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A B S T R A C T   

The presence of organic micropollutants in water bodies represents a threat to living organisms and ecosystems 
due to their toxicological effects and recalcitrance in conventional wastewater treatments. In this context, the 
application of heterogeneous photo-Fenton based on magnetite nanoparticles supported on mesoporous silica 
(SBA15) is proposed to carry out the non-specific degradation of the model compounds ibuprofen, carbamaze
pine, hormones, bisphenol A and the dye ProcionRed®. The operating conditions (i.e., pH, catalyst load and 
hydrogen peroxide concentration) were optimized by Response Surface Methodology (RSM). The paramagnetic 
properties of the nanocatalysts allowed their repeated use in sequential batch operations with catalyst losses 
below 1%. The feasibility of the process was demonstrated as removal rates above 90% after twelve accom
plished after twelve consecutive cycles. In addition, the contributions of different reactive oxygen species, mainly 
•OH, were analyzed together with the formation of by-products, achieving total mineralization values of 15% on 
average.   
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1. Introduction 

Scientific advances occurred since the industrial revolution have led 
to the development of new, more active, complex, and recalcitrant 
organic molecules, leading to the generation of more polluted waste
waters (Gavrilescu et al., 2015; Lu et al., 2015). In this regard, the 
changes in consumption patterns and the exponential population growth 

led to the increasing presence of micropollutants associated with 
anthropogenic activities in wastewater treatment plants (WWTPs) 
(Proctor et al., 2021). The chemical complexity and recalcitrant nature 
of most of these organic micropollutants commonly hinder their removal 
by the conventional treatments (Pai et al., 2020). Consequently, the 
physical and biological treatments become inefficient facing the 
reduction of these pollutants prior to the discharge of treated water 
(Couto et al., 2019; Craddock et al., 2020; Martínez-Alcalá et al., 2020). 

Accordingly, the development of innovative wastewater treatment 
technologies is in line with 3rd and 6th Sustainable Development Goals 
(SDGs). In this regard, the application of innovative wastewater treat
ments ensures healthy ecosystems and the well-being of society by 
improving water. In addition, innovative research related to the 
improvement of sustainable water management partially meets the 13th 
SDG on combating climate change (United Nations, 2015). These 
changes are affecting water quality and availability, as the hydrological 
cycle is closely linked to climate behavior (DeNicola et al., 2015). 
However, the issue of water scarcity is not only related to water supply 
in quantity, but also to water quality, as the use of water sources with 
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high percentages of reused water may contain micropollutants (Müller 
et al., 2020). 

In this sense, advanced oxidation processes (AOPs) could degrade a 
wide range of pollutants through the generation of reactive oxygen 
species (ROS), representing a feasible alternative for treating polluted 
effluents (Tufail et al., 2020). The high removal efficiencies achieved by 
these processes make possible their application in multiple fields of 
wastewater treatment. For instance, domestic and different types of in
dustrial effluents with high pollutant load are candidates for their 
application (Lv et al., 2020). The most widely applied AOP in waste
water treatment is ultraviolet (UV) photolysis mainly due to its 
simplicity and minimal operational costs. Although this technique it is 
effective for pathogen removal, it is reported to be ineffective for the 
abatement of recalcitrant organic molecules (de Boer et al., 2022). Other 
AOPs such as semiconductor photocatalysis, anodic oxidation, ozona
tion or Fenton-based processes are being investigated by several authors 
for their application as tertiary treatments with the aim of improving the 
removal of these compounds (Tufail et al., 2020). Accordingly, the use of 
nanostructured catalysts in Fenton-based processes provides numerous 
advantages such as negligible sludge generation, improved recyclability 
of iron species and efficient production of hydroxyl radicals (Pisharody 
et al., 2022). One of the nanomaterials advantages is related to the in
crease of contact surface between target compounds and catalyst, which 
enhances the reaction rates (Sadegh et al., 2021). At these types of 
heterogeneous reactions, magnetite acts as an iron supplier for the cat
alytic decomposition of hydrogen peroxide. These reactions follow the 
same mechanistic pathways as reported by homogeneous Fenton 
(Minella et al., 2014). Furthermore, conventional Fenton processes are 
amenable to be improved by incorporating light sources promoting new 
reaction pathways to regenerate Fe-based catalysts (Mirzaei et al., 
2017). In addition, the use of supported magnetite nanoparticles with 
superparamagnetic properties allows the recovery of materials in sub
sequent cycles (González-Rodríguez et al., 2021). 

In this work, the nanocomposite Fe₃O₄@PAA/SBA15, a polyacrylic 
acid-coated and inert silica-supported magnetite, was studied to in
crease its reusability and degradation efficiency in photo-Fenton 
micropollutant abatement reactions. The effectivity of the treatment 
was tested using three hormones (estrone, estradiol and 17α-ethinyles
tradiol), a personal care product (bisphenol A) and an inflammatory 
drug (carbamazepine) as target compounds. The superparamagnetic 
properties of the nanostructured magnetite allow the separation of the 
effluent by applying an external magnetic field, which represents an 
important advantage for the industrial application. Moreover, the use of 
an energy-efficient light source aims to reduce energy consumption 
compared to conventional UV irradiation. The influence of the most 
important parameters for full-scale application - i.e., pH, catalyst con
centration and hydrogen peroxide loading - was investigated, using a 
real wastewater matrix. In addition, complementary studies as the 
contribution of ROS species and the formation of transformation prod
ucts were made to further investigate the mechanistic aspects of LED- 
driven photo-Fenton catalysis. The novelty of this work encompasses 
the use of a treatment technology with low energetic requirements 
compared to photocatalytic UV-based processes. It has been achieved 
removal percentages higher than 90% on the degradation of priority 
pollutants in real wastewater matrices, analyzing the degradation 
mechanisms of three endocrine disrupting chemicals. 

