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Abstract
This work explores the modification of naturally occurring magnetite by controlled oxidation (200–400 °C, air atmosphere) and
reduction (300–600 °C, H2 atmosphere) treatments with the aim of boosting its activity in CWPO. The resulting materials were
fully characterized by XRD, XPS, TGA, TPR, SEM, and magnetization measurements, allowing to confirm the development of
core-shell type structures. Themagnetite core of the solid remained unchanged upon the treatment whereas the Fe(II)/Fe(III) ratio
of the shell was modified (e.g. 0.42, 0.11 and 0.63 values were calculated for pristine Fe3O4, Fe3O4-O400, and Fe3O4-R400,
respectively). The performance of the catalysts was tested in the CWPO of sulfamethoxazole (SMX) (5 mg L−1) under ambient
conditions and circumneutral pH (pH0 = 5), using the stoichiometric dose of H2O2 (25 mg L−1) and a catalyst load of 1 g L−1. The
key role of the ferrous species on the mineral shell was evidenced. Whereas the oxidation of magnetite led to significantly slower
degradation rates of the pollutant, its reduction gave rise to a dramatic increase, achieving the complete removal of SMX in 1.5 h
reaction time with the optimum catalyst (Fe3O4-R400) compared to the 3.5 h required with the pristine mineral. A reaction
mechanism was proposed for SMX degradation, and a kinetic equation based on the Eley-Rideal model was accordingly
developed. This model successfully fitted the experimental results. The stability of Fe3O4-R400 was evaluated upon five
sequential runs. Finally, the versatility of the catalytic system was proved in real environmentally relevant water matrices.
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Introduction

The removal of persistent organic pollutants during the treat-
ment of industrial and urban wastewater is a long-standing
issue of environmental relevance. In particular, over the past
few years, there has been an increasing concern about the

occurrence of micropollutants in the aquatic environment
(Loos et al. 2013; Luo et al. 2014). They consist of a vast array
of anthropogenic substances including pharmaceuticals, per-
sonal care products, hormones, and industrial chemicals.
Municipal wastewater treatment plants (WWTPs) are not pre-
pared to deal with these complex substances, and thus, most of
them are not effectively removed upon the treatment (Luo
et al. 2014; Petrie et al. 2015). Despite their hazardous nature
and ubiquitous occurrence, they are still not regulated but this
scenario is expected to change in the next few years. The
European Union (EU) has recently established a watch list
for 17 micropollutants monitoring in the EU water basins for
their potential inclusion in the list of priority pollutants
(Decision EU 2015/495). Therefore, the development of ef-
fective but also green and low-cost wastewater treatment strat-
egies in this field is crucial.

Among the currently available technologies, catalytic wet
peroxide oxidation (CWPO) is one of the most cost-effective
for the treatment of low polluted wastewaters (i.e., below
15 mg L−1) (Dhakshinamoorthy et al. 2012). In this system,
a solid catalyst, usually based on iron (Munoz et al. 2015),

Responsible editor: Vítor Pais Vilar

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-018-2171-3) contains supplementary
material, which is available to authorized users.

* Silvia Álvarez-Torrellas
satorrellas@quim.ucm.es

Macarena Munoz
macarena.munnoz@uam.es

1 Seccion Departamental Ingenieria Quimica, Universidad Autonoma
de Madrid, Ctra. Colmenar km 15, 28049 Madrid, Spain

2 Departamento de Ingenieria Quimica, Universidad Complutense de
Madrid, Av. Complutense S/N, 28040 Madrid, Spain

https://doi.org/10.1007/s11356-018-2171-3
Environmental Science and Pollution Research (2020) 27:1176–1185

/Published online: 2 June 2018

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-2171-3&domain=pdf
http://orcid.org/0000-0001-8971-7814
https://doi.org/10.1007/s11356-018-2171-3
mailto:satorrellas@quim.ucm.es


promotes the decomposition of H2O2 to hydroxyl radicals,
highly reactive species which attack non-selectively most of
the organic pollutants. Main efforts on the field of CWPO are
being focused on the development of magnetic catalysts since
they offer important advantages for the recovery and reusabil-
ity of the catalyst (Munoz et al. 2015, Ribeiro et al. 2016; Han
et al. 2017; Tang and Wang 2018). On the other hand, during
the CWPO reaction, both Fe(II) and Fe(III) are involved in the
redox cycle (Eqs. 1 and 2), being the regeneration of Fe(II) the
slowest step (Duesterberg and Waite 2007):

Fe IIð Þ þ H2O2➔Fe IIIð Þ þ HO � þOH− k ¼ 55 M−1 s−1 ð1Þ

Fe IIIð Þ þ H2O2➔Fe IIð Þ þ HOO � þHþ k ¼ 2� 10−3 M−1 s−1 ð2Þ

Thus, the presence of both Fe(II) and Fe(III) species in
the magnetic catalysts allows improving dramatically the
production rate of hydroxyl radicals compared to conven-
tional catalysts where only Fe(III) species is present
(Munoz et al. 2013).

