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ABSTRACT 

Magnetically separable MgFe2O4 was synthesized and used in catalytical ozonation of 4-chlorophenol (4-CP). The prepared 
catalyst was characterized by X-Ray Diffraction (XRD), Field Emission Scanning Electronic Microscopy (FE-SEM), 
Transmission Electron Microscopy (TEM), Brunauer−Emmett−Teller (BET) and Vibrating-Sample Magnetometer (VSM). The 
optimum conditions for the highest efficacy of the catalytic ozonation process were found to be pH 7, catalyst dose 0.2 g/L, O3 
concentration 1.67 mg/L.min, contact time of 30 min and 4-CP concentration 100 mg/L. At these optimal conditions, the 
efficiency of process was 93.5%. In addition, the results showed that the catalyst can significantly enhance the mineralization of 
4-CP, and more than 70% 4-CP were mineralized in the presence of the catalyst, that is almost 2.5 times higher than ozonation
alone. Moreover, the results revealed that the removal efficiency was not affected by solution pH and removal efficiency in the
O3/MgFe2O4 process exceeded 90% over a wide pH range of 4–10. This study demonstrates that MgFe2O4 is a recyclable and
efficient catalyst in the ozonation organic pollutants.
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1. Introduction

Water polluted with organic contaminants is a serious 
environmental challenge [1]. Refractory organic 
compounds are highly toxic and slowly biodegradable 
so they can cause significant damage to natural water 
systems and human health. Removing these 
contaminants using conventional treatment such as 
adsorption, biological degradation, or chemical 
oxidation, is not effective [2]. In the current decade, 
advanced oxidation processes (AOPs) have been 
recommended as an effective and emerging option for 
the treatment of wastewater containing persistent 
organic compounds [3]. Among these AOPs methods, 
the catalytic ozonation process, because of its ability to 
degrade and mineralize these types of contaminants, has 
attracted the most attention.  
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Catalysts improve the ozone decomposition and 
produce highly active radical species, especially the 
hydroxyl radical (•OH) [4]. This process is highly 
efficient and its operational conditions show great 
potential for use at fullscale wastewater treatment plants 
without adding any additional tools [5]. Typically, metal 
oxides such as MnO2 [6] and MgO [7]; coated metal 
oxides, including CeO2/Al2O3 or SiO2 or TiO2 [8], along 
with some porous compounds such as mesoporous 
carbon [9] are suggested as the catalysts for ozonation. 
Chen et al. investigated the catalytic performance of 
MgO with different exposed crystal facets towards the 
ozonation of 4-chlorophenol; results showed that the 
catalytic ozonation on each MgO substantially enhanced 
the removal of 4-chlorophenol and total organic carbon, 
compared with ozonation alone or that on traditional 
MgO [10]. In another study catalytic activities of ultra-
small β-FeOOH nanorods were examined for ozonation 
of 4-chlorophenol. The removal efficiency of 4-CP was 
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significantly enhanced in the presence of β-FeOOH 
compared to ozone alone[11]. However, these catalysts 
are typically used in micro- or nano-size powder, and it 
is difficult to separate them from treated water. Nano-
magnetic compounds solve this problem because they 
are insoluble and have a paramagnetic nature; this 
enables easy and effective separation of the reaction 
mixture using an external magnet [12]. Because of its 
attractive magnetic and electrical properties with 
chemical and thermal stabilities, spinel ferrites with the 
general formula MeFe2O4 (Me = Mg, Ni, Ca, or Zn) are 
applied as main magnetic materials [13]. Magnesium 
ferrite (MgFe2O4) is one of the most important magnetic 
oxides with a spinel structure [14]. This 
environmentally friendly compound has unique 
characteristics, including high surface activity and 
reactivity, high stability in water, and low toxicity [15]. 
Therefore, it is reasonable to believe that this compound 
may show a high catalytic activity. In this study, we 
selected the 4-chlorophenol as the target contaminant. 
This compound is one of the most important organic 
contaminants in industrial wastewaters and also widely 
identified in water and wastewater[16]. Because of 
acute toxicity and resistance to biological degradation, 
chlorophenols are in the group of persistent organic 
pollutants (POPs) [17]. 4-chlorophenol (4-CP) is widely 
produced as a by-product of certain industrial processes, 
including the production of rubber, resins, textiles, steel, 
paper, and in petrochemical industries [18]. The aim of 
this study is the synthesis and characterization of 
MgFe2O4 and comparison of ozonation and the catalytic 
ozonation process with MgFe2O4 for removal of  
4-chlorophenol.

