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Nanoparticles of spinel MgMn,0, were synthesized using the co-precipitation method in an
ultrasonic field. It was established that at a calcination temperature of 200 °C, all peaks on the
diffractogram of the synthesized material corresponded to spinel MgMn,0O,4 with a cubic lattice,
pronounced crystallinity, and the absence of other phases. As the calcination temperature
increased, the formation of new phases — Mn oxides (respectively, MnsOs and Mn,0;) — was
recorded. The average size of MgMn,0O, particles was calculated from the diffraction peaks using
the Debye-Scherrer equation and equated to 24.4 nm at a calcination temperature of 200 °C. An
increase in the specific power of the ultrasonic processing of the reaction medium revealed a
natural increase in the proportion of the amorphous phase and a decrease in the average size of

MgMn,;0, particles.

Key words: spinel; nanoparticles; co-precipitation method; ultrasonic field; Debye-Scherrer

equation; average crystallite size.

Introduction

Spinels are materials with the general formula
AB,O,, where A = Zn*, Mg*, Cu®, Co’" and
B = Co’", Mn™, A", Fe*, or other metals [1].
Nanoscale spinels have many practical applications.
Thus, nanocrystalline ferrites with a spinel structure
are used as catalysts in gas sensors, magnetic infor-
mation carriers, energy storage devices (supercapa-
citors), magnetic hyperthermia, and controlled drug
delivery systems [2]. Possible areas of application of
MnFe,04 nanoparticles and other Mn-containing
spinels include the following: production of lithium-
ion batteries, heavy metal adsorption processes,
high-speed generation of hydrogen due to thermo-
chemical decomposition of water [3]; heterogeneous
activation of oxidants (hydrogen peroxide, peroxy-
monosulfates) in the processes of degradation of
dyes [4—6], benzyl alcohol [7], bisphenol A [8, 9],
antibiotics (erythromycin, tetracycline, amikacin,
ofloxacin) [10, 11]; inactivation of microorganisms —
bacteria  (Staphylococcus
Streptococcus pneumonia), gram-negative bacteria

gram-positive aureus,

52

(Pseudomonas aeruginosa, Salmonella paratyphi),
fungi (Candida albicans) [7].

The method and conditions of synthesis deter-
mine the size, morphology, purity, and crystallinity
of MnFe,O4 spinel nanoparticles, their stability and
electromagnetic characteristics [3, 12]. The most
common methods of MnFe,O4 synthesis include [3,
12, 13] the co-precipitation method, solvothermal,
hydrothermal, sol-gel methods, thermal decomposition,
microemulsion, polyol, template synthesis, the solid-
phase reaction method, etc. The advantages of the
co-precipitation method include its simplicity, low
cost, low temperature and short duration of synthesis,
as well as high ability to obtain homogeneous
particles of metal multioxides [12, 13].

Catalysts of the spinel type, which contain
transition elements (metals) with a 3d-sublevel and a
second metal, are more active and stable in advanced
oxidation processes due to the synergistic effect of
the two oxides, compared to monooxides. Thus,
spinel MgMn,0O, was synthesized using the co-
precipitation method, which demonstrated high
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catalytic activity during the activation of sodium
periodate in the process of oxidative degradation of
bisphenol A [1]. The degree of degradation of
bisphenol A was equal to 96.17 % due to the use of
the MgMn,0O4/NalO, system for 60 minutes. The
conditions of oxidative degradation were as follows:
reaction volume — 100 mL; pH of the environment —
7.00; temperature — 20 °C; concentration of bisphenol
A — 107 mol/L; concentration of NalO, — 107
mol/L; concentration of MgMn,O, is 0.1 g/L.
Magnesium oxide, which is part of the spinel, is
widespread in nature and has low toxicity in water
bodies. Therefore, MgMn,0O, is an environmentally
friendly catalyst that can be used to activate oxidizing
agents.

