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ab s t r ac t
The aim of this study was to synthesize manganese ferrite nanoparticles with strong magnetic and 
catalytic properties for effective discoloration of organic dyes in wastewater. The catalyst synthesis 
was carried out by coprecipitation method and characterized using different techniques. The synthetic 
Mn ferrite showed characteristic of spinel type structure and small nanometer-sized particles. It was 
found that the catalyst is capable of discoloration of three cationic dyes in acidic and alkaline condi-
tions. At low pH, low catalyst loading and low H2O2 concentration were sufficient to achieve complete 
discoloration of the dyes. At high pH, however, increasing H2O2 concentration and catalyst loading 
both increases discoloration of the dyes. In a comparison between acidic and alkaline condition, it 
was concluded that the catalyst is more efficient in acidic medium. Under alkaline condition, the dye 
should be basically adsorbed at the catalyst surface in order to effectively react with H2O2 and to be 
consequently decomposed. This study particularly highlights the importance of surface in reaction of 
hydrogen peroxide with cationic dyes being adsorbed under alkaline condition.
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1. Introduction

Fenton and Fenton-like reactions are advanced oxidation 
technologies used for oxidation and degrading a large vari-
ety of organic toxic compounds into harmless materials (e.g., 
CO2 and H2O). 

In classic Fenton reaction, hydrogen peroxide and Fe2+ 
ions are often used to produce •OH radical, a very strong oxi-
dizing agent. Since several drawbacks have been pointed out 
in literature for classic Fenton process, heterogeneous Fenton-
like catalysis has recently gained great attention [1–5]. Some 
examples of heterogeneous catalysts applied in Fenton-like 
reactions are clays, iron oxide minerals, resin-supported Fe2+ 
or Fe3+, zeolites exchanged with iron or copper ions, and 
synthetic nanoparticles, the majority of them contain iron 
compounds.

Ferrites are iron(III) oxide based ceramic materials. The 
main type of ferrites is spinel type with the formula MFe2O4 
and a cubic crystal structure in which oxygen ions form a 
cubic closed-pack motif and the cations occupy tetrahedral 
and octahedral holes. Due to their structural, electronic, 

magnetic and catalytic properties, as well as chemical sta-
bility, and low cost, they have been broadly used for many 
different technological applications. There are also several 
studies on utilization of different ferrites for wastewater 
treatment [6–10].

The high magnetic properties of these materials can be 
used for magnetic separation and recovery of the catalysts. 
The small size and a large number of reactive surface sites 
make ferrite nanoparticle an appropriate catalyst/adsorbent 
for contaminants including dyes. 

Manganese ferrite is one of the ferrite with strong mag-
netic property and high catalytic active which has been used 
for removal of organic dyes. Wu and Qu [11] synthesized 
MnFe2O4 and used it as adsorbent of water-soluble azo dyes. 
After adsorption of dyes on the Mn ferrite surface, the Mn 
ferrite surface was regenerated in a separate step, by using 
Fenton’s reagents (i.e., Fe2+ and H2O2) for oxidation and deg-
radation of the dyes. In another study, Wu et al. [12] regen-
erated their Mn ferrite adsorbent by thermal degradation in 
a muffle furnace and washing it with NaOH solution. Wang 
et al. [13] synthesized metal ferrite (Mn, Co, Ni and Fe) 
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magnetic nanoparticles as adsorbent for Congo red dye. 
The nanocrystalline ferrites showed strong magnetic prop-
erty and high adsorption capacity for this dye. For regenera-
tion of ferrite, acetone or alcohol was used for desorption of 
the adsorbed dye. In addition, MnxFe3−xO4 was synthesized 
through solvothermal route to be utilized as heterogeneous 
Fenton-like catalyst [14]. In this synthetic method, the iron 
and manganese salts were dissolved in ethylene glycol and 
heated to 200°C for 8 h. However, they did not measure the 
amount of dye adsorption on the catalyst surface, the catalyst 
showed high catalytic reactivity as well as good recyclability. 
They observed that, the degradation reaction of methylene 
blue can be completed within about 6 h at neutral pH, using 
this catalyst. 

In addition to the abovementioned properties of Mn fer-
rite reported from the literature, this work presents a highly 
active manganese ferrite, synthesized via a simple method 
for one step discoloration and a fast reaction rate which 
works in different pH range. 

