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a b s t r a c t

MgeZn ferrites with porous cavity structure were produced by sol-gel auto-combustion method utilizing
a newmixture of DL-alanine and urea as an organic fuel-reductant. The influence of non-magnetic Zn ions
content on the structural, morphological and adsorption characteristics of MgeZn NPs has been inves-
tigated. It was found that Zn effects the porosity of MgeZn ferrospinels. X-ray diffraction analysis
confirmed the formation of cubic spinel phase and the crystallite size was calculated by the SSP method,
W-H method and modified Scherrer formula. SEM observations revealed mesh-like microstructure with
the presence of 1e2 mm macropores and agglomerated nanoparticles. The EDS spectra confirmed the
desired chemical composition of ferrites powders. M€ossbauer spectroscopy confirmed the valence state
of cations and their distribution over the spinel sublattices. The adsorption characteristics of spinel
compounds were studied on Congo Red dye removal. The appropriateness of Langmuir, Freundlich, and
Dubinin-Radushkevich adsorption models were investigated and the parameters of all models were
determined. The observed data fitted well by Langmuir model, indicating that the Congo Red adsorption
occurred on a homogeneous surface and that the active surface centers possessed similar energy values.
The Dubinin-Radushkevich isotherm model was utilized to calculate the free energy of Congo Red
adsorption, i.e. setting in the range 7.81e22.4 kJ/mol and indicating that the Zn content affects the
mechanism of Congo Red adsorption onto ferrite surfaces and the removal efficiency is enhanced with
the rise in Zn content.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Ferrite nanomaterials with a spinel structure and a general
formula MFe2O4 (M is a divalent cation) [1] offer wide range of
applications due to their attractive multifunctional properties
(magnetic [2,3], gas-sensing [4,5], dielectric [6], catalytic [7],
adsorptive [8], biomedical [9], etc.). Despite many years of research,
the interest for ferrospinel systems remains unabated [10,11]. In
recent years, the attention of researchers has increasingly been
drawn to the improvement of the synthesis methods in order to
Vasyl Stefanyk Precarpathian
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obtain the nanoscale spinel materials with improved properties
[12,13]. Nanocrystalline spinel ferrites exhibit numerous advan-
tages compared to well-crystallized polycrystalline samples. In
particular, for adsorption or catalytic processes, involving reactions
on the substances’ surface, where the number of active centers per
unit mass of the sample plays a key role in the processes efficiency
[14,15]. In this regard, special attention has been given to obtaining
samples with a developed surface and improved morphology. To
obtain fine-crystalline spinel samples, various methods are pro-
posed in particular, hydroxides decomposition [16], salts decom-
position, microwave synthesis [17,18], eco-friendly “green method”
[19], sol-gel method [20] involving organic precursors, such as citric
acid, ethylene glycol, glycine, urea, and others [21e24]. The aim of
this study consists on the synthesis of magnesium-zinc ferrites
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nanoparticles (NPs) with enhanced morphology using the mixture
of organic reducers (fuels).

Nowadays, different attempts have beenmade to investigate the
influence of the synthesis route on the evolution of structure and
physico-chemical characteristics of pure and doped magnesium-
zinc ferrites NPs [25e27]. The introduction of a nonmagnetic zinc
ions Zn(II) into magnesium ferrite lattice changes its magnetic
moment. An increase in the total magnetic moment at x¼ 0.5 for
Mg1-xZnxFe2O4 (x¼ 0.5 … 0.7) samples is observed due to a
decrease in the compensation between the sublattices of the spinel
ferrite structure. In addition, zinc reduces the Curie temperature of
ferrite, which leads to an increase in the real magnetic permeability
of the material [28].

E. Petrova et al. [29] reported about MgeZn ferrites prepared by
auto-combustion, chemical precipitation, and spray pyrolysis
methods. The crystallite size was smallest for pyrolysis method
(~10 nm) and biggest for auto-combustion route by using citric acid
(~25 nm). The co-precipitation method favored the formation of
superparamagnetic NPs with no coercivity, which is important for
biomedical applications. C. Choodamani et al. [30] investigated the
physico-chemical characteristics of Zn-substituted Mg ferrite pre-
pared using the solution combustion route. It was established that
the crystallite size was found to vary in broad range 47e80 nm and
that Zn content had significant influence on physico-chemical
properties. Liu et al. [31] prepared magnetic Mg1-xZnxFe2O4 NPs
by the chemical precipitationmethod. It was found that the particle
size of Mg0.5Zn0.5Fe2O4 calcined at 600 �C was around 16 nm, while
sintering at 1000 �C led to a significant increase the size up to
40 nm. The samples were investigated as promising candidates for
biomedical applications. Similar studies have been conducted by
Singh et al. [32], where MgxZn1�xFe2O4 (x¼ 0.5, 0.6, 0.7) samples
were prepared by co-precipitation route from the corresponding
metal salts. It was shown that the heating and dopant’s concen-
tration alter both the structural parameter and crystallite size. The
obtained superparamagnetic NPs can be used in different
biomedical applications.

The dye adsorption processes are widely used to investigate the
surface properties of adsorbents. A Congo Red (CR) anionic dye is
often chosen as a model for adsorption studies. It is known that dye
adsorption is widely used in industry for various purposes, such as
in the sensitization of photographic emulsions, for the determina-
tion of specific surface and porosity of powdered industrial mate-
rials. In this regard, the cleaning of industrial wastewater from
various dyes is also relevant and the most effective solution of this
problem consists in the application of adsorption purification
methods. Adsorption allows to remove a wide diversity of pollut-
ants in broad range of concentrations [33e35]. Nowadays, more
and more attention is being devoted to the use of magnetic
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adsorbents, in particular, magnetic ferrospinels obtained by various
methods with desired physico-chemical properties. The main
advantage of magnetic adsorbents is that their location can be
determined using a magnetic field and it is easy to extract the
magnetic adsorbent from a water medium using external magnetic
field. Magnetic adsorbents are widely used for wastewater treat-
ment [36], collecting oil from the water surface [37], in medicine
[38], etc.