Ultrasound is a method of targeted influence
on the morphology and size of spinel particles during
their synthesis. Therefore, the aim of the work was
to study the structural and phase characteristics of
MgMn,04 spinel particles synthesized by the co-
precipitation method in an ultrasonic field.

Materials and research methods

The synthesis of MgMn,O4 spinel nano-
particles was carried out using the method of co-
precipitation in an ultrasonic (US) field. Magnesium
nitrate hexahydrate (Mg(NO3),"6H,0) and manga-
nese (II) nitrate hexahydrate (Mn(NO;),"6H,0) were
used as precursors for the synthesis. First,
Mg(NOs),'6H,0 and Mn(NOs),"6H,O were dissolved
in 300 mL of distilled water in a molar ratio of 1:2
with constant stirring. Then the solution was heated
to 75 °C in a water bath, the ultrasonic oscillation
generator was turned on, and a precipitation agent
(aqueous solution of sodium hydroxide with a
concentration of 2 mol/L) was added dropwise with
constant stirring until the pH value of the reaction
medium equated to 9.00. After that, the effect of the
ultrasound field on the reaction medium and the
addition of drops of sodium hydroxide was stopped.
The resulting suspension, which contained light
brown particles, was stirred for 2 hours at a
temperature of 75 °C to ensure complete crystallization
and growth of nanoparticles. To obtain a pure
product that does not contain unwanted impurities,
the synthesized materials were washed three times
with distilled water and three times with ethanol until
the pH value equated to 7.00, then separated from
the liquid phase by centrifugation (duration — 5 min;
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frequency — 5000 rpm), and dried at a temperature of
60 °C for 12 hours. The obtained nanoparticles were
annealed in an air atmosphere at different
temperatures (respectively, 200, 400, 600, and 800
°C) for 5 h. with a heating rate of 5 °C/min.

A magnetostriction-type emitter (Bandelin
Sonopuls HD 2200.2, Germany) was used as a
generator of US-oscillations (frequency — 20 kHz).
The specific power of ultrasonic processing of the
reaction medium varied from 200 to 600 W/dm’. The
pH values were monitored with an ADWA AD1200
ATC pH meter with a combined glass electrode and
thermocompensator.

The phase composition, average crystallite
size, and crystal lattice parameters of the samples
under different synthesis conditions were studied by
X-ray diffraction (XRD) using an AERIS Research
diffractometer (Malvern PANalytical, Great Britain)
with Cu Ka radiation (A = 1.5406 A). The average
crystallite size (D, nm) of the synthesized materials
was estimated using the Debye-Scherrer equation
[13, 14]:

_ k

B Beos®’ (1
where k is Scherrer’s constant, which depends on the
Miller index, the index of the reflection plane and the
shape of the crystal (usually, £ = 0.9); A is the
wavelength of X-radiation (A = 1.5406 A); B is the
full width at half maximum of the reflection peaks,
rad.; 0 — diffraction angle (Bragg angle), rad.

Checking the mass and atomic fractions of
Mg, Mn, and O in the obtained samples was carried
out by the method of energy dispersive X-ray
analysis (EDAX) using the X-ray fluorescence
analyzer ElvaX Pro (Elvatech, Ukraine).

The scanning electron microscopy (SEM)
method was used to study the morphology of the
synthesized samples (Tescan Vega 3 LMU electron
microscope (TESCAN Brno s.r.o., Czech Republic),
equipped with SE- (surface topographic contrast) and
BSE-detectors (phase electron contrast)).

Functional groups of synthesized materials
were analyzed by Fourier transform infrared spect-
roscopy (FTIR) (Spectrum Two spectrometer (Perkin
Elmer, USA)).

