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Abstract

Composite ferrites MFez04+ (M= Co, Mn, Zn) were synthesized by plasma method. X-ray phase analysis, vibration
magnetometry spectroscopic analysis, simplex-lattice planning of the experiment were used to characterize the
obtained samples. The photocatalytic activity of the compounds was studied in the decomposition reaction of 4-
nitrophenol, which was used as a model organic contaminant. It was found that the obtained ferrite nanoparticles
have a spinel structure. The change in the lattice parameter occurs depending on the radius of the substitution cation
and the location of the ions on the sublattices. The minimum values of the lattice parameter and the maximum
saturation magnetization and coercive force correspond to the double compositions of Mn-Co ferrites. The
synthesized nanoferrites have a band gap between 1.55 and 1.9 eV. All Zn1xCoxFe204 ferrites and Zni-xCoxMno.sFe204
(0 <x <1) were found to have high catalytic activity.
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CUHTE3, CTPYKTYPHI, MATHITHI TA ®OTOKATA/IMTUYHI BJIACTUBOCT]I
S®EPUTOBUX HAHOYACTHUHOK MFe204 (M = Co, Mn, Zn), OTPUMAHHUX
INJIABSMOXIMIYHUM METOZIOM

Jlinisg A. ®posioBa, TeTsaHa B. puiHeBa

/JIBH3 «YkpaiHcokull depacasHuli XiMiko-mexHoao02iuHull yHieepcumemy, JJHinpo, Ykpaina

AHoTarnjiga

Il1a3MOBUM MeTOJOM CHHTe30BaHi KoMmmnosuniiHi ¢epuru MeFez0s (Me =Co, Mn, Zn). /lnd XapaKTepUCTHUKHU
OTpHMMaHHUX 3pa3KiB 0y/10 BUKOPUCTAHO peHTreHoda30BMil aHaJi3, BiGpaliliHy MarHiToMeTpilo CIEeKTPOCKONMiYHUM
aHaJi3, CMMILUIEKC-pelliTyacTe NIJIAHYBaHHA eKclnepuMeHTy. PoToKaTa/JliTUYHY aKTHMBHICTh CHOJYK BHBYA/IU B
peakuii poskiasaHHA 4-HiTpodeHosy, AKUI BUKOPUCTOBYBAJIM fAK MOJe/bHUI OpraHiyHuil 3a6pyAHIOBadY.
BcTtaHOBJIeHO, 10 OTPUMAaHi HAHOYACTUHKHM (epuUTIiB MalOTh WINiHEJIbHY CTPYKTYpy. 3MiHA NapaMeTpy peLlliTKu
BiGyBa€eThCA B 3a/1€:KHOCTI Bij pajiyca KaTioHa 3aMillfyBaya Ta po3TallyBaHHA ioHiB o migpemiTkaM. MiHiMaabHi
3HaYeHHs MapaMeTpy pelliTKH Ta MaKCHMMaJ/ibHi HAaMarHiyeHicTh HaCHYeHHs Ta KOepPLMTHBHA CUJIA BiANOBiJal0Th
noABiHHUM ck1agaM Mn-Co ¢peputiB. CHHTe30BaHi HAHOpepUTH MalOTh eHeprilo 3a60poHeHOi 30HU Mixk 1.551 1.9 eB.
BcraHoBsieHo, mo0 Bci ZnixCoxFe2z0s4 deputu Ta ZnixCoxMnosFez04 (0<x<1) MawTh BHCOKY KaTaJdiTHYHY
AKTHBHICTB.