The aim of this research work is to synthesize porous magnetic
nanopowders of MgeZn ferrites with general formula Mg1-
xZnxFe2O4 (x in the range 0.0e1.0 with a step of 0.2) by solution
combustion method using a new mixture of fuels (alanine and
urea) and to investigate the influence of Zn content on their
structural and adsorption characteristics as potential and prom-
ising adsorbents.
2. Experimental

2.1. Samples preparation

The starting materials were magnesium nitrate
Mg(NO3)2$6Н2О, zinc acetate Zn(CH3COO)2∙2Н2О, ferric(III) nitrate
Fe(NO3)3∙9Н2О, DL-alanine C3H7NO2 and urea CO(NH2)2. All the
substances used in the synthesis were of analytical purity. MgeZn
ferrite powders were prepared by sol-gel auto-combustion
method using a new organic fuel e a mixture of DL-alanine and
urea. A constant amount of alanine and variable amount of urea
(varied depending on Zn content in the samples) were considered.
Zinc acetate was used as a source of Zn(II) ions, partly acting as fuel
too. Metal nitrates were dissolved in 200ml of distilled water and
stirred for 30min under magnetic stirrer. After the formation of a
homogeneous solution, the fuel was added and stirring continued
at 60 �C for 20min. The mixture was transformed into a sol, then
gel, and subsequently the ignition reaction was started and spread
arbitrarily. The obtained dark-brown samples were washed few
times, dried, and hand-crushed with a pestle.

The stoichiometric coefficientФе, which indicates the equivalent
ratio “oxidizer/reducer” [39] was taken equal to one in our calcu-
lations. In order to determine the value of the fuel (reducer) and
oxidizer charges, the next valences of the elements have been
used: þ2 (for Mg and Zn), þ3 (for Fe), 0 for N, �2 for O, þ4 for C
and þ1 for H [40]. When reagent has the total positive charge, it
acts as reducer, and if a reagent has the total negative charge, it acts
as oxidizer [41]. These assumptions were taken into account in
order to determine the molar ratio of salts-to-fuel. The auto-
combustion process can be described by the follow redox reac-
tion, which led to the formation a large amount of gaseous products
(CO2, NO2 and H2O):
3
þ

2/

ferrite
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2.2. Characterization methods

X-ray diffraction analysis (XRD) was performed on the STOE
STADI P (Germany) equipped with CuKa1 radiation (15� 2q� 130�

with an increment of 0.015�, T¼ 22.5± 0.2 �C, U¼ 40 kV,
J¼ 35mA). The XRD patterns were refined by the Rietveld method
using the pseudoVoigt profile function using FullProf.2k (version
5.60) from the FullProf Suite software package [42]. Scanning
electron microscopy (SEM) and energy-dispersive spectroscopy
(EDS) analyses were carried out using microscope REMMA-102-02
(JCS SELMI, Ukraine). IR-spectra have been recorded at room tem-
perature in thewavenumber range of 4000e300 cm�1 on a Specord
M80 spectrophotometer. The samples were mixed with potassium
bromide in mass ration 1:100, grinded in a vibration mill for 5min
and pressed in transparent plates. The M€ossbauer spectra were
recorded at room temperature, using a 57Co (Rh) source and a
computer driven constant acceleration mode spectrometer. Veloc-
ity scale was calibrated using high purity natural iron foil. Isomer
shifts were established with respect to the center of gravity of the
room temperature iron M€ossbauer spectrum. The shape of all
M}ossbauer spectra was described using the transmission integral
method with CERN minimizing computer procedure MINUIT.
2.3. Adsorption studies

The adsorption isotherms were obtained by the following
method: 20ml of the initial solutions of CR with a certain con-
centration were placed in a 100ml conical flask and the 20mg of
the ferrite powders have been added. The mixtures were stirred for
24 h until equilibrium is reached and the CR content was deter-
mined by UV-Vis spectrophotometry using ULAB 102-UV spectro-
photometer at 500 nm. The CR adsorption from aqueous solutions
with an initial concentration of 15e100mg/L was carried out at pH
7.0. The pH of the aqueous systemswasmeasured using a digital pH
meter. The ferrite samples were separated from the dye solutions
through strong magnet. The amount of adsorbed CR was calculated
by the formula: qe¼(Ci�Ce)$V/m, where Ci and Ce are the initial and
equilibrium concentrations of CR in the solutions (mg/L); V is the
volume of the initial solution (L); and m is the adsorbent sample
weight (mg).

The adsorption efficiency (E, %) of magnetic adsorbent in
regarding to the removal of CR from aqueous solution, was deter-
mined as expression (1):
Fig. 1. XRD patterns of Zn-doped magnesium ferrites.
E ð%Þ ¼ ðCi � CeÞ
Ci

� 100 (1)

where Ci and Ce are the initial and equilibrium Congo red dye
concentrations, respectively.

3. Results and discussion

3.1. X-ray diffraction (XRD) analysis

X-ray diffraction patterns (Fig. 1) demonstrate that all studied
ferrites are single-phase spinels with a cubic structure belonging to
space group Fd3m (Pearson symbol cF56, Z¼ 8). All samples reveal
peaks for 2q values ranging from 20� to 70�, which correspond to
(220), (311), (222), (400), (422), (511), (440) reflections. This means
that no additional peaks are observed and all samples are single-
phase. It confirms the fact that the spinel structure crystallizes
during sol-gel auto-combustion route and the selected reaction
conditions are favorable. The most intense peak (311), inherent to
the spinel structure, is located between 35 and 36�. The position of
this peak is found to shift from 35.53 to 35.26� when Zn content
increases and the transition from Mg ferrite to Zn ferrite has
occurred. The shift of diffraction peaks to lower values of the
diffraction angle means that the lattice parameter is increasing
[43]. It is observed (Table 1) that with increasing Zn content in
MgeZn ferrites, the lattice parameter also increases. Fig. 2 displays
the refined XRD patterns using Rietveld analysis for the ferrite
samples. The cation distribution, lattice parameter, density,
porosity, surface area for the Mg1-xZnxFe2O4 system are given in
Table 1.