2. Materials and methods 

2.1. Catalyst synthesis 

A magnetite-based catalyst supported on a SBA15 (Fe₃O₄@PAA/ 
SBA15) matrix was used for the removal of different pollutants by the 
heterogeneous photo-Fenton method. The synthesis of SBA15 matrix 
was made following the method proposed by Colilla et al. (2007), using 
a Pluronic P123 (PEO₂₀-PPO₇₀-PEO₂₀) triblock polymer. For the synthesis 

of magnetite-based nanocomposites, the method proposed initially by 
Massart (1981) was applied with some modifications. At this modified 
procedure, the presence of SBA15 matrix in the reaction medium pro
motes the immobilization of magnetite on the surface of this type of 
mesoporous silica (Vargas-Osorio et al., 2017). 

The synthesis procedure of magnetic nanocomposites starts with the 
incubation of SBA15 matrix, previously synthesized, together with a 
mixture of iron species containing Fe3+ and Fe2+ (molar ratio of 1.5) 
(González-Rodríguez et al., 2021). These salts are incubated for 30 min 
to promote adsorption of the iron ions on the matrix surface. Then, the 
formation of magnetite nanoparticles was favored by the addition of 
NH₄OH, that promotes the precipitation of ions over the SBA15 matrix. 
Once the precipitation of black magnetite occurs caused by the shifting 
of pH to an alkaline value, the as-formed composites are incubated for 1 
h. At the end of this step, polyacrylic acid was added NH₄OH generating 
electrostatic repulsive interactions between magnetite and thus pro
tecting the photocatalyst facing to agglomeration. Finally, the synthe
sized nanoparticles with magnetic properties are separated from the 
final solution by applying an external magnetic field. The catalyst is 
washed several times with distilled water to remove the organic residues 
of the synthesis. 

The use of a triblock copolymer (Pluronic P123) for the synthesis of 
SBA15 enables the creation of large pore diameters and thick walls, thus 
producing a very stable material (Deng et al., 2013). The hexagonal 
structure of the mesoporous silica matrix allows the deposition of 
magnetite nanoparticles forming small aggregates distributed along its 
surface. In addition, the synthesis procedure through the coprecipitation 
of iron salts leads to the formation of nanoparticles even within the 
mesoporous silica channels. The size of the mesoporous matrix is in the 
micrometer range, which is much larger compared to the rest of the 
nanoparticles considered, which have sizes ranging from 5 to 20 nm. 
Furthermore, the zeta potential of the nanoparticles, essential to predict 
the stability of the nanoparticles and the interactions between the ma
terials and the target compounds, showed negative values at pH 3. For a 
detailed characterization of these nanoparticles, see 
González-Rodríguez et al. (2021). 

2.2. Photodegradation experiments 

The degradation experiments were performed under a commercial 
LED lamp (20 W, 6000 K) purchased from Mas Lighting® LED (Lugo, 
ES). The lamp was used to irradiate twelve borosilicate reactors under 
magnetic stirring. Each reactor had a volume of 10 mL, with a variable 
catalyst concentration between 25 and 250 mg L-1, hydrogen peroxide 
ranging from 25 to 350 mg L-1 and pH from 3 to 7. The matrix used for 
the first step of the experiments was distilled water, to avoid in
terferences caused by salts, dissolved compounds, or suspended solids. 
Once the optimal conditions were reached, the reaction was developed 
in a treated effluent of a secondary clarifier. The concentration of con
taminants was monitored during the experiments by taking 250 μL ali
quots, which were centrifuged at 6000 rpm for 3 min to ensure the 
removal of the nanoparticles. In addition, three replicates of all exper
iments were performed to minimize experimental errors and to quantify 
the standard deviation of the results. 

The initial concentration of the target compound was set at 20 mg L-1 

for the ProcionRed® and 300 μg L-1 for each of the pharmaceuticals (E1, 
E2, EE2, BPA, and CBZ). Quantification of the ProcionRed® dye was 
conducted by UV–Vis spectrophotometry on a PowerWave XS2 (BioTek, 
Winnoski, VT, US), measuring the concentration at the point of 
maximum absorbance (538 nm). The concentration of the pharmaceu
ticals was measured using an X-LC™ Jasco (Hachioji, 13, JP) high- 
performance liquid chromatography equipped with a diode array de
tector (HPLC-DAD) and a C₁₈ Gemini® chromatographic column (3 μm, 
110 Å, 4.6 × 150 mm). For elution, a 55:45 ACN:H₂O solution was used, 
at 35 ◦C and a flow rate of 0.8 mL min-1. The determination of con
centration was performed for each compound from eight duplicates 
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obtaining a regression coefficient (R2) higher than 0.99. 
The transformation compounds were determined in a TimsTOF Pro 2 

UHPLC OLE-ELUTE (Brucker, Billerica, MA, US) equipped with atmo
spheric pressure chemical ionization (APCI), Tims-QTOF analyzer and 
on-line extraction system (OLE). The UHPLC is equipped with an In
tensity Solo C18 column (2 μm, 90 Å, 2.1 × 100 mm) from Brucker and 
the acquisition range for samples was 50–1000 m/z. The injection vol
ume was 100 μL and the solvents used for the extraction were water and 
acetonitrile. A mobile phase composed by H₂O₂/FA and MeOH was used 
for the elution of samples, based on the method reported by Vanderford 
et al. (2003). Aliquots of degradation experiments were taken after 15, 
30 and 60 min and measured without pretreatment. Moreover, blank 
experiments without the target estrogens were conducted to quantify the 
matrix effects. The procedures followed for wastewater characteriza
tion, kinetic calculations and single contribution of reactive oxygen 
species (ROS) can be found in Supplementary Material. 

