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Fe3O4@TiO2 preparation and catalytic activity 
in heterogeneous photocatalytic and ozonation 
processes 

L. Ciccottia, L.A.S. do Valea,b, T.L.R. Hewera,c and R.S. Freirea*  

Several experimental variables were systematically evaluated in the preparation of Fe3O4 
magnetic nanoparticles. The influence of the preparation parameters on the hydrodynamic 
diameter and size distribution was examined. The studied experimental parameters include 
reaction temperature, ultrasonic bath time, stirring speed/time, base concentration/addition rate 
and stabilizer percentage/stirring time. Depending on experimental conditions, materials with 
an average size ranging between 11 nm and 35 nm were obtained. The Fe3O4 magnetic 
nanomaterial was used to prepare the hybrid catalyst Fe3O4@TiO2. The prepared materials 
were characterized by X-ray diffraction, field-emission scanning electron microscopy, 
transmission electron microscopy, Fourier transform infrared spectroscopy, thermogravimetric 
and differential thermal analysis, inductively coupled plasma optical emission spectrometry, 
BET specific surface area and dynamic light scattering. Fe3O4@TiO2 was employed in the 
degradation of the major metabolite of dipyrone, 4-methylaminoantipyrine, by heterogeneous 
photocatalytic and ozonation processes. The hybrid material exhibited catalytic activity in both 
processes. 
 

Introduction 

Advanced oxidation processes (AOP) represent efficient treatments 
for the removal of refractory pollutants in water. Heterogeneous 
catalytic ozonation and heterogeneous photocatalysis are among the 
most investigated AOP. In these processes, catalysts are usually 
employed in suspension or are immobilized over support matrices. 
When using the catalyst in suspension, it is necessary to separate it 
from the medium after treatment, adding a time-consuming, 
laborious and expensive step. On the other hand, immobilization 
usually reduces the accessible catalyst surface and hence reduces 
catalytic activity. Magnetic nanoparticles have been extensively 
studied as a support for many hybrid materials 1, 2. Fe3O4 magnetic 
proprieties allow effective and easy separation from the reaction 
media by applying an external magnetic field. Moreover, nanosized 
magnetic particles have very large specific surface areas, which can 
be functionalized in order to produce hybrid materials with tailored 
properties. Titanium dioxide is by far the most common catalyst in 
photocatalysis due to its electronic properties, chemical stability, 
non-toxicity and low cost 3-7. TiO2 can also be used in heterogeneous 
catalytic ozonation processes or in combined processes 8-10. Several 
studies have reported the use of magnetic catalysts with core-shell 
configurations in which the core consists of magnetic particles (such 
as Fe3O4) and the surface of catalytically active particles (TiO2, for 
example) 11-13. These materials can be easily separated from the 
treated water and/or wastewater under the application of an external 
magnetic field. Thus, functionalized magnetic nanoparticles can be 
an effective catalyst for oxidative treatment of different pollutants.  

Dipyrone is an analgesic broadly used in Brazil 14 and many other 
countries 15. Dipyrone is easily hydrolyzed into 4-
methylaminoantipyrine (4-MAA) 16-18. This and other dipyrone 
metabolites are not completely eliminated by biological treatment, 
and although little is known about their behavior and persistence in 
the environment, they have already been detected in surface water at 
high concentrations 15, 18, 19.  
In this paper, the preparation of Fe3O4 magnetic nanoparticles under 
different experimental conditions and the effect on the particle 
hydrodynamic diameter and size distribution were evaluated. The 
magnetic nanoparticles were used to prepare the hybrid catalyst 
Fe3O4@TiO2. This material was applied in the degradation of 4-
MAA, the major dipyrone metabolite, by heterogeneous catalytic 
ozonation and photocatalysis treatment processes.  
 