It is known that Zn(II) have a preference to occupy the tetra-
hedral positions in the spinel lattice, Mg(II) and Fe(III) have a ten-
dency to fill both tetrahedral and octahedral positions. From
Table 1, it could be noticed that the lattice parameter (aexp) in-
creases from0.8377 nm (forMg ferrite) to 0.8435 nm (for Zn ferrite)
with increasing Zn content, as clearly shown in Fig. 3. This is due to
the dissimilarity in the radii of Zn ions and Mg ions [44]. For
example, in our case the radius of Zn cation is greater than the
radius of Mg and ferric cations in the A-cites: r(Zn2þ)¼ 0.060 nm,
r(Mg2þ)¼ 0.057 nm, r(Fe3þ)¼ 0.049 nm and in the B-cites:
r(Zn2þ)¼ 0.074 nm, r(Mg2þ)¼ 0.072 nm, r(Fe3þ)¼ 0.0645 nm [44].
This is an evidence of the incorporation of Zn(II) within spinel
crystal structure of Mg ferrite. Smaller cations substituted with
larger cations will result in the stretching of chemical bonds as well
as lattice cell, which causes the increase of volume cell [45].

X-ray density for MgeZn ferrites is calculated by the formula
(2):

dXRD ¼ 8*M
V*Na

(2)

where M is molecular weight of the ferrite (in g/mol), V is cell
volume (nm3) (V¼ a3), a is lattice parameter (nm), Na is Avogadro’s
number (Na¼ 6.023$1023mol�1). Fig. 3 demonstrates the changes
in the lattice constant, oxygen parameter, and X-ray density. The X-
ray density increases gradually from 4.519 to 5.335 g/cm3 with the
rise in Zn content in MgeZn ferrites.

The bulk density dexp of Mg1-xZnxFe2O4 system is quantified
using the Archimedes’ method, involved measurements of the dry,
saturated and suspended sample’s weight [15]:

dexp ¼
�

m1

m1 �m2

�
,dEtOH (3)



Table 1
Lattice parameter (aexp), density (dexp), porosity (P), surface area (SXRD) and cation distribution, calculated from XRD patterns for the Mg1-xZnxFe2O4 (0.0� x� 1.0) system.

х Zn2þ aexp, nm Cation distribution R-factors (RI; RP; RWP; Rexp) dexp (g/cm3) P (%) SXRD (m2/g)

0.0 0.8377 ðMg2þ0:1Fe
3þ
0:9ÞA½Mg2þ0:9Fe

3þ
1:1�BO4 0.0706; 0.0129; 0.0164; 0.0161 3.760 16.8 38.2

0.2 0.8381 ðMg2þ0:014Zn
2þ
0:2Fe

3þ
0:786ÞA½Mg2þ0:786Fe

3þ
1:214�BO4 0.0499; 0.0103; 0.0130; 0.0127 3.919 16.6 40.9

0.4 0.8405 ðMg2þ0:02Zn
2þ
0:4Fe

3þ
0:58ÞA½Mg2þ0:58Fe

3þ
1:42�BO4 0.0393; 0.0102; 0.0130; 0.0121 3.471 28.3 29.1

0.6 0.8418 ðMg2þ0:114Zn
2þ
0:6Fe

3þ
0:286ÞA½Mg2þ0:286Fe

3þ
1:714�BO4 0.0198; 0.0115; 0.0145; 0.0146 3.311 33.8 34.4

0.8 0.8427 ðMg2þ0:072Zn
2þ
0:8Fe

3þ
0:128ÞA½Mg2þ0:128Fe

3þ
1:872�BO4 0.0405; 0.0139; 0.0175; 0.0178 3.299 36.2 35.9

1.0 0.8435 ðZn2þ0:9Fe3þ0:1ÞA½Zn2þ0:1Fe3þ1:9�BO4 0.0323; 0.0098; 0.0124; 0.0125 3.294 38.3 42.3

Fig. 2. Rietveld refinement analysis for the most representative samples of Mg1-xZnxFe2O4.

T. Tatarchuk et al. / Journal of Alloys and Compounds 819 (2020) 1529454
where m1 is the weight of the sample in air, m2 is the weight of the
sample in the organic solvent (ethanol) and dEtOH is the density of
organic solvent (density of ethanol is equal 0.7893 g/cm3 (at 20 �C)).
The bulk density dexp of Mg1-xZnxFe2O4 system decreases slightly
from 3.760 to 3.294 g/cm3 with the increase in Zn content.

The porosity of the ferrite materials has been calculated using
the following expression [15]:

P¼
�
1� dexp

dXRD

�
� 100% (4)

It is found that the porosity increases significantly from 17 to
38%with Zn content for Mg1-xZnxFe2O4 system, as shown in Table 1.
3.2. Crystallite size and strain

The characteristics and properties of NPs are found to be
significantly different from the particles of the micrometer range;
i.e. smaller the size, the unique surface state, the absorption of
irradiation by the whole particle volume are causing optical, me-
chanical, photocatalytic and sensory properties of nanomaterials.
Therefore, the evaluation of particle size is very important. For
estimating the crystallite size, few analysis methods are often used.
In this investigation, the average crystallite size of Mg1-xZnxFe2O4
nanopowders have been calculated using the modified Scherer
method [46], Williamson-Hall (W-H) method [47] and size-strain
plot (SSP) method [48], which give better understanding about
crystallite size and lattice strain contributions.