2.3. Statistical optimization 

The influence of the experimental conditions over the kinetics was 
studied by monitoring the degradation of the target compound Pro
cionRed®. For this purpose, was applied a fractional factorial experi
ment at three levels, analyzing the results using the Response Surface 
Methodology (RSM). Catalyst dosage between 25 and 250 mg L-1, 
hydrogen peroxide concentration 25 and 350 mg L-1, and pH from 3 to 7 
were selected as the most important independent parameters. Their in
fluence on the photo-Fenton process was studied analyzing the reaction 
rate constant as the dependent variable. 

The calculation of kinetic constants was performed using three 
replicate data sets taking five aliquots between 0 and 90 min. Although 
there are multiple variables that can influence the reaction kinetics, 
wastewater composition or influent pollutant load cannot be easily 
controlled for an optimization study. Additionally, focusing on the 
application of this process for wastewater treatment plants, the tem
perature of the influent was also disregarded. 

As the degradation kinetics follow a pseudo-first order model, the 
initial pollutant concentration was not considered for this analysis, as 
the reaction rate is independent of the initial dye concentration. Data 
processing and ANOVA calculations were done using StatGraphics 
software. Moreover, several control experiments (i.e., degradation due 
to hydrogen peroxide, absorption, photolysis, stability in reaction me
dium) were performed to analyze the single contribution on degradation 
rates. 

3. Results and discussion 

3.1. Optimization of reaction conditions 

3.1.1. Response surface methodology for parameter optimization 
As reported in previously Section 2.5, the RSM is a statistical tool to 

analyze the effect on a response variable due to the modification of 
certain inputs. At this case, the hydrogen peroxide concentration, the 
pH, and catalyst concentration were selected as critical operation vari
ables. The optimum pH for homogeneous Fenton reaction is around 
2.8–3.0, due to the higher oxidation potentials of generated radicals at 
acidic conditions as well as the high reaction rates. However, the natural 
pH of wastewaters is near to neutral, in a typical range between 5.5 and 
8.0. From the operational point of view, the avoiding of pH shift in a 
conditioning step after and before the reaction represents a clear 
advantage on the application of this technology. Thus, the selected 
lower limit of pH at this study was 3 and the upper limit was 7. 

In the same way, considering the reusability of catalyst after the 
photocatalytic reaction applying an external magnetic field, the con
centration of magnetite does not imply the reagent consumption. The 
typical concentration for heterogeneous catalysts ranges from 0.1 to 1.0 
g L-1, however, a high concentration may suppose the shielding of light 

in the solution. At this study, an interval between 25 and 250 mg L-1 was 
selected. Finally, the hydrogen peroxide concentration typically is 
studied in the range 10–100 mg L-1, although at this study the interval 
was extended to 25–350 mg L-1 (de Boer et al., 2022). 

Once the RSM was performed under these limits, further experiments 
were conducted to obtain the optimum point, the full results of which 
are shown in Tables S2–S4 and summarized in Table S5. The results were 
fitted to a pseudo-first order kinetic model, showing an adequate fit with 
mean values of all calculated R2 of 0.971 ± 0.019. According to the 
analysis of variance (ANOVA) results and considering that the R2 value 
was 0.962 (adjusted R2 = 0.956), the model accurately represents the 
behavior of the system. Furthermore, the use of the kinetic constant 
values instead of the removal of the target pollutant for a selected time 
provides additional robustness to the model, as each data point was 
calculated using values from six aliquot samples. Statistical analysis 
shows that eight effects have a p-value of less than 0.05, indicating a 
95% confidence level that the effects are significant. The only effect 
found to be non-significant for degradation kinetics was the interaction 
between the catalyst and hydrogen peroxide concentrations. 

In agreement with the results obtained, the most influential param
eter in photo-Fenton catalysis was pH, according to the linear and 
quadratic values attained in their model. In addition, the parameter 
ranking second was the catalyst concentration, as reported by Grassi 
et al. (2020), which follows a linear response, while it shows a quadratic 
term in Saeed et al. (2021). Both papers analyzed the kinetic parameters 
using response surface methodology for dye removal using heteroge
neous iron-based catalysts. The least influential parameters for all cases 
were the mixed interactions between the catalyst and the other 
parameters. 

Furthermore, control experiments (data not shown) performed to 
discern between the actual contribution of photocatalysis and degra
dation by other parameters (light irradiation, addition of hydrogen 
peroxide and the combination of light and hydrogen peroxide) indicated 
that the influence of photolysis was negligible compared to photo
catalysis. These results agree with those reported by Gultekin and Ince 
(2004) on the degradation of different types of dyes using advanced 
oxidation processes based on light irradiation. 