Materials and methods 

Preparation of magnetic nanoparticles 
Magnetic nanoparticles were prepared by the co-precipitation 
method. FeCl3.6H2O and FeCl2.4H2O (Aldrich) were dissolved in 
HCl 2 mol L-1 to obtain solutions with concentrations of 1 mol L-1 
Fe(III) and 2 mol L-1 Fe(II). A 4 mL volume of Fe(III) solution and 1 
mL of Fe(II) solution were mixed, followed by 50 mL of ammonium 
hydroxide solution. The mixture was stirred for different times (base 
concentration and precipitation reaction stirring time were varied as 
described in Table 1 and 2) 11, 20-24. After complete precipitation, the 
solid was separated from the solution by magnetic decantation and 
then washed several times with deionized water. In a subsequent 
step, 25 mL of tetramethylammonium hydroxide (TMA) solution 
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was added to the magnetic precipitate (stabilizer concentration was 
varied as described in Tables 1 and 2) 20, 25. These dispersions were 
stirred for different periods of time (Tables 1 and 2). Nitrogen gas 
was passed continuously through the reaction system. The particles 
were washed and redispersed in deionized water. 
The conditions for magnetic nanoparticles synthesis were modulated 
by “ANOVA Factorial Design”. This statistical design consists of 
selecting a small number of representative experiments within the 
experimental domain of interest to study the influence of the process 
variables (called factors) on the output variables (called responses). 
Factors are the independent variables of interest, and levels are the 
experimental conditions related to a given factor. This statistical 
design has the ability to select samples with high representativeness 
within the experimental domain used and allows working at various 
variable levels 26-29. Based on the results of individual  factor trials, a 
minimal number of experiments were calculated using the 
STATISTICA 10.1 software (StatSoft Inc., USA). 
These chosen variables (factors) and their value ranges are presented 
in Table 1. Table 2 describes nine different values chosen for each 
factor. The combination of variables values in each experiment and 
the order in which the experiments were performed were randomly 
chosen. Hydrodynamic diameters and their respective distribution 
were the response variables. 
 
Table 1. Experimental factors settings for Fe3O4 nanoparticles 
preparation. 
Factors Parameters Units Range 

F1 temperature  °C 5 – 45 
F2 precipitation reaction stirring time   min 15 – 135 
F3 sonication time   min 15 – 63 
F4 precipitation reaction stirring speed   rpm 400 – 2000 
F5 base addition rate   mL min-1 0.5 – 2.1 
F6 dispersion stirring time  min 2.5 – 10.5 
F7 base concentration  mol L-1 0.400 – 1.000 
F8 stabilizer percentage  m m-1 1.0 – 3.4 

 
The magnetic material obtained under optimized conditions was 
used to prepare the hybrid catalyst Fe3O4@TiO2. TiO2 nanoparticles 
were prepared by the sol-gel method. Titanium n-butoxide, 33 mL, 
was added dropwise under vigorous stirring to 200 mL of an 
aqueous nitric acid solution at 50 °C. The reaction solution was 
maintained under stirring until peptization was completed and a 
transparent solution was achieved 30. In the Fe3O4@TiO2 catalyst 
preparation, TiO2 and Fe3O4 ratio was 2:1 (weight). Thus, 200 mL of 
TiO2 sol were added to 357 mL of magnetite suspension and stirred 
for 3 hours. The resulting catalyst was dried at 70 ºC and thermally 
treated under air at 300 ºC for 1 hour. 

 
Characterization 

Thermogravimetric (TG) and differential thermal analysis (DTA) 
curves were obtained with a Shimadzu TGA-50 using a platinum 
crucible with a sample mass of 10 mg. The heating rate was 10 ºC 
min−1, between 25 and 1000 ºC, in nitrogen atmosphere (50 mL 
min−1). 
Infrared spectra were recorded on a Shimadzu IR Prestige-21 
spectrophotometer between 400 and 4000 cm-1. Spectra were 
obtained after 20 accumulations, with a resolution of 1 cm-1. 
Nitrogen adsorption measurements were conducted at −196 ºC using 
a Quantachrome volumetric adsorption analyzer, model 100E. 
Surface areas were determined according to the standard Brunauer, 
Emmet and Teller (BET) method 31. Volume and pore radii were 
determined by the numerical integration method of Barrett, Joyner 
and Halenda (BJH) 32 and Density Functional Theory (DFT) 33. 