Magnetic nanoparticles (MNPs) represent so far the main
field of study (Dhakshinamoorthy et al. 2012; Munoz et al.
2015). Nevertheless, direct application of unsupported
MNPs for wastewater treatment is highly restricted. Main
problems are the aggregation and consequent reduction of
dispersibility, as well as their loss during supernatants dis-
charge (Zhang et al. 2009; Zubir et al. 2014). Apart from
economic reasons, it also represents an environmental con-
cern as nanoparticles can cause toxic effects in living organ-
isms and act as pollutant carriers (Luoma et al. 2014; Tang
and Lo 2013). The immobilization of MNPs onto a suitable
support would allow to overcome those drawbacks. In this
sense, increasingly complex catalysts such as MNPs sup-
ported on graphene (Zubir et al. 2014) or multi-walled car-
bon nanotubes (Cleveland et al. 2014) have been recently
developed and proved to be effective in this process but
stability, economic, and environmental issues prevent their
application. In this context, naturally occurring magnetic
minerals appear as potentially promising catalysts given
their huge availability at much lower cost than synthetic
materials as well as their environmentally-friendly charac-
ter (Pereira et al. 2012; Munoz et al. 2015; Pouran et al.
2014). Ilmenite (FeTiO3), maghemite (γ-Fe2O3), green
rusts (Fe(III)xFe(II)y(OH)3x + 2y-z(A

−)z; A
− = Cl−; ½ SO4

2−)
and magnetite (Fe3O4) have been already investigated as
CWPO catalysts (García-Muñoz et al. 2017, Matta et al.
2008a, 2008b, Pouran et al. 2014, Souza et al. 2009), show-
ing a significantly higher catalytic activity than non-
magnetic ferric minerals (Matta et al. 2008b). According
to a number of works (Hanna et al. 2008, Matta et al.
2007, Munoz et al. 2017a, b, Pouran et al. 2014), magnetite
has been recognized as the highest active mineral in this
process, showing also a suitable reusability.

In a previous work, we explored the application of natural
magnetite as CWPO catalyst for the removal of the highly
persistent antibiotic sulfamethoxazole (SMX) (Munoz et al.
2017a, b). The process was effective but relatively low oxida-
tion rates were observed, requiring up to 3.5-h reaction time to
reach the complete removal of the pollutant under ambient
temperature and circumneutral pH. It is clear that a boost in
the activity of the mineral is required for its potential applica-
tion as a tertiary treatment in WWTPs. In this work, we tackle
this ambitious challenge by the modification of magnetite up-
on controlled thermal treatments in order to produce novel
core-shell materials with strong magnetic properties and en-
hanced catalytic activity while maintaining a reasonable sta-
bility. The developed core-shell catalysts have been fully char-
acterized and tested in the CWPO of SMX to learn on the role
of the surface Fe species on the catalytic activity and stability
of the mineral. A kinetic equation based on the Eley-Rideal
model has been developed to describe SMX degradation. The
stability and reusability of the optimum catalyst have been
investigated upon its sequential use in five consecutive runs.
To further demonstrate the applicability of the catalytic sys-
tem, it has been also tested in real environmentally relevant
water matrices such as surface water, WWTP effluent, and
hospital wastewater.

Materials and methods

Chemicals

Sulfamethoxazole (> 99%), hydrogen peroxide solution
(30% wt.), nitric acid (65%), and acetic acid (> 99%) were
purchased from Sigma-Aldrich. Sodium hydroxide (> 98%)
was supplied by Panreac and titanium oxysulfate (> 99%)
and acetonitrile (99.8%) by Fluka and Scharlau, respectively.
All these chemicals of analytical grade were used without
further purification. Unless otherwise indicated, deionized wa-
ter was the matrix used to perform the CWPO experiments.

