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The relevance of the research is based on the development of nanometallurgy,
which is an adequate response to the growing demand and expansion of the
fields of application of nanoparticles of metallic oxides. Scientific and engi-
neering thought is constantly searching for solutions to optimise and mod-
ernise the production of target nanosize metallic oxides that leads to the es-
tablishment of a significant scientific and informational landscape, which
currently does not provide an unambiguous answer regarding the single
methodology for obtaining the target product (in this case, nanosize magne-
sium oxide) that requires additional research and appropriate analytical con-
clusions. Therefore, the purpose of this study is to determine the technologi-
cal method of manufacturing nanosize magnesium oxide, which has the most
effective and competitive indicators, as well as to check the possibility of
using digital modelling tools to optimise production processes in nanometal-
lurgy. To achieve the formulated goal, the methods of digital modelling of
the magnesium-oxide nanolattice and corresponding analytical conclusions
and proposals are used in the current research. The study establishes that,
among the seven typical methods of obtaining nanosize magnesium oxide
(combustion in solution, co-precipitation, sol-gel, hydrothermal synthesis,
solvothermal synthesis, sol—gel using microwaves, green synthesis), the most
effective for the industrial production of the target nanomaterial are sol—gel
and coprecipitation. The technological method of green synthesis of nanopar-
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ticles of metallic oxides (including nano-MgO) is also relevant, which is more
ecological with competitive industrial and technological indicators of the
production process. The conclusions obtained during the analysis of chrono-
taxometric schemes, which are the result of a bibliometric analysis of scien-
tific studies and publications on the leading scientometric resources, indicate
an increase in the variability of possible areas of use and production of metal-
lic oxides in nanoforms, which indicates the dynamic and extensive stage of
development of nanometallurgy. Digital modelling of the desired magnesi-
um-oxide nanolattice helps to optimise the technological process and can be
involved in the industrial field of nanometallurgy as a design stage. The
practical value of the study is to obtain a correlative systematisation of vari-
ous technologies for obtaining magnesium-oxide nanoparticles and to assess
the impact of the design and modelling stage on the development of nanomet-
allurgy in general.

Key words: nanometallurgy, sol—gel, hydrothermal synthesis, manufacturing,
microwaves.

AKTyanbHICTh HOCHII:KeHHA I'PYHTYETHCS HA PO3BUTKY HAaHOMETAJIyprii, AKa €
aJeKBaTHOIO BiAIOBiAI0 Ha 3pOCTal0uUMii MONUT i po3MupPeHHA cdep 3acTocy-
BaHHS HAHOYACTUHOK OKcHuAiB MeTasiB. HaykoBa ¥ iH:KeHepHa TyMKa 3miiic-
HIO€ MOCTiAHUIN HOMIYK pillleHb AJA ONTHMisaIlii Ta MogepHisaIii BUPOOHUIIT-
Ba IIiJTLOBUX HAHOPO3MiIPHMX OKCHUIIB METAJIiB, IO MPUBOAUTL IO CTBOPEHHS
3HAYHOTO HayKOBO-iH()opMallifimoro JaHAmadpry, AKUi Hapasi He ma€e OgHO-
3HAYHOI BiAMIOBiAi 00 €AMHOI METOM0JI0TiI oiep:KaHHsA IIiJIbOBOTO IIPOAYKTY
(B maHOMY BHUIIAAKy HaHOPO3MipHOTO0 OKcuay Maruio), mo morpedye 10IaTKO-
BUX JOCJIiAMKEHb i BiATIOBIiZHMX aHAJNITUUYHUX BUCHOBKiB. ToMy MeTOIO JaHOTO
IOCTiIKeHHA € BUBHAUEHHS TeXHOJIOTiYHOTO MeTOAY BUTOTOBJIEHHSA HAaHOPO3-
MipHOTOo OKcuay Maruiro, axuii Mmae Haibigbil epeKTHBHI Ta KOHKYPEHTO-
CIIPOMOJKHI ITOKa3HUKM, a TAKOMK IepeBipKa MOKJIMBOCTA BUKOPUCTAHHS iH-
CTPYMEHTiB YMCEJIbHOTO MOJENIIOBAHHSA AJIA ONTUMisaIlii BUpOOHMYUX IIpOoIie-
ciB y Hanomeranyprii. [lnsa gocaraeHHa c)opMyJIbOBAHOI METH B JAHOMY JOC-
JigyKeHHI BUKOPHCTAHO METOAM UYNCEeJIbLHOTO MOJE/NIOBAHHS MarHilioBo-
OKCHIHOI HAHOI'PATHUIII Ta BiAIOBiAHI aHAJITUYHI BUCHOBKHY Ta IIPOIO3UILii. Y
pesyabTaTi JocaiayKeHHa BCTAHOBJIEHO, IO cepeJl CiMOX TUIIOBUX METO/iB ofie-
p:KaHHA HAHOPO3MipHOTO OoKcuay MarHuiio (crmaioBaHHS B PO3UMHi, CIIiBoca-
I'KeHHs, 30JIb—TeJIb, TifpoTepMajibHa CHHTe3a, COJbBOTEPMiuHA CHUHTE3a,
30JIb—T'€JIb 34 JIOIIOMOTOI0 MiKpPOXBUJIb, 3€JIeHa CUHTE3a) HalOiIbIl e)eKTUB-
HUMH JJisI IPOMKCJIOBOTO BHUPOOHUIITBA IiJIbOBOTO HAHOMATEPiANYy € 30Jb—
r'esib i Kompernumitaiisg. AKTyaJbHIM € TAKOMK TeXHOJOTiUHINHA MeTO 3eJIeHO1
CHUHTE3U HAHOYACTUHOK OKCHUAIB MeTasdiB (y Tomy uwmciai Hamo-MgO), axkuii €
GiJIBII eKOJOTIYHUM 32 KOHKYPEHTOCIPOMOKHUX IIPOMUCIOBO-TeXHOJOTiUHUX
MMOKAa3HUKIiB BUPOOHMUOTO IIpolecy. BucHOBKHU, olep:KaHi mig uac aHamisu
XPOHOTAKCOMETPUUHUX CXeM, AKi € pesyyabTaToM 6ibGsriomMeTpmuHOl aHAIizu
HAYKOBUX AOCJiIKeHb i ImyOJrikaIiii Ha MpoBifHMX HAYKOMETPUUHUX Pecyp-
cax, cBiuaTh Ipo 30iJbINIeHHS BapiATUBHOCTH MOXKJIUBUX cep BUKOPUCTAH-
HA A oJlep:KaHHA OKCUAIB MeTaJIiB y HaHo(opMax, M0 CBiAUNUTH IIPO AUHAMIY-
HUHM Ta eKCTEeHCHUBHUH eTan PO3BUTKY HaHoMeTanyprii. UucesnbHe MOme O-
BaHHS 0aKaHOI MarHilioBO-OKCHUIHOI HAHOI'DATHUIIL JOIIOMArae OIITUMi3yBaTu
TeXHOJIOTiUHUI IpoIliec i Moske OyTHU 3aJisiHe B IIPOMUCJIOBiN cepi HaHOMeTA-
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ayprii Ak eram npoekTyBaHHA. [IpakTHUHA MiHHICTH HOCHiAKEHHSA II0OJIATAE B
ollep:KaHHI KOpeJAIiifHOl cucTeMaTuaallii pPisHWX TeXHOJIOTiNl oaep:KaHHSA
MarHif0BO-OKCUIHUX HAHOUYACTHMHOK Ta OIIiHIIi BIJIMBY €TAly IPOEKTYBaHHS
Ta MOJEJIOBAHHS Ha PO3BUTOK HAHOMETAJIYPTIii B I[ilIoMYy.