Scanning electron microscopy (SEM) studies were performed with a 
JEOL SEM-FEG JSM-7410 microscope, operated at an accelerating 
voltage of 1.0 kV and with an LEI and SEI detector. A few droplets 
of a sample suspended in water were placed on a silicon wafer and 
dried in a vacuum at 70ºC for 12 hours. Transmission electron 
microscopy (TEM) studies were conducted using a TEM-FEG, JEM 
2100F. The TEM samples were prepared by dispersing the materials 
in isopropyl alcohol; these solutions were placed onto a sample 
holder with a carbon-coated copper grid. After TEM imaging, 
energy dispersive X-ray spectroscopy (EDS) elemental mapping 
were performed to evaluate element distribution in the magnetic 
catalyst. 
Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku 
X-ray diffractometer equipped with a Cu source (λ = 1.541 Å). Data 
were recorded at 40 kV, 30 mA, in the range 5º≤ 2θ≤ 90º with step 
size of 0.1º and count time of 2 s per step. Average crystallite sizes 
of the Fe3O4 and TiO2 were calculated by Scherrer equation 34. Fe3O4 
crystallite sizes were calculated from the (311) plane of the spinel 
reflections, 2θ = 35.3º using the Scherrer equation. For TiO2, the 
anatase peak (1 0 1) was used (2θ = 25.5º). 
Inductively coupled plasma optical emission spectrometry (ICP-
OES) analyses were performed in a Spectro Arcos apparatus. 
Samples were dissolved in a mixture of sulfuric acid and 
hydrofluoric acid (3:1) and heated at 100 °C until complete 
dissolution in a block digester. Fe was analyzed at λ = 259.941 nm 
and Ti at λ = 334.941 nm. 
Particle size and distribution were evaluated using a Microtrac s3000 
particle size analyzer. Laser light-scattering measurements were set 
at 180°. Samples were diluted with water. Ten measurements were 
made for each sample at 20 seconds intervals. Average sizes were 
also obtained by SEM and TEM measurements.  
 
4-MAA Degradation 

Photochemical degradation experiments were conducted in a lab-
scale cylindrical reactor (500 mL) equipped with a cooling system 
(20 ºC) and O2 disperser system (350 cm3 min-1). Samples were 
irradiated with a 125 W high-pressure mercury lamp, with maximum 
emission at λ = 254 nm. In the heterogeneous photocatalytic 
experiments, the same system was used, adding 1.00 g L-1 of 
Fe3O4@TiO2, 0.66 g L-1 of TiO2 or 0.33 g L-1 of Fe3O4. Catalyst 
amounts were chosen in order to use Fe3O4 and TiO2 concentrations 
comparable to those present in the Fe3O4@TiO2 hybrid material.  
In ozonation experiments, a tubular reactor of 350 mL was used. 
Experiments were performed at a constant gas flow (30 L h-1) and 
constant inlet ozone concentration (10 mg L-1). Ozone 
concentrations were monitored by a spectrophotometer (Multi 
Spec1501, Shimadzu), at λ = 254 nm, in a 1.0 cm path length flow 
cell. Residual gas exhausted from the reactor was decomposed by a 
KI solution (2%) before releasing to the environment. The pollutant 
solution was stirred throughout all experiments. In catalytic 
experiments, 0.10 g L-1 of Fe3O4@TiO2, 0.06 g L-1 of TiO2 or 0.03 g 
L-1 of Fe3O4 were used. Before O3 introduction, materials were kept 
in contact with the pollutant solution for 15 minutes. For 
comparation, single ozonations (in the absence of the catalyst) were 
performed under identical experimental conditions.  
In all degradation experiments, 4-MAA concentration was 3.0 10-4 
mol L-1 at pH = 3. At convenient reaction times, samples were 
removed from the reactor, and the catalyst was separated 
magnetically or by filtration, depending on the material composition, 
followed by supernatant analysis. Efficiencies of the different 
catalysts were evaluated by monitoring total organic carbon (TOC) 
reduction, using a Shimadzu 5000A analyzer 35. 
Adsorption of 4-MAA onto the catalysts was examined by stirring 
30 mg of the catalyst in 30 mL of the appropriate concentrations of 

Page 2 of 9Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

the pollutant. After equilibration for at least 180 min, the catalyst 
was filtered. Concentrations of 4-MAA before and after adsorption 
were measured by HPLC 36.  
A commercial permanent neodymium-iron-boron (NdFeB) magnet 
with size of 10 x 20 x 40 mm was used to separate the magnetic 
catalyst from the solution. The flux density of the magnet was 500 
mT. 

