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Abstract 
Nanoscale magnetic spinel ferrites are attracting an increased attention as functional materials for catalysis and sorption. 
Such catalysts and sorbents are advantageous due to their chemical stability in aggressive media, their thermal stability, 
a large area of specific surface, and high saturation magnetization, which allows using them to create magnetically controlled 
functional materials. This article presents the results of the synthesis of nickel (II) ferrite nanopowder, its characterization, 
and a study of its catalytic and sorption activities towards methyl orange dye.
X-ray diffraction (XRD), transmission electron microscopy (TEM), and scanning electron microscopy (SEM) were used to 
characterize nanocrystalline NiFe2O4 synthesized by citrate combustion. The nickel spinel was tested as a catalyst of Fenton-
like reaction of oxidative degradation of methyl orange under UV irradiation of l = 270 nm. The study involved differentiation 
of oxidation during dye sorption on a NiFe2O4 nanoscale catalyst. The oxidative degradation of the pollutant under ultraviolet 
irradiation in the presence of a catalyst was satisfactorily described by a pseudo-first-order model, the rate constant of the 
reaction was 0.0191 min–1. The degree of methyl orange destruction reached 99% 150 minutes after the beginning of the 
reaction. A parallel experiment without the addition of hydrogen peroxide to the dye solution allowed assessing the sorption 
capacity of nanoscale nickel (II) ferrite. After 150 minutes, the concentration of the dye decreased by 7.5% due to its sorption, 
the equilibrium sorption capacity of NiFe2O4 was low (0.132 mg/g). This indicates that the methyl orange solution decolorizes 
mainly due to its catalytic oxidative degradation according to the Fenton reaction.
This allows considering nanoscale nickel ferrite as a promising material for wastewater treatment by deep oxidation of 
organic pollutants.
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Introduction
In recent years, there has been a growth 

of interest in nanoscale spinel ferrites as 
multifunctional materials. Using nanoscale 
spinels (NiFe2O4 where Me = Zn, Ni, Mg, Co, Mn) 
as catalysts and sorbents is advantageous due to 
their chemical stability in acid media, thermal 
stability, a highly developed surface, and high 
saturation magnetization [1, 2]. The magnetic 
properties of ferrites allow using them to create 
magnetically controlled functional materials, 
primarily catalysts and sorbents.

Currently, spinel ferrite-based catalysts have 
a wide range of applications, such as oxidative 
dehydration of hydrocarbons, decomposition 
of alcohols, and purification of exhaust gases 
generated by cars [3–6].

Spinel ferrites [7,8] and ferrite-based 
nanocomposites [9–11] are used in a number 
of technologies for wastewater treatment from 
pollutants: dyes, antibiotics, phenol derivatives, 
etc.

Nanoscale catalysts and sorbents should not 
only have high activity due to their developed 
surface with a large number of active sites, but 
also be products of energy-efficient and resource-
saving technologies in order to economically 
justify their industrial implementation. For large-
scale practical use of ferrites, it is necessary to 
distinguish simple, reproducible, and economical 
methods of their synthesis among the many known 
methods of synthesis [12–16]. These methods 
should allow regulating the characteristics of 
nanoscale spinel ferrites and obtaining samples 
with a large number of active sites for catalysis and 
sorption and magnetic properties necessary and 
sufficient to control the external magnetic field.

The purpose of this study was to synthesize 
nanoscale nickel (II) ferrite, a soft magnetic 
material with a reverse spinel structure, by 
citrate combustion and to test it as a catalyst for 
a Fenton-like reaction of oxidative degradation 
of the methyl orange dye.

Experimental
NiFe2O4 synthesis was carried out by citrate 

combustion according to [17]. Phase composition 
was determined by X-ray diffractometry 
(Empyrean BV diffractometer with Cu anode 
(l = 1.54060 nm)). The scanning was performed 

within a range of angles 2q = 10–80° with a step 
of 0.0200. The JCPDC database [18] was used to 
identify the phases (card 54-0964) [18]. The size 
and morphology of particles were determined 
by transmission electron microscopy (TEM, 
CarlZeiss Libra-120 transmission electron 
microscope). SEM image of the sample and 
quantitative elemental analysis was performed on 
a JSM-6380LV JEOL scanning electron microscope 
with an INCA 250 microanalysis system.

The catalytic activity of nanoscale nickel (II) 
ferrite was studied in a model reaction of methyl 
orange (MO) oxidation by hydrogen peroxide. 
To do this, we prepared a solution containing 
0.0100 mg/ml of methyl orange and 10 wt. % of 
hydrogen peroxide. pH of the solution, which 
was 4.5, was maintained by an acetate buffer. 
Then, 0.2500 g of catalyst was added to a series 
of solution samples with a volume of 15.00 ml. 
Control measurements of the concentrations of 
MO solutions without a catalyst were performed 
in the same manner.