Modification and characterization of the catalysts

The core-shell materials were prepared by submitting the nat-
urally occurring magnetite to controlled oxidation and reduc-
tion thermal treatments. The oxidation treatments were carried
out in air atmosphere for 3 h in an oven within the temperature
range of 200 to 400 °C using a heating ramp of 10 °C min−1.
The reduction treatments were accomplished under a diluted
H2 flow (250 N mL min−1 of 25 vol.% H2 in N2) for 3 h in a
tubular quartz glass reactor with an inner diameter of 1 cm.
This treatment was investigated within the temperature range
of 300 to 600 °C using a heating ramp of 10 °C min−1. The
resulting catalysts were denoted as Fe3O4-XY, X: oxidation
(O) or reduction (R), Y: temperature (°C).
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The composition of pristine magnetite was determined by
total reflection X-ray fluorescence (TXRF) using a TXRF
spectrometer 8030c. Its textural properties were characterized
from nitrogen adsorption-desorption isotherms at − 196 °C
us ing a Mic romer i t i c s Tr i s t a r 3020 appara tus .
Thermogravimetric analysis (TGA) was conducted in a TGA
Q500 (TA Instruments) thermogravimetric analyzer under air
atmosphere at a heating rate of 10 °C min−1, from 30 to
900 °C. Temperature programmed reduction (TPR) was per-
formed using a Micromeritics Chemisorb 2750 automated
system under H2 atmosphere (5 vol.% H2 in Ar) using the
same heating ramp conditions as TGA analysis.

The composition of the material surface was explored by
X-ray photoelectron spectrometry (XPS) with a Termo
Scientific K-Alpha apparatus equipped with a Kα X-ray ex-
citation source, 1486.68 eV. The software BXPS-Peak 4.1^
was used for spectrograms deconvolution. Themagnetic prop-
erties of the solids were determined with a Quantum Design
MPMS XL-5 superconducting quantum interference device
(SQUID). Themagnetic moment (M) was measured as a func-
tion of the applied field (H) at room temperature. The crystal-
line phases in the pristine and modified minerals were ana-
lyzed by X-Ray diffraction (XRD) using a Siemens model
D-5000 diffractometer with Cu Kα radiation. Scanning elec-
tron microscopy (SEM) images of representative samples
were obtained using a Philips XL30 microscope.

CWPO experiments

Oxidation runs were carried out in a glass batch reactor
(500 mL), equipped with a stirrer (700 rpm) and temperature
control. The operating conditions were established according
to a previous contribution where the effect of pH0, tempera-
ture, H2O2 dose, and magnetite concentration was investigat-
ed (Munoz et al. 2017a, b). In this sense, a circumneutral pH0

value (pH0 = 5), ambient temperature (25 °C), the stoichio-
metric amount of H2O2 for complete mineralization of
SMX, and a catalyst load of 1 g L−1 were selected. The initial
concentration of SMX was fixed at 5 mg L−1.

The performance of the optimum catalyst was also investi-
gated in real environmentally relevant water matrices where
SMX usually appears: WWTP effluent, surface water, and
hospital wastewater. All the experiments were carried out in
triplicate being the standard deviation lower than 5% in all
cases.

Analytical methods

Liquid samples were periodically taken along reaction and
immediately analyzed. The catalyst was previously separated
by filtration using a PTFE filter (pore size 0.45 μm). SMX and
the aromatic reaction intermediates were followed by high-
performance liquid chromatography, HPLC-UV (Varian,

Mod. ProStar) using an Eclipse Plus C18 column (15 cm
length, 4.6 mm diameter) (Agilent). The analyses were carried
out at 270 nm using a 25/75% (v/v) mixture of acetonitrile and
acetic acid aqueous solution (75 mM) as the mobile phase.
H2O2 and leached iron concentrations were determined by
colorimetric titration with a UV 2100 Shimadzu UV-VIS
spectrophotometer using the titanium sulfate (Eisenberg
1943) and the o-phenantroline (Sandell 1959) methods,
respectively.

Results and discussion

Catalysts characterization

The pristine mineral was fully characterized in a previous
work (Munoz et al. 2017a, b). Briefly, the iron content was
close to the theoretical one for pure Fe3O4 (73% wt); its sur-
face area value was relatively low (7.5 m2 g−1), which is usual
for iron minerals (Costa et al. 2008; He et al. 2015), and the
particles appeared mostly spherical, with an average size of
203 nm.