 
Results and Discussion 

Preparation and characterization of materials 

Particle size is one of the crucial parameters that affect catalysts 
activity because many of the chemical and physical properties 
associated with magnetic nanoparticles are strongly dependent upon 
the particle diameter. The smaller particles are, the larger its surface 
area per unit volume and, consequently, more active sites are 
available. Narrower particle distributions improve homogeneity and 
dispersion properties. Several studies reveal that both particle size 
and distribution of nanoparticles have a significant effect on the 
stability of dispersions and their performances as catalysts 4. The 
effect of particle size is also important on dispersion of particles in 
solution, in order to obtain uniform and stable suspensions 37. 
Table 2 shows particle size and its respective distribution obtained in 
different experimental conditions determined by statistical uniform 

design. Materials with an average size ranging between 11 nm and 
35 nm and distributions between 0.23 and 0.77 were obtained.  
In order to assess the effect of the variables on particle sizes and 
respective distributions, results were inserted into the Statistica 
software. Since there were two response variables, the desirability 
function was applied, as proposed by Derringer, in order to obtain 
optimum experimental results 38. Desirability values scale ranged 
from 0 (undesirable) to 1 (desirable). The reference values 
considered desirable were 10 nm (particle size) and 0.20 
(distribution). The desirability functions for each variable are 
depicted in Fig. 1. Temperature, sonication time, precipitation 
reaction stirring speed and base addition rate were the variables that 
had a greater effect on particle size. On the other hand, temperature, 
precipitation reaction stirring time, sonication time and base 
concentration were the most important parameters that influenced 
particle size distribution. The observed effects are only valid for 
experimental conditions evaluated because the statistical design does 
not allow extrapolation of results. Most of the variables have the 
same effect on both particle size and distribution. Higher 
temperature (F1) and stabilizer percentage (F8), as well as longer 
dispersion stirring time (F6) led to an increase in particle size and 
distribution. On the other hand, longer sonication time (F3) and 
higher base concentration (F7) contribute to smaller particle size and 
distribution.

 

 

Table 2. The experimental design matrix with values used for each factor and corresponding results of particle size and distribution. 

Experiment F1 F2 F3 F4 F5 F6 F7 F8 
Hydrodynamic  

diameter (nm) 

Distribution 

1 10 75 63 400 1.5 9.5 0.775 2.5 11 0.23 

2 40 15 45 1200 1.3 10.5 0.475 1.3 35 0.33 

3 25 135 57 2000 1.7 5.5 0.625 1.6 17 0.28 

4 5 45 39 1600 0.5 4.5 0.550 2.8 27 0.25 

5 45 90 51 1100 0.7 2.5 0.925 2.2 16 0.22 

6 30 120 27 600 1.1 6.5 0.400 3.4 28 0.77 

7 15 105 21 1400 0.9 8.5 0.850 1.0 29 0.25 

8 35 60 33 1800 1.9 7.5 1.000 3.1 27 0.30 

9 20 30 15 800 2.1 3.5 0.700 1.9 13 0.36 

 

Precipitation reactions stirring time/speed (F2 and F4) and base 
addition rate (F5) showed an opposite effect in particle size and 
distribution. For the variable precipitation reaction stirring time, it 
was observed that longer times favored the formation of particles 
with smaller size and wider distribution. The contact of stirring 
paddles with the particles may break large agglomerates. However, 
this process could lead to the formation of agglomerates with 
different sizes, which widens distribution. Another variable that 
showed an opposite effect on the variable-response was precipitation 
reaction stirring speed. Higher stirring speeds promoted formation of 
large particles with narrow distributions. Faster agitation favors 
collision between particles and, depending on the collision energy, 
agglutination could be favored. On the other hand, as particles 
agglomerate, size distribution tends to decrease. Base addition rates 
also showed an opposite effect in the variables response. Higher 
addition rates favored the formation of particles with smaller size 
because the base acts as a primary nucleation agent. However, 
raising base addition rates induces wider particle size distributions. 
Under the experimental conditions evaluated, different 
agglomeration nuclei were formed during base addition. Since the 
total addition times were approximately 1 hour, it is possible that 