KaiouoBi cioBa: HaHOMETaNyprisf, 30Jb—T'eJb, TiApoTepMabHa CUHTe3a, BUPO-
OHUIITBO, MiKPOXBILII.

(Received 29 March, 2023; in final version, 13 April, 2023)

1.INTRODUCTION

The research vector for determining effective technologies for produc-
ing metal nanooxides is updated by the trend dynamic growth of the
field of nanometallurgy, as evidenced by the relevant industry statis-
tics: according to Custom Market Insight, the volume of global demand
for consumption of nanomaterials in the form of metal oxides accord-
ing to the results of 2022 is estimated at 1.11 billion USD[1]. The same
indicator is expected to increase by 2 billion USD by 2030. The total
compound annual growth rate (CAGR) is 7.53%. Similar, but some-
what more optimistic indicators of the CAGR are provided by special-
ised organisations (for marketing assessment of markets) Reports and
data [2], Industry ARC [3], and Data Intelo [4], which estimate the
growth dynamics of the global nanometallurgy market at the level of
9.2-9.4% of the CAGR. Estimates of Custom Market Insight [1] and
Data Intelo [4] regarding the qualitative structure of demand for metal
oxide nanometres coincide:

e proportion of aluminium oxide is the highest — 35%;
proportion of titanium dioxide — 22%;
proportion of copper oxide — 16%;
proportion of magnesium oxide — 14%;
proportion of zinc oxide — 9%;
proportion of other metal oxides — 4%.

Similarly, the estimates of these marketing and analytical compa-
nies regarding the global industry structure of the consumer market
coincide: the share of electronics and optics is the largest — 38%, the
share of medicine and hygiene products — 26%, the share of the paint
and varnish industry — 14%, the share of the energy industry — 12%,
other industries — 10%. Custom Market Insight provides a wider and
more detailed range of consumer structures for nanometallurgy prod-
ucts, which, in addition to the above categories, includes the automo-
tive, ceramic and glass industries[1].