2. Experimental

2.1. Materials and reagents

Magnesium nitrate hexahydrate (Mg(NO3)2.6H2O, 
Merck) and Iron (III) nitrate nonahydrate 
(Fe(NO3)3.9H2O, Merck) were used as precursors.  
4-Chlorophenol analytical grade (98.0%) was used as a
model compound in the experiment and purchased from
Merck. 4-aminoantipyrine (AAP) and potassium
ferricyanide were purchased from Sigma-Aldrich. All
reagents used in the experiment were of analytical
reagent grade and used without further purification.

2.2. Catalyst preparation 

To prepare MgFe2O4, a sol-gel combustion process was 
employed [19]. Briefly, Mg(NO3)2ꞏ6H2O and 
Fe(NO3)3ꞏ9H2O were dissolved into distilled water with 
a stoichiometric ratio of Mg:Fe=1:2. Afterward, to yield 
a citrate–nitrite ratio of 1.0, citric acid was added drop-

wise to the solution as fuel. The solution pH was 
adjusted to 5 by a concentrated ammonium solution and 
the resulting solution was evaporated at 80 °C to achieve 
a solid-liquid phase compound under continuous stirring 
conditions. The obtained compound was directly 
transferred to a muffle furnace; the temperature was 
then increased gradually up to 450 °C and was kept at 
this temperature for 2 hours; finally, the branch-like 
foam was crushed and passed through a 200-mesh sieve 
and then stored in a desiccator for use in the 
experiments. 

2.3. Experimental procedure 

Catalytic ozonation experiments were carried out in a 
semi-batch mode by continuously feeding ozone gas to 
a plexiglass reactor. For each experiment, 2 L of 
simulated wastewater containing 100 mgL−1 of 4-CP 
and a certain amount of catalyst powder were added in 
to the reactor. Ozone was generated using a laboratory 
ozone generator (SS4, shamimsharif co, Iran) with 20 g 
O3 h-1 capacity. The ozonation was started at the dosage 
of 1.67 mg/min and continued for the desired time 
period (5-30 min). The excess ozone in the outlet gas 
was trapped by a KI solution. Finally, after filtration of 
effluent sample through 0.22 μm millipore membrane 
filters to remove suspended particles, the samples were 
instantly analyzed. All experiments were performed at 
an average ambient temperature of 23 ± 2°C. Fig. 1 
shows a schematic of the experimental set-up used for 
the ozonation experiments. 

2.4. Analytical method 

Transmission electron micrographs were obtained using 
an EM10C (Germany) microscope operating at 
accelerating voltage of 80 kV. Specific surface area, 
volume, and size of pores were measured using nitrogen 
adsorption–desorption at 77 K using a Belsorp mini II 
(Japan) and calculated according to the 
Brunauer−Emmett−Teller (BET) and Barrett–Joyner–
Hanlenda (BJH) isotherm models. The pore volume and 
the average pore size of the samples were determined at 
a relative pressure (P/P0) of 0.986, based on volume of 
adsorbed nitrogen. The pHpzc was determined based on 
the batch equilibration technique [20]. Magnetic 
properties were evaluated at room temperature with a 
magnetic property measurement system (BDKFD- 
Meghnatis kavir- Iran). The concentration of 4-CP was 
analyzed by a UV–vis spectrophotometer (DR-5000, 
HACH LANGE, USA) with absorption at 500 nm using 
the colorimetric method of 4-aminoantipyrine with 
K3Fe(CN)6 in a NH4Cl/NH3 buffer solution. Chloride 
ions were determined with the argentometric method of 
titration with silver nitrate. 
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Fig. 1. Experimental equipment: (1) oxygen cylinder (2) manometer (3) flow meter (4) Silica Gel (5) ozone generator stirrer; (6) 
water trap (7) venturi (8) check valve (9) reactor; (10) inlet valve (11) air valve (12) KI trap (13) sampling valve (14) outlet valve 
(15) effluent disposal (16) centrifuge pump (17) pressure reducing valve. 

The total organic carbon (TOC) was measured by a TOC 
analyzer (Shimadzu, Japan). X-ray diffraction patterns 
of the samples were carried out at room temperature by 
a STOE (Theta-Theta, Germany) diffractometer using 
Cu K𝛼 radiation (𝜆 =1.54060å). Generator settings were 
40 kV, 40 mA. Data were obtained in the 2𝜃 range 10–
80∘. The average dimension (D) of particles was 
estimated by the Debye–Scherrer’s formula[21], based 
on widening of the anatase (101) peak as: 

D ൌ
k λ

β cos θ
  

Where 𝜆 is the X-ray wavelength of the Cu K𝛼 radiation 
(nm), 𝛽 is the peak width of the diffraction peak  
profile at half maximum height resulting from the  
small crystallite size (radians), and K is a coefficient 
relating to crystallite shape which is normally equal  
to 0.9. 