Therefore, the central aim of this work was to study 
surface properties of magnetic nanoparticles of the type 
Mn ferrite as Fenton-like catalyst and to examine the opti-
mum working condition for degradation of cationic dyes, 
as model contaminants, at acidic and alkaline condition. 
Hydrogen peroxide, which has been used as oxidizing 
agent in wastewater treatment for years, was also applied 
together with the catalyst. The oxidation rates of a number 
of cationic dyes were followed by measuring absorbance at 
characteristic band of the examined dye in UV–Vis spectro-
photometer. The measurements were carried out in acidic 
and alkaline media and in each case, the proper condition 
was investigated. 

2. Materials and methods

2.1. Reagents

Manganese(II) chloride tetrahydrate, iron(III) chloride 
hexahydrate, sodium hydroxide and hydrogen peroxide 
solution (30% w/w in water) were purchased from Merck 
(Darmstadt, Germany). Distilled water was used in all synthe-
sis and rinsing processes and also decomposition reactions.

2.2. Organic dyes

The commercial organic dyes used in this work were 
methylene blue (λmax = 664 nm), basic yellow 28 (λmax = 
440 nm) and basic violet 16 (λmax = 545 nm). 

2.3. Catalyst synthesis

A mixture of manganese(II) chloride and iron(III) chlo-
ride with 1:2 molar ratio and total metal concentration of 
0.3 M were initially dissolved in 100 mL distilled water. The 
mixed salt solution was then added dropwise into a 100 mL 
vigorously stirred 3 M NaOH solution preheated to 95°C. 
After the addition was completed, the reaction mixture was 
aged at this temperature for another 2 h to get a powder pre-
cipitate. The precipitate was separated by decantation and 
washed with distilled water. The last step was repeated for 
several times. The solid residue was eventually centrifuged 
and dried at 70°C for 10 h.

2.4. Characterization of the synthetic catalyst nanoparticles

The sample was characterized by infrared spectroscopy 
(IR), X-ray powder diffraction (XRD) and scanning elec-
tron microscopy (SEM). The infrared spectrum of the ferrite 
sample was collected in the range of 400–4,000 cm–1 on a 
PerkinElmer RXI FTIR instrument. The X-ray diffractogram 
of the powder sample was recorded on a X’Pert Pro MPD 
diffractometer in 2θ range 20–700 with Cu Kα radiation 
(λ = 1.54056 Å). SEM was run on a Philips XL 30. The mag-
netic property of the sample was measured using a vibrating 
sample magnetometer (VSM; BHV-55, Riken, Japan) at room 
temperature. 

2.5. Dye concentration measurement

Concentrations of the dyes were measured on a Cintra 
101 GBS UV–Vis spectrophotometer. A pair of cells (cuvettes) 
made of quartz and with a thickness of 1 cm was used. A 
calibration curve was drawn for each dye at its maximum 
absorption wavelength (λmax) vs. concentration. Each of the 
removal experiment in the following sections was conducted 
using single dye at a time to avoid possible overlapping of 
the absorption spectra of the dyes.

2.6. Removal rate of dyes by the ferrite catalyst

Removal rate is expressed here as the ratio (C0 – C)/C0 
(where C0 is the initial dye concentration and C is the con-
centration at any time t) with time. Removal rate of the dyes 
in the presence of the catalyst and H2O2 was monitored by 
measuring absorbance at λmax of the dye under investigation 
in UV–Vis spectrophotometer. In each case, (C0 – C)/C0 × 100 
was plotted against time. All reactions were carried out at 
room temperature and in dark with the initial dye concentra-
tion of 50 ppm. Whenever needed, HCl and/or NaOH were 
used to adjust the pH. Every time, the reaction was initiated 
by adding a given amount of concentrated hydrogen perox-
ide solution (30%) to the mixture of the catalyst and the dye 
solution (t = 0). The suspension containing the catalyst and 
the solution in a fully covered with aluminum foil stoppered 
flask, was stirred using a magnetic stirrer bar, while at given 
intervals, the samples were taken, centrifuged, and absor-
bance of the supernatant was immediately measured. 