Karouosi cnosa: cuuTes, depuTH, GOTOKATAII3, MAaTHITHI XapaKTEePUCTUKU

*Corresponding author: tel.:+380973846557; e-mail: 19kozak83@gmail.com
© 2020 Oles Honchar Dnipro National University
doi: 10.15421/082022


http://chemistry.dnu.dp.ua/

203
Journal of Chemistry and Technologies, 2020, 28(2), 202-210

CUHTE3, CTPYKTYPHBIE, MATHUTHBIE U ®OTOKATAJIUTHYECKUE CBOMCTBA
®EPPUTHBIX HAHOYACTHI MFe204 (M = Co, Mn, Zn), [IOJIYYEHHBIX
IJIASMOXUMHUYECKUM METOZOM

Jlunus A. ®posioBa, TaTbsaHa B. 'pusHeBa

I'BY3 «YkpauHckuii 20cydapcmeeHHblll XUMUKO-mexHo102u1ecKull yHugepcumemy, /[Hunpo, YkpauHa

AHHoTalus

[l1a3MeHHBIM METOJO0M CHHTE3UPOBaHbI KOMNO3ULMOHHbIe Jepputbli MeFe:04 (Me=Co, Mn, Zn). [lia
XapaKTepUCTUKH MNOJy4YeHHbIX O00pa3sloB ObLJIM MCIOJIb30BaHbl PeHTreHO(Ga3o0BbIA aHA/IWU3, BHOpPALMOHHAsA
MarHMTOMeTpHUsA, CIHEeKTPOCKONMMYEeCKHMA aHa/lu3, CHMIUIEKC-pelieTyaToe IUIAHUPOBaHHME 3KCIlepUMeHTa.
PoToKaTATUTUYECKYI0 aKTUBHOCTh COeAVMHEHHUH HM3y4Ya/Jd Ha peaKnUM pasJoKeHUs 4-HUTpodeHo/1a, KOTOPLIA
HCNO0JIb30BaJM KaK MOJe/bHbIII OpraHMYecKUil 3arpA3HHUTe/ib. YCTAHOBJEHO, YTO MNMOJy4YeHHble HaHOYAaCTHUIbI
¢deppuTOB MMET MINHWHEJTbHOH CTPYKTypy. U3MeHeHHMe mapaMeTpa pelleTKH NPOUCXOAUT B 3aBHCHUMOCTH OT
pajMyca KaTHOHA 3aMeCTHTeJ/Is U PacnoyoKeHUsA MOHOB N0 NojpemeTKkaM. MUHMMaJ/IbHble 3Ha4YeHUsl MapaMeTpa
pelleTKM M MaKCHMaJ/IbHble HaMarHM4YeHHOCTh HAacCBhILeHUs M KO3PUMTHBHAsA CHJIA COOTBETCTBYIOT ABONHBIM
cocrtaBaM Mn-Co-¢peppuToB. CHHTe3UpOBaHHble HAHOQEPPHUTHI UMEIOT IHEPTHUI0 3aNpellleHHOH 30HbI Mexkay 1.55 u
1.9 3B. YcraHoBjieHO, 4TO Bce ZnixCoxFe20: ¢epputbl M ZnixCoxMnosFez04 (0 <x <1) MMewT BBICOKYIO

KaTa/IMTHY€CKY0 aKTUBHOCTb.

Kawuesvle caosa: CHUHTE3, q)eppI/ITbI, q)OTOKaTaJII/IS, MArHuTHbIE XapaKTEPHUCTUKHU

Introduction

Spinel structures have been widely used in
various industries for many years [1-3]. A special
place is occupied by nanodispersed spinel ferrites
MFe,04 (where M is an ion of a divalent transition
metal), for example, Ni, Co, Cu, Mn, Zn are very
interesting magnetic materials and attract the
attention of researchers due to their unique
magnetic, electrical, catalyticc and optical
properties [4-6].

The use of ferrites in ecological technologies for
the decomposition of organic compounds is
promising [7-10]. Researchers have been
searching for a simple, fast and economical
method for the degradation of various phenolic
compounds in aqueous solutions for many years.
Numerous oxidation and reduction methods for
the removal of organic compounds are known,
such as photocatalytic degradation,
electrochemical processes, hydrogenation
reactions, etc. [10-12]. A very common method of
removing 4-NP from industrial wastewater by
reducing it to 4-aminophenol (4-AP) [13-15]. Very
promising are photocatalytic processes of
decomposition of 4-nitrophenol in the presence of
catalysts.