Results and discussion
The formation of MgMn,O4 nanoparticles
occurs as a result of the interaction of metal nitrates
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and the precipitating agent (NaOH) according to
reactions (2)—(6) [12, 15]:
Mg(NO,), + Mn(NO;), +4NaOH —
> Mg(OH), + Mn(OH), + 4NaNQ,,

(2)

2Mn(OH), +20H — 2Mn(OH), +2¢, (3,
Mg(OH), <> Mg** + 20H", @
Mn(OH), <> Mn** + 30H", )

Mg® +2Mn*" +80H - MgMn,0, +4H,0. (©)

The crystal structure and phase purity of the
synthesized materials at different calcination tempe-
ratures was evaluated using the X-ray diffraction
method (Fig. 1).

All diffraction peaks
temperature of 200 °C corresponded to spinel
MgMn,O, with a cubic
crystallinity, and the absence of other phases
(Fig. 1). As the calcination temperature increased to
400 °C, the appearance of MnsOg peaks and a sig-
nificant increase in the proportion of the amorphous
phase were observed in the diffractogram. A further
increase in the calcination temperature to 600 °C led

at a calcination

lattice, pronounced

to the decomposition of MnsOg with the formation of
Mn,O;. However, it should be noted that at
calcination temperatures of 400 and 600 °C, the
molar fraction of spinel MgMn,O, (61.62 and
91.30 %, respectively) significantly exceeded the
molar fraction of other phases — MnsOg (38.38 %)

and Mn,0s (8.70 %)) (Table 1).
'1 aMgMn,0; & Mn,0;
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Fig. 1. Diffractograms of materials synthesized by the
co-precipitation method in the US field at different
calcination temperatures (specific power of ultrasound
processing of the reaction medium is 200 W/L)

Table 1

Structural and phase characteristics of materials synthesized using the co-precipitation method
in the ultrasound field (specific ultrasound power — 200 W/L)

Calcination Mole fraction .
Lattice parameters, B, D,
temperature, Phase of the phase, Cos 6
A rad. nm
°C %
200 MgMn,0, 100.00 a=5.762(1); c=9.353 (1) 0.005974 | 0.95075 | 24.4
MgMn,0, 61.62 a=5.764(1); c=9.340 (1) 0.010645 | 0.95078 | 13.7
a=10.368 (3);
4 - _ =
00 Mn;Os 38.38 b=35738Q) dirg’g_le 10973@2) 1 0012504 | 0.96887 | 11.4
c=4.876 (1)
600 MgMn,0, 91.30 a=5.752(1); c=9.407 (1) 0.005589 | 0.95065 | 26.1
Mn,0; 8.70 a=9.400 (1) 0.003632 | 0.95891 | 39.8
200 MgMn,O, 5434 a=5.757(1); c = 9.416 (1) 0.005964 | 0.95073 | 24.5
Mn,0; 45.66 a=9.399 (1) 0.003508 | 0.95889 | 41.2
At a calcination temperature of 800 °C, the into individual oxides increased. This is also

ratio of spinel mole fractions MgMn,04 (54.34 %)
and Mn,O5 (45.66 %) was significantly lower than at
lower calcination temperatures.

Therefore, with an increase in the calcination
temperature, the intensity of spinel decomposition
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confirmed by the EDAX results. Thus, even at a
calcination temperature of 400 °C, a violation of the
stoichiometric composition of MgMn,O, spinel was
recorded, which consisted of an increase in the mass
or atomic fractions of Mn and O due to the formation



Synthesis of spinel MgMn,0,nanoparticles by the co-precipitation method in an ultrasonic field

of MnsOg (Fig. 2; Table 2). Therefore, 200 °C was
chosen as the rational value of the calcination
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Fig. 2. EDAX spectrum of the material synthesized using the co-precipitation method
in the US field (calcination temperature — 400 °C)

temperature at which a single-phase system
(MgMn,O, spinel) was obtained.
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Wi% o
Mn 503 04
o] 383 04
Mg 25 0.2
v
] IIIIlIIIIIIIII'IIIII
8 keV/
Table 2