Fig. 3. Lattice parameter (aexp), oxygen parameter (u), and X-ray density (dXRD) versus Zn content in MgeZn ferrites.
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The modified Scherer formula can be written as follow:

lnb ¼ ln
�

k,l
DSM,cos q

�
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�
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�
1

cosq

�
(5)

where DSM is average crystallite size, k is a constant (equal to 0.9), b
is line broadening in radians (FWHM), q is Bragg angle, l is X-ray
wavelength (l¼ 0.1546 nm). The intercept of linear plot [ln(1/cosq)]
vs. lnb gives the crystallite size (in nanometers) (intercept¼ ln(kl/
DSM)). Since the Bragg peak width is an integration of sample- and
instrument-dependent effects, the line broadening has been esti-
mated using next formula (6) [48]:

b¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffih�

b2measured

�
�
�
b2insturmental

�ir
(6)

The crystallite size is also estimated using Williamson-Hall (W-
H) method [45]:

b , cos q ¼ k,l
DWH

þ 4ε,sin q (7)

where ε is the microstrain. The linear plot bcosq vs. 4sinq let to
calculate the crystallite size (in nanometers) (intercept¼ kl/DWH)
and microstrain (slope¼ ε).

The third model, which has been used for the calculation of the
crystallite size, is the size-strain plot (SSP) method. It offers few
benefits in comparison with previous methods e SSP method
Table 2
The crystallite sizes (D), microstrain (ε) and dislocation density (d) for zinc substituted m
method (W-H) and size-strain plot method (SSP).

х (Zn2þ) SM method W-H method

DSM, nm d DW-H, nm ε � 10

0.0 35 0.0008 36 0.5
0.2 30 0.0011 31 1.8
0.4 34 0.0008 45 8.7
0.6 42 0.006 48 3.9
0.8 38 0.007 50 8.5
1.0 30 0.0011 30 0.1
assumes that (i) the precision of reflections at high angles are
usually lowand gives them lessweight; (ii) profile corresponding to
crystallite size is described by a Lorentz function and (iii) the profile
corresponding to strain is described by a Gaussian function [48,49].
That is why the correlation coefficient for experimental data is close
to one. In order to calculate D, we used the following formula (8):

�
dhklbcosq

l

�2

¼ K
DSSP

 
d2hklb cos q

l

!
þ ð2εÞ2 (8)

where dhkl is interplanar spacing, K is a constant that depends on
the particle shape (for spherical particles K ¼ 3/4).

Interplanar spacing related to lattice constant and Miller indices
and calculated by the formula (9) [45]:

dhkl ¼
l

2 sin q
¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p (9)

where a is lattice parameter and h, k, l are Miller indices. The linear
plot (dhklb cos q/l)2 vs. ðd2hklb cos q =lÞ let to calculate the DSSP and
strain from the slope of straight line equal K/DSSP and intercept
(2ε)2 respectively.

From Table 2, it is observed that the crystallite size rises with
increasing Zn content and then decreases for pure ZnFe2O4. The
values of the crystallite size are varying in the range 27e42 nm from
the size-strain plot method, 30e50 nm for the W-H method and
30e42 nm for the modified Scherrer method. For all cases the
agnesium ferrites, calculated by modified Scherrer method (SM), Williamson-Hall

SSP method

�4 d DSSP, nm ε � 10�4 d

0.0008 35 13.6 0.0008
0.0010 31 20.3 0.0010
0.0005 42 24.2 0.0006
0.0004 35 6.6 0.0008
0.0004 32 4.7 0.0010
0.0011 27 9.0 0.0014



Fig. 4. The (a) modified Scherer method, (b) Williamson-Hall method and (c) size-strain plot method for zinc substituted magnesium ferrites.
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crystallite size of Zn ferrite is smallest (27 nm) compared to the un-
dopedMg ferrite (D¼ 35 nm). Themagnitude of crystallite size is in
agreement with the peak intensities obtained from XRD analysis
(Fig. 1). The correlation coefficients R2 (Fig. 4) clearly indicates, that
the size-strain plotmethod (R2¼ 0.833e0.997) is more suitable and
more reliable for the calculation of the crystallite size compared to
the modified Scherer method (R2¼ 0.225e0.744) and Williamson-
Hall method (R2¼ 0.001e0.599). The magnitude of crystallite size,
obtained from SSP method, is then used to calculate the surface
area SXRD by the equation: SXRD¼ 6000/(dXRD x DSSP). It is found
that the surface area of MgeZn ferrites increases gradually within
the range 29.1e42.3m2/g.
3.3. M€ossbauer spectroscopy

The analysis of M€ossbauer spectroscopy aims to obtain
crystallo-chemical information about the prepared compounds and
it is very popular in spinel ferrites studies [50,51]. M€ossbauer



Fig. 5. The 57Fe M€ossbauer transmission spectra taken at room temperature for
(Mg1-x-zZnxFez)A[Fe2-zMgz]BO4 (dots e experimental data, solid line e fitting result)
(trace amounts of nonmagnetic phase is evidenced for several compositions). Stick
diagrams represent the position and relative intensities of M€ossbauer lines.

Fig. 6. Composition dependence of hyperfine interaction parameters of (Mg1-x-
zZnxFez)(Fe2-zMgz)O4 obtained from M€ossbauer spectroscopy.
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spectroscopy is a direct analytical method, allowing to determine
both the valence state of cations and their distribution over the
spinel sublattices. The spectral parameters (hyperfine field, isomer
shift, quadrupole splitting, etc.) are quite different for Fe3þ cations
in A- and B-positions, what makes it possible to determine the type
of ferric ions localization in the unit cell [52]. Based on the obtained
distribution of Fe3þ cations and using the AB2O4 formula, it be-
comes possible to find the distribution over the sublattices of other
(non-M€ossbauer) cations.

M€ossbauer spectra recorded at 298 K are shown in Fig. 5. Similar
M}ossbauer spectra were analysed in Ref. [53], but a different
method of spectra descriptionwas applied. In M€ossbauer studies, it
is important to achieve the most accurate resolution of the spectral
components of 57Fe sextets corresponding to A and B sublattices. It
is known that sextets with smaller isomer shifts correspond to Fe3þ

ions in tetrahedral sites [54]. The cation distribution is described by
the partition parameter z from the formula (Mg1-x-zZnxFez)(Fe2-
zMgz)O4, which was taken from XRD analysis (Table 1) and
confirmed by theM€ossbauer spectra fitting (Fig. 5). The distribution
of neighborhoods around Fe atoms from B sublattice can be
described by binomial distribution PðkÞ ¼ ðnk Þpkð1� pÞn�k (n¼ 6,
k¼ 0,1,2,3,4,5,6), where P(k) is the probability of finding k Zn atoms
in the nearest neighborhood of Fe atoms from B sublattice, p e

corresponds to the probability of finding Zn atom in A-sublattice, in
our case p¼ x. It is assumed that every single Zn ion replacing Fe,
located in B-sublattice, nearest neighborhood causes the reduction
of hyperfine field by the same value, DHeff.