The target product of the current study is nano-MgO; so, the mar-
keting dynamics of this nanomaterial will be considered in detail. As
noted in Mordor Intelligence, according to the results of 2022, the
global consumption market for nanoscale magnesium oxide is estimat-
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ed at 155.4 million USD (which correlates with Custom Market Insight
[1] and Data Intelo [4] estimates), and the CAGR is expected to reach
7% by 2028-2030 (which is a somewhat restrained estimate compared
to Reports and Data [2] and Data Intelo [4], but correlates with indus-
try-wide nanometallurgy statistics provided in the marketing research
at Custom Market Insight [1]) [6]. Mordor Intelligence also notes the
industry structure of magnesium-nanooxide consumers, which differs
from the above for the general field of nanometallurgy by including
such consumers as the production of refractory materials, the aero-
space industry, and the oil refining industry [5]. Thus, market and
marketing dynamics and corresponding specific indicators indicate the
unconditional development of the nanometallurgy industry, in partic-
ular, the sector of nanoscale magnesium oxide, which actually proves
the relevance and expediency of research to find solutions to optimise,
modernise, and increase the economic attractiveness of the target na-
nomaterial production system.

Recent studies, the results of which are reported by F. Nisa et al. [6]
(on the use of nano-MgO biosynthesis technology), M. Kotresh et al. [7]
(on the temperature regimes of production of nanosize magnesium ox-
ide), Z. Rajabimashhadi et al.[8] (on the use of hydrothermal methods
for the production of magnesium oxide nanoparticles) in the review
parts contain generalisations about the existence of a fairly wide range
of technological methods for the production and synthesis of the target
nanomaterial, which mostly bear signs of laboratory-scale production
and do not form ideas about the generalised optimised technology for
the production of nanosize magnesium oxide for industry (except for
individual proposals in the form of publications by F. Mirza and H.
Makwana [9], in which the co-precipitation method is preferred). Also
noteworthy are the studies by J. Veronica et al.[10] (which favours the
sol—gel method), S. Abinaya et al. [11] (which favours the green syn-
thesis method), which in general do not form a stable and consistent
vector of commitment to any one prevailing method of producing the
target nanoproduct).

Therefore, the appropriate basis of scientific problems is formed,
according to which it is necessary to perform a correlative and system-
atic comparison of existing technologies for the production and syn-
thesis of nano-MgO and determine the most optimised and adaptive
production and technological method for industrial and economically
attractive applications. Therefore, the purpose of the current study is
to establish, based on the results of comparative analysis, the most
adapted method for the production of magnesium oxide nanoparticles
within the framework of the nanometallurgy paradigm, followed by
the proposals and recommendations for the potential development of
the latter, and to test in detail the hypothesis of the potential applica-
bility of modern digital software tools for optimising technological
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processes in the production of metal oxide nanoparticles.

2. MATERIALS AND METHODS

Firstly, the method of median analysis was used to form the basis of
scientific problems. This method facilitated the development an ap-
propriate factual background, conceptual and taxonometric structure,
and allowed establishing the latest achievements of the nanometallur-
gy sector under study. In particular, it was possible to obtain up-to-
date data on the characteristics of the studied nanomaterial (in com-
parison with the full-size (macrosize) equivalent), data on the areas of
application of the target nanoproduct with an appropriate assessment
of the industry impact, and data on the establishment of the classifica-
tion of laboratory methods for the production of nanoscale magnesium
oxide, which became the basis for the latest iteration of the study — an
analytical solution to the goal.

Secondly, as the next iteration, the method of generalising the rele-
vant scientometric landscape in the current chronometric horizon
(over the past five years) was applied, which determined the general
trends and vectors of interest in the dynamics of scientific and engi-
neering thought in the development of technology for the production
of nanoscale magnesium oxide and confirm (or refute) the results of
the first iteration of the study. The logical conclusion of the previous
iterations of the search and generalisation of the existing scientomet-
ric landscape and the basis of scientific problems was the correlation
and systematic analysis of the classification of laboratory and produc-
tion methods for the production of magnesium nanooxide with the def-
inition of the most effective technological methods adapted to the in-
dustrial scale.

The empirical part of the study consisted of testing the influence of
digital programme modelling methods of nanostructures on the tech-
nological sequence of production of the target product. That is, in this
case, the nano-MgO modelling method was used. Among the software
tools used for modelling and forecasting design nanomaterials are
BIOVIA Materials Studio [12], Integrated Scientific Computing and
Information Technologies [13], Synopsys 14, Informer Technologies
[15], Furious Atoms [16], CoNTub [17], Atelgraphics SL [18], Exabyte
Inc. [19], JCMwave [20], LAMMPS [21], which allow for full-fledged
modelling of nanostructures of various chemical elements, which are
subsequently subjected to the corresponding calculated spectrum with
a wide range of variability, which leads to an optimal resulting
nanogrid, both individual metal oxides (including nano-MgQO) and
composite structures.

Most of these software products were designed for nanotube design,
but BIOVIA Materials Studio [12] has the greatest variability in com-
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positing various structures and chemical compositions, so this soft-
ware is used as the basis for creating a digital programme model of na-
noscale magnesium oxide. The resulting model allows including design
stages in the production technology of nanometallurgy, which can po-
tentially reduce the load on laboratory research and diagnostic stages,
thereby increasing the economic attractiveness of the industry under
study.