earlier nuclei formation lead to larger agglomerates. Thus, different 
agglomerate sizes were obtained over the time of base addition. 
By statistical modulation, optimal magnetic nanoparticles 
preparation conditions were: temperature, 5 °C; precipitation 
reaction stirring time, 30 min; sonication time, 60 min; precipitation 
reaction stirring speed, 800 rpm; base addition rate, 2.1 mL min-1; 
dispersion stirring time, 2.5 min; base concentration, 1.0 mol L-1; 
stabilizer percentage, 1.0%. Under these conditions, Fe3O4 magnetic 
particles with a hydrodynamic diameter of 18 nm and 21% 
distribution were obtained. Microscopy images (Fig. 2) showed that 
these agglomerates were formed mostly by spherical particles with 
diameters in the range 5 to 15 nm; some particles presented a rod-
like morphology. Fe3O4 mean crystallite size, calculated from XRD 
data, was ca. 15 nm (Fig. 3). XRD patterns are compatible with 
magnetite.  
This material was used to prepare the hybrid catalyst Fe3O4@TiO2. 
SEM/TEM analyses of this catalyst (Fig. 2) show particles with a 
rod-like morphology and size of ca. 18-20 nm. Light and dark lines 
seen in Figure 2D are formed by contrast between the atoms that 
make up the surface of the primary particles. The observed regularity 
in atom distribution reveals that the material is crystalline. Fig. 3 
shows X-ray diffractograms of TiO2 and Fe3O4@TiO2. Anatase and 
brookite polymorphs coexist in TiO2. Diffraction peaks assigned to 
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magnetite, anatase and brookite are present in the hybrid material 
Fe3O4@TiO2 

39-41. The mean crystallite size of TiO2, calculated from 
the XRD pattern, was 5 nm. No significant variation in the crystallite 

sizes of magnetite and TiO2 was observed in the hybrid material 
Fe3O4@TiO2 (Table 3).  

 

 
Figure 1. Normalized desirability profiles for the factors studied. 

 
Figure 2. SEM images: A) Fe3O4; B) Fe3O4@TiO2. TEM images: C) Fe3O4; D) Fe3O4@TiO2. 
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Figure 3. X-ray diffraction pattern of Fe3O4, TiO2 and Fe3O4@TiO2. 
Asterisk indicates an impurity peak, probably Fe(II)-Fe(III) 
hydroxychloride. A: anatase; B: brookite; M: magnetite. 
 
Fig. 4 shows thermogravimetric and differential thermoanalysis of 
Fe3O4@TiO2. Two different stages were observed: dehydration and 
stabilizer decomposition. The first mass loss event, between 25 and 
150 ºC, is related to elimination of water adsorbed on the surface of 
Fe3O4@TiO2; mass loss was 9% (peak at 65 ºC in DTA curve). The 
second event, at 150 to 350 ºC, showed an exothermic peak at 279 
ºC in the DTA curve. The total mass loss in this step was 33%, 
which is probably due to the elimination of organic residues from 
TMA on the catalyst surface. No transition phases were observed in 
the temperature range evaluated. Based on these results, the 
materials were submitted to a thermal treatment at 300 ºC for 1 hour.  
The Fe3O4@TiO2 catalyst was also analyzed by FTIR in order to 
verify the presence of magnetite recovered by TiO2 (Fig. 5). The 
characteristic band of magnetite, at 560 cm-1

, assigned to Fe–O 
stretching vibrations of the magnetite lattice, was absent in the 
spectra of Fe3O4@TiO2. In this region, TiO2 absorbs more than 
magnetite (due to Ti – O Ti stretching vibrations), thereby covering 
the magnetite band 22, 42. The Fe3O4@TiO2 IR spectrum has most of 
the bands observed in pure TiO2, which may be indicative of the 
formation of a hybrid material Fe3O4@TiO2, with TiO2 in the 
surface. The presence of water is evidenced by the appearance of the 
bending mode at 1640 cm-1 and the stretching mode at 3400 cm-1. 
Surface hydroxylation is a favorable characteristic for the catalytic 
activity of TiO2 because it provides higher capacity for 
oxygen/ozone adsorption 43.  
Interparticle aggregation state could affect the properties of the final 
hybrid material. TEM/EDS composition maps (Fig. 6) show that Fe 
and Ti coexist in the same region. Moreover, the in situ sol-gel TiO2 

nanoparticule preparation within the magnetic matrix has led to well-
dispersed TiO2 nanocrystalline domains over the magnetic support.  
The proportion of each oxide in the hybrid catalyst was determined 
by atomic emission spectrometry (data not shown). These results 
showed a ratio of 1/2 (Fe3O4/TiO2, m/m), which agrees with the 
preparation procedure used. 
Texture properties of Fe3O4, TiO2, and Fe3O4@TiO2 were measured 
by N2 sorption. From the isotherms (data not shown), it was possible 
to evaluate pore size distribution, pore shape and surface area of the 
material (Table 3). These parameters are important in the application 
of this material as a catalyst. Pure TiO2 physisorption isotherm is 
classified as type IV with an H2 hysteresis loop, characteristic of 
ink-bottle mesopores 33, 44. The N2 sorption isotherm of Fe3O4@TiO2 
also showed a type IV isotherm; however, the hysteresis loop 
presented a contribution of both H2 and H3 hysteresis type, 
suggesting the formation of slit shaped pores. Fe3O4@TiO2 exhibited 
better textural properties than pure TiO2, showing higher pore 
volume and specific surface area. 
 