Up to x¼ 0.4, the spectra reveal magnetic ordering. For x¼ 0.6,
traces of magnetic ordering can be evidenced, while for higher
compositions only quadrupole doublets are observed. The
incorporation of Zn ions into A- or B-sublattices of spinel structure
reduces the spectral contribution of the corresponding Fe3þ ions.
The observed spectral changes are shown in Fig. 6. The percentage
contribution S of all sextets to the total spectrum, resulting from
binomial distribution, is included in Table 3. As can be seen from
Table 3, the B-component prevails in the gamma resonance spectra
and consists from a large number of constituent sextets, corre-
sponding to different magnetically nonequivalent positions of 57Fe
nuclei. Zinc is placed mainly in the tetrahedral positions together
with magnesium and ferric ions [18,55,56]. The calculations show
the difference between the spectra, which is confirmed by the
values of the mean effective fields on Fe nucleus in the B-sublattice.
The spectra of the samples with x¼ 0.00 to x¼ 0.06 at 298 K are
relaxing.

The identification of Zn position allows, in turn, to characterize
its effect on the parameters of hyperfine interactions with neigh-
boring ferric cations. As can be seen from Table 3, the effective fields
Heff are smaller for Zn-enriched compositions than for the Mg-
enriched ones. This is due to the fact that in the nearby surround-
ing of Fe(B) nuclei, the number of nonmagnetic Zn2þ cations is
increased. The difference between the Heff for A and B sublattices is
mainly due to the different covalence of the chemical bond FeeO in
the A and B spinel sublattices. It is known that the FeeO interion
distances in the octahedral site are greater than in the tetrahedral
site, so the covalent bond between tetrahedral ions is stronger than
between octahedral ones. Because of the covalence, the Fe3þ ion
has not a pure 3d5 configuration but it has a mixed 3d54sz config-
uration (containing s-electrons). The 4s electrons, polarized by the



Table 3
The values of M€ossbauer hyperfine interaction parameters of (Mg1-x-zZnxFez)(Fe2-zMgz)O4 (room temperature). Sextet_A e tetrahedral site, Sextet_B e octahedral site (the
number which follows indicates the number of Zn atoms in the nearest neighborhood), IS e isomer shift, QS e quadrupole splitting, Heff e hyperfine field, G - line widths, S
epercentage contributions to the total spectrum, z e partition coefficient, data taken from Table 1. Note that sextets with the lowest contribution were omitted in the table.

Sample Component Heff [T] (±0.3) IS [mm/s] (±0.02) QS [mm/s] (±0.02) G1 [mm/s] (±0.08) G2 [mm/s] (±0.08) G3 [mm/s] (±0.08) S [%] (±2.0) z (±0.1)

x¼ 0.0 Sextet A 48.57 0.26 �0.016 0.34 0.30 0.32 37.9 0.76
Sextet B 46.55 0.38 0.026 0.80 0.55 0.34 55.6

x¼ 0.2 Sextet A 48.18 0.28 �0.010 0.42 0.33 0.31 29.0 0.58
Sextet B_0 49.27 0.31 �0.008 0.48 0.34 0.32 14.8
Sextet B_1 45.52 0.31 �0.021 22.1
Sextet B_2 41.77 0.31 �0.034 13.8
Sextet B_3 38.02 0.31 �0.047 4.6
Sextet B_4 34.25 0.31 �0.060 0.8

x¼ 0.4 Sextet A 46.27 0.27 �0.013 0.60 0.39 0.42 16.6 0.47
Sextet B_0 51.01 0.32 �0.004 0.80 0.38 0.47 3.4
Sextet B_1 46.64 0.32 �0.001 13.6
Sextet B_2 42.27 0.32 �0.006 22.7
Sextet B_3 37.90 0.32 �0.010 20.2
Sextet B_4 33.53 0.32 �0.015 10.1
Sextet B_5 29.16 0.32 �0.020 2.7

x¼ 0.6 Sextet A 46.00 0.25 �0.010 1.40 1.20 3.36 7.3 0.29
Sextet B_0 49.00 0.31 0.050 1.56 0.87 4.55 0.2
Sextet B_1 42.10 0.31 0.037 1.6
Sextet B_2 35.20 0.31 0.024 6.0
Sextet B_3 28.30 0.31 0.011 12.1
Sextet B_4 21.40 0.31 �0.002 13.6
Sextet B_5 14.50 0.31 �0.015 8.2
Doublet A - 0.33 0.32 0.80 - - 6.8
Doublet B - 0.33 0.32 0.80 - - 40.2

x¼ 0.8 Doublet A - 0.33 0.23 0.22 - - 6.5 0.13
Doublet B - 0.33 0.23 0.22 - - 93.5

x¼ 1.0 Doublet А - 0.34 0.21 0.20 - - 3.2 0.07
Doublet B - 0.34 0.21 0.20 - - 100

Fig. 7. Scanning electron microscopy of magnesium-zinc ferrites.
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3d shell, through contact with the nucleus make a positive
contribution to the magnetic field Heff, thus reducing the negative
contribution of the internal electrons. The magnitudes of the
quadrupole splitting Qs and the isomer shifts Is for the A- and B-
sublattices are different, allowing to separate the lines, related to
the A- and B-sublattices, reliably [57]. The absence of super-
paramagnetic phase (doublet on the spectra) shows that the par-
ticles are in a magnetically ordered state and have a multidomain
structure. Sextets with smaller fields are characterized by large
values of quadrupole splitting, which indicates a greater deforma-
tion of oxygen octahedrons when the closest magnetic environ-
ment of ferric ions is formed by Zn cations. The contribution of
tetrahedral ferric ions decreases with increasing Zn due to its (Zn)
preference for tetrahedral coordination. The highest value of Heff is
observed for the composition x¼ 0.4, since the presence of Zn2þ

ions in the tetrahedral sublattice of the spinel increases the
magnetization of the solid solutions. It can be assumed that the
compound with x¼ 0.4 will have the highest saturation
magnetization.
3.4. Morphology (SEM) and chemical composition (EDS)