3.1.2. Effect of operating parameters on ProcionRed® removal 
The most influential factor for the degradation kinetics was the pH of 

the matrix, leading to highly significant linear and quadratic factors. The 
predominant influence of pH compared to other parameters, such as 
catalyst and hydrogen peroxide concentrations, was observed by other 
authors for Fenton-based processes (Abd Manan et al., 2019; Donadelli 
et al., 2020). In all cases, lower pH values contribute significantly to a 
faster degradation of the target compounds. Increasing the pH above 
neutral values results in a higher rate of decomposition of hydrogen 
peroxide into water and oxygen, whereby the occurrence of this 
decomposition leads to inefficient dosing of the bulk oxidant increasing 
treatment costs (Lyngsie et al., 2018; Smith and Nicoll, 1955). Moreover, 
the influence of pH on photocatalytic system may be attributed to the 
higher redox potential of ⋅OH radicals in acidic medium (2.80 V) 
compared to the potential in basic medium (1.89 V) (Sharma, 2012). In 
the case of hydrogen peroxide, the redox potential decays from 1.78 V to 
0.88 V when reacting in basic medium (Feng et al., 2018). 

Moreover, the combined effect of pH and hydrogen peroxide con
centration as well as the combination of pH with catalyst concentration 
were significant. Their negative values mean that an increase in pH 
value must be followed by a reduction in catalyst and/or hydrogen 
peroxide concentration to fight against the decrease on kinetics. The 
response surface and contour lines at a fixed pH of 3 are shown in Fig. 1. 
At this graph is observed a maximum value for reaction rate, as well as 
the influence of H₂O₂ and nanoparticle concentration. Considering the 
maximum value represented by a cross in the Figure, the reduction of 
hydrogen peroxide only produces a decrease of 15% in reaction rate, 
since the catalyst change causes a decrease of a 22%. However, the 
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combined effect only is responsible for the 35% of maximum value also 
showing the high influence of pH. For a complete summary of the re
sults, please refer to Fig. S1 in the Supplementary material. 

The Pareto diagram, depicted in Fig. 2, shows the influence of the 
distinct factors analyzed. In the case of catalyst concentration, the pos
itive influence of the first-order factor and the negative value of the 
second-order interaction indicate that a high catalyst concentration 
contributes to a higher degradation. However, when the concentration 
reaches the upper experimental limits, kinetics are affected due to hin
dering of light in the colloidal suspension. The presence of suspended 
solids in a liquid-solid biphasic system causes turbidity, limiting the 
access of light to the overall reaction volume. Therefore, the presence of 
liquid fractions with a poor irradiation causes the decrease on reaction 
rates. Normally this limitation is overcome through reactor design, i.e., 
ensuring the reduction of cross section subjected to irradiation in pho
tocatalytic reactors. 

These results were in alignment with other studies, such as Nadeem 
et al. (2022), in which the influence of catalyst and oxidant concentra
tion were analyzed, as well as the impact of dye concentration on the 
degradation rate of methylene blue. Although pH was studied inde
pendently of the RSM methodology, the results indicated that pH values 
between 3 and 7 provided the best degradation values. Furthermore, the 
most relevant factors were the oxidant and catalyst concentrations, with 

the dye concentration being the least significant parameter. The nega
tive effect of high concentrations of hydrogen peroxide was explained by 
Gultekin and Ince (2004), because it acts as an auto-scavenger, hin
dering radical generation and consequently reducing the reaction rate. 
Thus, the reaction between the previously generated hydroxyl radicals 
with hydrogen peroxide present in the reaction matrix led to a decrease 
in reaction rates. 

Comparing the results of this work with the obtained using other 
types of irradiations as UV or fluorescent tubes, the influence of pH at 
this system is most remarkable compared to catalyst and hydrogen 
peroxide concentration (González-Rodríguez et al., 2021). Moreover, 
the use of LED light enables the flexibilization of requirements in terms 
of hydrogen peroxide concentration. This lower influence allows a 
reduction on oxidant concentration, thus minimizing the reagent 
consumption. 

3.1.3. Optimum point verification 
The optimum point to maximize the micropollutant degradation can 

be obtained mathematically using the model equation. These conditions 
are pH 3.0, a catalyst concentration of 131 mg L-1 and a hydrogen 
peroxide concentration of 223 mg L-1. The theoretical value of k under 
these conditions is 2.640 ± 0.172 h-1, equivalent to a half-life of 15.75 
± 1.02 min-1. As RSM is a statistical method that provides an optimal 

Fig. 1. (A) Response surface at pH 3 and (B) contour lines and optimum point of reaction rate for the removal of ProcionRed® (kinetic constant values are in h-1).  

Fig. 2. Pareto chart for RSM optimization: positive effects (green bars), negative effects (blue bars) and level of significance for p < 0.05 (red line)  
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value by interpolation of real values, these conditions were assessed to 
compare the theoretical result with the experimental results. The kinetic 
constant obtained by applying the optimal parameters was 2.461 ±
0.114 h-1 and is statistically equal to the estimated value (2.640 ± 0.172 
h-1) considering a confidence level of p < 0.05. 

Additionally, Fig. S2 represents a real experiment using the (a) op
timum point provided by the RSM methodology, together with two ex
periments performed at pH 3 in which (b) the catalyst and hydrogen 
peroxide concentration is fixed at 50 and 150 mg L-1 and (c) using a 
catalyst and hydrogen peroxide concentration of 100 and 200 mg L-1, 
respectively. These values were compared to determine the predict
ability of the method. 

