[Almeios

ISSN 1678-5169 (Online)

@) e | https://doi.org/10.1590/0104-1428.20220029

Evaluation of magnetic poly(methyl methacrylate)
microspheres as catalysts in heterogeneous Fenton
processes

Alan Kardec da Silva' @, Ezaine Cristina Corréa Torquato' @, Jacira Aparecida Castanharo? ©,
Marcos Antonio da Silva Costa? ©©, Ménica Regina da Costa Marques® © and Luciana da Cunha Costa'*

'Departamento de Farmacia, Faculdade de Ciéncias Biologicas e da Saude, Campus Zona Oeste, Univer-
sidade do Estado do Rio de Janeiro — UERJ, Rio de Janeiro, RJ, Brasil
2Departamento de Processos Quimicos, Instituto de Quimica, Universidade do Estado do Rio de Janeiro —
UERJ, Rio de Janeiro, RJ, Brasil
3Departamento de Quimica Organica, Instituto de Quimica, Universidade do Estado do Rio de Janeiro —
UERJ, Rio de Janeiro, RJ, Brasil

*luciana.cunha.costa@gmail.com

Abstract

This work reports the preparation of magnetic polymeric microspheres based on poly(methyl methacrylate) and the
investigation of these materials as catalysts in heterogeneous Fenton processes for the decolorization of methyl orange
(MO). The microspheres were prepared by polymerization of the magnetic material together with the monomers by
aqueous suspension polymerization. The microspheres had specific surface area of 48.2 m? g!'. Mossbauer data indicated
that the magnetic material was a mixture of magnetite (31%), maghemite (21%), and goethite (48%). Fenton reactions
were performed by varying the concentration of H,O,, pH, composite mass, and contact time. The highest color removal
rates (around 80%) were reached at pH 3.0, 20% w/v of composite, 20 minutes contact time, and 10 ppm of H,O,.
The composite could be reused during four cycles with removal efficiency above 50%. The results indicated that the
adsorption and oxidation mechanisms act together determining the variation of the MO dye removal.
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1. Introduction

Synthetic organic dyes, especially azo dyes, are employed
in various industrial processes where byproducts are these
contaminants; consequently, these dyes are released in the
wastewater of these industries!"-?. According to Tung et al.l’],
“these pollutants absorb and reflect the sunlight entering the
water and hence hinder the photosynthesis in aquatic plants.”
These pollutants are toxic to the environment, especially
aquatic lives, and conventional treatment processes for their
removal are often inefficient due to their high stability and

complex naturel!,

The Fenton process is highlighted among several advanced
oxidation processes (AOPs) due to its simple operation,
low cost, low toxicity of the reactants, and ability to treat
many hazardous organic contaminants. Fenton’s reagent is
a mixture of H,O, and Fe*" or Fe’* ions (in stoichiometric
amounts), generating OH and OOH radicals, at acid pH'®.
The replacement of homogenous Fenton catalysts by
heterogeneous approaches has been motived by considering
the straightforward recovery, possible recycling, or reuse of
these heterogeneous materials, and reduction of the amount

Polimeros, 32(2), e2022018, 2022

of Fe leached into the medium, besides the possibility of
expanding the pH range of using these materials®..

Magnetic composites have received considerable
attention due to their easy separation from the medium. These
composites can be used in many areas, such as catalysis,
environmental remediation, and biomedical processes!®!.
A search of a scientific research platform employing
the keywords “magnetic composites and heterogeneous
Fenton” showed an increase in the number of publications
over the years (Figure S1 — Supplementary Material).
Several magnetic composites based on polymers have been
studied as heterogeneous Fenton and Fenton-like catalysts
and evaluated for dye degradation. The polymers used in
the preparation of these composites can be carbon-based
polymers such as carbon nanotubes!"*), carbon nanofibers!”,
graphene and graphene oxide!>!% and biopolymer matrices
such as alginate!',

According to Gao et al.l'”!, polymeric microspheres based
on poly (methyl methacrylate) (PMMA) stand out among other
types of microspheres (polystyrene, poly (ethylene glycol),
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poly (glycidyl methacrylate), etc), due to the properties of
PMMA, such as high impact strength, light transmissivity,
good processability, and biocompatibility. These microspheres
can be prepared by various polymerization techniques and
functionalized through different strategies. The preparation
of composites from PMMA microspheres can contribute
to increasing the “chemical stability, mechanical strength,
catalytic performance” of these materials. The synergism
between the properties of these polymers and magnetic
materials can enable the preparation of materials with superior
properties!®!. However, no studies reported the evaluation
of these microspheres as catalysts in heterogeneous Fenton
processes. Shan et al.l'¥ report the preparation of magnetic
porous Fe, 0, /poly(methyl methacrylate-co-divinylbenzene)
microspheres and their use as adsorbent of Rhodamine B
dye. However, the authors did not study the employment
of this material as a catalyst in a Fenton process and the
relationship between the reaction conditions and the efficiency
of this catalyst.