 
Figure 4. TG/DTA curves of Fe3O4@TiO2. 
 

 
Figure 5. FTIR spectra of Fe3O4, TiO2, and Fe3O4@TiO2. 
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Degradation tests 

The efficiency of the multifunctional catalyst was evaluated in the 
mineralization degree of 4-MAA by two different oxidative 
processes (Fig. 7). 
The first set of experiments was conducted using the ozonation 
processes. Comparative experiments were performed to investigate 
the effect of catalyst on the process efficiency. The experiments 
were conducted using only ozone (O3) and heterogeneous catalytic 
ozonation (O3/TiO2, O3/Fe3O4, O3/Fe3O4+TiO2 and O3/Fe3O4@TiO2) 

processes with pH = 3. Ozone decomposition in water is strongly 
pH-dependent and is faster with an increase of pH. At low pH, the 
ozonation reaction is accomplished via direct ozone oxidation 45. 
Thus, pH = 3 was chosen to evaluate the capability of the prepared 
multifunctional catalyst for decomposition of ozone and hydroxyl 
radicals formation. All ozonation experiments were carried out in 
absence of UV radiation. 
 
 

 

Table 3. Crystallite sizes and texture parameters for Fe3O4, TiO2 and Fe3O4@TiO2. 

 

 
Figure 6. Elemental image composition map of Fe3O4@TiO2  (TEM/EDS). 

 

As observed in Fig. 7A, ozone alone (O3) produced 40% 4-MAA 
mineralization within 180 minutes of treatment. In the same 
treatment time, ozonation in the presence of pure TiO2 (O3/TiO2) 
mineralized the same amount (40%) of the pollutant, which 
demonstrates that TiO2 has no activity in the experimental conditions 
evaluated. The same behavior was observed for ozonation in the 

presence of Fe3O4 (O3/Fe3O4), which also showed no catalytic 
activity for 4-MAA mineralization. On the other hand, an increase of 
50% in the mineralization of the pollutant compound was observed 
when Fe3O4@TiO2 was present during the ozonation process 
(O3/Fe3O4@TiO2). Using the hybrid catalyst 60% of 4-MAA was 
mineralized after 180 minutes of treatment. Control adsorption 

Sample 
Pore radius (nm) 

Total pore volume  

(cm3 g-1) 

Specific surface area (m2 

g-1) 
Crystallite sizes (nm) 

DFT BJHads DFT BJHads BET Fe3O4 TiO2 

Fe3O4 5.6 2.5 0.32 0.32 50 15 --- 

TiO2   1.8 2.1 0.14 0.13 130 --- 5 

Fe3O4/TiO2                       1.8 1.7 0.18 0.17 175 17 4 
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experiments were carried out. No significant TOC content variation 
(ca. 4%) was observed without the presence of ozone. So, single 
adsorption is apparently not sufficient to remove 4-MAA. In 
addition, no synergistic effect was observed using TiO2 and Fe3O4 
simultaneously (O3/Fe3O4+TiO2). In this situation, 4-MAA 
mineralization was 40% as observed with ozone alone, neat TiO2 
and neat Fe3O4 individually. 
The Langmuir–Hinshelwood kinetic model was applied to evaluate 
kinetics of the ozonation processes in the time range between 5 and 
180 minutes. 4-MAA mineralization follows a pseudo-first order 
kinetics 46. The observed constant (kobs) and half-life (t1/2) also reveal 
a significant effect of Fe3O4@TiO2 on the mineralization of 4-MAA 
by ozone. kobs and t1/2 for the catalyzed process were equal to  
5.5x10-3 min-1 and 135 min (R2 = 0,9967), respectively. Under the 
same conditions, non-catalyzed processes showed kobs and t1/2 of   
1.8 x10-3 min-1 and 470 min (R2 = 0,9826), respectively.  
 