2.7. Dye adsorption measurement

Adsorption of dyes at the catalyst surface was measured 
by adding the dye solution with initial concentration of 
50 ppm and at pH 10 to 2, 5 and 10 g/L catalyst. No hydrogen 
peroxide or inert electrolyte was added to the solution for 
adsorption measurement. 

2.8. Evaluation of H2O2 concentration and catalyst loading effect

Similar procedure as above was applied for evaluation 
of the effect of hydrogen peroxide and catalyst loading on 
discoloration of the dyes, except that, in this case NaCl was 
added to desorb the electrostatically adsorbed dye from the 
surface back into the solution. At constant 2 g/L catalyst, 
hydrogen peroxide concentration varied between 0.015, 0.1 
and 0.5 M. Also, with constant H2O2 concentration of 0.5 M, 
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the catalyst loading was set at 2, 5 and 10 g/L. At the end of 
each reaction and before reading the absorbance, NaCl was 
added.

2.9. Reusability of the catalyst

The reusability of the catalyst was tested by filtration of 
the suspension of catalyst and dyes solution at the end of the 
discoloration reaction, and after separation of the superna-
tant, the recovered catalyst was redispersed in a new batch of 
fresh solution of dye and H2O2 for a new run. This procedure 
was repeated four times.

3. Results and discussion

3.1. Catalyst characterization

The structural properties of the synthetic catalyst were 
obtained by XRD, FTIR, SEM and VSM techniques and are 
illustrated in Figs. 1(a)–(d), respectively. The XRD pattern 
shows characteristic peaks of spinel phase crystallites where 
the peaks from left to right are assigned to 220, 311, 400, 422, 
511 and 440 reflections (PDF #10-0319). The peak broaden-
ing is due to the small crystallite size of the catalyst. The 
SEM image of the sample catalyst also demonstrates aggre-
gated nanometer-sized particles. In infrared spectrum, the 
broad bands below 1,000 cm–1 are assigned to metal oxygen 
bond vibration, while, the broad and strong features above 
3,000 cm–1 and the bands around 1,600–1,300 cm–1 are, respec-
tively, assigned to stretching and bending vibrations of OH 
bonded metal. This surface OH group is believed to be an 
indication of the catalyst active sites [15,16]. 

The synthetic Mn ferrite also strongly responded to a 
magnetic field and VSM measurement showed super para-
magnetic behavior of the particles with a saturation mag-
netization (Ms) of 58.2 emu/g, in agreement with its spinel 
structure and good magnetic property [14,17].

3.2. Catalytic activity of the catalyst

An overview of the literature on catalytic activity of dif-
ferent catalysts generally shows that most catalysts are more 
efficient in acidic condition. This study not only compares 
the catalytic activity of the synthetic Mn ferrite under acidic 
and alkaline condition, but also it deals with how some 
parameters affect the efficiency of the catalyst under alkaline 
condition in order to optimize the reaction condition for dis-
coloration of cationic dyes. 

3.2.1. Alkaline condition 

3.2.1.1. Adsorption of the dyes at the catalyst surface Adsorp-
tion of the three studied cationic dyes at the catalyst surface 
at pH 10 is depicted in Fig. 2. It has been found that the point 
of zero charge of Mn ferrite is <5 [11,13]. This indicates that 
the Mn ferrite surface is negatively charged at pH 10. On the 
other hand, the pKa value of methylene blue is 3.8 and above 
this pH, the molecule is positively charged. Similarly, basic 
violet dissociates to a cationic dye and Cl– and has pKa val-
ues of pKa1 = 5.31; pKa2 = 8.64 at pH 10 where the positive 
charges are localized on nitrogen atoms and basic yellow 28 
dissociates to CH3SO4

− and the positively charged cationic 
dye [18]. 