SEM microphotographs of ferrite NPs obtained via sol-gel auto-
combustion method as displayed in Fig. 7, reveal the formation of
agglomerates containing fine spherical shaped particles, due to
their magnetic nature. Similar results were observed by Lin et al.
[58]. The surface of the samples displays porous mesh-like micro-
structure caused by the release of a large amount of gases during
the synthesis process. The surface is permeated with pores, having
a wide distribution in size. Uniform macropores of about 1e2 mm
can be observed for all samples. It should be noted, that themixture
of alanine and urea plays a defining role in adjusting the size of the
macropores. The EDS spectra of MgeZn ferrites shown in Fig. 8
confirm the presence only Mg, Zn, Fe and O elements. The ob-
tained EDS percentage (atomic and weight percentages) of ele-
ments of the prepared compositions are close to the starting
stoichiometry. Such porous microstructure is formed due to the



Fig. 8. Energy-dispersive spectroscopy of magnesium-zinc ferrites.
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release of large amount of gases caused by the decomposition of
alanine and urea. This leads to the formation of a large number of
pore channels. In addition, the decomposition of organic precursors
leads to their disappearance, which causes the decrease of the
volume, forming numerous voids between the grains, the grains
become looser and additional pores appeared. Moreover, such
enhanced surface morphology will have a positive effect on the
adsorption properties of the as-prepared nanopowders.
3.5. IR-spectroscopy

The IR spectra of MgeZn ferrites in the wavenumber range
4000e300 cm�1 are shown in Fig. 9. There are two main peaks in
the spectra indicating the formation of spinel structure for all
samples. The first peak (n1) is in the range 560e540 cm�1 corre-
sponds to the stretching vibration of the cationeoxygen bonding,
where metal cation is placed into tetrahedral position. The second
peak (n2) is in the range 420e360 cm�1 corresponds to the
stretching vibration of the cationeoxygen bonding, where metal
cation is placed into octahedral site [59]. In addition, there is a very
weak peak around 2400 cm�1, which can be ascribed to the trace
level of adsorbed atmospheric CO2 [60].

The positions of n1 and n2 frequencies for the A- and B-sites
versus Zn2þ content in MgeZn ferrites are listed in Table 4. It can be
seen that the position of both infrared absorption bands n1 and n2
decreases with increasing content Zn2þ. The observed changes in
the vibrational frequencies in the cation-substituted ferrites series
reflect the modification in their chemical bonds strengths. Based on
the frequencies obtained from IR spectroscopy data, an analysis of
the normal vibrations of molecules has been carried out in order to
obtain the force constants, which help to trace the changes in the
strength of chemical bonds. The force constant is an important



Fig. 9. The IR-spectra of magnesium-zinc ferrites.

Table 4
The infrared absorption bands and force constants for Mg1-xZnxFe2O4 samples.

x (Zn2þ) n1 (cm�1) n2 (cm�1) KT� 106 (dyn/cm2) KO� 106 (dyn/cm2)

0 555.23 419.57 2.22 1.19
0.2 558.14 403.10 2.28 1.11
0.4 558.46 358.53 2.30 0.90
0.6 557.17 362.40 2.28 0.94
0.8 548.45 378.88 2.24 1.04
1.0 541.67 382.75 2.20 1.07
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characteristic of chemical bonds in the spinel structure. The force
constants KT and KO for tetrahedral and octahedral sites respec-
tively for MgeZn ferrites have been calculated from n1 and n2 values
using the following formula (10) [15]:

K¼ 4p2c2ni2m, (10)

where c is the light velocity (c¼ 2.99$108m/s); ni is IR peak position
(cm�1); m is the reduced mass of the vibrating atoms, kg:

m¼ [15.999mi/(miþ15.999)]∙1.6605$10�27, (11)

where mi is the weighted average atomic mass of the cation
Fig. 10. The correlations between the (a) tetrahedral (MA-O) an
residing at the A- or B-site, calculated from the cation distribution
(Table 1).

The calculated values of the force constants KT and KO are listed
in Table 4. It is clear, that the force constant KT is increased up to
x¼ 0.4 and after that decreases, while the force constant KO de-
creases up to x¼ 0.4 and after that increases with increasing of
Zn2þ content in the studied ferrites. It is known that the bond
length is inversely proportional to the force constant [15]. Fig. 10a
and Fig. 10b show the correlations between the bond lengths and
force constants. The bond lengths MAeO and MBeO have been
calculated by equations reported in Ref. [1] and inverse relations
between the force constants KT and KO with tetrahedral and octa-
hedral bond lengths are confirmed: reducing the distances be-
tween the atoms leads to an increase in the chemical bond
strengths, and, therefore, to an increase in the force constants
values.
3.6. Adsorption properties of magnesium-zinc ferrites

Adsorption from aqueous solutions occurs in such a way that
adsorbate ions are attracted by the solid surface, therefore, the
nature of the adsorbent and adsorbate determines the mechanism
of adsorption [61,62]. In the case of spinel ferrites, we are dealing
with specific adsorption, that is, adsorption not accompanied by
the release of an equivalent number of other ions from the solid
surface into the solution, and the solid phase (magnetic sorbent)
acquires an electric charge. This leads to the fact that an equivalent
number of ions with an opposite charge are grouped near the
surface under the action of electrostatic attraction forces.

The well-known adsorption models e Langmuir model, Frein-
dlich model, Dubinin-Radushkevich model e describe this inter-
action adsorbent/adsorbate differently [34,63,64]. The relevance of
these models can be judged by the value of the standard deviation
R2. In the current work, these three models have been used to
interpret the obtained data on the adsorption of Congo red dye
molecules by MgeZn nanoferrites and the aim was to choose the
isotherm model that most adequately describes the adsorption
process in order to explain the adsorption mechanism.