Thus, based on analytical iterations No. 1 and No. 2, the most
adapted nano-MgO production method for industrial applications was
established, and with the help of empirical iteration No. 3, the poten-
tial possibility of using modern digital software tools to optimise the
technology of metal nanoparticle production was tested.

3. RESULTS

The characteristics of magnesium oxide in the nanoform were investi-
gated by M. Rajab et al. [22], J. Hornak et al. [23, 24], J. Chen [25],
S. Vijayakumar et al. [26]. J. Hornak et al. [23, 24]. The researchers
put forward the idea that nanoscale magnesium oxide does not differ in
chemical composition and molecular structure from natural full-size
magnesium metal oxide, namely, the MgO lattice with the lattice pa-
rameter 4.21, and consists of Mg?* and O? ions, which are connected by
an ionic bond by configuration 1s?2s?p®3s? (Mg) and 1s?2s%p*(0) (with-
out filling the d-orbital) and consist of two crossed lattices (grids) that
are shifted relative to each other by 0.5 diagonals of the body. These
data are confirmed empirically in the study by F. Mirza and H.
Makwana using energy-dispersive x-ray spectroscopy [9]. Similar re-
sults are provided by S. Vijayakumar et al. [26]. According to the re-
sults of energy-dispersive x-ray spectroscopy, the percentage of mag-
nesium and oxygen is close to the stoichiometric ratio, and the chemi-
cal purity of the nanoscale oxide under study is confirmed.

F. Mirza and H. Makwana [9] and M. Rajab et al.[22] also note other
differences between nano-MgO and full-size MgO, including, in par-
ticular, a high value of the band gap parameter (7.3—7.8 eV); a high
value of the volume resistance parameter of 1.017 Ohm'm (which is the
maximum value for nanoscale metal oxides that are currently widely
used); high thermodynamic stability due to low heat capacity and high
melting point (2850°C), that obtained a response in the use of the stud-
ied material in the production of refractories; low permittivity (9.8)
used for creating insulation materials; low distortion of the refractive
index.

These advantages of nanoscale magnesium oxide distinguish it not
only from the full-size form of MgO oxide, but also from other widely
used metal nanooxides. For example, nano-MgO is an excellent transi-
tion layer for growing thin-film materials for various purposes [26].
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F. Mirza and H. Makwana [9], M. Rajab et al. [22], J. Hornak et al.
[28, 24], J. Chen [25], S. Vijayakumar et al.[26] note that nano-MgO is
characterised by peaks of the 20 angle values on the crystal lattice dif-
fraction pattern (obtained by x-ray diffraction method): 36.8°, 42.9°,
62.2°, 74.6°, and 78.6°, which are identified as the corresponding val-
ues of the lattice areas of nanoscale magnesium oxide (111), (200),
(220), (311), and (222). In addition, F. Mirza and H. Makwana [9] and
J. Hornak [24] highlight the possibility of identifying the structure of
magnesium nanooxide using the Fourier transform infrared spectros-
copy method, the image of which is characterised by corresponding
peaks with physicochemical decoding of the constituent elements and
their interaction at the molecular level.

As noted by J. Hornak [23, 24] and S. Vijayakumar et al.[26], to de-
termine the characteristics of nano-MgO, it is also advisable to use the
method of ultraviolet-visible spectroscopy, in particular, to establish a
quantitative characteristic of the band gap energy parameter, and sim-
ilar results can be obtained using the photoluminescence method.
Temperature—frequency graphs are also used to interpret the thermal
stability and relative permittivity of nanoscale magnesium oxide, il-
lustrating the effect of the temperature regime on the dielectric prop-
erties of the metallic magnesium oxide nanoform, which is a conse-
quence of the influence of weakly bound water molecules on the surface
of the material.

Visualisation of magnesium oxide nanoformations is obtained by F.
Mirza and H. Makwana using scanning electron microscopy [9]. Ac-
cording to the results of scanning electron microscopy, nanoscale for-
mations are synthesised with a minimum size of 14 nm, while structur-
ing into agglomeration clusters. Data obtained by the researchers and
the frequency of formation of classes of magnesium oxide nanoparti-
cles by size characteristic were confirmed by J. Chen [25]. However,
one of the main features of MgO nanoparticles (NPs) is its high anti-
bacterial activity, which is confirmed by numerous studies, among
which the papers by A. Khan et al.[27], J. Maji et al.[28], N. Baniasadi
et al.[29], B. Das et al.[30], L. Cai et al.[31]. However, this property is
more clearly confirmed and illustrated in the study by N. Y. Nguyen et
al.[32]. The researcher was able to record the alleged destruction of the
membrane of bacterial microorganisms.

Thus, considering the relatively and objectively distinguishing
characteristics of the magnesium oxide nanoform among other metal
nanooxides, industries and sectors have now been formed where the
use of the nanomaterial under study is a priority, and sometimes there
is no alternative.