The catalysts were prepared by controlled thermal oxida-
tion or reduction of the starting Fe3O4. In first place, the TGA
and TPR profiles of the pristine mineral in the range of 30–
1000 °C under air and H2 atmosphere, respectively, were in-
vestigated (Fig. 1). The TGA profile showed a weight gain
from 200 to 400 °C, which can be attributed to the partial
oxidation of the particle surface from magnetite to maghemite
according to the process (Pereira et al. 2012; Oliveira et al.
2004):

Fe3O4 þ 1

4
O2➔

3

2
γ−Fe2O3 ð3Þ

As can be seen in the TPR profile, the reduction of the
sample occurred in the temperature range of 300–600 °C, with
a peak centered at 512 °C. This peak corresponded to the
reduction of magnetite to wüstite and finally to metallic iron
according to Eqs. 4 and 5, respectively (Costa et al. 2008;
Tiernan et al. 2001):

Fe3O4 þ H2➔3FeOþ H2O ð4Þ
FeOþ H2➔Fe0 þ H2O ð5Þ

On the basis of the TGA and TPR results, the oxidation
treatment of Fe3O4 was carried out at 200, 300, and 400 °C;
and its reduction was conducted at 300, 400, 500, and 600 °C.
The obtained materials were characterized by XPS and mag-
netization measurements to learn on the kind of Fe species
present in the mineral surface as well as the magnetic proper-
ties of the solids. These results are summarized in Table 1. The
deconvolution of the Fe 3p core-level spectra of the pristine,
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oxidized and reduced mineral at different temperatures can be
seen in Fig. S1 of the Supplementary Material, while their
magnetization hysteresis loops are collected in Fig. 2.

The deconvolution of the XPS profiles showed the pres-
ence of both Fe(II) and Fe(III) species in all the materials
(Yamashita and Hayes 2008). The Fe(II)/Fe(III) ratio calculat-
ed for the raw mineral was 0.42, close to the theoretical stoi-
chiometric one of magnetite (Yamashita and Hayes 2008).
The oxidation of the solid led to a gradual increase of the
Fe(III) proportion at the mineral surface, reaching a Fe(II)/
Fe(III) ratio of only 0.11 with the highest temperature tested
(400 °C). Accordingly, the color of the material evolved from
dark brown to intense orange with increasing the oxidation
temperature (see Fig. S2 of the Supplementary Material for
the illustrations). In the same line, the magnetization satura-
tion value (MS) as well as the coercivity (HC) and saturation
remanence (MR) of the mineral were progressively decreased
(Table 1, Fig. 2). Nevertheless, it should be highlighted that
the loss of magnetization was 16% at the most, and thus, the
separation of the solid from water by the application of a
magnetic field was warranted for all the oxidized samples. It
could be then assumed that the core of the solid remained
unchanged after the oxidation treatment. To corroborate this
hypothesis, the highly oxidized sample, Fe3O4-O400, was
further characterized by XRD (Fig. 3). Magnetite was the

main phase in the XRD pattern but the presence of maghemite
(γ-Fe2O3) was also confirmed. The latter phase can only be
distinguished from the former one by the appearance of two
extra peaks at 23.77° and 26.10° (Kim et al. 2012), which,
although being of low significance, were clearly distinguished
in the oxidized sample. According to these results, it can be
concluded that the oxidation of magnetite under these operat-
ing conditions allowed to modify the iron species at the min-
eral surface while maintaining its crystalline structure and
magnetic properties almost unchanged, giving rise to a core-
shell structure type.

In contrast to the oxidation treatment, the reduction pro-
cess led to a significant increase in the Fe(II)/Fe(III) ratio up
to 0.87 at 600 °C (Table 1), evolving the color of the mate-
rial to black (see Fig. S2 of the Supplementary Material for
the illustrations). As a result, a slight growth in the magne-
tization of the material was observed with increasing the
reduction temperature (Table 1, Fig. 2), which is consistent
with a previous work (Costa et al. 2008). It can be explained
by the formation of metallic iron at the mineral surface,
whose magnetic properties are well-known to be much
higher than those of pure magnetite (Vecchia et al. 2008).
The formation of metallic iron took place above 500 °C,
where the increase of the magnetization of the material
was more evident. Both Fe3O4-R400 and Fe3O4-R600 sam-
ples were further characterized by XRD to gain further in-
sights on the possible changes in the mineral structure upon
its reduction (Fig. 3). While the former did not suffer any
significant alteration, corresponding entirely to the magne-
tite phase, the XRD pattern of the latter showed clear peaks
corresponding to both FeO and Fe0 species, apart from those
corresponding to magnetite (Costa et al. 2008). In any case,
magnetite was the main iron oxide in the samples, being the
modified minerals of core-shell type, in line with the results
obtained by its oxidation. It must be noted that the morphol-
ogy and size of magnetite particles were not significantly
affected by either the oxidation or reduction treatments (see
Fig. S3 of the Supplementary Material for SEM images).