3. Results and Discussion 

3.1. Catalysts characterization 

Fig. 2 shows the XRD pattern, TEM and FESEM  
image, VSM and BET curve of prepared catalyst. To 
determine the structure and phase of MgFe2O4 
nanoparticles, XRD pattern were investigated and is 
shown in Fig. 2(a). The observed peak position and 
relative intensity of all diffraction peaks were 
coordinated well with standard powder diffraction data 
(ICSD 01-071-1232). The diffraction peaks at  
2θ = 30.15o, 35.5o, 43.1o, 53.6o, 57o, and 62.6o can be 
ascribed to Bragg reflections of (220), (311), (400), 
(422), (511) and (440) planes which can be readily 
indexed to the spinel phase. Furthermore, lack of any 
impure peak in these patterns suggests that a pure cubic 
MgFe2O4 nanoparticle is formed.  

The XRD pattern represents the crystal phase of 
MgFe2O4 with a spinel structure in the combustion 
process. According to the Debye– Scherrer formula, the 
average crystallite size can be estimated from the half-
width of the most intense peak (311). The size of the 
crystals layer was estimated 33 nm using the Scherrer 
equation, suggesting achievement to nanoscale crystals. 
The Field Emission Scanning Electron Microscopy 
(FESEM) test was used to understand the morphology 
and surface structure of the MgFe2O4 nanoparticles. Fig. 
2(b) displays the dense and cumulative structure of the 
MgFe2O4 nanoparticles. Furthermore, with close 
observation we can see the presence of particles in the 
cubic phase. To specifically investigate the distribution 
of the size of the nanoparticles, a TEM image was taken 
from the sample. As shown in Fig. 2(c), the distribution 
of the particles is in the form of cubic spinel and not 
uniform. Besides, the size of the particles is below 100 
nm;this confirms the size obtained by the Scherer 
equation. Fig. 2(d) shows the adsorption/desorption 
isotherm of the nitrogen of MgFe2O4 nanoparticles and 
the size distribution of the pores of these nanoparticles. 
As displayed this isotherm follows isotherm Type IV. 
Moreover, the pore size distribution of MgFe2O4 below 
61 nm was obtained, mainly between 2 and 30 nm with 
peak of 2.4 nm. The BET surface area and the total 
volume of the pores are 98 m2 g-1 and 0.32 cm3 g-1, 
respectively. MgFe2O4 prepared by a sol–gel method 
shows high SBET because large gaseous materials were 
produced during the auto-combustion process and acted 
as pore-fabricating agents[22]. The vibrating-sample 
magnetometer (VSM) technique was applied to evaluate 
the magnetic properties of MgFe2O4. The hysteresis 
loop traced at room temperature for MgFe2O4 is shown 
in Fig. 2(e). 
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Fig. 2. Characterization of MgFe2O4: (a) XRD pattern; (b) FESEM image; (c) TEM image; (d) N2 adsorption/desorption isotherm 
and pore size distribution; and (e) magnetic hysteresis loops at room temperature. 
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The hysteresis loop explains the soft magnetic nature of 
the synthesized MgFe2O4 and also the large saturation 
magnetization (Ms) of 17.7 emug−1. MgFe2O4 particles 
can simply be recovered from the reaction solution by 
using an external magnetic field. Highly efficient 
recyclability is economically suitable for practical 
applications. 

3.2. Comparison of ozonation alone and catalytic 
ozonation with MgFe2O4 

Catalytic activity of MgFe2O4 for the degradation of  
4-CP in aqueous solution was studied at three different 
processes namely ozonation alone (O3); catalytic 
ozonation using MgFe2O4 nanoparticles (O3/MgFe2O4) 
and adsorption on MgFe2O4 nanoparticles. To evaluate 
the 4-CP adsorption on the surface of the catalyst, an 
adsorption experiment was conducted under similar 
conditions with the experimental conditions used in the 
catalytic activity experiment, but in the absence of 
ozone. As observed in Fig. 3, the adsorption process on 
MgFe2O4 nanoparticles showed an efficiency of 25% 
after 30 min. The good adsorption capability of 
MgFe2O4 is probably due to the electrostatic attraction 
between 4-CP and MgFe2O4 at pH 5.5. On the other 
hand, as shown in Fig. 4(b), the pHPZC of MgFe2O4 was 
9.8, which is much higher than the solution pH of 5.5. 
Therefore, the surface of MgFe2O4 particles would be 
significantly positively charged and thus attract the 4-
CP anions. 

