles exhibited a wide range of 
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sizes within the nanoscale, ranging from a few to hundreds of nano-
meters, with most of them having a spherical shape. The larger grains 
and domains detected were attributed to agglomeration caused by their 
non-dispersive nature. Fig. 2a presents three representative FE-SEM 
images, while Fig. 2b shows the X-ray diffraction spectra of the pre-
pared cobalt ferrite nanoparticles. The material exhibited diffraction 
peaks at 2θ values of 18.28◦, 30.08◦, 35.43◦, 37.05◦, 43.03◦, 56.97◦, and 
62.58◦, related to (111), (220), (311), (222), (400), (511), and (440) 
planes, respectively. The peaks observed correspond to the character-
istic peaks of a spinel structure of CoFe2O4, as per standard diffraction 
card N◦ 22–1086 (Basak et al., 2022). Additionally, the agreement be-
tween the pattern and the card suggests the absence of impurities in the 
sample, such as iron oxides. The BET surface area of cobalt ferrite 
nanoparticles was around 135 m2g-1. 

3.3. Photolytic, sonolytic and sonophotolytic degradation of Rh–B 

Fig. 3 shows the impact of visible light, ultrasound, and their 
simultaneous application over an 80-min duration on two separate so-
lutions of Rh–B at 20 ppm and pH = 7, with and without the presence of 
PMS (0.23 mM). The results indicate that light exposure had minimal 
effects in both scenarios, resulting in degradation levels of approxi-
mately 1% without PMS and 3% with PMS. Mineralization of contami-
nants remained minimal in these cases. In contrast, application of 
ultrasound resulted in significantly different outcomes. In the absence of 
PMS, a degradation rate of 7% was achieved, while in its presence, 
degradation levels reached 28%. Similarly, the absence of PMS resulted 
in a TOC reduction of 2%, whereas its presence led to a mineralization of 
11%. These variations can be attributed to the extreme conditions 
generated during the cavitation process, which facilitate the cleavage of 

the O–O bond (Xu et al., 2020). In the case of sonophotolysis, the results 
closely mirrored those obtained with ultrasound alone. Degradation 
levels of 9% and 33% were observed, with mineralizations of 5% and 
12% in the absence and presence of PMS, respectively. 

3.4. Photocatalytic, sonocatalytic and sonophotocatalytic degradation of 
Rh–B via Cu- or Ce-doped SnO2 particles or CoFe2O4 nanoparticles 

The study evaluated the impact of light, ultrasound, and their con-
current application in the presence of catalysts on the degradation and 
mineralization of Rh–B, both with and without the presence of PMS 
(0.23 mM),. Various tin oxides doped with Cu and Ce or cobalt ferrite 
were used as catalysts to identify the most suitable materials for com-
posite preparation. The results of the study indicate that SnO2:Cu3% and 
SnO2:Ce1% photocatalysts achieved the most favorable degradation and 
mineralization rates under visible light in the absence of PMS. Specif-
ically, degradation rates of 78% and 83%, respectively, were achieved, 
as well as mineralizations of 34% and 38%, respectively (Fig. 4a and d). 
In contrast, the undoped catalyst exhibited modest degradation (44%) 
and mineralization (22%). Cu doping significantly enhanced photo-
catalytic activity, with the highest efficiency observed for SnO2:Cu3%. 
However, Ce doping showed substantial photocatalytic improvement at 
a 1% percentage but led to reduced degradation and mineralization at 
higher Ce levels, likely due to the size of final particles. Cobalt ferrite 
exhibited low efficiency, resulting in only 6% degradation and 3% 
mineralization. 

In the presence of PMS (as shown in Fig. 4a and d), the SnO2-based 
photocatalysts exhibited similar trends but with significantly enhanced 
catalytic activities. Notably, the SnO2:Cu3% and SnO2:Ce1% samples 
achieved degradation levels of 89% and 94%, respectively, with 