Table 1 Characterization of the core-shell magnetic catalysts

Catalyst Thermal treatment Fe(II)/Fe(III) ratio MS

(emu g−1)
HC

(Oe)
MR

(emu g−1)
Treatment Temperature (°C)

Pristine Fe3O4 – – 0.42 77.8 87.5 7.8

Fe3O4-O200 Oxidation
(air atmosphere)

200 0.23 74.5 80.8 7.3

Fe3O4-O300 300 0.15 71.1 74.5 7.1

Fe3O4-O400 400 0.11 65.3 74.2 7.1

Fe3O4-R300 Reduction
(H2 flow)

300 0.56 78.4 78.0 7.9

Fe3O4-R400 400 0.63 81.5 78.5 8.2

Fe3O4-R500 500 0.78 82.0 80.6 7.3

Fe3O4-R600 600 0.87 84.4 84.2 7.4
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Fig. 1 TPO and TPR profiles of pristine Fe3O4
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Influence of the thermal treatment of magnetite
on its catalytic activity

The developed core-shell materials were used as catalysts in
the CWPO of SMX under ambient temperature and
circumneutral pH (pH0 = 5). Previously, blank experiments
in the absence of oxidant or catalyst were carried out to dis-
tinguish their contribution to the reaction. Adsorption of SMX
onto the solids was not significant, as its concentration hardly
decreased (< 5%) in the absence of H2O2 after 4 h. On the
other hand, the key role of the catalyst in the process was
demonstrated in the experiment performed without its addi-
tion, where only 1% of SMX was degraded within 4 h.

Oxidation treatment

The impact of the oxidation treatment of magnetite on its
catalytic activity on the CWPO of SMX can be seen in
Fig. 4a. As observed, the oxidation of the mineral at increasing
temperatures led to a progressive decrease on the degradation
rate of the pollutant. Accordingly, the consumption of H2O2

was reduced from 50% with the pristine mineral to only 10%
with the highly oxidized catalyst (Fe3O4-O400). These results
are consistent with the decrease on the proportion of Fe(II)
species on the sol id surface (Costa et al . 2008;
Dhakshinamoorthy et al. 2012). Thus, the oxidation of the
mineral can be discarded as an effective treatment to boost
the activity of the magnetite. With regard to the stability of
the oxidized materials, the Fe leaching was slightly lower than
that observed with the pristine mineral (0.3 vs. 0.5 mg L−1).

The oxidation pathway of SMX upon CWPO catalyzed by
magnetite was described in detail in our previous contribution
(Munoz et al. 2017a, b). Briefly, SMX was hydroxylated in
the first place leading to the formation of two aromatic inter-
mediates, one of them produced by the addition of the

hydroxyl group to the aromatic ring and the other by the re-
placement of a substituent by the hydroxyl group in the drug
structure. Further attack of hydroxyl radicals led to the break-
ing down of these species in smaller fragments, giving rise
finally to non-toxic short chain organic acids. The aromatic
intermediates formed along reaction were also followed in the
current work (see Fig. S4 of the Supplementary Material for
their tentative molecular structures as well as their evolution
upon reaction with the oxidized minerals). Consistent with the
low conversion of SMX, the amount of aromatic intermediates
gradually increased with reaction time, not being observed
their degradation along the process under these conditions.
In the same line, the pH of the reaction medium was slightly
decreased from pH0 5 to values in the range 4.0–4.5 after 4 h
reaction time due to the formation of short-chain organic acids
(Munoz et al. 2017a, b).

Reduction treatment

The results obtained in the CWPO of SMX with the reduced
minerals at different temperatures are depicted in Fig. 4b. It
can be clearly seen that the reduction of magnetite led to a
significant increase on the oxidation rate of the pollutant.
Whereas 3.5 h were required to achieve the complete degra-
dation of the drug with the pristine mineral; 1.5 h was enough
to reach its total conversion using the optimum material
(Fe3O4-R400). These results allow to confirm that the Fe(II)
species produced along the reduction treatment plays a key
role on the oxidation process since this species is the main
responsible for HO generation. The small decrease on the
catalytic activity of the mineral with increasing reduction tem-
perature from 400 to 500 °C could be related to the presence of
wüstite and zero-valent Fe species, in accordance with a pre-
vious work (Costa et al. 2008). The decomposition of H2O2

was increased up to 70% at the end of the reaction (90 min)
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with the optimum catalyst, and the aromatic intermediates
were completely removed along the reaction with all the re-
duced samples (see Fig. S4 of the Supplementary Material for
their evolution upon reaction). Accordingly, the pH of the
reaction medium was reduced up to 3.5 at the end of the

reaction, which can be related to the formation of short-
chain organic acids as final reaction products (Munoz et al.
2017a, b).