Based on the obtained data of multilocal information search against
the background of the scientometric landscape in relation to the areas
of application of nanoscale magnesium oxide, it was found that the
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Methods for the synthesis-production of MgONPs

— Green synthesis

Fig. 1. System of existing methods of synthesis and production of MgO NPs [22-
26].

range of use of the nanomaterial under study is quite wide: from medi-
cal applications to nanometallurgy, which correlates with the data of
marketing studies by Custom Market Insight [1], Data Intelo [4], and
Mordor Intelligence [5]. Currently, there are about seven methods of
MgO NPs synthesis and production, which have a fairly wide range of
technological features (Fig. 1).

The characteristics of each method of synthesis and production of
magnesium nanooxide are given in order to establish the characteristic
technological features of the implementation of the process under
study. Using the results of review and empirical studies by F. Mirza
and H. Makwana [9], M. Rajab et al. [22], J. Hornak et al. [23, 24], dJ.
Chen [25], S. Vijayakumar et al. [26], in order to establish an optimal
and economically feasible method for the synthesis and production of
magnesium oxide nanoparticles (among the methods described in Fig.
1), the median (due to the existence of a significant number of relevant
studies, the results of which vary slightly) technological, and opera-
tional parameters will be compared (Tables 1 and 2).

According to the above comparison, the smallest particles of magne-
sium nanooxide can be obtained by combustion in solution, co-
precipitation, and green synthesis.

Other technological and operational parameters for the compared
methods of synthesis of nanoscale magnesium oxide in comparison
(with the exception of the composition of reagents and the reagent me-
dium) correlate. Therefore, using the data from Table 2, it is possible
to establish the necessary synthesis technology depending on the tar-
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get product: for medical purposes, it is advisable to use smaller nano-
particles, and for industry, larger ones.

The current study focuses on efficient and cost-effective methods
for synthesising MgO NPs, which have a high level of adaptation to
production on an industrial scale. According to the nano-MgO produc-
tion technology (Table 1), for the industrial production of nanoscale
magnesium oxide, it is advisable to use sol—gel synthesis technology.
Moreover, the study by J. Veronica et al. provides an economic sub-
stantiation for the industrial use of the MgO NPs sol—gel synthesis
method, which uses Arabian gum as a raw material [10]. The perfor-
mance of the industrial plant for the production of nanoscale magnesi-
um oxide using sol—gel technology:

e cycle capacity —1.425 kg of nano-MgO;

e monthly capacity — 35.625 kg of nano-MgO;

TABLE 1. Characteristics of methods for synthesis and production of na-
noscale magnesium oxide [22—-26].

Graphical representation of the process Brief description of the technology

Burning in solution. Low-cost widely
used method. Two technological ap-
proaches are used: self-propagating
synthesis and volumetric combustion
synthesis. The methodology of the first
one provides for the mechanism of

2 e .
) e | . §3§32§ spontaneous redox endothermic reac-
5 3% HOOD

s¢¢| tions between the oxidiser and the fuel,

Gel ombustion owder . .
1y . Fowder - which are mixed at the molecular level
sl = in the corresponding solution with the
Heat supply

gradual establishment of the target
product in the solid aggregate state
[83]. The second technological ap-
proach involves external heat supply to
the entire volume of the reagent solu-
tion.

|

Precipitator

Co-deposition. This method is based ¢

o the precipitation phenomenon, and als

< b involves the technology of liquid-phas

: 2222 synthesis or steam-phase synthesis. S

Crystal growth Powder  djum hydroxide is mainly used as a pr

cipitator. The method is based on tl

Precursor principles of homogenisation of precip

Atk tation reactions, which includes tw

consecutive processes: nucleation an
growth of nanoparticle crystals [34].

Nuclestion
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Continuation of TABLE 1.

Graphical representation of the process Brief description of the technology

Sol—gel and sol—gel using microwave
exposure. This method is based on the
], mmmw Use of an inorganic precursor and an
Q 1 organic solvent: metal alkoxides com-
e il bine with a solvent and reagents to
Gel e =] form a homogeneous solution [35].
o _ — This solution is gradually converted to
- a colloidal suspension (sol) and even-
‘ tually polycondensated into integrated
structures (gel), which is converted
later to aerogel and xerogel (which is
established by a certain drying meth-
od).

Hydrothermal synthesis and sol-
vothermal synthesis. This method
involves the use of an autoclave in the
technological process, where the pre-
cursor and solvent are mixed under the
influence of high temperature and
+00s Dressure, forming the target product
—[Mne | " §§§§ as a result. Due to the physical condi-
Centrifuge Powter tiONS OF conducting a set of reactions,
nanomaterials with high crystallinity
Sitomi are obtained, significantly higher than
other methods for obtaining nanopar-
ticles [36]. In the case of non-aqueous
solvents, the method is considered
solvothermal, and in the case of using
water as a solvent, it is considered

hydrothermal.
Green synthesis. This method does not
require the creation of critical parame-

Autoclave

’ ters of the reaction medium and the

. involvement of toxic substances [37].