The degradation efficiency of the studied nanocomposite present 
similar optimum values and kinetic constants in comparison with other 
published heterogeneous photocatalysis studies for dye degradation. 
Xiang et al. (2020) reported similar optimum conditions using Fe-based 
nanoparticles, analyzing the removal of methyl orange in a 
photo-Fenton system. Rambu et al. (2018) studied the removal of azo 
dyes reaching degradation values for Reactive Yellow 84 higher than 
80% after 120 min of reaction, using magnetite nanoparticles coated 
with polyethylene glycol and ferrous oxalate. However, the catalyst 
stability analysis showed a significant decay when the nanoparticles 
were reused. Kokate et al. (2022) used photocatalytic activation of 
peroxymonosulfate by LED irradiation and, by testing the degradation 
rate with an initial concentration of 10 mg L-1, a kinetic constant of 5.64 
h-1 for the azo dye Acid Orange 7 using g-C₃N₄-based catalyst was 
achieved. 

In the specific case of Procion Red®, some works such as So et al. 
(2002) provided similar heterogeneous reaction rates under the optimal 
operating conditions. These authors reached a pseudo-first kinetic con
stant of 3 h-1 using TiO₂ with a concentration of 500 mg L-1. Despite the 
similarity of both processes in terms of degradation time, the proposed 
process using magnetically recoverable catalyst provides an advantage 
from an operational point of view. Compared to homogeneous Fenton, 
the degradation kinetic constants of Procion Red® were lower, mainly 
due to mass transfer limitations. However, the main benefit of the het
erogeneous process is that free iron is not detected in the effluent 
(Rodrigues et al., 2009). 

3.1.4. Electric energy per order calculation 
The electrical energy per order was calculated for the optimized 

experimental conditions, following Eq. (4). The obtained value was 
67.72 kWh m-3 order-1, considering that the lamp energy has been used 
to irradiate twelve samples at a time. This value is similar compared to 
the obtained by other authors under LED irradiation. For example, 
Kokate et al. (2022) obtained a value of 24.51 kWh m-3 order-1 for the 
degradation of Acid Orange 7, but using a non-magnetic catalyst, while 
Ferreira et al. (2021) reported an EEo of 48.7 kWh m-3 order-1 using 
homogeneous Fenton at pH 3 and under UV-A LED irradiation. 

These nanoparticles have been used for the degradation of Acid 
Orange 7 and sulfamethoxazole using a UV irradiation, achieving a EEo 
of 274.0 and 965.8 kWh m-3 order-1. When the UV light was replaced by 
fluorescent tubes, the values decayed to a half of their initial value 
(González-Rodríguez et al., 2021). Thus, the substitution of light sources 
for others more efficient in electrical consumption supposes a great 
advance on this technology. 

EEo =
P⋅t

60⋅V⋅ln
(

Ci
Cf

) =
P

V⋅k
4  

3.2. Influence of radical species 

Radicals play an essential role in photocatalytic degradation of 
organic molecules; hence, the influence of radical species was analyzed 
to quantify the individual contribution of each type of radical to the 

overall reaction rate. The results of the scavenging effects are shown in 
Fig. 3, while for the experimental details of scavenger experiments, 
please check the specific section and Table S6 in the Supplementary 
material. 

The addition of ascorbic acid resulted in a kinetic constant reduction 
from 2.461 to 2.137 h-1, which corresponds to a decrease of 13%, 
indicating that the contribution of adsorbed •OH and O₂•⁻ radicals is not 
significant on the overall reaction rate. However, the free radical 
quenching assay using aliphatic alcohols suggests that the major 
contribution is due to the free hydroxyl radical generation. In these tests, 
the reaction rate decreased by 82% for both the MeOH and i-PrOH ex
periments. The formation of these hydroxyl radicals is a consequence of 
the decomposition of hydrogen peroxide in the presence of light and 
iron. The relative abundance of this radical was reported by other au
thors as the main contribution to the overall reaction using iron-based 
catalysts (Da Cruz Severo et al., 2020; Hernández-Oloño et al., 2021). 

Different authors also reported the remarkable role of the combined 
•OH, O₂•‾ and 1O₂ radicals in the Fenton-type process, as well as the 
predominant role of the hydroxyl radical in the reaction kinetics. This 
high contribution of •OH caused the generation of by-products and 
partial mineralization of compounds through the generation of hy
droxylated transformation products, as seen in Section 3.5. However, 
with respect to the results, the role of the superoxide radical and singlet 
oxygen in this process is less than that reported for other reactive sys
tems (Ahmed et al., 2022; Liu et al., 2022). 

Hydroxyl radicals attack organic pollutants through four basic 
pathways, as reported by Deng et al. (2015): radical addition, electron 
transfer, hydrogen abstraction, and radical combination. This attack 
produces carbon centered radicals, that in combination with oxygen 
lead to the degradation of chemicals by their partial mineralization. This 
ring opening through the addition of hydroxyl groups may be viewed in 
transformation product TP-276 in Section 3.5, as well as the reduction 
on molecular weight caused by the reactions with radicals (e.g., 
TP-160). On the other hand, the formation of hydroxylated parent 
compounds as TP-290 represents an intermediate step after the carbon 
loss. 