As shown in Fig. 3, ozonation process enhanced the 
removal of 4-CP compared with adsorption of 4-CP 
However, the best result was obtained for the 
O3/MgFe2O4 process. At the end of the reaction (30 
min), the efficiency of the combinational process of 
O3/MgFe2O4 is 92.6%. When MgFe2O4 was added, the 
degradation of 4-CP may increase due to a combination 
of adsorption and/or reaction with radical species 

(e.g.,•OH) produced as a result of ozone decomposition 
in the presence of MgFe2O4. The ozone decomposition 
mechanisms onto metal oxide surfaces are shown in 
Scheme (1) and (2).[23] The lower electronegativity or 
the higher metallicity of Mg leads to the higher electron 
density of O2− and Mg bond, and consequently results in 
the catalytic decomposition of ozone into radicals due to 
the electrophilic property of ozone molecules [24]: 

≡ OM + O3 → ≡ OM – O – O − O• (1) 

≡ OM – O – O − O• → O2 + ≡ OM − O• (2) 

In fact, MgFe2O4 catalyst might accelerate the 
decomposition of O3 molecules to hydroxyl radicals 
(•OH), which could enhance the oxidizing activity of the 
process [15,19]. 

3.3. Effect of pH and catalyst dosage 

Since the initial pH of the solution is one of the major 
influential factors in production of hydroxyl radical 
from O3 decomposition, ozonation experiments were 
performed under different initial pHs (4, 5.5, 7, 8.5 and 
10). In Fig. 4 (a), the effect of initial pH on the 4-CP 
degradation efficiency is shown in two processes 
including O3 and O3/MgFe2O4. Surprisingly neither 
process was not affected by changing initial pH. Based 
on previous studies, the catalytic ozonation process is 
usually dependent on pH. For example, Qi et al 
investigated catalytic ozonation of 4-CP using a 
MnOx/γ-Al2O3/TiO2 catalyst. The process was also 
highly dependent on pH, which increased from 2.57 to 
11.13; 4-CP degradation efficiency increased from 
59.59 to 99.77% [18].  

Moreover, solution pH which is one of the important 
parameters, determines catalyst surface charge, 
dissolving of semiconductors in the suspension and 
ionic forms of pollutant present in the suspension[26]. 

 
Fig. 3. Comparison of 4-CP removal in the O3, adsorption by MgFe2O4 and O3/MgFe2O4 processes in different reaction time. 
(ozone gas concentration, 1.67 mg/L; initial concentration of 4-CP, 100 mg/L; catalyst dosage = 0.2 g/L, pH= 7 ). 
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Fig. 4. Effect of pH on 4-CP degradation. (a) zero point charge of 4-CP (b) degradation efficiency of 4-CP in the O3 and O3/ 
MgFe2O4 processes (ozone gas concentration, 1.67 mg/L; initial concentration of 4-CP, 100 mg/L; catalyst dosage = 0.2 g/L ) 

Therefore, the reason for the suitable performance of the 
process was studied in this research and its 
independence from pH can be related to the hydroxyl 
functional group of 4-CP (with a pKa=9.4), which is a 
type of weak acid that becomes ionized in environments 
with a pH below 9.4 and will have a negative charge. 
Good degradation rate in the alkaline medium may be 
attributed to more hydroxide ions (OH−) in the solution 
producing more hydroxyl radicals (OH•). Since 
hydroxyl radical is the dominant oxidizing species in the 
catalytic ozonation process, the degradation of 4-CP is 
therefore accelerated in an alkaline medium. The reason 
for the increase of degradation rate at low initial pH 
value is because of more H+ ions in the solution; more 
conduction band electrons (e−) can transfer to the 
surface of catalyst to react with O2 to produce more 
hydroxyl radicals[27]. Besides, the catalyst surface will 
be charged negatively when pH> pHzpc, positively when 
pH< pHzpc and neutrally when pH ≈ pHzpc. Fig. 4(b) 
shows the zero point charge of the prepared 
nanoparticle-MgFe2O4. As shown in the figure, pH of 
the zero point charge (pHzpc) was determined to be 9.8, 
thus at a pH below 9.8, the surface of the absorbent will 
have a positive charge and can absorb negatively 
charged chlorophenol molecules. In addition, this 
increase in the rate of degradation can be due to 
adsorption and reaction with the obtained radical 
species, especially the hydroxyl radical from ozone 
decomposition on the surface of MgFe2O4. Finally, due 
to independence of the process from the initial pH, the 
neutral pH (pH=7) was chosen as the optimum pH and 
used for further experiments. 