The experiment was conducted under 
ultraviolet irradiation with l = 270 nm (LightBest 
UV lamp, 25 W). The MO concentration was 
determined using photocolorimetry (KFK-3-01 
photocolorimeter). The analytical wavelength for 
MO was 364 nm. The degree of degradation was 
calculated by formula (1):
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where W is the degree of degradation %, C0 is the 
concentration of the dye at the initial moment of 
time, and Ct is the concentration of the dye at the 
present moment of time.

To differentiate the catalytic oxidation and 
sorption of the dye on a nanoscale NiFe2O4 
catalyst, we performed an experiment using the 
above-described method in the darkness without 
adding H2O2 oxidant to the solutions. In this case, 
oxidative degradation of MO was not performed, 
while decolorization of the solution was only 
determined by the sorption of the pollutant on 
ferrite. The duration of static sorption was 2 
hours. The sorption capacity of nickel ferrite (II) 
was determined using equation (2):
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where C0 is the initial concentration of the solu-
tion of the organic dye, mol/l; C is the concentra-
tion of the organic dye after a certain time after 
the beginning of the reaction, mol/l; V is the 
volume of the adsorbate solution, l; m is the 
weight of ferrite, g.

Results and discussion
Reflexes in the diffraction patterns of the 

nanopowder synthesized by citrate combustion 
(Fig. 1) referred to the target phase of NiFe2O4 
(JCPDC 54-0964). We also identified a single low-
intensity reflex of Fe2O3 iron oxide, however, it did 
not seem critical due to the potential catalytic 
activity of the Fe3+ ion.

The average size of coherent scattering regions 
(CSRs) of NiFe2O4 particles calculated using the 
Debye–Scherrer formula [19] was 31±2 nm.

TEM (Fig. 2.) showed that the shape of 
NiFe2O4 particles was close to spherical. There 

were individual coarse particles with a size of 90-
100 nm, however, the predominant particle size 
fraction was in the range of 21–50 nm. According 
to TEM data, the average size of NiFe2O4 particles 
was 38±3 nm. According to XRD, the calculated 
CSR values generally correlated with the TEM 
results.

The average values of the weight and atomic 
percentages of the Ni, Fe, and O elements 
according to the data of energy dispersion 
analysis (Table 1) correlate with the expected 
chemical composition of the synthesized 
samples. The presence of residual carbon on the 
energy dispersive spectrum (Fig. 3) indicated the 
probable accumulation of solid x-ray amorphous 
products of gel degradation in the pores of the 
nanopowder without complete oxidation of the 
combustion products.

The surface of nickel (II) ferrite was 
characterized by a “coral-like” structure, 

Fig. 1. Diffraction pattern of NiFe2O4 nanopowder

                                         а                                                                                            b
Fig. 2. TEM image (a) and histogram of NiFe2O4 particle size distribution (b)
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crystallites had a pronounced agglomeration 
(Fig. 4). TEM data allows assuming that NiFe2O4 
agglomerates up to 20 μm in size were formed by 
nanoparticles below 100 nm in size. In the SEM 
image, equiaxial small particles with pronounced 
crystallinity clearly differentiated.

The rather high porosity of spinel is explained 
by the release of gaseous products of the polymer 
gel combustion, primarily carbon oxides CO and 
CO2, which is a distinctive feature of nanoscale 
powders synthesized by citrate combustion [20].

It was experimentally established that 
nickel spinel nanopowder synthesized by citrate 
combustion is an effective heterogeneous catalyst 
for the hydrogen peroxide decomposition by a 
Fenton-like reaction. Oxidative degradation of 
MO under the influence of UV irradiation in the 
presence of the NiFe2O4 catalyst proceeded more 
intensely than in its absence (Fig. 5). Therefore, 
the concentration of the dye during catalytic 
oxidation 2.5 hours after the beginning of the 
reaction decreased by 17 times. In the absence 
of a catalyst, after 2.5 hours of the reaction, the 
concentration of MO decreased only by 2 times.

The degree of degradation of the methylene 
orange dye without catalyst in visible light 

2.5 hours after the beginning of the reaction was 
50%. In the presence of nickel (II) ferrite under UV 
irradiation of the reaction mixture, the degree of 
degradation of MO increased to 99%.

The shape of kinetic curves of the oxidative 
degradation of the dye corresponded to the 
pseudo-first order of the reaction. The rate 
constant was evaluated by linearization of the 
kinetic dependences in logarithmic coordinates 
(Fig. 6). The rate constant of oxidative degradation 
of MO under UV irradiation in the presence of 
NiFe2O4 was 0.0191 min–1. The rate constant in 
the absence of a catalyst with natural lighting 
was almost an order of magnitude lower 
(0.0044 min–1).

The process without the H2O2 oxidant revealed 
a small sorption capacity of nickel spinel towards 
MO, the concentration of the dye decreased by 

Fig. 4. SEM image of NiFe2O4 nanopowder

Fig. 3. Energy dispersive spectrum of NiFe2O4

Table 1. Results of energy dispersion analysis of 
ferrite

Element Weight % Atomic %
O 30.50 55.05
Fe 40.19 20.78
Ni 24.21 11.91
С 5.10 12.26
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7.5% 2.5 hours after the beginning of the reaction 
(Fig. 7).