3.3. Evaluation of the removal of emerging contaminants and pathogens 

Once the influence of the reaction parameters was evaluated, 
optimal conditions were selected to perform the micropollutant degra
dation experiments in a real wastewater matrix. The micropollutants 
were selected considering their presence in the wastewater and their 
recalcitrant properties. Following these criteria, carbamazepine (CBZ), 
ibuprofen (IBP) and estrogens (E1, E2 and EE2) were chosen as model 
compounds to evaluate the catalyst for the simultaneous removal of 
pharmaceuticals (For the chemical structures check Fig. S3). The ex
periments were performed at pH 3, with a catalyst concentration of 131 
mg L-1 and a hydrogen peroxide concentration of 223 mg L-1. The kinetic 
parameters were fitted to pseudo-first order model and plotted in 
Fig. S4. 

According to the results, the most recalcitrant compound was CBZ. 
The resistance of carbamazepine to degradation by advanced oxidation 
processes was previously observed by other authors (Luo et al., 2020; 
Monteoliva-García et al., 2019), thus justifying its selection as a model 
compound. Correlation coefficient values were satisfactory for all 
compounds, reaching values above 0.97, concluding that the 
pseudo-first-order model accurately represents the system performance. 
The kinetic parameters, compound half-life, regression coefficient and 
electrical energy per order for each pollutant are compiled in Table 1. 

The kinetic constant for the removal of CBZ agrees with the results 
reported by Ioffe et al. (2021) using a system with a composite of acti
vated carbon and magnetite (kCBZ = 0.4 h-1) and persulfate as oxidant. In 
their work, the ratio between the removal rates of BPA and CBZ was 9, 
supporting the recalcitrant character of this compound. On the other 
hand, Luo et al. (2020) reported a BPA degradation of 93% in 30 min 
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although the degradation of CBZ at the same time was 65%, using a 
heterogeneous system with MoS₂ and dissolved iron without irradiation. 
These values showed that the modification of nanoparticles by sup
porting them over SBA-15 to improve their recoverability is not affecting 
to the catalytic performance. 

The catalyst showed excellent performance for the degradation of 
estrogens (E1, E2 and EE2), achieving significantly higher removal rates 
than those obtained for CBZ. There are reports in the literature showing 
similar degradation values for photo-Fenton systems (Baycan and Li 
Puma, 2018). These authors reported removal percentages around 80% 
of E1, E2 and EE2 after 1 h under UVA irradiation, reaching similar 
removal rates to those obtained in this study. However, in our case, the 
use of magnetic nanoparticles favors the recoverability and reuse of the 
catalysts, reducing the nanoparticle requirements. Although the kinetic 
values obtained were lower than those obtained using homogeneous 
photo-Fenton, the magnetic properties of the catalyst facilitate the 
separation after the reaction avoiding the release of iron species or the 
addition of stabilizing agents such as ethylenediamine-N,N′-disuccinic 
acid (EDDS) (Ahmed et al., 2022). In addition, all these tests were per
formed using a real wastewater matrix, so that the reduction of kinetics 
due to the presence of salts and organic substances was considered. 

The influence of the photo-Fenton process on the inactivation of 
enteric bacteria was also evaluated. All these experiments were per
formed under optimal conditions and measuring an initial concentration 
of total coliforms of approximately 900 CFU mL-1 and 100 CFU mL-1 for 
E. coli (Table S1). These nanoparticles achieved complete inactivation of 
total coliforms and E. coli after 60 min of reaction, exposing the poten
tiality of this method for the joint removal of pharmaceuticals and mi
croorganisms from wastewaters (Maniakova et al., 2021). 

3.4. Reaction cycles 

Catalyst recoverability is a critical factor for the potential scale-up of 
the process, as it minimizes catalyst consumption and improves the 
quality of the treated effluent. The efficacy of the separation process was 
verified by performing subsequent degradation cycles of the nano
composite. At these experiments, the nanoparticles were separated from 
the effluent by the application of an external magnetic field to obtain the 
treated effluent and reusing the catalyst without further modification. 
The results of stability tests are shown in Fig. 4. 

The catalytic activity of the nanoparticles showed no significant loss 
and remained constant after the experiments, ensuring excellent sta
bility in subsequent cycles. Unlike the other pollutants, CBZ removal 
was observed to increase from 73% to values above 90% in the third 
cycle and continued to follow this trend thereafter. In this sense, the use 
of inert supports in heterogeneous catalysts based on Al₂O₃, SiO₂ or 
graphitic carbon nitride (g-C₃N₄) increases the performance of nano
particles as their porous surfaces favor the contact between contami
nants and catalysts (Liu et al., 2022; Wang et al., 2016), while showing 
an improvement in their stability in consecutive reaction cycles 
(González-Rodríguez et al., 2021). 

The support of magnetite over SBA15 mesoporous silica provides to 
the pollutant higher reaction surfaces, leading to an increasing of the 
kinetics. Moreover, since the bare magnetite nanoparticles without 
supporting may suffer problems related to stability or agglomeration, 
the immobilization over a porous surface enhances their properties, as 
well as maintain high surface/volume ratios. Likewise, the surface of 
SBA15 act as support to facilitate the contact between the active cata
lysts and the target pollutants. 