 
Figure 7. 4-MAA mineralization by different oxidative processes. 
Experimental conditions: [4-MAA]0 = 3x10-4 mol L-1; pH = 3. A) 
ozonation processes. Catalyst loading: Fe3O4 = 0.033 g L-1; TiO2 = 
0.066 g L-1; Fe3O4@TiO2 = 0.100 g L-1. B) photochemical processes. 
Catalyst loading: Fe3O4 = 0.33 g L-1; TiO2 = 0.66 g L-1; Fe3O4@TiO2 
= 1.00 g L-1. 
 
Data in literature regarding Fe3O4 and TiO2 show that these materials 
are proven to be effective in the enhancement of ozonation 
efficiency 47-51; however, this effect was not observed under the 
experimental conditions evaluated in the present study. On the other 

hand, results showed that the multifunctional catalyst Fe3O4@TiO2 
exhibited high catalytic activity. 
Preparation procedure and characterization data indicates that the 
hybrid catalyst surface is mainly composed of TiO2, well-dispersed 
and crystalline. Hydroxyl groups are present on TiO2 surface in 
water 45.  It is supposed that these hydroxyl groups react with 
dissolved ozone to generate hydroxyl radicals. Although 
Fe3O4@TiO2 and pure TiO2 materials have similar surface 
composition, their textural properties are distinct. It is well known 
that the catalyst activity depends on morphology 8, 45, 48. 
Fe3O4@TiO2 presented a specific surface area almost 35% larger 
than pure TiO2, as shown in Table 3. In addition, the hybrid material 
also presented higher pore volumes than pure TiO2 (ca. 30%). 
Moreover, as discussed before, these materials exhibited different 
mesoporous structures. The activity of Fe3O4@TiO2 could be 
attributed to the formation of well-dispersed and crystalline TiO2 
over the magnetic support, with intrinsically distinct mesoporous 
morphology, as well as higher pore volumes and surface areas than 
pure TiO2. Thus, catalyst physical variables have great influence on 
the catalyst ozonation activity. Indeed, the quantity of 4-MAA 
adsorbed at the surface of Fe3O4@TiO2 was higher than for pure 
TiO2. The amounts of 4-MAA adsorbed in Fe3O4@TiO2 and TiO2 
were 4.0x10-5 mol g-1 and 1.5x10-5 mol g-1, respectively. The 
adsorption stage has an important role in the catalytic ozonation 
process 8, 45, 48. Reactions occur both on the catalyst surface and in 
aqueous phase. Reactions on the surface involve several steps, such 
as adsorption, decomposition reaction of ozone and surface 
oxidation reactions8.  
An important characteristic of a catalyst, from a practical point of 
view, is its deactivation or potential reuse. The stability and 
reusability of Fe3O4@TiO2 were evaluated by the catalytic ozonation 
of 4-MAA through multiple runs. In the catalyst recycling 
experiments, six successive ozonation tests were conducted under 
identical experimental conditions, catalyst loading of 1.00 g L-1, pH 
3, 4-MAA concentration of 5x10-4 mol L-1 and reaction time of 180 
min. The solid was separated from the reaction mixture by applying 
a magnetic field, washed several times with water, dried at 60 °C 
and then reused without any further modifications. Upon application 
of an external magnetic field, the magnetic catalyst was rapidly 
separated from solution. Typically, 5 min were necessary to remove 
all particles. This procedure was chosen to facilitate catalyst 
recovery and to ensure enough amount of catalyst for further 
characterization. No relevant adsorption was observed before or after 
ozonation processes under the evaluated conditions. 
As observed in Fig. 8, after 6 times of reuse no significant activity 
loss was observed, and TOC removal remained consistent 
throughout all runs, indicating that the catalyst is stable. Besides 
that, iron amounts in solution were determined by ICP at the end of 
each experiment. The concentration of leached iron ions was 
negligible during the ozonation process. Furthermore, the structure 
of Fe3O4@TiO2 was also probed by XRD after being used six times. 
No significant difference was observed in the structure. Hence, 
Fe3O4@TiO2 was proven to be stable and fully recoverable by 
applying a magnetic field. 
It is well known that TiO2 can decompose a wild range of organic 
compounds and mineralize them to CO2 in the presence of UV 
irradiation 52, 53. Thus, the application of Fe3O4@TiO2 in the 
heterogeneous photocatalytic process was also evaluated. 
Comparative experiments were performed using single photolysis 
(UV) and the heterogeneous photochemical processes (UV/TiO2, 
UV/Fe3O4, UV/Fe3O4+TiO2 and UV/Fe3O4@TiO2). 
4-MAA photolysis (UV) led to 25% of 4-MAA mineralization after 
60 minutes of treatment. In the UV/Fe3O4 process, the Fe3O4 
presence had essentially no contribution to the pollutant 
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mineralization. On the other hand the photocatalytic process with 
pure TiO2 (UV/TiO2) reached 75% 4-MAA mineralization in the 
same treatment time. The TiO2 catalyst increased the efficiency of 
mineralization by more than 200%, in agreement to other reports in 
the literature 4, 54. This high activity could be ascribed to the smaller 
size of TiO2 particles. It has been well documented that structural 
and morphology properties greatly influence activity of TiO2 
nanoparticles, especially those with sizes bellow 10 nm 55. The 
photochemical process with neat TiO2 and Fe3O4 (UV/Fe3O4+TiO2) 
led to the same level of 4-MAA mineralization observed with neat 
TiO2 showing no synergistic effect between these two materials if 
they were in solution in unassociated form. 
The Fe3O4@TiO2 hybrid catalyst presented similar 4-MAA 
mineralization efficiency as pure TiO2 (70% mineralization in 60 
minutes). Thus, the hybrid material reacted like neat TiO2 in the 
photocatalytic process; this is an indication that the hybrid material 
surface was predominantly recovered with TiO2. Experimental 
findings indicate that the magnetic core does not influence catalyst 
activity. This is an interesting behavior, because several studies have 
reported decreased activity of TiO2 when coupled to magnetic 
materials 11, 12, 21. This activity reduction in hybrid materials usually 
is due to an unfavorable interaction between electrons in TiO2 
surface and the magnetic core, which leads to an increase in 
electron-hole recombination. 
 