It must be noted that iron leaching from the materials re-
duced up to 500 °C was very similar to that observed for
pristine magnetite (~ 0.4 mg L−1), and thus, the reduction
treatment of the mineral allowed to boost its activity while
maintaining its suitable stability. In any case, to determine
the contribution of the homogeneous Fenton reaction to the
removal of SMX, an additional experiment was conducted
under the same operating conditions using dissolved iron as
catalyst (0.5 mg L−1 Fe2+). Remarkably, SMX removal was
below 15% after 90 min, whereas complete degradation of the
drug was achieved using the optimum catalyst (Fe3O4-R400)
at the same reaction time, confirming the key role of the solid
catalyst in the process (see Fig. S5 of the Supplementary
Material for experimental data). Nevertheless, reduction at
temperatures above 500 °C was counterproductive from the
stability point of view, since the mineral reduced at 600 °C
(Fe3O4-R600) suffered strong Fe leaching (6 mg L−1). These
results can be explained by the presence of important amounts
of zero-valent iron on the shell of this highly reduced material.
It is well-known that zero-valent iron is more prone to leach
than iron oxides, leading in practice to a homogeneous Fenton
reaction (Xu and Wang 2011). For this reason, this material
was not further evaluated in this study.

Kinetic model

The reaction mechanism proposed for the CWPO of SMX by
the magnetic core-shell materials developed in this work is
based on the Eley-Rideal type mechanism. We have only fo-
cused on the degradation of SMX and thus, not all the reac-
tions taking place towards its complete mineralization have
been considered. It must be noted that SMX was in its neutral
form under the operating conditions tested in this work. This
compound undergoes two acid-base processes, showing two
pKa values (pKa,1 = 1.6, pKa,2 = 5.7) (Boreen et al. 2004). The
initial pH of the reaction medium was adjusted to 5, being the
final values within the range of 3.5–4.5 at the end of the
reactions. On the other hand, as has been confirmed by the
characterization of the materials, both Fe(II) and Fe(III) spe-
cies are present at the catalyst surface. It has been also dem-
onstrated that the increase of Fe(II)/Fe(III) ratio led to a faster
degradation of SMX, suggesting that Fe(II) species plays a
key role as active center. In addition, when Fe(II) was reduced
to metallic iron (samples reduced above 400 °C), the reaction
rate also decreased. Briefly, the proposed reaction mechanism
started by the adsorption of a SMXmolecule onto a free active
site (Fe(II)) of the catalyst, giving rise to Fe(II)-SMX (Eq. 6).
This adsorbed compound reacts with a free hydroxyl radical
from the bulk reaction medium leading to the formation of an
oxidation product (OP) (Eq. 7). In a next step, OP is released
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Fig. 3 XRD patterns of the pristine, oxidized, and reduced mineral at
different temperatures. Major peaks are identified using ICDD PDFs
00-039-1346 (γ-Fe2O3), 01-080-6402 (Fe3O4), 00-006-0696 (Fe0) and
00-006-0615 (FeO)
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from the catalyst, becoming the active site Fe(II) newly avail-
able (Eq. 8). Additionally, as shown in the introduction sec-
tion, part of the production of hydroxyl radicals takes place by
the reduction of H2O2 onto free Fe(II) species, oxidizing it to
Fe(III) species, and releasing the hydroxyl radical and a hy-
droxyl ion (Eqs. 1 and 2).

Fe IIð Þ þ SMX↔Fe IIð Þ−SMX ð6Þ
Fe IIð Þ−SMXþ HO �↔Fe IIð Þ−OP ð7Þ
Fe IIIð Þ−OP→Fe IIð Þ þ OPþ Hþ ð8Þ

The release of the oxidation product is assumed the slowest
step and thus, the rate-limiting one. Additionally, under these
operating conditions, it can be assumed that the concentration
of hydroxyl radicals remains practically constant as H2O2 is in
excess for SMX degradation, and thus, it can be included in a
lumped kinetic constant. Taking into account all these consid-
erations, the net oxidation rate of SMX can be expressed by
the following kinetic equation:

‐rSMXð Þ ¼ ‐
dCSMX

dt
¼ k1 � CHO � CSMX

1þ K2 � CSMX

¼ k1 � CSMX

1þ K2 � CSMX
ð9Þ

where CSMX is the concentration of SMX (mg L−1); k1 is a
lumped kinetic constant (min−1) and K2 is another lumped
constant including kinetics and adsorption constants (Lmg−1).