Because magnetic polymeric microspheres based on
PMMA have not been sufficiently studied as catalysts of
heterogeneous Fenton processes, this work describes the
preparation of magnetic polymeric microspheres based on
PMMA and the investigation of these materials as catalysts in
heterogeneous Fenton processes for the decolorization of methyl
orange (MO). The influence of the experimental conditions
(pH, contact time, mass of composite, H,0, concentration) on
the discoloration rate of the dye solutions was investigated.
The lifetime of the catalysts was also analyzed in ten cycles
of reuse. The azo dye methyl orange (MO) was chosen as the
target organic pollutant due to its low cost, wide application,
and stability!"!1:14]

2. Materials and Methods

2.1 Preparation of magnetic material

The synthesis of magnetic material was performed by the
co-precipitation technique. Initially, 27 g of FeCl, and 14 g
of FeSO,-7H,0 were solubilized in deionized water (50 mL).

These solutions were transferred to 250 mL three-necked
round-bottomed reactor flask equipped with a mechanical
stirrer and maintained under stirring (150 rpm) in a nitrogen
atmosphere until complete dissolution of the reactants. Then
130 mL of NH,OH (28% NH, in H,0) was slowly added
to the reactor. The solution was maintained under stirring
at 70 °C for 1 h. The result of this step was a black residue.
It was washed several times with deionized water until the
supernatant pH was around 7. Subsequently, under gentle
stirring at a temperature of 80 °C, 10 mL of oleic acid was
added. The reaction lasted 30 minutes. The final mixture
was washed with ethanol several times to remove excess
oleic acid and was transferred to a desiccator. The air was
evacuated and replaced by nitrogen for each use!®”. Inorganic
reactants were acquired from Vetec Quimica Ltda. Oleic acid
was acquired from B. Herzog Varejo de Produtos Quimicos
Ltda. All reactants were used as received.

2.2 Preparation of magnetic PPMA microspheres

Magnetic polymeric microspheres were prepared by
aqueous suspension polymerization in a 1 L reactor flask
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equipped with a mechanical stirrer and a reflux condenser
containing a silicon oil seal at the top. The organic phase
was composed of 90 wt. % of methyl methacrylate (MMA),
10 wt.% of divinylbenzene (DVB), n-heptane (100% to the
volume of monomers), 2,2-azobisisobutyronitrile (AIBN)
(2% wt.% to monomers), and of magnetic material (5 wt.
% to monomers). This mixture was left in a thermostatic bath
at 50 °C for 30 min under stirring (150 rpm). The aqueous
phase consisted of 1 wt.% of poly(vinyl alcohol) (PVA) to
water volume, 1 wt.% of NaCl to water volume, and distilled
water. The volumetric ratio between the aqueous and organic
phases was 4:1. The aqueous phase was transferred to the
reactor flask, and the stirring was set to 700 rpm. Then
the organic phase was dropwise transferred to the reactor.
The reaction was maintained under stirring at 80 °C for
4 hi®), The final product was washed extensively with heated
deionized water and dried at 60 °C. AIBN was acquired from
Mig Quimica and used after recrystallization with methanol.
The monomers were donated by Lanxess Ltda and Nitriflex
Ltda respectively. PVA was donated by Kurary Inc. Other
reactants were acquired from Vetec Quimica Fina. These
reactants were used as received.