The catalyst dose which is an important parameter in the 
heterogeneous catalytic ozonation process, is effective 
in the conversion of ozone to radical species and 
influences adsorption of the dissolved substance [25]. 
Therefore, investigation of the effect of the catalyst dose 
on the degradation efficiency and finding the optimum 

dose will be essential for this process. In this study, the 
effect of the catalyst dose on 4-CP removal was studied 
within the range of 0.1-0.5 g/l. As can be seen in Fig. 5, 
by increasing the catalyst dose from zero to 0.2 g/l,  
4-CP degradation efficiency rises from 61.2% to 93.5%, 
and with a further increase up to 0.5 g/l: no significant 
development occurs in the degradation efficiency 
(degradation efficiency=93.6%). Although MgFe2O4 
made it possible that the chain of radical reactions could 
be induced and propagated by the ozone introduced in 
the reactor, the excess MgFe2O4 particles easily 
aggregated and affected the use efficiency [28]. 
Therefore, a dose of 0.2 g/l was chosen as the optimum 
dose to be used in other experiments. 

3.4. Mineralization and dechlorination of 4-CP 

When AOPs technologies were applied to degradation, 
after determining the contributors to 4-CP degradation; 
the formation and accumulation of chloride ions as the 
major inorganic product in the degradation of 4-CP by 
catalytic ozonation process, can be attractive. Therefore, 
the ‘‘dechlorination efficiency’’ is defined as the 
transformation process in 4-CP, that was degraded and 
converted to chloride ions. To this purpose, experiment 
of dechlorination was done for influent synthetic 
wastewater and optimum condition was selected for 
degradation of 4-CP. Under this condition, the rate of 
dechlorination was obtained to be 86.8%. Researchers 
proved that biodegradation processes have the high 
potential for biodegradability and free toxicity of 
organic compounds [29]. Also, rate of TOC removal 
was measured in order to investigate the mineralization 
degree. TOC removal efficiency was obtained to be 
28.55 and 71% for O3 and the O3/MgFe2O4 process after 
30 min, respectively. It was also observed that in the 
O3/MgFe2O4 process, with the increase in the 
experimental time to 1 hour, TOC removal efficiency 
did not change significantly (75%).  
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Fig. 5. Effect of MgFe2O4 dose on the removal of 4-CP. Conditions: ozone gas concentration, 1.67 mg/L; initial concentration of 
4-CP, 100 mg/L; pH: 7. 

The aforementioned results suggest a positive effect  
of the O3/MgFe2O4 process on the mineralization of  
4-CP compared with ozonation alone (the removal 
efficiency of O3/MgFe2O4 was 2.5 times of ozonation 
alone). The reason for this increase in the efficiency  
of TOC removal can be attributed to catalytic 
decomposition of O3 to •OH which improved  
4-CP mineralization rate [30]. According to results, it  
is essential to mention that •OH produced from  
the catalytic ozonation process has sufficient  
capability to mineralize and cleave of C-Cl bound; this 
can reduce toxicity of 4-CP and increase 
biodegradability, both of which can be benefit for 
biodegradation processes [29]. 

4. Conclusions 

Magnetically separable mesoporous MgFe2O4  
was successfully prepared by a sol–gel combustion 
method and used as a new ozonation catalyst.  
The catalytic activity of this nanoparticle was evaluated 
through ozonation of 4-CP. In the O3/MgFe2O4 process, 
4-CP removal efficiency within 30 min was  
93.5%. Under same conditions, TOC removal efficiency 
and the rate of dechlorination were 71% and  
86.6%, respectively. However, in ozonation process 
alone, the 4-CP and TOC removal efficiencies  
were 61.2% and 28.55%, respectively. The 
independence of the O3/MgFe2O4 process from  
pH allows for usage of this process in the treatment of 
pH-variable wastewater. Moreover, MgFe2O4 
nanocatalysts could be easily and efficiently separated 
from the reaction mixture with an external magnet; this 
made it an attractive nanomaterial with prospective 
application in catalytic ozonation of organic pollutants 
in wastewater treatment. 
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