Comparison of the elemental composition of the synthesized sample
(based on the results of the EDAX method) with the stoichiometric composition of spinel MgMn,0,

Element Material synthe51zedilll)}{Jtlsleﬁc;?(-iprempltatlon method MgMn, 0, spinel of stoichiometric composition
composition, % wt. composition, % at. composition, % wt. composition, % at.
Mg 2.5 2.8 12.1 14.3
Mn 59.3 30.2 55.6 28.6
o 38.2 67.0 32.3 57.1

The main structural and phase characteristics

(qualitative and quantitative composition of
phases, crystal lattice parameters, average size of
crystallites) of the samples synthesized by co-
precipitation method in the ultrasound field are given
in Table 1. The average size of MgMn,O, particles
obtained at a calcination temperature of 200 °C was
24.4 nm. At higher calcination temperatures, the
average size of MgMn,O, particles, calculated from
diffraction peaks using the Debye — Scherrer equation,
was in the range of 13.7-26.1 nm.

Based on the analysis of SEM images of
MgMn,0y particles (Fig. 3) and the EDAX maps of
the spinel (Fig. 4), it was established that MgMn,O,
nanoparticles are evenly distributed, uniform in size
and morphology (their shape is spherical), but
agglomerated. As the calcination temperature of the

samples increased, the tendency to agglomeration of

nanosized MgMn,O, particles also increased. This
can be explained by the strengthening of the interac-
tion between particles with magnetic properties, in
particular between particles of Mn oxides [14].

The FTIR spectrum of spinel MgMn,Oy4
(Fig. 5) was recorded in the range of wave numbers
4004000 cm'. The analysis of this spectrum shows
the presence of peaks at 473 and 600 cm ', indicating
the valence vibrations of Mg-O and Mn-O,
respectively. Peaks at 1635 and 3348 cm' correspond
to valence vibrations of hydroxyl groups of adsorbed
water and hydroxyl groups on the surface of
MgMn,0,.

The influence of the specific power of the
ultrasonic processing of the reaction medium on the
size of MgMn,0, spinel particles was determined
based on the results of calculations based on
diffractograms (Fig. 6).
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Fig. 3. SEM images of MgMn,0, spinel nanoparticles at
different calcination temperatures, °C:
a—200; b—400; c— 600

Mg K series Mn K series

10pm 10pm
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Fig. 4. EDAX maps of MgMn,0, spinel (calcination temperature — 200 °C)
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Fig. 5. FTIR spectrum of MgMn,0, spinel (calcination temperature — 200 °C)
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Fig. 6. Diffractograms of MgMn;0, spinel synthesized by co-precipitation method
at a different specific power of US processing of the reaction medium

Table 3

The influence of the specific power of the ultrasonic processing of the reaction medium on the average
size of MgMn, O, spinel particles synthesized by the co-precipitation method in the ultrasonic field

Specific power of US processing, Lattice parameters, B, cos0 D,

W/L A rad. nm

200 a=>5.762(1);¢=9.353 (1) 0.005974 | 0.95075 | 24.4

400 a=>5.768 (1); ¢ =9.298 (1) 0.008457 | 0.95081 | 17.2

600 a=>5.766 (1); ¢ =9.306 (1) 0.009521 | 0.95078 | 15.3

As the specific power of ultrasonic processing Conclusions

of the reaction medium increased, the proportion of MgMn,0;, spinel particles were synthesized by
the amorphous phase increased (Fig. 6), and the co-precipitation method in the ultrasonic field. X-ray
average size of MgMn,0O, particles naturally dec- diffraction, energy dispersive X-ray analysis, scanning
reased (Tab]e 3) This was caused by the intensi- electron microscopy, and Fourier transform infrared
fication of the dispersive effect of the ultrasound spectroscopy were used to characterize the synthesized
with an increase in its power. particles. It was established that at a calcination
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temperature of 200 °C, all peaks on the diffractogram
of the synthesized material corresponded to
spinel MgMn,0, with a cubic lattice, pronounced
crystallinity, and the absence of other phases. With
an increase in the calcination temperature, the
formation of new phases — Mn oxides (respectively,
Mn;sOg and Mn,0;) — was recorded, which is due to
the decomposition of the spinel. The average size of
MgMn,0,4
temperature of 200 °C was 24.4 nm.