Therefore, it turns out that at pH 10, the catalyst surface 
is negatively charged and could readily adsorb positively 
charged cationic dyes. It was noticed that adding high con-
centration NaCl led to almost complete desorption, return-
ing the concentration in solution to nearly its original (more 
than 90% of the initial dye concentration was reached) for 
all three studied dyes. This indicates that the adsorption is 
electrostatic physical adsorption rather than chemisorption. 
It is known that strong electrolytes such as NaCl or NaOH 
may affect adsorption of ionic dyes, albeit depending on 
the nature of interaction, that is, when interaction between 
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Fig. 1. (a) XRD pattern, (b) IR spectrum, (c) SEM image and (d) VSM of the Mn ferrite sample.
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the dye and catalyst is electrostatic. The presence of these 
electrolytes in solution may compete for active sites on the 
catalyst surface and replace electrostatically adsorbed cat-
ionic or anionic dyes [19–21]. Furthermore, according to the 
electrical double layer theory, an increase in ionic strength 
results in a compression of electrical double layer, leading 
to a reduction of surface potential [22,23]. The consequence 
is a decrease in electrostatic adsorption capacity of the cat-
alyst. Moreover, adsorption of the dyes increases with rais-
ing catalyst loading, so that, depending on the dye, about 
40%–90% of the dyes were adsorbed when, respectively, 
2–10 g/L catalyst were used. Increasing adsorption is the 
result of having higher surface area and hence, more sur-
face sites are available for adsorption of dyes with more 
catalyst addition. 

3.2.1.2. Discoloration of the dyes with the catalyst In this 
study, discoloration is considered to be the fall in concen-
tration of the dye molecule in solution, which may be the 
result of oxidation or breaking down of the dye molecule 
into smaller products. Such definition excludes surface 
physical adsorption; however, it does not imply that the 
oxidation reaction necessarily goes to complete decomposi-
tion of the molecules to the end products (CO2 and H2O). As 
a matter of fact, a number of colorless intermediates along 
with detailed mechanisms have been found and proposed 
for degradation of methylene blue, basic violet and basic 
yellow in the literature [24–26]. Besides, several studies 
have shown decomposition of H2O2 to hydroxyl radical and 
other active species in the presence of Mn ferrite nanoparti-
cles [17,27,28]. Bearing this in mind, discoloration was stud-
ied by measuring concentration of the dye after treating it 
with different concentrations of hydrogen peroxide and the 
catalyst under alkaline condition. Each time after the H2O2 
treatment, high concentration NaCl was added to remove 
electrostatically adsorbed dye from the catalyst surface. In 
this way, any non-degraded dye molecule that remained 
adsorbed at the surface, is replaced by Na+ ions, and dis-
solve back into the solution to be detected. In the next part, 
the effects of hydrogen peroxide concentration and catalyst 
loading on degradation of the dyes were examined in order 

to find the optimum hydrogen peroxide concentration and 
catalyst loading for discoloration of the dyes under alkaline 
condition.

3.2.1.3. Effect of H2O2 concentration and catalyst loading on 
the dyes discoloration Fig. 3 shows the effect of H2O2 concen-
tration and catalyst loading on discoloration of the dyes. 
As seen, raising H2O2 concentration and catalyst loading 
both increases discoloration of the dyes. Taking methylene 
blue as an example, 33% more oxidation took place when 
H2O2 concentration goes up from 0.015 to 0.5 M, at 2 g/L 
catalyst loading. Likewise, discoloration is 40% higher 
with raising catalyst loading from 2 to 10 g/L (at 0.5 M 
H2O2). This effect follows the same trend for the other two 
dyes. This may be explained by taking into account that 
at higher catalyst loading, adsorption of both reactants, 
that is, H2O2 and the dye are larger. Having more reactants 
in close contact, the reaction rate is higher. This matter is 
discussed later in this section. Here, note the difference 
between Figs. 2 and 3. Fig. 2 shows only adsorption of the 
dyes, while Fig. 3 demonstrates the amount of dyes deg-
radation. As mentioned in section 3.2.1.2 for degradation 
study (Fig. 3) NaCl was added to remove adsorbed dye 
molecules, however, in the case of adsorption (Fig. 2), no 
NaCl was added (see sections 2.7 and 2.8).
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3.2.1.4. Removal rate of the dyes Fig. 4(a) illustrates the 
plot of dye removal (in percentage) vs. time for the three 
studied dyes at pH = 10, when 2 g/L catalyst and 15 mM 
H2O2 concentration was employed. There is a relatively 
great increase in dyes removal in the beginning of the reac-
tion which is partly related to physical adsorption of the 
dyes at the surface and partly because of decomposition of 
the dyes by hydrogen peroxide. As noted earlier, positively 
charged cationic dyes adsorb on negatively charged parti-
cles surface at alkaline condition of pH 10. Also, hydrogen 
peroxide in alkaline condition decomposes to produce dif-
ferent active species such as •OH, •OOH and high-valent 
iron species (FeIV=O and FeV=O) which can oxidize organic 
dyes. Adding NaCl to the solution at the end of the reac-
tion time, results in partial desorption (17%, 24% and 10%, 
respectively, for methylene blue, basic violet and basic 
yellow) of the dye from the catalyst surface (compare the 
points at 240 min in Fig. 4(a) with the corresponding’s in 
Fig. 3(a) at 2 g/L catalyst loading and 0.015 M H2O2), attest-
ing that under these operating circumstances electrostatic 
physical adsorption takes place in parallel with decompo-
sition reaction. 