 
Figure 8. TOC removal during multicycle degradation of 4-MAA by 
O3/Fe3O4@TiO2 process. [4-MAA]0 = 5x10-4 mol L-1; pH = 3; 
catalyst loading: Fe3O4@TiO2 = 1.00 g L-1; reaction time = 180 min. 
 
4-MAA mineralization by the photochemical processes also follows 
a kinetic of pseudo-first order, evaluated in the time range 5 to 60 
minutes. For mineralization of 4-MAA by UV/TiO2, kobs and t1/2 
were equal to 19.0x10-3 min-1 and 37 min (R2 = 0.9952), 
respectively. There was no significant difference in the results for 
UV/Fe3O4@TiO2 process, with kobs = 17.5x10-3 min-1 and t1/2 = 40 
min (R2 = 0.9931). On the other hand, UV and UV/Fe3O4 processes 
showed lower kobs and t1/2. For both treatments values were similar: 
kobs = 6.5x10-3 min-1 and t1/2 = 110 min (R2 = 0.9918) and kobs = 
6.2x10-3 min-1 and t1/2 = 115 min (R2 = 0.9896), respectively. 
Iron and titanium concentrations were measured after 180 min of 
UV/Fe3O4@TiO2 process. Titanium concentrations were found to be 
below the ICP detection limit. On the other hand, iron concentrations 
in solution were less than 0.01 g L-1 which represented 5.0% of the 
iron content of the fresh catalyst. Comparing ozonation and 
photochemical processes, it was observed that Fe3O4@TiO2 stability 
decreased in the presence of UV radiation. For photochemical 
applications, better stability could be achieved using an insulating 
layer to prevent iron leaching 12.  

Conclusions 

Carefully controlled conditions were used to prepare magnetic 
nanoparticles with controlled size and distribution. The statistical 
design allowed assessment of the effects of different variables on the 
desirable properties. Fe3O4 nanoparticles were coated by TiO2 with 
crystallite sizes around 5 nm. This hybrid multifunctional material 
was found to be a highly efficient catalyst in the removal of 4-MMA 
by heterogeneous catalytic ozonation and heterogeneous 
photocatalysis processes. In the photocatalytic processes, there were 
no significant differences in the activity of neat TiO2 compared with 
Fe3O4@TiO2. On the other hand, in ozonation processes, 
Fe3O4@TiO2 exhibits considerably improved activity in the 
mineralization of 4-MAA compared with ozone alone and O3/TiO2. 
Furthermore, the hybrid magnetic catalyst had an excellent long-
term stability and could be easily recovered, using an external 
magnetic field. Results indicate that this material should be a 
promising catalyst for treatment of wastewater and drinking water. 
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