particles obtained at a calcination

Based on the analysis of SEM images of
MgMn,0;, particles and EDAX maps of the spinel, it
was found that MgMn,0O, nanoparticles are evenly
distributed, uniform in size and morphology (their
shape is spherical), but agglomerated. As the
calcination temperature of the samples increased, the
tendency to agglomeration of nanosized MgMn,0O,
particles increased. This can be explained by the
strengthening of the interaction between particles
with magnetic properties, in particular between
particles of Mn oxides.

An increase in the specific power of ultrasonic
processing of the reaction medium from 200 to
600 W/L led to an increase in the proportion of the
amorphous phase and a decrease in the average size
of MgMn,O, particles (calcination temperature —
200 °C) from 24.4 to 15.3 nm.
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10. B. CyXﬂHBKI/Iﬁl, M. A. Cozancekuii’, M. B. Illeniaa’, 3. O. 3nak’, C. B. Xom’six’
Haunionanshuii yHiBepcuteT “JIbBiBChKa MOMiTEXHIKA”,

' kadempa XiMii i TeXHOOriT HEOPraHiYHUX PEUOBHUH,

? kadenpa (Bi3UUHOI, AHATITHIHOI Ta 3araIbHOI XiMii,
? kaespa TeXHONMOTIT GiONOri4HO AKTHBHHX CHONYK, (papMallii Ta 6i0TeXHOIOril

CUHTE3 HAHOYACTHUHOK IIIITHEJII MgMn,0, METOAOM CIIIBOCA/I’KEHHSA
B YJIIBTPA3BYKOBOMY IIOJII

MeTtonom cniBocaaikeHHS] B YJIbTPa3BYKOBOMY MOJIi CHHTE30BAHO HAHOYACTHHKHU mmiHeai MgMn,0,.
BceTaHoBiieno, mo 3a temnepatypu kaiabuuHamii 200 °C yci niku Ha qudpakTorpaMi CMHTE30BAHOI0 Ma-
Tepianay BianoBizanu mminesi MgMn,0, 3 Ky0iYHOI0 pelliTKOI0, BUPAXKEHOK KPHCTAJIYHICTIO Ta BigcyT-
HicTIO iHmmMX ¢a3. 3 miABMIIEHHAM TeMmmepaTypW KaabluHalii 3adikcoBaHO yTBOpeHH HOBHX (a3 —
okcuaiB Mn (BizmoBigno, MnsOg i Mn,0;). 3a nudpakuilinnMun mikaMu 3 BUKOPHUCTAHHSIM PiBHSIHHS
Jebas — llleppepa po3paxoBano cepeaniii po3mip yactunok MgMn,0,, Akuii 32 TeMepaTypu KaabUHHALIL
200 °C nopiBHioBaB 24,4 M. BusiBjieHo 3akoHoMipHe 30iJib1IeHHsI YacTKM aMop(HOI (a3u i 3MeHIIeHHS ce-
peAHbOro po3mipy 4yactuHok MgMn,O, 3i 30l/IbIICHHAM HUTOMOI NMOTY’KHOCTI YJBLTPa3BYKOBOIo 00po0-

JIEHHS1 peaKIiiiHOro cepe0oBUIIIA.

Kuarwuyosi ciioBa: Illl'liHeJ'lb; HAHOYACTHUHKH; METOI CHiBOCﬂI[)ReHHﬂ; YJIbTPa3BYKOBE IOJIE; piBHﬂHHﬂ

Hebas — Illeppepa; cepenniii po3mip KpucTamity.
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