Fig. 4(b) shows a sharp rise in removal of the dyes at 
the very early stage of reactions for the case of 10 g/L cat-
alyst loading and 0.5 M H2O2 concentration. As described 
in experimental section, each dye at pH 10, first is mixed 
and adsorbed at the catalyst surface prior to H2O2 addition. 

A severe discoloration of the solution is seen even at this 
stage, probably owing to the rapid and substantial phys-
ical adsorption. By addition of H2O2, the already adsorbed 
dye molecules at the surface reacts with the active species 
(•OH, •OOH, etc.) produced from H2O2 at the surface. The 
consequence of this reaction is degradation of dye. No sig-
nificant desorption occurred by adding NaCl to the mixture 
of dye and catalyst treated with H2O2, implying that the dye 
is almost totally oxidized (to colorless intermediate or final 
oxidation products) at the surface.

It is well-known that unlike the acidic medium where 
H2O2 is more stable, hydrogen peroxide may quickly decom-
pose into H2O and O2 under alkaline condition. Indeed, the 
reaction passes through intermediate active species. Since 
H2O2 decomposition occurs on the periphery of the catalyst 
surface, it is more plausible to interact with adsorbed dye 
molecules (also close to the surface) than those in the solu-
tion. If the intermediate active species do not meet and inter-
act with adsorbed dye molecules, they may interact directly 
with each other to form H2O and O2.

3.2.2. Acidic condition

Fig. 5 demonstrates a plot of dye discoloration (in percent-
age) vs. time for the three studied dyes at pH = 3.5. As it can 
be seen in this figure, in the presence of only 15 mM hydro-
gen peroxide and 2 g/L catalyst, complete discolorization was 
observed for all three cationic dyes within 4 h. The variation 
in degradation rates of the different dyes might be related to 
the different activation energy of oxidation of each dye. 

It is obvious that, adsorption of cationic dyes on cata-
lyst surface is low at this pH (<5%). It should be noted that 
the reaction rate is negligible when the Mn ferrite catalyst is 
excluded from the reaction mixture. Thus, the presence of 
H2O2 together with the catalyst is basically necessary in order 
to increase the reaction rate. Generally, the heterogeneous 
catalysis in Fenton reaction, the surface Fe and/or other tran-
sition metals cations possess unoccupied d-orbitals with 
which oxygen atoms of the initially adsorbed hydrogen per-
oxide may react. Depending on the operating condition such 
as the solution pH, it may result in different active species. In 
acidic condition, •OH radical is generated by following the 
reaction of hydrogen peroxide with the catalyst. In fact, •OH 

Fig. 4. Removal rate of methylene blue, basic yellow and basic 
violet with (a) CH2O2

 = 15 mM and 2 g/L catalyst, and (b) CH2O2
 = 

0.5 M and 10 g/L catalyst. Initial dyes concentrations Cdye = 50 ppm 
and pH = 10.
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is a very active oxidizing agent which can attack a wide range 
of organic compounds. Different mechanisms have been sug-
gested for the •OH formation, probably the most accepted 
one is based on redox action of the Fe2+/Fe3+ as described by 
the following equations [29–31]:

≡Fe3+ + H2O2 → ≡Fe3+H2O2  (1)

≡Fe3+ + •HO2 → ≡Fe2+ + O2 + H+  (2)

≡Fe2+ + H2O2 → ≡Fe3+ + •OH + OH–  (3)