Ferrites, being an important class of magnetic
materials, are also used as catalysts for the
degradation of 4-NP [16-18]. The choice of
ferrites as catalysts is very promising due to the
simplicity and economic feasibility of the
synthesis process, their resistance to strongly
acidic and alkaline reaction medium. High
magnetic properties make it easy to separate them
from the reaction mixture.

In [18-20], the possibility of using magnetic
nanoparticles CoFe;04, ZnFe;04, NiFe;04, CuFe;04
for decomposition and reduction of organic
compounds was studied. The comparative
catalytic efficiency of XFe;04 (X = Mn, Fe, Ni, Co,
and Zn) nanoferrites [21] showed that NiFe;04 is
the best catalyst among all non-doped ferrites. At
present, technologies for the production of
dispersed spinel ferrites, such as ceramic,
mechanical activation, solvothermal,
sonochemical, sol-gel, coprecipitation, have been
developed [22-26]. But the above methods for the
synthesis of ferrites require synthesis at high
temperature or pressure, the use of organic
reagents. In addition, classical technologies are
multi-stage and are often accompanied by
inefficient and cumbersome stages of raw material
preparation and do not allow to obtain complex
single-phase ferrites at low temperatures [24].
The method of coprecipitation allows to realize
such advantages as high product activity, high
specific surface area, cheap raw materials, low
energy consumption, unique physical and
chemical properties compared to consolidated
structures [25]. Previous microscopic studies
have shown the possibility of obtaining
nanodispersed ferrites by plasma treatment of
coprecipitated hydroxides [26-28].

The aim of this work is the synthesis of ferrites
of the general formula MFe;04 (M = Co, Mn, Zn)
and the study of their structural, magnetic and
catalytic properties in the decomposition reaction
of 4-nitrophenol by simplex the lattice method of
experimental design. To compare the catalytic
efficiency and determine the effect of cations on
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the properties, ten samples of ferrites were
synthesized and studied in detail.

Experimental part

For the synthesis of samples (Table 1) iron(II)
sulfate, cobalt sulfate, manganese sulfate, zinc
sulfate, sodium hydroxide of analytical purity
were used.

Ferrites with the general formula MeFe;04
(Me =Co, Mn Zn,) were synthesized using the
plasma method, which is described in more detail
in [26; 29]. Radiographs of the samples were
obtained on the device DRON-2.0 under
monochromatic CoKo radiation. The size of the
crystallites was determined using the Debye-
Scherer formula.

Determination of magnetic characteristics was
performed using a vibrating magnetometer. EPR
spectra were obtained using a Radiopan SE/X-
2543 radio spectrometer. Signal intensity and
resonant frequency were used to characterize the
EPR signals.

UV-VS spectroscopy was used to analyze the
optical properties of powdered ferrites. The
results were used to calculate the energy of the
band gap. The band gap energy was determined
from the diffuse reflection spectra of the samples
using the Kubelka-Munch function.

Studies of the catalytic decomposition of 4-NP
were performed in a glass vessel at 25 °C with
constant shaking. As a radiation source was used
UV lamp DKB 9 with an effective spectral range of
180-275 nm. The intensity of ultraviolet radiation
was about 3 mW/ cm2. The lamp was placed above
the solution at a distance of 10 cm from its surface.
Before adding the catalyst, the maximum
absorption of the model solution was measured
using a UV 5800 PC spectrophotometer. in the
range of 200-900 nm.

The degree of decomposition was calculated by
the formula:

(C, - C,)-100%
C

where: Cy is the initial concentration of 4-NP in
solution, mol/],

C.is the concentration of 4-NP in the solution at
time t, mol/l.