The sorption capacity of NiFe2O4 reached its 
maximum value of 0.132 mg/g in 120 min (Fig. 7, 
insert), which indicates a slight contribution of 
sorption to the overall process of decolorization 
of the MO solution in the presence of a nanoscale 
NiFe2O4 catalyst.

The structure  of  the mixed spinel , 
characteristic of nickel (II) ferrite means that 
Fe3+ ions distribute in octahedral and tetrahedral 
voids. The catalytic activity of spinel ferrites 
in Fenton processes is due to the formation of 
active oxidants with their participation during the 
decomposition of hydrogen peroxide. According 
to [21], the formation of ·OH hydroxyl radicals 
is associated with the activity of Fe2+ ions, 
whereas Fe3+ ions are mainly responsible for the 
formation of ·OOH radicals. The oxidation state 

for octahedral ions of Fe3+ changes to +2 due to 
lattice oxygen [22]. Fe3+ ions in the tetrahedral 
position exhibit electron-withdrawing properties 
(reaction 1) and contribute to the formation of 
active sites of the Fenton-like reaction of Fe2+, on 
which the decomposition of hydrogen peroxide 
is accompanied by the formation of hydroxyl 
radicals (reaction 2): 

Fe3+ + H2O2 → Fe2+ + ·OOH + H+, (1)

Fe2+ + H2O2 → Fe3+ + ·OH + OH–. (2)

UV irradiation induces regeneration of Fe2+ 
accompanied by the formation of hydroxyl 
radicals and molecular oxygen (reactions 3, 4):

Fe3+ + H2O → Fe2+ + ·OH + H+, (3)

Fe3+ + ·OOH → Fe2+ + O2 + H+. (4)

The oxidizing radicals oxidize the dye 
molecule according to equation (5):

                                             а                                                                                                   b
Fig. 5. Change in the concentration (a) and degree of degradation (b) of the MO dye without catalyst (1) and 
in the presence of NiFe2O4 under UV irradiation (2)

Fig. 6. Kinetic curves of MO oxidation by hydrogen 
peroxide in lnC - t coordinates without catalyst (1) and 
in the presence of NiFe2O4 catalyst (2)

Fig. 7. MO sorption curves in the presence of NiFe2O4 
(1) and sample sorption capacity (2)
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Dye + HO· → HOO· + O2 + H2O.  (5)

Previously, under similar conditions we 
established a rate constant of 0.0354 min–1 for 
nanoscale CoFe2O4 with a reverse spinel structure 
as a catalyst of Fenton-like reaction of methyl 
orange oxidation [23]. Probably, the Co2+/Co3+ 
pair in the spinel lattice increases the catalytic 
activity of cobalt ferrite as compared to NiFe2O4 
due to accelerated electron transfer. Co2+ cobalt 
ions are located in the center of the oxygen 
octahedra, and electrons of oxygen ions can easily 
participate in the oxidation of H2O2 accompanied 
by the formation of hydroxyl radicals and the 
change of the oxidation state of cobalt to +3. 
The probability of participation of nickel ions 
due to the predominant oxidation state of +2 in 
such a process is much lower, however, in [24], 
X-ray photoelectron spectroscopy was used to 
confirm the presence of Ni3+ ions in nickel spinel 
after ozone treatment of oxalic acid. However, 
it should be emphasized that the value of the 
rate constant of MO oxidation in the presence 
of NiFe2O4 exceeded the value for the oxidative 
degradation of MO under similar conditions when 
nanoscale normal spinel ZnFe2O4 was present as 
a catalyst (0.010 min–1), where A cation also had 
one oxidation state +2 despite a sufficiently high 
specific surface area of the catalyst (453.1 m2/g) 
[25]. This is consistent with the data in [24] about 
poor capability of ZnFe2O4 to transfer electrons 
when A cation changes to the Zn3+  state.

Conclusions
Citrate combustion was used to synthesize a 

nanoscale nickel ferrite with a spinel structure 
(XRD data) with an average particle size of 
38±3 nm (TEM data). It was established that 
nanodispersed NiFe2O4 had high catalytic activity 
in the Fenton-like reaction of methyl orange 
dye oxidation. Under optimized conditions 
and effective control of parameters, including 
contact time, solution pH, and catalyst dose 
and under additional UV irradiation, over 99% 
of the pollutant was removed. The oxidative 
degradation of the dye without catalyst was 
50%. The rate constant of oxidative degradation 
of MO under UV irradiation in the presence of 
nickel (II) ferrite was 0.0191 min–1, while in the 
absence of a catalyst and in natural lighting 
it was 0.0044  min–1. The sorption capacity of 

NiFe2O4 reached its maximum value of 0.132 mg/g 
120 min after the beginning of the reaction, which 
means that the contribution of sorption to the 
decolorization of the MO solution is insignificant.
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