It has been shown that Mn in spinel structure has remark-
able effect on the activity of the ferrite catalyst promoting 
hydrogen peroxide decomposition rate and also oxidation of 
organic contaminants [32–34]. Thus, in addition to Fe2+/Fe3+ 
reaction, Mn2+/Mn3+ may also undergo redox reactions to 
facilitate •OH production as follows:

≡Mn2+ + H2O2 → ≡Mn3+ + OH− + •OH  (4)

The surface Mn3+ then may be reduced back to Mn2+ by 
the following reaction:

Fe2+ + ≡Mn3+ → Fe3+ + ≡Mn2+  (5)

where Fe ions may be the surface Fe or bulk Fe ions. An alter-
native mechanism for transformation of Mn3+ back to Mn2+ 
might be the reaction of Mn3+ with H2O2, similar to Eqs. (1) 
and (2).

≡Mn3+ + H2O2 → ≡Mn3+H2O2  (6)

≡Mn3+ + •HO2 → ≡Mn2+ + O2 + H+  (7)

Another possible mechanism is decomposition of H2O2 
into •OH radicals through direct O–O bond cleavage [31]. The 
formed OH radical then can readily react with the organic 
dye and decompose it. To assess whether the dye is adsorbed 
or decomposed at the surface, NaCl was added to the mix-
ture at the end of the reaction. No desorption was observed 
by adding NaCl to the solution at this stage, indicating that 
the dye has been essentially decomposed (to colorless inter-
mediate or final oxidation products) by hydrogen peroxide at 
the catalyst surface.

3.3. Reusability of the catalyst

The reusability of the catalyst was investigated in 
acidic and alkaline conditions and the results are shown in 
Figs. 6(a) and (b), respectively. In acidic condition, the cat-
alyst retained its activity after four time use. On the other 
hand, the efficiency of the catalyst rather diminished every 
time under alkaline condition. Numerically, the catalyst 
activity dropped to 78% in the fourth run. This is probably 
due to incomplete or partial decomposition of the dye into 
intermediate organic molecules that remain adsorbed on the 
catalyst surface. These molecules occupy active sites of the 

catalyst which could bring about poisoning and reducing its 
catalytic activity. Actually, it was found that adsorption of the 
dye on catalyst surface decreases in consecutive runs, which 
may explain the lower activity of the catalyst in the next runs.

3.4. Comparison between acidic and alkaline conditions 

As shown above, both acidic and alkaline conditions 
could be used for effective discoloration of the dyes, how-
ever, with different operational settings. The advantage of 
acidic medium is low catalyst and low concentration needed 
for full discoloration of the dyes and its better reusability. 
Even more important is that anionic dye can be degraded 
under acidic condition. Nonetheless, metal leaching is more 
likely to occur in low pH values and it takes longer time to 
complete the reaction. On the other hand, the reaction rate 
was found to be very high under alkaline condition. Despite 
the high reaction rate, alkaline condition is in general less 
effective and reusable than acidic condition. In real system, 
where there are mixed anionic and cationic dyes in industrial 
effluents, acidic condition seems to be more efficient. 

4. Conclusion

Discoloration of organic dyes with synthetic Mn ferrite in 
low and high pH values was studied. It was found that syn-
thetic Mn ferrite could be effectively used for discoloration 
of the three cationic organic dyes in both acidic and alkaline 
conditions under different operational settings. At low pH, 
low catalyst loading and low H2O2 concentration was suf-
ficient for total discoloration of the dyes. The mechanism 
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probably includes Fe2+/Fe3+ and Mn2+/Mn3+ redox reactions, 
leading to active radical formation. The active radical may 
then react with the organic dye; the consequence of this reac-
tion is decomposition and degradation of the organic dyes. 
To differentiate between physical adsorption and degrada-
tion, NaCl as an inert electrolyte was employed. No desorp-
tion was observed by adding NaCl to the treated mixture of 
dye and catalyst with H2O2 at low pH. 

At high pH, high concentration of catalyst was needed 
for adequate adsorption of the organic dyes at the catalyst 
surface to efficiently react with hydrogen peroxide. Fast 
decomposition of H2O2 into active species at high pH which 
may react with the dye molecules on the periphery of the cat-
alyst seems to be responsible for discoloration of the organic 
dyes under alkaline condition. It can be concluded that the 
influence of surface is essential in all cases on discoloration 
of organic dyes using Mn ferrite catalyst. 
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