2.3 Characterization of polymeric microspheres

The magnetic microspheres were characterized by optical
microscopy (Olympus BX51M), scanning electron microscopy
together with energy-dispersive X-ray spectroscopy (SEM-
EDS) (Fei Inspect 550), vibrating sample magnetometry
(VSM) (Lake Shore 7400), Mossbauer spectroscopy (Fast
Comtech, Germany), particle size distribution (Malvern
Mastersizer 2000), specific surface area, pore volume,
and pore diameter by employing nitrogen physisorption
(Micromeritics ASAP 2020 apparatus). The sample’s crystalline
structure was verified by X-ray diffractometry (Shimadzu,
model XRD 6000). Scans were performed between 7-70°
(20) with a goniometer speed of 2° per minute. The JADE
program was used to identify mineralogical phases present
in the samples. For SEM-EDS analysis, the samples were
metalized with gold, and an acceleration voltage of 15 kV and
magnification of 250 x was used. Specific surface area, pore
volume and pore diameter were determined by employing
BET and BJH Equations. Mossbauer spectroscopy was used
to identify the magnetic material according to the method
described by Castanharo et al.l*". The FT-IR spectra of all
polymers were recorded with a Perkin-Elmer Spectrum One
spectrometer, (4000-400 cm™!, 4 scans, and 4 cm! resolution)
in the form of KBr discs. The content of iron incorporated
in the particles was determined by AAS spectroscopy after
digestion of the microspheres by employing HNO,:HCl
1:3 v/v according to the method previously published!®’.

2.4 Heterogeneous Fenton tests employing magnetic
microspheres for dye decolorization

Decomposition tests of methyl orange were conducted
using a batch system in Erlenmeyer flasks (250 mL) on stirring
plates under slow agitation. The tests were performed by
varying the mass of magnetic microspheres (1-20% w/v),
the concentration of H,0, (0.1-50 ppm), pH of the medium,
adjusted with acetic acid/acetate buffer 0.5 mol L' (3.0-7.5),
and contact time between the solution and microspheres
(0—30 min). The final volume of the medium was maintained
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at 100 mL, while the dye concentration was 5 ppm, and the
reaction temperature was 25 °C. Considering the possibility
of dye adsorption by the composite, we also performed tests
in the absence of H,0,, employing composite concentrations
of 5, 10, or 20% w.t% (in relation to the total volume of
the medium), pH 3.0, and 10 minutes of contact between
the microspheres and dye solution. Aliquots of 5 mL of the
supernatant collected after the reaction were transferred
to a quartz cuvette and read at 500 nm. All experiments
were conducted in duplicate, and the results are presented
as average. Efficiency in removing MO was calculated by
using Equation 113,

x100

Co_C,
R(%):%

()

where: R (%) is removal efficiency (%), C, is initial MO
concentration (mg/L), and C, is MO concentration at time
t (mg/L).
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The studies of reuse of the microspheres as catalysts
were conducted in ten batch cycles employing 5% w/v of
catalyst, 5 ppm of H,O,, 5 ppm of dye, pH 3.0, and a final
medium volume of 10 mL. After each reuse cycle, the
microspheres were separated from the reaction medium by
filtration, rinsed with distilled water, and placed in another
Erlenmeyer for a new experiment. After each cycle, the dye
decomposition was evaluated by collecting 5 mL samples
of the supernatant and analyzing them at 500 nm with a
spectrophotometer (Shimadzu, model UV-VIS — 1240).

3. Results and Discussion

Magnetic polymeric particles were prepared by
polymerizing magnetic material with the monomers
MMA and DVB by aqueous suspension polymerization.
SEM images shows showed these particles’ spherical shapes
(Figure 1a). Malvern data showed that these particles had
large size distribution (Table 1). EDS spectra indicated the
presence of Au metal (used in the coating of particles for
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Figure 1. (a) EDS spectrum and iron distribution map of the magnetic material, SEM image of magnetic microsphere; (b) FT-IR spectrum
of the magnetic microspheres; (c) XRD spectra of the magnetic material and magnetic microspheres; (d) Transmission Mossbauer spectra

of the magnetic microspheres.

Table 1. Morphological characteristics of the magnetic PMMA microspheres!®.

S (mg") Vp (em’ g) P.S.(um)

M, (emu g™) M, (emu g™) IC. (% m.m.)