To study the effect of the cationic composition
on the properties of ferrites, a simplex lattice plan
was used, which requires a minimum number of
experiments to study the influence of factors on
the selected reaction functions. The molar
concentrations of cobalt, manganese and zinc,
respectively, were chosen as factors X1, X2, x3. The
plan of the experiment is shown in table 1.

%X = (1)

0

Table 1
Planning matrix of the simplex - lattice method {3,3}

Ne sample Formula Co Mn Zn y
1 CoFe204 1.00 0 0 yi
2 C00.67Mno.33Fe204 0.667 0.33 0 Y122
3 C00.33Mno.67Fe204 0.333 0.667 0 yi12
4 MnFe204 0 1.00 0 y2
5 Mno.67Zno.33Fe204 0 0.667 0.33 Y223
6 Mno.33Zno.67Fe204 0 0.333 0.667 Y233
7 ZnFe204 0 0 1.00 V3
8 C00.33Zno.67Fe204 0.33 0 0.667 Y133
9 Co0.67Zn0.33Fe204 0.667 0 0.333 Yyii3
10 Co0033Zno.33Mno33Fe204 0.333 0.333 0.333 Yiz3

Diagrams of the «properties of the
composition» were constructed using isolines.
The response functions were coercion (Hc), Oe;
saturation magnetization (Ms), Emu/g; a is the
lattice parameter, A; Xap - degree of
decomposition of 4-NP, %, E - gap band energy,
eV.

Results and discussions

Characteristics of ferrite samples. Fig. 1 shows
the radiographs of the powder samples
corresponding to table 2. The radiographs have
indexed peaks (111), (220), (311), (222), (400),
(422), (511) and (440), as shown in the figure 1.
Indexed peaks correspond to the typical spinel
phase. There is a decrease in the intensity and

expansion of the peak with increasing manganese
concentration in the ferrites MnxCoixFe,04 and
MnyZni.<Fe;04 (0 <x <1) (samples 1-4, 4-7). The
most intense peaks correspond to cobalt-zinc
ferrites. With increasing zinc content, the degree
of crystallinity of ferrites increases.

Weak diffuse scattering at a small angle
indicates the presence in the studied materials
along with the crystalline phases of a small
amount of substance in the X-ray amorphous state.
X-ray diffraction patterns also show broad peaks,
indicating the nanodispersed nature and small
crystal size of the samples.

The lattice parameter increases with
increasing zinc concentration in ZnyCoi«Fe;04



205

Journal of Chemistry and Technologies, 2020, 28(2), 202-210

formulations. The minimum values correspond to
double compositions at x> 0.55. A more
pronounced increase in the lattice parameter is
observed for samples 1-4, a small 4-7 and a

decrease of 8-10. This indicates the replacement of
the smaller Co2+ ion (0.72 A) by the larger Mn2 *
ion (0.80 A) and, accordingly, Mnz + (0.80 A) by
Zn2+ (0.74 A) (Fig. 2, Table 2).

Table 2
The results of the experiments
N Co Mn Zn H,, Oe M, Hg, mT | Iga.u a, A E eV | Xane,%
Emu/g

1 1 0 0 1124 105,41 547 2662 8,3516 1,58 87,75
2 0.667 0,333 0 706 69,16 501 3237 8,341 1,72 89,82
3 0.333 0,667 0 370 73,05 444 1000 8,3573 1,82 68,11
4 0 1 0 41 111,79 352 2322 8,3592 1,55 88,58
5 0 0,667 0,333 8 47,7 307 2851 8,3430 1,71 71,08
6 0 0,333 0,667 8 3,75 343 2439 8,366 1,82 88,9

7 0 0 1 19 3.93 342 3044 8.3689 1,9 83,49
8 0.333 0 0.667 1 3.26 382 2537 8.3795 1,75 90,35
9 0.667 0 0.333 70 74.94 501 1137 8.3487 1,63 83,45
10 0.3333 0.3333 0.3333 0 9.72 350 3123 8.36025 1,59 82,26

In complex zinc manganese ferrites, the
replacement of a smaller zinc ion by a larger Mn2+
cation in manganese-zinc ferrite causes a decrease
in the constant lattice. This anomalous behavior
can be explained by the fact that manganese
ferrite is a mixed spinel and a significant
proportion of Mn2 + and Zn2 * occupy octahedral
positions and convert Fe3+ cations into tetrahedral

|l a.u.