Fig. 1. XRD patterns of (a) Ce-doped SnO2 and (b) Cu-doped SnO2 nanomaterials. FE-SEM micrographs of (c) SnO2, (d) SnO2:Ce1%, (e) SnO2:Ce3%, (f) SnO2:Ce5%, (g) 
SnO2:Cu1%, (h) SnO2:Cu3%, and (i) SnO2:Cu5%. Scale bar: 5 μm. 
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corresponding mineralizations of 40% and 43%. It is important to 
highlight that the degradation efficiency of cobalt ferrite significantly 
increased in the presence of PMS, reaching degradation values of 88% 
and approximately 40% mineralization. The superior performance of 
cobalt ferrite was attributed more to its chemical nature than to light 
exposure. Similar results were obtained in the absence of light. XRD and 
FE-SEM analyses indicated little difference in the crystallite size and 
shape of nanoparticles in the undoped and doped samples with different 
Cu and Ce concentrations. Therefore, we can exclude an increase in 
surface area as the main cause of the observed enhancement in 

degradation level observed on doped SnO2 catalysts. The high degra-
dation can be explained as follows: appropriate quantities of copper and 
cerium can capture photoinduced electrons, which increases the number 
of hydroxyl radicals and shifts the absorption wavelength to the visible. 
Increasing the amount of doping resulted in a decrease in rhodamine B 
degradation likely due to a reduction of active sites. 

Comparable degradation and mineralization values were observed 
across various catalysts for sonocatalytic activity in the dark without 
PMS. It is important to note that all evaluations presented are objective 
and free from bias (Fig. 4b and e). The differences in efficiency were 
primarily attributed to particle size rather than composition. Cobalt 
ferrite achieved higher efficiency due to its smaller particle size, with 
degradation of 64% and mineralization of 29%. In the presence of PMS, 
the tin oxide catalysts exhibited higher rates of degradation and 
mineralization compared to when PMS was absent. Degradation rates 
ranged from 72% to 76%, with mineralization rates ranging from 36% to 
42%. Cobalt ferrite achieved 96% degradation and 42% mineralization. 

Fig. 4c and f presents degradation and mineralization data when 
light and ultrasound were simultaneously applied. The results show that 
SnO2:Cu3% and SnO2:Ce1% photocatalysts achieved enhanced degrada-
tion, indicating the synergistic effect of sonophotocatalysis. These cat-
alysts achieved degradations of 89% and 94%, with corresponding 
mineralizations of 43% and 44%. The trends observed for other catalysts 
were consistent with previous photocatalysis and sonocatalysis results. 
Cobalt ferrite exhibited similar performance to sonocatalysis, achieving 
92% degradation and 43% mineralization. In the presence of PMS, SnO2: 
Cu3%, SnO2:Ce1%, and CoFe2O4 were the top options, achieving degra-
dation rates of approximately 99%, 99%, and 96%, respectively, along 
with mineralizations of 64%, 66%, and 57%. Based on these findings, 
the combination of either SnO2:Cu3% or SnO2:Ce1% with CoFe2O4 for the 
synthesis of nanocomposites was the recommended next step. 

3.5. Synthesis and characterization of CoFe2O4/Cu- and Ce-doped SnO2 
nanocomposites 

The CoFe2O4/Cu- and Ce-doped SnO2 nanocomposites were pre-
pared by combining the CoFe2O4 nanoparticles with SnO2:Cu3% or SnO2: 
Ce1% in different ratios (1:1, 1:2 and 1:3 CoFe2O4:doped SnO2 wt%). 
Fig. 5 shows the FE-SEM and X-ray diffraction patterns of the resulting 
six composites. 

The morphology of the CoFe2O4 nanoparticles, as characterized in 
section 3.2., can be observed throughout the surface of some of the 
composites, indicating their adhesion to the micrometric Cu- and Ce- 
doped SnO2 substrates. This morphology was visible for the 1:1 and 
1:2 ratios of CoFe2O4/Cu-doped SnO2 (Fig. 5a and b). For the Ce-doped 
analogs, the 1:2 ratio was the most representative (Fig. 5f). In contrast, a 
ratio of 1:3 of CoFe2O4 to Cu- or Ce-doped SnO2 (as shown in Fig. 5c and 
g) resulted in a less-texturized and more uniform material. This could 
indicate a higher degree of blending between the materials due to an 
unbalanced ratio of SnO2. This effect is particularly noticeable in the 
case of the Ce-doped SnO2. Additionally, the elemental map of Fe and Sn 
indicated a uniform distribution in all samples, confirming the forma-
tion of the nanocomposites. A uniform distribution of the composite’s 
constituent entities was essential to ensure its integrity and the dura-
bility of its catalytic activity. 

The X-ray diffraction patterns in Fig. 5d and h indicate that all six 
samples maintain the structure of their original components, specifically 
the spinel packing of CoFe2O4 and tetragonal rutile geometry of SnO2. 
The presence of impurities can also be ruled out, further supporting the 
successful synthesis of the composites. 