48.30 0.35 20-104.00

4.76 0.21 4.13+0.02

S: specific surface area (determined by nitrogen physisorption, by employing the BET equation); Vp: pore volume (determined by nitrogen
physisorption, by employing the BJH equation); P.S.: Particle size range (determined by Malvern Mastersizer), My: saturation magnetization
(determined by employing vibrating sample magnetometry), M,.: remaining magnetization (determined by employing vibrating sample
magnetometry), 1.C.: iron content incorporated in the polymeric particles (determined by AAS after acid digestion of the particles)
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SEM analysis); besides Fe, confirming the incorporation of
the magnetic material on microspheres, along with carbon
and oxygen, due to polymeric matrix composed of DVB
and MMA (Figure 1a). The Fe distribution map of magnetic
material (obtained through the EDS accessory) (Figure 1a)
showed small yellow dots (Fe domains) distributed over
the entire surface of the polymeric microspheres, along
with yellow clusters, indicating that magnetic material was
heterogeneously incorporated in the polymeric matrix. FT-IR
spectrum of magnetic microspheres (Figure 1b) showed bands
at 1724 cm™ due to stretching of the C=0 bond of the ester
group, 1605 cm™ due to C=C stretching of the aromatic ring,
1461 cm!, and 1388 cm™! due to asymmetric and symmetric
stretching of the O-CH, bond of the ester group, 1261 cm
!, and 1107 cm™ related to coupled asymmetric stretching
C(=0)-0 and O-C-C, besides a band at 3438 cm™ due to
hydrogen bonding between carbonyl and oxygen of the
(moist) MMA ester and water!'®l.

Peaks related to iron oxides were identified in the
positions 22.9°, 38.0° 45° 54.9°, and 68.7° (20 plane),
472°, 270°, 333°, 175° and 90° (crystalline plane), in the
diffractograms produced by XRD analysis of magnetic
material and magnetic microspheres (Figure 1c). It was
also possible to observe peaks due to goethite at 28° and
41°. XRD spectra of the magnetic material and magnetic
microspheres showed the same peaks related to iron oxides,
indicating that the structure of the magnetic material was
preserved during polymerization!®”. However, it was
also possible to observe the presence of an amorphous
halo in the diffractogram of the magnetic microspheres,
related to the polymeric matrix of this material. Magnetic
microspheres presented saturation magnetization (M) of
4.76 emu g and remnant magnetization (M) of 0.21 emu
¢!, indicating a good response to the magnetic field and
superparamagnetic behavior (Table 1). The magnetization
curve did not have a hysteresis loop (Figure 1¢), confirming
this superparamagnetic behavior.

Mossbauer spectra of these magnetic polymers (Figure 1d)
showed a contribution from a doublet, indicating the presence
of superparamagnetic particles, and an asymmetric sextet,
added to the pure magnetic material, but with a slight loss of
intensity of the magnetic transmission. This result also indicates
that the polymerization did not change the properties of the
magnetic particles. However, the polymerization may cause
a change in the inter-particle interaction parameters, making
qualitative interpretation and theoretical calculation of these
polymer composites” spectra difficult!!”). The interparticle
interactions were mainly: (i) dipole-dipole interaction and
(ii) exchange interaction through the surface of the particles.
In the case of magnetic polymers, the second interaction can
be neglected because the dipolar interaction dominates the
interparticle interaction!'®). This interparticle interaction can
explain the difference between magnetic transmission on
pure magnetic material and magnetic polymers. Mdssbauer
results also indicated that the magnetic material is a mixture
of magnetite (Fe,0,, 31%) and maghemite (y-Fe O, 21%),
minerals with magnetic behavior, agreeing with the data
on Mg and M,, and goethite (a-FeOOH, 48%). Part of
the magnetite was converted into maghemite by partial
oxidation of Fe?* to Fe*" and magnetic particles containing
a low concentration of Fe** ions.
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The microspheres had large specific surface area and
pore volume, even though containing magnetic material in
their structure (Table 1). The content of iron incorporated
in the polymer (determined by AAS before acid digestion
of the particles) was 4.76 wt.%, indicating a high degree
of incorporation of magnetic material during synthesis of
the composite.

Magnetite has O, ions coordinated with Fe*" and Fe* ions
in octahedral interstices and Fe*" in tetrahedral interstices.
Considering that Fe** ions are present in both interstices,
these ions do not have a resulting magnetic moment, and
the saturation magnetization is provoked by Fe** ions at
octahedral interfaces (Figure lc). The presence of Fe?"
ions in the spinel of octahedral sites makes these oxides
promising catalysts of the Fenton process. Maghemite has
a structure like a magnetite but only contains Fe**. Goethite
has an orthorhombic structure, with Fe*" ions coordinated
with O* and OH- ions!"*?". This magnetic material can act
in two ways in Fenton catalysis: (i) Fe** ions in magnetite
domains can act directly on the decomposition of H,O,;
or (ii) Fe’* ions in maghemite and goethite domains can
coordinate with H,0, molecules, generating [Fe(II)OOH]**
ions, which undergo decomposition, generating OH and
OOH radicals (Figure 2)821,

Thus, considering that the Fe?* and Fe** ions present in
magnetic material can act as catalysts of Fenton reactions,
we conducted studies of MO degradation in the presence of
magnetic microspheres by varying the pH of the medium,
the mass of this composite, and concentration of H,0,.