The software package Scientist 3.0 (Micromath®) was
used to solve the Eq. 9 and fit the experimental data. The
fitting curves obtained were in fairly good agreement with
the experimental data obtained with all the materials devel-
oped in thiswork (Fig. 4).Thevalues of the rate constants and
the correlation coefficients are collected in Table 2. It is clear
that the thermal treatments of the mineral showed an impor-
tant effect on the kinetics of the process. The degradation of
SMX catalyzed by the pristine and the oxidized materials

responds to a linear tendency with reaction time, suggesting
an apparent zero-order kinetics,which is consistentwith pre-
vious works (He et al. 2015; Munoz et al. 2017a, b). In these
cases, the high value of the global parameter K2 allows to
simplify the kinetic equation and the values of k1/K2 ratio
could be used to compare the activity of the catalysts.
Consistent with the aforementioned discussion of the exper-
imental results, the oxidation of magnetite led to significant-
ly slower degradation rates, up to 1 order ofmagnitude lower
at the highest oxidation temperature tested (400 °C) due to
the predominant presence of Fe(III) species. On the other
hand, the thermal reduction of the mineral allowed to in-
crease dramatically the oxidation rate of SMX. In this case,
the global parameter K2 was almost negligible, and thus, the
degradation of SMX can be described by pseudo-first order
kinetics being the kinetic constant (k1), the parameter used to
compare the catalysts activity. It is clear that the increasingly
higher amounts of Fe(II) species available at the catalyst sur-
face of reduced samples allowed to increase dramatically the
oxidation rate of SMX due to the increase generation of hy-
droxyl radicals. As explained above, Fe3O4-R400 was the
optimum catalyst for this process.
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a)Fig. 4 Effect of the oxidation (a)
and reduction (b) treatment of
magnetite on its catalytic activity
in the CWPO of SMX ([SMX]0 =
5 mg L−1; [H2O2]0 = 25 mg L−1;
[catalyst] = 1 g L−1; pH0 = 5; T =
25 °C). Experimental data
(symbols) and model fit (solid
lines)

Table 2 Values of the rate constants ([SMX]0 = 5 mg L−1; [H2O2]0 =
25 mg L−1; [catalyst] = 1 g L−1; pH0 = 5; T = 25 °C)

Catalyst k1 × 10
2

(min−1)
K2

(L mg−1)
k1/K2

(mg L−1 min−1)
R2

Pristine Fe3O4 10.25 3.53 0.029 0.9988

Fe3O4-O200 5.55 3.42 0.016 0.9996

Fe3O4-O300 3.70 5.28 0.007 0.9992

Fe3O4-O400 2.11 5.46 0.004 0.9997

Fe3O4-R300 1.40 8.12 × 10−16 – 0.9931

Fe3O4-R400 5.02 1.81 × 10−16 – 0.9980

Fe3O4-R500 2.52 2.05 × 10−16 – 0.9908
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Stability tests

The reusability of the optimum catalyst (Fe3O4-R400) was
evaluated by its use upon five sequential runs. The catalyst
was recovered by magnetic separation and dried at low tem-
perature (60 °C) overnight after each trial. The obtained results
are depicted in Fig. 5. It is clear that the catalyst suffered a
slight deactivation upon its sequential application along the
first three uses, being required an additional period of 0.5 h
in the subsequent use to achieve the complete removal of the
drug. In the following runs, the catalyst maintained its activity
unchanged, reaching the same results as those obtained with
the pristine mineral. This is consistent with the high stability
of magnetite under these operating conditions (Munoz et al.
2017a, b).

The deactivation of the catalyst cannot be explained by the
leaching of iron since it was around 0.4 mg L−1 upon each
application. On the other hand, the presence of carbonaceous
deposits was of low significance since the carbon content of
the used catalyst was very low (0.1% wt) while the BET sur-
face remained unchanged (7.0 m2 g−1). Remarkably, the mag-
netic properties of the solid were not affected by its use (see
Fig. S6 of the Supplementary Material for the magnetization
hysteresis loops of the catalyst after each sequential run).
Main reason for deactivationmust be then related to the partial
oxidation of the catalyst surface during the reaction. In fact,
the Fe(II)/Fe(III) ratio was decreased upon sequential uses,
reaching a value of 0.43 after the third run, almost the same
of the prisitine mineral (see Fig. S7 of the Supplementary
Material for the deconvolution of the Fe 3p core-level spec-
trum of the used catalyst). These results are in agreement with
the proposed reaction mechanism. The presence of progres-
sively lower amounts of Fe(II) species led to a decay of the
available active sites for SMX adsorption. At the same time, it

apparently resulted in a slower production of hydroxyl radi-
cals, necessary for the oxidation of the adsorbed SMX species.
Consistent with this, H2O2 conversion along the subsequent
runs was slower, being the consumption gradually decreased
from 70 to 45% from the first to the third run.