(111)
(220)
(311)
(222)

P NN P

(400)

40 50 60

0O 10 20 30 40 50 60 70

regions against their chemical advantages. Since
Fe3+ions have a smaller ionic radius (0.64 A), their
replacement in tetrahedral positions by the
content of larger divalent ions leads to a decrease
in the lattice parameter. This fact may also explain
the change in the magnetic properties of
manganese-zinc ferrites.

(422)
(511)
(440)

70 80 20

. 8

80 9026

Fig. 1 X-ray patterns of ferrites: a - samples 1, 2, 3, 4, 5, b - samples 6,7,8,9,10
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a, A
R-sqr=0,9885; Adj:0,8967
Zn
0,0041,00

Bl > 8,38
Bl <8,38
Bl <8375
B <s8,37
] <8,365
[1<8,36
: [ <8,355
‘ B <8,35
0,00 0,25 0,50 0,75 1,00 B < 8345
Co Mn Bl <8,34

Fig. 2 Dependence of the lattice parameter on the composition of ferrites

Magnetic properties. The saturation magnetizdtiathe content of cobalt cations in ferrites from 0 to 1.0
(Ms) and the coercive force (Hc) derived fromcahees a significant increase in the coercive force from 2-
magnetization curves are shown in Fig.3. The magetic1140 Oe. This fact is confirmed by shifting the values
characteristics of the material are the most impowtfitite lattice parameter d (8.35 A) to the region of smaller
properties, which are determined by recordingvahees (8.32 A), as well as by increasing the bandwidth on
magnetization curves at room temperature. IncreatingEPR spectrum. The highest values of saturation
the cobalt content in the system leads to an increasmdgnetization correspond to MnFe;04 and CoFe;04 (Ms is

coercive force and saturation magnetization. The incr#¢dd4679111.8 Emu/g and 105.41 Emu/g, respectively).
Ms, Emut
R-sqri0,99r2: Edj 0.,9987
Hc, Oe
R-sqr=0,9996; Adj:0,9968

Zn
0,0041,00

1
I > 100 B > 1000
I <100 Bl < 1000
I <80 I <800
: 7 % < Gg ] <600
» ' <4 400
0,00 025 0,50 075 1.00 Bl <20 0,00 0,25 0,50 0,75 1,00 E :200
Co Mn <0 Co Mn B <0
a) b)

Fig. 3 Dependence of magnetic characteristics on the composition of ferrites: a - saturation magnetization,
b - coercive force
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Moreover, the value of the saturation
magnetization depends to a greater extent on the
content of cobalt cations. The highest magnetic
values correspond to the maximum cobalt content.
Thus, magnetic ferrites with high coercive force
correspond to compositions 1, 2, 3, and magnetic
ferrites with low coercive force to compositions
4,5,6,7. The diagrams can be divided into two
equilateral triangles with coordinates of the
vertices A (0,1,0) -B (0.25,0.75,0) -
C (0,0.75,0.25) and B (0,0,1) E (0.25, 0.75, 0)
D (0, 0.75, 0.25) which corresponds to the region
of higher values of saturation magnetization.

Optical characteristics. Diffuse reflection
spectra were obtained to evaluate the optical
properties of ferrites. All 10 samples showed an
intense absorption band in the UV region of the
electromagnetic spectrum. The width of the band

E, eV
R-sqr=0,9994; Adj:0,9948
Zn
0,0091,00

M >19
I <185
[1<175
B <165
M <155

gap in the samples was determined by the
equation
ohv=A (hv-E)y, n=2

where o is the absorption coefficient, v is the
frequency of light, E is the energy of the band gap,
eV, and a is the proportionality constant.