3.1 Variation of the concentration of H,0,

The following reaction conditions were employed to
study the effect of H,O, concentration on MO degradation:
5 ppm dye, 1% composite, 10 minutes of contact, pH 3, and
varying concentrations of hydrogen peroxide (1.0, 5.0, 20, and
50 ppm). The first results are shown in Figure 3a. We expected
the increase in H,0, concentration to be associated with a
higher content of reactive radicals, consequently increasing
the dye degradation rate. The color removal rate varied
little with alteration of the H,O, concentration, indicating
that the reaction equilibrium was achieved. To confirm this
observation, a second experiment was carried out using
peroxide concentrations of 10 and 20 ppm, 5% composite,
and varying the contact time between the composite and
solution. The data are shown in Figure 3b. Similar removal
rates were found employing 10 ppm or 20 ppm of H,O, in
the reaction time range of 0 to 30 minutes. The increase of
H,0, resulted from scavenging excess hydroxyl radicals,
generating water and other byproducts with lower oxidation
potential (¢\HO, and *-O,), which did not contribute to
reducing the dye removall"'l. Quadrado et al." studied
the influence of peroxide concentration on the action of
the heterogeneous Fenton process for the decomposition of
OM dye. When the peroxide concentration was increased
from 5 mmol L' to 20 mmol L, the dye removal speed
was slower, i.e., in 20 minutes, the removal rate reached
90% with 5 mmol L' H,O, and only 40% with 20 mmol
L' H,0, in the same period. According to these authors,
at high concentrations of H,0,, the generation of radicals
(= OH) is not selective, and the H,O, molecules can be
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Figure 3. (a) Effect of H,0, content on degradation of MO (a: H,O, content: 1-50 ppm, pH: 3, MO: 5 ppm, composite: 1%, time: 10
minutes), (b: H,0, content: 10 or 20 ppm, pH: 3, MO: 5 ppm, composite: 5%, time: 1-30 minutes).

decomposed into water and oxygen. In addition, the radical (¢
OH) generated can be consumed by the H,O, itself, resulting
in hydroperoxyl radicals (¢ OOH). These radicals (* OOH)
have less oxidizing power and can also eliminate radicals
(* OH), decreasing the dye removal efficiency. Shi et al.??!
reported similar observations. They studied the influence of
H,0, concentration in a heterogeneous Fenton process for dye
decomposition. Their results showed that the dye removal rate
increased with the increase of H,O, concentration, limited
to an optimal concentration value, from which there was
an excess of H,O, and consequently decreased formation
of radicals (*OH).

3.2 Variation of pH of the medium

Dye removal was investigated by employing a pH
range between 3 and 7 and keeping constant all other
parameters: 5 ppm of MO, 5 ppm of H,0,, 5% composite,
and 10 minutes of reaction (Figure 4a). The highest color
removal (63%) was achieved at pH 3.0, and there was a
decrease in dye decomposition with rising pH (above pH
5.0, the dye removal rate was only 30%).

The increasing dye discoloration at lower pH suggests
that Fe*” and Fe*" ions are released in the medium from
the composite, i.e., magnetic microspheres may act as

Polimeros, 32(2), e2022018, 2022

“demand-release homogeneous Fenton catalysts”. Chu and
colleagues®! observed dependence between the removal
rate of dyes in a Fenton process catalyzed by magnetic
biochar and the pH level, which was related to the reaction
conditions. According to these authors, the increase of
the dye removal with decreasing pH can be explained by
the decreasing iron solubility and oxidation potential of
peroxide radicals, in contrast to the self-decomposition of
H,0, to H,0 and O, at higher pH. On the other hand, Vu
and colleagues reported that at pH lower than 2.5, the
efficiency of the Fenton reaction decreases significantly
due to the formation of H,0," ions and complexes such as
[Fe(H,0)°]** and Fe(H,0)°]*", along with the “scavenging
effect” of hydroxyl radicals by excessive content of H* ions
(OH +H"+e— H)O).