The Langmuir model is based on the fact that a monomolecular
adsorbate layer is formed on the surface of the adsorbent, and all
active centers have an equal energy and enthalpy. The equation for
Langmuir adsorption isotherm is described as:

qe¼(qmaxKLCe)/(1þKLCe), (12)

where qe and qmax - the amount of adsorbed CR per 1 g of magnetic
d (b) octahedral (MB-O) bond lengths and force constants.



Table 5
The comparison of Langmuir, Freundlich and Dubinin-Radushkevich isotherm
model parameters for the Congo red adsorption onto Mg1-xZnxFe2O4 surface.

Parameters x¼ 0.0 x¼ 0.2 x¼ 0.4 x¼ 0.6 x¼ 0.8 x¼ 1.0

qexp, mg$g�1 9.8 11.3 10.2 13.7 21.8 31.1
Langmuir isotherm model
qmax, mg$g�1 10.9 13.7 11.3 13.9 22.1 31.1
KL 0.09 0.06 0.11 0.83 0.68 1.80
RL 0.103 0.153 0.083 0.012 0.014 0.006
R2 0.996 0.989 0.998 0.999 0.999 0.999
Freundlich isotherm model
KF 2.71 1.96 3.41 10.03 14.69 22.90
n 0.29 0.41 0.23 0.08 0.09 0.08
R2 0.939 0.920 0.919 0.933 0.982 0.944
Dubinin-Radushkevich isotherm model
qm, mg$g�1 12.5 16.5 12.8 14.7 30.4 31.9
KDR, mol2/kJ2 0.008 0.012 0.007 0.002 0.001 0.001
E, kJ$mol�1 7.81 6.59 8.45 16.7 26.7 22.4
R2 0.971 0.959 0.954 0.978 0.973 0.987
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adsorbent at equilibrium and the adsorption capacity of the
adsorbent at saturation respectively, KL is the constant of the
Langmuir equation.

The Freindlich model is used to describe adsorption on a het-
erogeneous surface. Due to this model the adsorption centers have
different energy values and the active adsorption centers with
maximum energy are filling in the first place. The Freundlich model
isotherm equation is described as follow:

qe¼ KFCe1/n, (13)

where KF is the equilibrium constant of the Freundlich equation
relating to the adsorption capacity; 1/n is the parameter indicating
the intensity of the adsorbent/adsorbate interaction.

Despite the fact that the twomentionedmodels arewidely used,
both do not give any information about the adsorption mechanism.
Therefore, in order to develop the mechanism of the adsorption
process, the equilibrium data were fitted using the Dubinin-
Radushkevich isotherm model. The Dubinin-Radushkevich equa-
tion can be written as follow:

qe¼ qmax∙exp(�kε2), (14)

where k is a constant (mol2/kJ2) associated with the adsorption
energy; ε is the Polany potential (kJ/mol), which reflects the
isothermal work corresponding to the transferring of 1mol of CR
from the equilibrium solution volume to the adsorbent surface and
determined from the expression ε ¼ RT∙ln(1 þ1/Ce), where R is the
gas constant (8.314� 10�3 kJ/(mol$K)) and T is the temperature (K).
The Dubinin-Radushkevich isotherm is more general than the
Langmuir isotherm, since it does not imply the surface homoge-
neity or the adsorption potential constancy. In general, it is used to
distinguish between physical and chemical adsorption.

Fig. 11a displays the experimental CR dye adsorption isotherms
Fig. 11. (a) Congo Red dye adsorption data on the magnesium-zinc ferrites, fitted by (b) La
m(ads)¼ 20mg, 293 K, contact time 24 h).
by MgeZn ferrite system. The presentation of experimental data in
corresponding linear coordinates allowed to calculate the param-
eters for all three models and to obtain the correlation coefficient
(Fig. 11bed). The parameters of the Langmuir, Freindlich, and
Dubinin-Radushkevich expressions are collected in Table 5. It is
clear that the experimental data for CR adsorption by spinel ferrites
fitted better by Langmuir model, which suggests that this model
can be used to describe the CR adsorption process on the studied
samples.

From the comparison of the data in the Table 5, it can be seen
that the Langmuir model (the largest R2 in the range 0.989e0.999)
best fits the CR adsorption for all ferrites and still represents the
process most adequately. The Freundlich model gives the smallest
R2 values for six samples (from 0.919 to 0.982). This additionally
indicates that on the surface of MgeZn ferrites there are active
ngmuir, (c) Freundlich, (d) Dubinin-Radushkevich isotherm models (pH 7.0, V¼ 20ml,
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centers with the same energy, that is satisfy the boundary appli-
cability conditions of the Langmuir model with a monomolecular
covering. It should be noted that the Langmuir and Freundlich
constants KL and KF testify about the affinity of CR dye molecules to
the ferrites surface. As can be seen from Table 5, the constants KL
and KF increase with increasing Zn content reaching maximum
values for Mg0.2Zn0.8Fe2O4 (KL¼ 0.68, KF¼ 14.69) and ZnFe2O4
(KL¼ 1.80, KF¼ 22.90) samples, thereby confirming the concept of a
much greater affinity of CR dye molecules to the surface of Zn-rich
samples rather than to the surface of the Mg-rich samples.

Another criterion for evaluating the adsorptive capacity of a
sorbent is a dimensionless magnitude called equilibrium parameter
RL, which is defined as:

RL ¼
1

1þ KLCi
(15)

where K is the adsorption equilibrium constant of Langmuir model;
Ci is the initial concentration of the adsorbate (CR) in solution. The
calculated RL values according to the Langmuir model for the
studied ferrite samples are in the range 0.006e0.153 (0< RL< 1),
signifying that the samples are favorable for anionic dye adsorption
(Table 5). A lowest RL value for sample with x (Zn)¼ 1.0 in com-
parison with other samples indicates that CR adsorption on its
surface is the most favorable, which is confirmed by experimental
data: the adsorption capacity 31mg/g of ZnFe2O4 which is few
times higher than for other ferrites (Table 5).