Operation in environmentally relevant water matrices

As a proof of concept, the optimum catalyst (Fe3O4-R400)
was used in different environmentally relevant water matrices
doped with SMX (5 mg L−1). A WWTP effluent, a surface
water sample, and a real hospital wastewater were selected for
such goal (Luo et al. 2014; Verlicchi et al. 2010). The charac-
terization of these aqueous matrices is provided in the
Table S1 of the Supplementary Material. Briefly, the conduc-
tivity values of the WWTP effluent, the surface water, and the
hospital wastewater were 462, 200, and 1185 μS cm−1, re-
spectively. Regarding the organic content, the hospital waste-
water was the most polluted effluent with a high TOC value
(110 mg L−1) whereas the WWTP effluent and surface water
showed very low TOC contents (2.6–2.7 mg L−1). As can be
seen, the composition of the real aqueous solutions was
strongly different, and thus, direct comparison among them
is not straightforward. Nevertheless, these trials allow to prove
if the process is effective in different water media.

The oxidation of SMX in the aforementioned water matri-
ces is depicted in Fig. 6. As can be seen, the degradation of the
drug was not significantly affected by the water matrix com-
position, with the exception of the highly complex hospital
wastewater. In this sense, complete removal of the drug was
achieved in 1.5 and 2 h reaction time within the surface water
and WWTP effluent, respectively, whereas 70% removal of
the pharmaceutical was achieved in 4 h reaction time using the
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hospital wastewater. The obtained rate constants (k1) for the
degradation of SMX were 6.29 × 10−2 (R2 = 0.988), 4.14 ×
10−2 (R2 = 0.984), and 0.58 × 10−2 min−1 (R2 = 0.990) in sur-
face water, WWTP effluent, and hospital wastewater, respec-
tively. The characterization of the used catalysts and the oxi-
dation effluents revealed that they were not significantly mod-
ified as a consequence of the water matrix (Fe leached <
0.4 mg L−1; carbonaceous deposits < 0.1% wt). Remarkably,
the magnetic properties of the catalyst remained unchanged
after reaction (see Fig. S6 of the Supplementary Material for
the magnetization hysteresis loops of the used catalysts).
Therefore, the inhibition effect observed with the hospital
wastewater seems to be related to the scavenging of hydroxyl
radicals due to the co-existing substances present in the aque-
ous matrices, in particular, salts, as well as to their consump-
tion by other organic species.

The results achieved in the current work significantly im-
proved those reached in our previous contribution where the
pristine mineral was used under the same operating conditions
(Munoz et al. 2017a, b). In that case, up to 5 and 5.5 h were
required to achieve the complete removal of SMX in surface
water andWWTP effluent, respectively, whereas only 30% of
SMX degradation was reached in 4-h reaction time within the
same hospital wastewater matrix.

Conclusions

It has been proved that the modification of naturally occurring
magnetite by controlled thermal treatments results in novel
core-shell materials with strong magnetic properties and tuned
Fe(II)/Fe(III) ratios on the surface. The latter has shown to be
crucial on the activity of the resulting catalyst. Whereas the
oxidation of magnetite led to sluggish kinetics due to the pres-
ence of increasing amounts of ferric species; its reduction gave
rise to extremely high SMX degradation rates due to the high
proportion of ferrous species. The reduction temperature of
400 °C was found to be the optimum for the development of
a highly active catalyst with a reasonable stability. Higher
reduction temperatures led to the formation of zero-valent iron
species, resulting in poor stability due to strong Fe leaching.

The applicability of the optimum catalyst (Fe3O4-R400)
was demonstrated not only in deionized water but in real en-
vironmentally relevant water matrices where micropollutants
are usually present like surface water, WWTP effluent, and
hospital wastewater. Remarkably, the performance of the cat-
alyst was very similar regardless of the composition of the
aqueous matrix with the exception of the complex hospital
wastewater, which led to a partial inhibition of the reaction
due to scavenging effects given the presence of important
amounts of salts and organic content. These findings offer
new perspectives for the design and optimization of active,
easily-recoverable, and durable catalysts for CWPO. In

particular, the catalytic system developed in this work repre-
sents an interesting alternative as tertiary treatment inWWTPs
or even as a purification step in drinking-water-treatment
plants.
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