Rt | aiaien  [Climion] $48¢ Various organic materials (plant ex-

{ . 3332 tracts, bacterial cultures, enzymes,

Crystal growth Powder vitamins) can be used as non-toxic

synthesis reagents. Distilled (twice)

e water is used as the extraction medi-
solution um.

e annual capacity —427.5 kg of nano-MgO.

These indicators are quite competitive. In addition, the economic
substantiation indicates a reasonable payback period for the installa-
tion of an industrial sol—gel synthesis plant (up to 3 years) and poten-
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TABLE 2. Comparison of median technological and operational parameters of
methods for synthesis and production of nanoscale magnesium oxide [38].

Duration
. Temperature .
. Reaction of tempera- Size of
Synthesis- exposure .
R Reagent nature and i . ture obtained
production Reagent - (calcination)
medium parameters, exposure MgO NPs
method parameters, X K K
°C oc (calcination) nanoparticles
hours
Burning in  Oxidiser: Fuel: Burning at 500 9 929
solution Mg(NOs): NH;CONH, 100°C
Precursor: Precipitator: Reaction at
Co-di iti 550 4 16
O-GePOSIEC Meg(NOs),  NaOH 20°C
Sol—gel and
sol-gel  Precursor: Solvent:  Gel drying at
using  Mg(OCHs)g, ’ 600 5 50
CH30H, C-H. 200°C
microwave Mg(NOs); 3 (s
exposure
Hydro-
thermal Autoclave
synthesis Precursor: Solvent: mixing at a 400 9 50
and solvo- Mg(NOs)s NaOH temperature
thermal of 180°C
synthesis
Reagent ex-
tract: plant
ract: plan Crystal
Green Precursor extracts, rowth
. solution: bacterial g X 400 4 22
synthesis reaction at
Mg(NO3):  cultures,
90 °C
enzymes,
vitamins

tial high profitability.

The next step in the study of synthesis technology is an empirical test
of the hypothesis about the possibility of optimising the target indus-
trial algorithm by means of digital programme modelling. When estab-
lishing the methodological basis of the current study, it is noted that
now there is a fairly wide range of digital software tools for modelling
nanogrids of various materials, including metal oxides, but the most
optimal nanomodelling is performed by BIOVIA Materials Studio [12].

Using the internal repository of chemical structures, BIOVIA Mate-
rials Studio identified a prototype model of nanoscale magnesium ox-
ide with MgO [12]. Next, the corresponding model molecular structure
was obtained, consisting of 27 magnesium and oxygen atoms, which
are stirred at an angle of 90° (2-45°) with a bond size of 4.2112
(2-2.1056) and with the corresponding symmetry (Fm—-3m group (OH-
5)), which actually proves the crystallinity of the structure and corre-
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Fig. 2. Magnesium-oxide nanogrid model.

lates with empirical observations.

Using the CASTEP Tools in BIOVIA Materials Studio [12], the ener-
gy structure of the MgO NPs model nanogrid was obtained: a discrete
energy structure, a nanogrid bond density structure, and a simulation
of energy-molecular dynamics. CASTEP Tools also allows obtaining
the values of elastic constants for the simulated magnesium oxide
nanostructure with correlation using the Voigt, Royce, and Hill meth-
ods. According to the calculated data for nano-MgO, the universal ani-
sotropy index is 0.11021, the median speed of sound in the nanostruc-
ture is 6547.20857 m/s, the Debye elastic temperature is 925.75893 K,
the compressibility is 0.0068 1/hPA, and the generalised volume mod-

CASTEP Band Structure
Band gap is 4.997 eV

" e = — - = = = = = =
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—
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Fig. 3. Discrete energy structure of the magnesium-nanooxide model [12].
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ulusis 147.01725+2.01 hPA (Figs. 2—4, Table 3).
The simulation results allow visualising the actual dimensions of the

TABLE 3. Elastic constants for polycrystalline material (hPa) [12].

Parameter Methods
Voigt Royce Hill
Volume module 147.01725 147.01725 147.01725
Shear modulus (Lame Mu ) 129.05727 126.27386 127.66556
Lame lambda 60.97907 62.83468 61.90687
Young’s modulus 299.52658 294.50445 297.02166
Poisson’s ratio 0.16044 0.16613 0.16328
Hardness (relative to titanium 93.76759 9379104 24.927706

2012)

CASTEP Density of States

Density of States (electrons/eV)

| )
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Fig. 4. Structure of the energy-bond density of MgO nanoformations [12].

Fig. 5. Creation of a dimensional model of a MgO nanostructure [12].
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magnesium oxide nanostructure (Fig. 5).

The Forcite module integrated into BIOVIA Materials Studio also pro-
vides analysis of the radial-distribution function (RDF), concentration
distribution, x-ray intensity distribution (and scattering), velocity-
distribution profile, pressure-distribution profile, density-field distri-
bution in the form of model visualisation (Figs. 6—11).

The GULP Tools module integrated in BIOVIA Materials Studio al-
lows obtaining the optical characteristic of the nanomaterial under
study, the phonon dispersion characteristic, and the powder distribu-
tion of magnesium-oxide nanoparticles (Figs. 12-15).