The BET surface area of the nanocomposites depended on the rela-
tive amount of each component. Specifically, when the relative amount 
of cobalt ferrite was greater, the surface area was also greater. The ob-
tained BET surfaces were 99 (1:1 CoFe2O4/Cu-doped SnO2), 95 (1:2 
CoFe2O4/Cu-doped SnO2), 88 (1:3 CoFe2O4/Cu-doped SnO2), 102 (1:1 
CoFe2O4/Ce-doped SnO2), 94 (1:2 CoFe2O4/Ce-doped SnO2), and 92 

Fig. 2. (a) FE-SEM micrographs and (b) XRD patterns of CoFe2O4 nano-
particles. Scale bar: 80 nm. 

Fig. 3. Rh–B degradation and mineralization after 80 min of visible light 
irradiation, ultrasound irradiation, or their simultaneous application. Experi-
mental parameters: Initial rhodamine-B concentration of 20 ppm, [PMS] = 0.0 
or 0.23 mM, temperature maintained at 20 ◦C, and pH adjusted to 7.0. 
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(1:3 CoFe2O4/Ce-doped SnO2) m2g− 1, which are quite comparable be-
tween ratios. 

3.6. Sonophotocatalytic degradation and mineralization activity of 
CoFe2O4/Cu- and Ce-doped SnO2 nanocomposites 

The sonophotocatalytic activity for both the degradation and 
mineralization of Rh–B is significantly enhanced by the synergistic 
interaction between SnO2 particles doped with Cu or Ce and CoFe2O4 
nanoparticles, which leads to the formation of a heterojunction. This 
improved sonophotocatalytic efficiency is attributed to the facilitation 
of photogenerated charge separation. 

For CoFe2O4/Cu-doped SnO2, it is important to note that the 
degradation process was exceptionally rapid when a 1:1 ratio composite 
was used, achieving degradation rates close to 100% in less than 5 min 
(Fig. 6a). Therefore, the values obtained with the combination of 
CoFe2O4 and Cu-doped SnO2 surpassed those obtained with either ma-
terial alone. This was observed regardless of the treatment applied, as 
none of the materials achieved 100% degradation rates even after 80 
min of simultaneous ultrasound and light irradiation. The formation of 
heterojunctions, which enhances the efficiency of photogenerated 
charge separation, is believed to be responsible for this phenomenon. 
The sonophotocatalytic activation of PMS generates multiple active 
species, including •OH, O2•− , SO4•− , and 1O2, contributing to the 
degradation of organic matter. Mineralization showed a similar trend, 
with greater significance during the initial reaction times. The CoFe2O4/ 

Cu-doped SnO2 (1:1) nanocomposite achieved over 70% mineralization 
in just 5 min, increasing to around 90% after 80 min (Fig. 6b). Total 
mineralization required more extended times, being approximately 
100% after 180 min. 

The study found that the CoFe2O4/Ce-doped SnO2 (1:2) nano-
composite was the most effective material for nanocomposite with SnO2 
particles doped with Ce. This nanocomposite exhibited degradation 
(Fig. 6a) and mineralization (Fig. 6b) results similar to those achieved 
with the CoFe2O4/Cu-doped SnO2 (1:1) nanocomposite. There was no 
significant difference observed between these two composite types. The 
results are competitive and comparable to the state-of-the-art materials 
and strategies for mineralizing organic pollutants through heteroge-
neous catalytic PMS activation as demonstrated by previous studies 
(Table S1) (Bein et al., 2023; Du et al., 2016; Giannakis et al., 2021; R. R. 
Guo et al., 2020; S. S. Guo et al., 2020; Ren et al., 2018; M. W. Wang 
et al., 2023; Xu et al., 2019; Yang et al., 2018; Ye et al., 2020). 

It is noteworthy that the surface of the photocatalyst in composites 
containing Cu-doped SnO2 was more accessible than in the case of Ce- 
doped SnO2, as shown in Fig. 5. This increased accessibility allowed 
for an increase in quantity of cobalt ferrite. It is also important to ensure 
that the composite has sufficient magnetic character to facilitate its 
collection and recovery, while preventing magnetic agglomeration of 
the composites. The agglomeration of the nanocomposites could 
potentially reduce the catalytic activity of the system. However, we were 
able to achieve a 1:1 ratio by effectively suspending the nanocomposites 
in the reaction medium with the aid of ultrasound. 