The nature of the adsorption forces is quite different. For this
purpose the Dubinin-Radushkevich model indicates the nature of
the adsorbate-adsorbent bonding and can be used to calculate the
average free adsorption energy: E ¼ (2KDR)�0.5. The value of KDR is
very important, because it can be used to assess the nature of the
interaction forces between CR dye molecules with active surface
centers. It will also reflects whether the adsorption of CR dye
molecules onto the ferrites surface is a physical process or it has a
chemical nature. It is considered that if the value of E lies between 8
and 16 kJ/mol, then the adsorption process is caused by the ion
exchange; if the value of E is less than 8 kJ/mol, then the adsorption
occurs by physical phenomena and if the value of E is more than
16 kJ/mol, then the adsorption is dominated by chemical processes.
Fig.11d shows the linear graphs of ln(qe) versus ε2 for CR adsorption
Fig. 12. IR spectra of (a) Congo red dye; (b) Mg0.2Zn0.8Fe2O4 and (c) ZnFe2O4 samples
after Congo Red dye adsorption.
at 293 K for the studied samples. The slope of the straight lines
gives the value of the parameter KDR and free adsorption energy E
has been calculated. In our case, for samples with x¼ 0.0 and
x¼ 0.2, the E values are 7.81 and 6.59 kJmol�1 respectively, which
indicated that the CR adsorption on these samples occurs by
physical process and van der Waals forces are involved. The reason
for this process is the aspiration of the system free energy to its
reducing. For sample x¼ 0.4, the E value is 8.45 kJmol�1, signifying
that the CR adsorption on this sample is ion-exchange process. The
values of the adsorption free energy for x¼ 0.8 and x¼ 1.0 are 26.7
and 22.4 kJmol�1 respectively, which indicates that the chemical
nature of the interaction between the adsorbate (CR) and the ad-
sorbents (chemisorption). The as obtained results indicate that the
state of the adsorbent surface atoms for samples with high Zn
content is different from their state in the samples with high Mg
content, and this can significantly affect the features of the cation-
anion bonds and the distribution of electrons between the inter-
acting atoms in the spinel structure. The same results were
observed for Acid Orange 7 removal by spinel CoeZn ferrites in
Ref. [65], where the presence of Zn ions in cobalt ferrites enhance
their adsorption properties. The analysis of the IR-spectra of ferrite
samples after CR adsorption (Fig. 12) reveals the appearance of
additional peaks related to vibration of functional groups of CR
molecule (range 1000e1600 cm�1), as well as hydroxyl groups
(broad bands at 3200-3600 cm�1) thereby confirming the CR
adsorption by the ferrite surface. The stretching vibration band of
azo group (-N]N-) appears near 1578 cm�1 as shown in Fig.12. The
peaks near 1620 cm�1 and 1452 cm�1 are inherent for the azo dyes.
The asymmetry stretching vibration of SeO bond in SO3eH group
appears at 1046 cm�1 and 1338 cm�1. The adsorption of dye in-
cludes van der Waals interaction, formation of H-bonds between
functional groups (-NH2, eOH, eSO3H) of the CR molecules and the
corresponding active centers of magnetic sorbent.

The efficiency of MgeZn ferrites for Congo red removal is shown
in Fig. 13. For example, Mg ferrite can adsorb 33.3% of CR, while the
most active sample zinc ferrite reaches a maximum absorption of
99.9% of CR from solution with concentration of 15mg/L respec-
tively. It can be seen that the removal efficiency of the studied
samples decreases with the increase in dye initial concentration
from 15 to 100mg/L. There is a tendency in the removal efficiency,
as it increases with the rise of Zn content and it is clear that the
samples Mg0.2Zn0.8Fe2O4 and ZnFe2O4 are the most active among
Zn-substituted Mg ferrites. However, the sample Mg0.2Zn0.8Fe2O4
Fig. 13. The removal efficiencies of Mg1-xZnxFe2O4 samples for Congo Red dye.



Fig. 14. The absorption spectra of Congo Red residual concentration after adsorption
onto magnetic magnesium-zinc ferrite nanoparticles. In the inset the corresponding
photographs are shown: CR solution with concentration of 25mg/L before and after
adsorption onto Mg0.2Zn0.8Fe2O4 under magnetic field applying.
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exhibits additional benefit since it has higher magnetization
compared to ZnFe2O4 (Fig. 14), thereby facilitating the magnetic
separation and can be recommended as promising adsorbent for
wastewater treatment.
4. Conclusion

The sol-gel auto-combustion route with the use of new mixture
of fuels has been successfully proposed for the synthesis of single
nanocrystalline MgeZn ferrite phases. The estimated crystallite
size and microstrain confirm a deformation of the crystal lattice.
The removal of anionic dye Congo red by Mg1-xZnxFe2O4 ferrite
samples was investigated in order to examine the impact of mag-
nesium substitution by Zn ion in the spinel structure on adsorption
activity. The adsorption isotherms for Congo red dye have been
obtained. The experimental adsorption data are fitted using Lang-
muir, Freindlich, and Dubinin-Radushkevich isotherm models and
the parameters of these models are determined. The results indi-
cate that the Langmuir model fitted the equilibrium adsorption
data better than Freindlich model, confirming the homogenous
nature of the adsorbents surface-active centers. The Dubinin-
Radushkevich model has been used to determine the free energy
of CR adsorption on the studied samples. It is established that the
mechanism of CR adsorption process onto ferrite surfaces varies
from physical through ion-exchange to chemical nature with the
increase of Zn content. The adsorption study of CR reveals that the
studied MgeZn ferrospinels can be considered as good adsorbents
and the proposed new synthesis method is promising, so such
cation-substituted magnetic sorbents can be used for wastewater
purification. It should also be noted, that the difference in the
values of CR adsorption for the studied spinels is of great practical
importance for future research work related to new ferrospinel
compositions, as well as for modifying the synthesis methods in
order to achieve enhanced adsorption capacity and selectivity.
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