The evaluation of the supernatant containing the reagents
H,0,, dye, and 5 or 20% of composite by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES)
(Thermo-Scientific, Model ICAP 6300 DUO) revealed
concentrations of 0.23+0.01 and 0.33+£0.01 mg L' of Fe
metal in this medium. Considering that the content of Fe
metal introduced during the polymerization was 83 mg g"' of
polymer, we can affirm that the magnetic microspheres did
not act as “demand-release homogeneous Fenton catalysts”.
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Figure 4. (a) Effect of pH on MO degradation. Experimental conditions: pH 3-7.3, 5 ppm of MO, 5 ppm of H,O
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MO, 20 ppm of H 0., 5% of composite, contact time range from 0-30 minutes.
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It is also possible to suppose that some of the dye
molecules were adsorbed by magnetic microspheres, and
this adsorption was more favorable in acid media. The acid
dissociation constant (pKa) for methyl orange is 3.46. Thus,
at pH 3 the dye molecules are in neutral form, while above
this pH, these molecules are in salt form, presenting SO,
Na* groups!!l. Probably the adsorption of these molecules
was favored in their neutral form due to the formation of
hydrogen bonds involving the SO,H groups (not dissociated)
of'the dye and iron oxide domains of the magnetic material.

3.3 Variation of the magnetic microsphere mass and
contact time

Here we used 10 ppm of hydrogen peroxide, 5 ppm of
MO, different composite contents (1%, 5% and 10% (w/v))
and contact times (1, 2, 3,4, 5, 10 and 15 minutes). The data
shown in Figure 4b indicate that increasing composite mass
resulted in rinsing dye removal efficiency. The highest
removal rate (close to 90%) was achieved using 10% w/v of
the composite material. This can be explained considering
that the increase of composite contributed to increasing the
concentration of Fe?* and Fe** ions (consequently favoring
the Fenton process) and increasing the absorbance of this
dye from the medium. Arshadi and colleagues!! reported
that a large excess of catalyst could have two consequences:
self-scavenging of OH radicals by ferrous ions, resulting
in a reduction of dye decomposition; or aggregation of the
particles due to increased collision between them, resulting
in lower total surface area and greater diffusion path length,
in turn reducing the adsorption capacity.

The dye removal was most significant in the first minute
of the reaction, achieving a reduction of more than 80%
by using 10% composite because equilibrium was reached
after one minute. This result also can indicate that MO
degradation is related not only to the generation of reactive
radicals involving Fe? and Fe*" ions present in the magnetic
material, but also to release of these ions from the composite.
It is possible to suppose that some of the dye molecules
are adsorbed by magnetic polymeric particles. In the first
stage of adsorption, many active sites are available to dye
molecules, so the reduction of available sites combined with
repulsion between these dye molecules surrounding the
particles and the molecules on the surface of the particles
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might have resulted in more negligible adsorption after the
first minute of contact.

3.4 Study of adsorption capacity

For these experiments, 10 mL of MO solution (5 ppm) was
put in contact with the different concentrations of composite
(5%, 10% or 20% (w/v)) for 10 minutes. After this period,
the absorbance in each flask was analyzed. Then, 10 ppm
of H,0, was added to each flask, and after 10 minutes of
contact, the absorbance was reread. The results obtained
are shown in Figure 5.

According to Figure 5, there was a significant increase in
the dye removal rate with more extended contact of the dye
with the composite, in the absence of H,O,. The variation
in composite mass was accompanied by increasing color
removal. It can be inferred that the composite had high MO
adsorption capacity and that this characteristic strongly
influenced the color removal rate in all stages of this study.
After the addition of H,0, in the medium, there was a further
increase in the removal rate. The “total color removals,” as
identified in the legend of Figure 5, were 55%, 66%, and
56% for composite concentrations of 5%, 10%, and 20%,
respectively. Based on these results, it is possible to suppose
that the total removal data represent the sum of the adsorption
effect and the color removal due to oxidation of the MO by
the Fe?* and Fe®* ions present in the magnetic material of
the polymer matrix. In other words, the analysis of these
data allows us to assume that the adsorption and oxidation
mechanisms act together for the variation of MO removal
in a heterogeneous Fenton process with the composite as
a catalyst. The dye removal rate obtained via the oxidative
process accompanied the dye removal by adsorption when
employing 5 and 10% particles. Still, when 15% composite
was used, the removal rate due to the Fenton reaction was
lower than the removal due to adsorption, probably because
of self-scavenging of OH radicals by ferrous ions, resulting
in a reduction of dye decomposition.