Fig. 4. Rhodamine-B Degradation (a, b, and c) and mineralization (d, e, and f) using various catalysts (SnO2, SnO2:Ce1%, SnO2:Ce3%, SnO2:Ce5%, SnO2:Cu1%, 
SnO2:Cu3%, SnO2:Cu5%, and CoFe2O4) under different irradiation conditions: (a and d) visible light, (b and e) ultrasound, and (c and f) simultaneous visible light 
and ultrasound treatment. Light conditions: visible light with an irradiance of 2.2 × 10− 3 W cm− 2; Ultrasound conditions: 40 kHz frequency and 100 W output power. 
Experimental parameters: Initial rhodamine-B concentration of 20 ppm, [PMS] = 0.23 mM, catalyst dosage = 1 mg mL− 1, temperature maintained at 20 ◦C, and pH 
adjusted to 7.0. 
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Fig. 5. FE-SEM micrographs of (a) 1:1, (b) 1:2, and (c) 1:3 CoFe2O4/Cu-doped SnO2 and (e) 1:1, (f) 1:2, and (g) 1:3 CoFe2O4/Ce-doped SnO2 nanocomposites (EDS 
maps of Fe and Sn are also included). Scale bar: 80 nm. XRD patterns of (d) CoFe2O4/Cu-doped SnO2 and (h) CoFe2O4/Ce-doped SnO2 nanocomposites. 
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When evaluating a catalyst’s potential for water treatment applica-
tions, it is important to consider its reusability without the need for 
extensive recovery treatments, as well as its long-term chemical stability 
and sonophotochemical performance. To assess these factors, the 
capability of the catalyst to degrade and mineralize successive 20 ppm 
Rh–B solutions was examined. Fig. 6c shows the degradation and 
mineralization rates of both composites. In both cases, the degradation 
remained nearly constant through reusability cycles, achieving 
approximately 100% of Rh–B degradation. However, a slight reduction 
in the mineralization rate was observed from the seventh cycle for the 
CoFe2O4/Cu-doped SnO2 (1:1) nanocomposite. 

In contrast, the CoFe2O4/Ce-doped SnO2 (1:2) nanocomposite 
showed consistent mineralization with only a slight reduction. After 15 
cycles, applying a heat treatment at 250 ◦C for 2 h to either composite 
resulted in mineralization values almost identical to those of the original 
composites. The magnetic properties of cobalt ferrite are particularly 
useful in catalyst recovery, making it easier to reuse and collect. How-
ever, 1:3 ratios exhibit low magnetic properties, making magnetic 
collection challenging. 

In terms of chemical stability, both compounds remained stable in an 
aqueous medium for up to 8 days when kept in the dark. It is worth 
noting that no traces of Fe, Co, Sn, Cu, or Ce were detected in the 
aqueous medium. Under operational conditions, both composites 
exhibited a catalyst dissolution of less than 2% over a 24-h period in the 
absence of organic matter, with both compounds present at a concen-
tration of 1 mg mL− 1 (Fig. 6d). The CoFe2O4/Ce-doped SnO2 (1:2) 
catalyst experienced slightly less sonophotocorrosion when compared to 
the other composite. Based on these findings, it can be concluded that 
both composites have the potential for application in the sonophotoca-
talytic activation of PMS and subsequent mineralization of organic 
contaminants. Catalyst dissolution may impact the catalytic process of 
PMS activation, as certain metal ions can act as homogeneous catalysts 
for PMS activation. However, it is important to note that the amount of 
metallic ions released during each cycle in the presence of organic 
pollutants cannot be detected. The values presented in Fig. 6d were 
obtained after 24 h of irradiation with light and ultrasound, but in the 
absence of contaminants. It is worth highlighting the behavior observed 
when the reaction medium contains organic matter, conditions in which 