BIOVIA Materials Studio also allows modelling (and corresponding
calculations) for hybrid composites doped with magnesium oxide na-

Forcite Analysis - RDF

E Mh Ll

10
r (Angstrom)

Fig. 6. Analysis of the radial-distribution function of the nanogrid of the
MgO NPs model [12].

Forcite Analysis - Concentration Profile
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Fig. 7. Analysis of the concentration distribution of nano-MgO [12].
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Forcite Analysis - XRay Tntensity vs. Scattering Vector
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Fig. 8. Analysis of the results of modelling the x-ray intensity distribution
(and scattering) in a magnesium-oxide nanostructure [12].

Forcite Analysis - Velocity Profile
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Fig. 9. Velocity distribution profile in magnesium-oxide nanogrid [12].

noparticles.

Thus, considering the facts of correlation of digital model charac-
teristics of magnesium nanocomposites and corresponding empirical
observations (obtained in laboratory conditions with the involvement
of appropriate specialised equipment), the hypothesis about the feasi-
bility of using BIOVIA Materials Studio as a solution to the design
stage of creating various nanocomposites within the framework of the
concept of nanometallurgy is confirmed [12].

4. DISCUSSION

This paper contains the results of studies of methods of synthesis and
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Forcite Analysis - Pressure
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Fig. 10. Pressure distribution profile in magnesium-oxide nanostructure [12].

Fig. 11. Visualisation of the density-field distribution (shown as dots) ob-
tained by modelling magnesium nanooxide [12].

production of nanoscale magnesium oxide, provided by several itera-
tions (multilocal information search, bibliometric analysis and model-
ling using appropriate digital software tools) and contains more in-
depth data on similar studies given in publications by F. Mirza and H.
Makwana [9], M. Rajab et al. [22], J. Hornak et al. [23, 24], J. Chen
[25], S. Vijayakumar et al.[26].

In the first iteration (multilocal information search), data on the
properties of magnesium nanooxide are systematised, which contain a
complete set of empirical data obtained in various studies to date and
contain more generalisations, in particular, due to the correlated anal-
ysis of the results obtained by F. Mirza and H. Makwana [9] and
J. Hornak et al. [23, 24] on the results of the FTIR study of target
nanostructures, the results of the XRD study of nanocrystals of the
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Reflectivity for MgO
Incident direction: (1 0 0) Reflected direction: (1 0 0)
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Fig. 12. Analysis of optical properties of MgO nanostructure [12].

GULP Phonon Dispersion

? Q z

Fig. 13. Phonon dispersion of nano-MgO [12].

magnesium oxide and the physical and electronic structure of nano-
magnesium oxide.

Moreover, expanding the range of the research vector with the pa-
pers by A. Khan et al. [27], J. Maji et al. [28], N. Baniasadi et al. [29],
B. Das et al.[30], L. Cai et al.[31] and, in particular, N.Y. Nguyen et al.
[32] allowed creating a more complete picture of the properties of the
target nanostructure, forming cross-branch bonds and transitions for
the latter (due to the detected antibacterial activity). The applied ap-
proach established the median physicochemical and specific properties
of the nanostructure under study, which allows creating appropriate
verification information array of values that can be referenced when
applying subsequent iterations in the current study.

Furthermore, using multilocal information search, the systematisa-
tion of the areas of application of the studied nanomaterial was per-
formed, which revealed the following characteristic areas and areas of
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Fig. 15. Examples of hybrid nanocomposites based on titanium (a) and silicon
(b) doped with magnesium-oxide nanoparticles [12].

application:

prosthetics;

medicines;

oil and gas production;

electronics;

communication tools;

engineering life support systems;

food industry;

construction;

agronomy and powder metallurgy, in particular, nanometallur-

gy.
The obtained data correlate with marketing studies by Custom Mar-
ket Insights [1], Data Intelo [4], and Mordor Intelligence [5]; however,
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it provides an appropriate scientific basis for the mechanism of appli-
cation of magnesium nanooxide for selected industries by bringing
relevant scientific papers from the profile scientometric landscape.

Similarly, multilocal information search tools established existing
methods of MgO NPs synthesis and production, and updated relevant
empirical data by forming a median information technology array,
which was not used by F. Mirza and H. Makwana [9], M. Rajab et al.
[22], J. Hornak et al.[23].

Based on the generalisation of technological and empirical data ob-
tained in the analysis of relevant studies, an assumption is made about
the possibility of obtaining an optimised for industrial use and eco-
nomically substantiated technological method of synthesis and pro-
duction in the form of sol—gel synthesis, which was not only observed
in papers by A. Nandiyanto et al. [39], J. Zhao et al. [40], S. Liu et al.
[41], but also received an implementation with a corresponding feasi-
bility study by J. Veronica et al. [10] (the obtained competitive produc-
tivity of the nano-MgO synthesis plant for sol-gel technology was
427.5 kg per year, with a probable economic payback of three years,
which gives reason to consider this method economically justified and
profitable).