Leaching of iron species was determined by ICP on the treated 
effluent (Table 2). Although the maximum iron loss was reached after 
the third cycle with a concentration of 2.55 mg L-1, the average iron 
leaching was 1.28 mg L-1, which is a good indicator of the reusability of 
the nanoparticles. Considering the use of solid nanostructured catalysts, 
it was postulated that heterogeneous Fenton mechanisms are mainly 
responsible for the reduction of pollutants in this reaction system. The 
results of the iron species quantification after the reaction cycles using 
the magnetic separation indicated very low iron content, thus confirm
ing that there was no contribution of homogeneous Fenton. 

The degree of mineralization of the micropollutants after the treat
ment was quantified by the determination of the total organic carbon 
(TOC) content of samples before and after each cycle. TOC removal 
showed a high variability throughout the reaction cycles, with values 

Fig. 3. (A) Reaction rates using different scavenging agents and (B) effect of quenching agents on PR degradation; [PR] = 10 mg L-1, [Ascorbic acid] = 100 mg L-1, 
[MeOH] = 1 g L-1,[i-PrOH] = 1 g L-1,[NaN₃] = 100 mg L-1. Test with ACN was made using it as reaction solvent. 

Table 1 
Kinetic parameters for the removal of selected ECs under the optimum 
conditions.  

Compound k (h-1) t₁/₂ (h-1) R2 EEo(kWh m-3 order-1) 

CBZ 0.522 ± 0.089 1.33 ± 0.23 0.979 303.0 
BPA 1.079 ± 0.111 0.64 ± 0.07 0.992 154.5 
E1 1.611 ± 0.295 0.43 ± 0.08 0.976 103.5 
E2 1.586 ± 0.235 0.44 ± 0.06 0.984 105.1 
EE2 1.379 ± 0.164 0.50 ± 0.06 0.99 120.9  
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ranging from 6% to 23%, however no clear dependence between the 
removal cycle and TOC removal was detected, presenting an average of 
15.1% ± 9.2% of the initial TOC removed. The values for TOC elimi
nation in each of the cycles are also shown in Table 2. Since the 
mineralization of the target micropollutants was below 20% in most 
cycles, the characterization of the toxicity of effluents (using MicroTox 
assays with Aliivibrio fischeri) was considered to account for the potential 
generation of toxic degradation products. The toxicity assays showed 
that there was not a specific toxicity due to the presence of intermediates 
of reaction, since a considerable decrease of toxicity was not observed in 
the effluents of subsequent cycles compared to the initial toxicity values 
(see Table 2). 

Other authors have studied reaction cycles considering several types 
of supported nanomaterials, mostly using non-magnetic catalysts. In this 
regard, Hernández-Oloño et al. (2021) analyzed the reusability of 
Fe/Al₂O₃ nanoparticles in five subsequent reaction cycles using dyes as 
model compounds, with similar degradation percentages throughout the 
experiments. The use of MnZnFeO/g-C₃N₄ as catalysts was studied by 
Saeed et al. (2021) in three reaction cycles also providing good nano
particle stability, however, the use of non-magnetic heterogeneous 
catalyst by Xiang et al. (2020) showed a reduction in degradation per
centages from complete removal to 57% in the fourth cycle. Therefore, 

the effective recoverability and reusability of these nanoparticles was 
demonstrated as the degradation rates were maintained in twelve sub
sequent reaction cycles without a reconditioning step in between. 

3.5. Characterization of degradation by-products 

Considering the low degree of mineralization of studied compounds, 
the characterization of degradation by-products was also evaluated to 
gain further insights on the degradation mechanisms of the micro
pollutants. Estrogens were considered as the most suitable compounds 
for the analysis of the formation of intermediate products since the 
parent compounds were completely removed from the water matrix. The 
formation of intermediates on the removal of E1, E2 and EE2 was 
studied to elucidate the degradation routes produced by Fenton-based 
abatement. Previously reported compounds appearing on unspecific 
oxidation of estrogens were collected from bibliographic sources to be 
detected by means of UHPLC-MS/MS. A complete list of the targeted 
compounds in the analysis is presented in Table S7 of the Supplementary 
Material. 

Two types of intermediates were detected, based on the time in 
which appears in the reaction media, i.e., intermediates formed in the 
degradation of the parent compound and intermediates, formed in a 

Fig. 4. Reaction cycles using real wastewater under magnetic separation, under the best operational conditions obtained by RSM analysis for the removal 300 μg L-1 

of CBZ, BPA, E1, E2 and EE2 (lighter to dark) after 120 min of reaction. 

Table 2 
Iron content of effluents, total organic carbon (TOC) removal and toxicity measured before and after reaction cycles.  

Cycle [Fe] effluent (mg L-1) TOC removal Toxicity 

EC50,5 EC50,15 EC50,30 

Real wastewater n/a1 n/a <LOD2 <LOD <LOD 
Initial value n/a n/a 28.1% 34.1% 36.4% 
1 1.03 ± 0.02 21.1% ± 16.0%    
2 0.71 ± 0.01 11.2% ± 9.4% 31.7% 28.2% 44.7% 
3 2.55 ± 0.06 17.8% ± 3.4%    
4 1.46 ± 0.03 6.7% ± 8.9% 17.4% 20.5% 42.3% 
5 1.55 ± 0.08 6.1% ± 4.9%    
6 1.58 ± 0.01 18.9% ± 7.8% 18.2% 13.0% 17.7% 
7 0.95 ± 0.04 15.4% ± 4.2%    
8 1.72 ± 0.02 21.9% ± 16.7%    
9 0.62 ± 0.02 15.8% ± 8.4% 19.0% 21.3% 74.3% 
10 1.51 ± 0.08 6.0% ± 8.6%    
11 0.57 ± 0.01 23.0% ± 6.3%    
12 1.14 ± 0.01 17.6% ± 2.6% 18.6% 18.2% 27.7% 
Average 1.28 ± 0.04 15.1% ± 9.2% 21.0% ± 6.0% 20.3% ± 5.5% 41.3% ± 21.5% 