Fig. 6. (a) Degradation and (b) mineralization of rhodamine-B using CoFe2O4/Cu- or Ce-doped SnO2 nanocomposites in a sonophotocatalytic system (Light con-
ditions: visible light with an irradiance of 2.2 × 10− 3 W cm− 2; Ultrasound conditions: 40 kHz frequency and 100 W output power). (a and b) Experimental conditions: 
Initial Rhodamine-B concentration of 20 ppm, [PMS] = 0.23 mM, catalyst dosage = 1 mg mL− 1, temperature maintained at 20 ◦C, and pH adjusted to 7.0. (c) 
Reusability of CoFe2O4/Cu-doped SnO2 (1:1) and CoFe2O4/Ce-doped SnO2 (1:2) nanocomposites over 15 consecutive 80-min cycles for degrading and mineralizing 
Rh–B under sonophotocatalytic conditions (Light conditions: visible light with an irradiance of 2.2 × 10− 3 W cm− 2; Ultrasound conditions: 40 kHz frequency and 
100 W output power). Experimental conditions: Initial Rhodamine-B concentration of 20 ppm, [PMS] = 0.23 mM, catalyst dosage = 1 mg mL− 1, temperature 
maintained at 20 ◦C, and pH adjusted to 7.0. (d) Concentration of Fe, Sn, Co and Cu or Ce ions in solution after 24 h of using CoFe2O4/Cu-doped SnO2 (1:1) and 
CoFe2O4/Cu-doped SnO2 (1:2) nanocomposites under ultrasound and light irradiation conditions. (c and d) Experimental conditions: Initial Rhodamine-B concen-
tration of 0 ppm, [PMS] = 0.23 mM, catalyst dosage = 1 mg mL− 1, and pH adjusted to 7.0. 
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the corrosion of the catalysts is significantly reduced. The study evalu-
ated the effect of 1 ppm of Co, Sn, Fe, Cu, or Ce ions. In all cases, a slight 
activation was detected, particularly in the case of Fe and Cu ions. 
However, this increase represented less than 8% of the rate of degra-
dation and mineralization obtained in the absence of a heterogeneous 
catalyst. Therefore, the main contribution is due to the heterogeneous 
PMS activation driven by our catalysts. 

The evaluation focused on the mineralization of a multi- 
contaminated solution containing antibiotics and dyes, with an initial 
concentration of approximately 80 ppm (Fig. 7). After 80 min, the 
achieved values were close to, but slightly lower than, those obtained 
when dealing with a single solution contaminated with 20 ppm of Rh–B. 
The oxidation of organic matter through highly reactive radical species 
lacks selectivity. This observation indicates that the catalyst’s surface 
contains active centers of different natures, capable of facilitating the 
adsorption of various organic compounds and promote the degradation 
and subsequent oxidation. It is important to note that the contaminants 
are mainly adsorbed on the catalyst surfaces or at the solid-liquid 
interface, where the formation rate of radical species is highest. This is 
significant because these materials allow for the simultaneous oxidation 
of organic compounds with different chemical structures and properties. 
This is highly advantageous for treating complex matrices that may 
contain numerous organic contaminants. Extending the reaction time 
allows for the complete mineralization of organic matter. 

4. Conclusions 

This study surveyed a set of materials based on cobalt ferrite and tin 
oxide, whether pristine or Cu- or Ce-doped, as catalysts for the degra-
dation and mineralization of an organic compound under different 
conditions, as test pollutant Rhodamine B was used. The presence of 
PMS was found to enhance the performance of the process, which was 
especially notable in the case of CoFe2O4. Exposure to light or ultra-
sound treatment can improve the degradation and mineralization rates, 
with the best results achieved through a sonophotocatalytic combina-
tion. Cu3%- and Ce1%-doped SnO2 outperformed other doped SnO2 
catalysts under these conditions, while the activity of CoFe2O4 was 
noteworthy. As a result, six different nanocomposites were created by 
combining the promising features of CoFe2O4 and Cu- or Ce-doped SnO2, 
with variations in terms of wt%. The study investigated the sonopho-
tocatalytic degradation of rhodamine B using a mixture of doping metal 
and a specific ratio. XRD and FE-SEM were used to characterize the 
prepared materials, which showed no impurities and adequate 
morphology. The nanocomposites used in the sonophotocatalytic ex-
periments resulted in increased degradation and mineralization rates of 
the pollutant. The optimized compositions, CoFe2O4/Cu3%-doped SnO2 
(1:1) and Ce1%-doped SnO2 (1:2), achieved complete degradation and 
mineralization exceeding 70% in just 5 min. Therefore, a precise balance 
of the mixture ratio, rather than the type of doping metal, resulted in a 
promising material. Additionally, the dual CoFe2O4/doped SnO2 
composition effectively addressed the poor reusability and instability 
that often plagues some cobalt-based nanostructures. The metal traces 
released into the medium were minimal, even under harsh conditions, 
such as in the absence of pollutants. Ce doping was found to be slightly 
superior for long-term usage, as demonstrated by the reusability after 15 
cycles. The versatility of these traces was also notable, as they were able 
to effectively treat a heterogeneous mixture of pollutants. Overall, these 
nanocomposites exhibit superior sonophotocatalytic performance 
compared to previously reported materials, demonstrating the potential 
of this non-sophisticated approach. 
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review & editing, Writing – original draft, Visualization, Resources, 
Project administration, Formal analysis, Conceptualization. Albert 
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