The band gap calculated for CoFe;04, MnFe;0s4,
ZnFe;04was 1.58 eV, 1.59 eV, 2.2 eV, respectively,
and were slightly lower than those reported in
[23; 24].

The energy of the ferrite band gap is shown in
Table 2. It increases with increasing Zn content
(Fig. 2a). A significant change in the values of the
energy of the band gap can be observed due to the
difference in the average size of the crystallites,
constant lattice, phase purity, the concentration of
the charge carrier and the deformation of the
crystal lattice.

I, abs. unit
R-sqr=0,9997; Adj:0,9976

M > 3500
Il < 3300
Il <2800
[1 <2300
[ <1800
I <1300
I <300

Xanp, %
R-sqr=0,997; Adj:0,9733

Zn
0,0041,00

0,25

0,50

)

M >95
Bl <91
I <86
<81
<76
<71
Mn Bl <66

Figure 4. Dependence of the energy of the band gap on the composition (a), the peak intensity on the EPR
spectrum (b), the degree of decomposition of 4-NP on the composition (c)

Comparison of diagrams of the dependences of
the energy of the band gap on the composition and
intensity of the EPR peak of the spectrum makes it

possible to determine which of the above factors
is the most influential (Fig. 4).

The results of processing the spectra of
electronic paramagnetic resonance (EPR) of
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photocatalysts are shown in Fig4b. Two
indicators of the intensity of the EPR peak of the
spectrum and the value of the resonant frequency
were chosen as an evaluation criterion. Zn2?+ ions
with a more filled d orbital do not contribute to the
EPR signal of the spectrum in the case of an excited
state. The dependence of the peak intensity on the
number of electrons in the last orbital can be
clearly seen. For a cobalt atom, the number d of
electrons is 7, zinc 10, manganese 5.

Photocatalytic properties. Studies of the
photocatalytic activity of ferrites showed that the
degree of decomposition of 4-NP in the presence
of ferrite photocatalysts was 70-90 % for 60 min
under UV radiation. The decomposition Kinetics of
4-NP in the presence of ferrites are presented in

Experiments have shown that 4-NP cannot
undergo spontaneous decomposition without UV
irradiation, both in the presence and in the
absence of a catalyst. The destruction of 4-NP
molecules occurs in solutions that are exposed
only to UV radiation, this process is significantly
accelerated in the presence of ferrite catalysts.

From Fig. 4c shows that the photocatalytic
activity is highest for cobalt zinc ferrites and
cobalt zinc manganese ferrites, while the
manganese content should not exceed 0.55. The
results of the reactivity of individual ferrites, much
lower than the double and triple compositions
(Table 2).

Conclusions

For use as photocatalysts, ferrites MFe;04 (M =
Co, Mn, Zn) were synthesized by a combined
method of coprecipitation and subsequent plasma
treatment.

The regularities of changes in the properties of
ferrites are investigated by the simplex-lattice
method of experimental design. The obtained
ferrites were characterized by X-ray phase
analysis, EPR spectroscopy, UV spectroscopy,
vibration magnetometry.

Nanoparticles synthesized by coprecipitation
and plasma treatment have a cubic spinel
structure.

The minimum values of the lattice parameter
and the maximum saturation magnetization and
coercive force correspond to the double
compositions of Mn-Co ferrites. The synthesized
nanoferrites have a band gap of 1.55 to 1.9 eV. It
was found that all ferrites Zni.xCoxFe204 and Zn;.
«CoxMnosFe;04 (0 <x < 1) have high catalytic
activity.

The band gaps for CoFe;0., MnFe;04, ZnFe,04
were 1.58 eV, 1.55 eV, 1.9 eV, respectively. With an

increase in the Zn content, it increases from 1.63
to 1.9 eV.

The role of the cation in the decomposition of
4-NP is established. The most effective catalysts
are composite ferrites containing cobalt-zinc-
manganese, while the manganese content should
not exceed 0.55.
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