1 n/a: not allowable; 2 LOD: limit of detection. 
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second step at reaction times higher than 10 min, generated in the 
subsequent degradation steps. The results of the detection of these in
termediates in the degradation of estrone are shown in Fig. 5. The TP- 
290A was detected by Zhao et al. (2008) in the degradation of E2, and 
considering the similarity of the two hormones, is expected their for
mation also in E1 degradation. Moreover, the TP-276 was identified by 
Segura et al. (2013) as one of the main transformation product of estrone 
using ozonation. The authors reported the formation of another main 
transformation product identified as TP-318 that was not detected at this 
work. However, a secondary transformation compound (TP-160) re
ported by these authors was observed as part of fragmentation tree of 
TP-318, so probably the generation and degradation of this product 
occurred between the initial 15 min of the experiment. 

Four degradation compounds formed in later stages of the oxidation 
route were detected, based on mass spectrometry analysis. The increase 
of mass in 16 u suggest that the three compounds designed as TP-286A/ 
B/C are modifications of initial structure of estrone due to the addition 
of hydroxyl group to a cyclic carbon. This behavior was reported by 
other authors as Sornalingam et al. (2018) or Li and Zhang (2014) and 
related to a free radical addition of •OH in aliphatic or aromatic ring 
(Zhao et al., 2008). The different retention times of transformation 
products with same elemental composition (C₁₈H₂₂O₃) is in line with the 
occurrence of nucleophilic attack in different carbons of the parent 
molecule. The presence of TP-290B was also detected, and as well as the 
previous case, the variation between the two compounds were the 
different retention times. The formation of dihydroxy products and 
quinone-like products stem from the hydroxylation of aromatic rings, 
while the formation of ketones and alcohols are related to the reaction of 
radicals with aliphatic rings. Moreover, the intermediate TP-290A was 
also isolated in the degradation pathway of E2 (Zhao et al., 2008). The 
transformation of ketone group into alcohol group in presence of •O₂- to 
form E2 from E1 was reported by Zhu et al. (2020) and it explains the 
similar degradation routes obtained for both compounds. The subse
quent attack of •OH and HO₂• is reported to lead to the complete 
mineralization of these byproducts (Chhor et al., 2004). 

In the case of E2, at the first stage of reaction the transformation 
products TP-160, TP-276 and TP-290A were detected, similarly to E1. 
The formation of TP-290B was also observed in the first measurement. 
As secondary transformation products, three different isomers of E1 
were detected (with a retention time lower than the parent compound), 
probably caused by the similar structure of these two molecules. 
Another secondary product found was the TP-288, that is a modification 
of estrogen E2 with hydroxylation. The degradation of EE2 appears to 
follow a similar route, except for the formation of TP-344 at 60 min. This 

molecule was also reported by Sun et al. (2010) when analyzing the 
degradation of EE2 by photocatalysis. The formation of two carboxylic 
acids in the degradation of phenol-like structure is according to the re
sults reported by Devi and Rajashekhar (2011) using 
photocatalysis-based reactions. The results of transformation products 
formed during the degradation of E2 and EE2 are shown in Fig. S4 and 
Tables S8–S10 of the Supplementary Material. 

4. Conclusions 

The effectiveness of Fe₃O₄@PAA/SBA-15 nanoparticles for the 
removal of a model dye and different types of pharmaceuticals was 
demonstrated, coupled to a reduction of energy requirements by using 
LED light instead of conventional UV sources, obtaining an EEo of 67.72 
kW m-3 order-1. Furthermore, the results obtained in twelve subsequent 
reaction cycles using the recovered nanoparticles showed the potential 
of the nanocomposite for recoverability using magnetic fields. In most 
cycles, removal rates above 90% for the target pollutants were achieved 
within 60 min, positioning the evaluated nanocomposite as a realistic 
candidate for implementation in tertiary wastewater treatments. Radical 
generation quantification concluded that the main contribution to the 
photo-Fenton process is based on free hydroxyl radicals, followed by 
adsorbed hydroxyl radicals, superoxide, and singlet oxygen. Response 
surface methodology was applied to optimize relevant operation vari
ables, achieving a maximum kinetic constant of 2.6 h-1 for the degra
dation of ProcionRed®, as well as similar values in the degradation of 
carbamazepine, bisphenol A and estrogens. Although complete miner
alization of these target compounds was not achieved, common trans
formation products were detected, demonstrating the feasibility of the 
process to achieve the complete degradation of contaminants. Among 
the pharmaceutical pollutants, carbamazepine was the most recalcitrant 
compound among the analyzed with a half-life of 1.33 h, since bisphenol 
A provided a half-life of 0.64 h and estrogens values were below 0.50 h. 

These results pave the way for the use of magnetic supported cata
lysts as a viable and cost-effective alternative to conventional Fenton 
processes. Furthermore, the paramagnetic properties of the nano
catalysts allow for an easy separation of the effluent after treatment, 
thus reducing the operational costs associated with more complex sep
aration steps. 
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