Xu et al. (2018)!% studied the degradation of MO by
applying a heterogeneous Fenton process using magnetite and
a composite of reduced graphene oxide as catalysts for dye
decomposition. The results showed that the composite used
had high dye adsorption capacity, reaching 57% removal (by
adsorption) after 30 minutes of contact. A synergistic effect
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Figure 6. Study of reuse of composite particles for MO removal.
Experimental conditions: pH 3, 5 ppm of MO, 10 ppm of H,O,,
5% of composite, contact time of 5 minutes.

was observed in the Fenton-type reaction and adsorption
governing the degradation of the dye in the studied system.
Because of this synergistic effect, the removal achieved
was 94%.

3.5 Reuse assessment

To evaluate the possibility of reusing the composite for
degradation of MO, decomposition tests were carried out
by using 5% (w/v) of composite, 10 ppm of H,O,, 5 ppm
of dye, pH 3.0, and 5 minutes of contact until there was
no significant variation in the absorbance readings. This
study determined the decomposition after each cycle by
analyzing the absorbance at 500 nm. The efficiency of the
composite was evaluated in a sequence of 11 reuse cycles
(Figure 6). As shown in Figure 6, the initial removal rate was
63%. During the catalyst reuse cycles, there was a gradual
decline in this value until the fifth cycle, from 63% to 10%,
clearly indicating a loss of functionality of the composite as
a catalyst and its adsorption capacity. From the fifth reuse
cycle onward, the removal rate was close to 10%, and no
significant variations were observed until the 11th cycle,
indicating that the maximum number of economically feasible
cycles is four. The reuse of catalysts has been investigated
by several researchers!!*!%26, Shao and Chen®® studied
the reuse of the catalyst and obtained high removal rates
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with slight variation until the third cycle. Quadrado and
Fajardo!'! evaluated the reuse of the catalyst in the Fenton
process for the decomposition of dyes. They observed that
the catalyst-maintained color removal efficiency above 98%
during five reuse cycles.

4. Conclusions

In the present study, magnetic PMMA microspheres
prepared by aqueous suspension polymerization were
evaluated as catalysts for the decomposition of MO through a
heterogeneous Fenton process. These microspheres showed a
larger size distribution of the particles (20-104 um), specific
surface area of 48 m? g'!, and pore volume of 0.35 m? g
Data from XRD showed the presence of iron oxides in
this material and that the magnetic material was preserved
during polymerization. These data along with data of FT-IR
showed that both monomers (MMA and crosslinking agent
DVB) were also included in microspheres. Mossbauer data
showed that these microspheres contained a mixture of
minerals with magnetic behavior (31% magnetite and 21%
maghemite). The observation of saturation magnetization
and remaining magnetization of4.76 and 0.21, respectively,
showed that this material had superparamagnetic behavior.
There was no significant variation in the color removal rate
with variation in the concentration of H,0, (1-50 ppm),
around 30% by employing 1% of composite and around
60% by employing 5% composite. Still, color removal
increased with a higher composite mass and was most
pronounced in the first minute of contact between MO and
composite, around 80% by employing 10% microspheres.
The need for pH control in this system proved to be a very
restrictive condition since the rates of color removal were
much lower with pH above 3. The adsorption studies of the
dye by the composite, carried out in the absence of H,0O,,
confirmed the adsorption of the MO dye by this material.
This characteristic strongly influenced the color removal
rate at all stages of this study. The reuse of the composite
was evaluated for color removal in 11 reuse cycles, and the
results indicated that from the first to the fifth reuse cycle,
the color removal rate declined to about 50%.
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The results also indicated that the adsorption and
oxidation mechanisms vary the MO dye removal rate in
this heterogeneous Fenton process, with the composite as a
catalyst. The results in this work suggest that the composite
acts both in the dye adsorption and in the decomposition
of H,0,. We achieved a maximum color removal rate of
90% using 10% (w/v) of composite, 10 ppm of peroxide,
pH 3.0, 5 ppm of dye, and a contact time of 10 minutes.
The composite can be applied to aid in treating effluents
contaminated with dyes. However, further studies are
necessary to overcome the restriction related to the pH of
this material and to extend useful life.
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