The hypotheses of the first iteration (multilocal information search)
were confirmed by means of bibliometric analysis (the second iteration
of the study).

In particular, when analysing chronotaxonometric schemes built on
the basis of relevant scientometric information (relevant publications
in the current search scope), it was found that the sol—gel synthesis
method has the greatest weight of scientific opinion on the assessment
and study of methods for synthesising the nanomaterial under study.
It was also found that the green synthesis method is a promising meth-
od for the production of magnesium oxide nanoparticles, which is ex-
pected to implement fully the eco-friendly concept in the field of na-
nometallurgy. A special feature of this method of synthesis of metal
oxide nanoparticles (including magnesium oxide) is the use of various
organic materials (plant extracts, bacterial cultures, enzymes, and
vitamins) as a reagent medium, without involving toxic compounds in
the technological process. Thus, compliance with the main goal of the
study, namely, obtaining data on the optimal technology for obtaining
nanoscale magnesium oxide, was confirmed, while in two iterations
(information and search, bibliometric) it was established that the sol—
gel method is appropriate and economically substantiated for industri-
al applications, which should later be replaced by green synthesis,
which has the advantage of using environmental organic reagents for
the production of magnesium nanooxide.

The next iteration of the study, namely, its empirical part, is pre-
sented by the results of testing the hypothesis about the possibility of
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optimising and modernising technical and technological solutions of
nanometallurgy by means of appropriate digital software. In the cur-
rent scientometric landscape, a similar hypothesis regarding magnesi-
um oxide nanometallurgy has not been investigated at the time of the
creation of the current paper. It was found that BIOVIA Materials Stu-
dio is the most appropriate for the established goal of testing the above
hypothesis, which correlates with the results of research on modelling
other nanomaterials, which are presented in papers by S. Merezhko et
al.[42], K. Kunene et al.[43], B. R. Abhiram and D. Ghosh [44].

The use of BIOVIA materials Studio significantly expands the range
of obtained characteristics for the target nanoproduct—nanoscale
magnesium oxide. In particular, it was possible to obtain data on the
physical and mechanical structure of the nanomaterial under study
(correlated with the results of empirical observations), data on the en-
ergy structure of magnesium nanooxide (discrete energy structure,
density of energy bonds of nanoscale, parameters of energy-molecular
dynamics), data on the elastic and mechanical characteristics of the
simulated nano-MgO with correlation by the methods of Voigt, Royce,
and Hill (universal anisotropy index, median speed of sound in the
nanostructure, Debye elastic temperature, generalised volume modu-
lus, shear modulus (Lame Mu), Lame lambda, Young’s modulus, Pois-
son’s ratio, hardness (relative to titanium 2012)). Based on the results
of modelling in BIOVIA Materials Studio, it was possible to obtain a
model of the magnesium oxide nanostructure in a comparable scale
form[12].

Moreover, based on the results of modelling nanoscale magnesium
oxide in the PC BIOVIA Materials Studio software environment, data
were obtained on the radial distribution function, concentration dis-
tribution, x-ray intensity distribution, velocity distribution, tempera-
ture fluctuations distribution, density field distribution in the form of
model visualisation, optical characteristics, and phonon dispersion
characteristics. Most of all, the fact of correlation of the model repre-
sentation of the distribution of magnesium oxide nanoparticle powder
with empirical observations of XRD studies proves the correspondence
of the formed hypothesis to the real state of affairs[9, 24, 25].

Thus, the grounds for confirming the hypothesis about the possibil-
ity of using digital software tools as an optimisation solution in nano-
metallurgy technology are obtained.

5. CONCLUSIONS

As a result of the current study, the results are obtained, consisting of
a part of the systematised data of relevant scientific studies integrated
into the profile scientometric landscape and an empirical part, with the
help of which the hypothesis of the potential possibility of optimising
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nanometallurgy technologies by digital software means is tested.

Based on the results of a multilocal information search, which is the
first iteration of the current study, the concept of recognising sol—gel
synthesis as an optimal and economically viable method of synthesis
and production has been preliminarily established. It is established
that this method is the most adaptive for industrial production of the
target nanoproduct. However, according to the results of the second
iteration of the study (bibliometric analysis), not only the previous
concept was confirmed, but also the next one was developed, namely,
the most likely method for producing magnesium oxide nanoparticles
(and other metal nanooxides) is green synthesis, which forms the eco-
friendly nanometallurgy paradigm. At the same time, using the first
iteration of the study, a factual array of data was obtained, which al-
lowed approaching the third iteration of the study.

As the next step of the study, the concept of modelling is defined,
which follows from the hypothesis about the probability of optimising
nanometallurgy technology using digital programmes. It is established
that the use of specialised software provided not only more specific
characteristics of the nanomaterial but also the results that have a sig-
nificant level of correlation with empirical observations recorded in
the relevant profile studies. Moreover, this software product allows
full use of the concept of molecular and atomic engineering, namely, to
generate, modernise, adapt various physicochemical nanostructures in
mono- and polysyllables and carry out their rapid (software) calcula-
tion to identify the most appropriate and adapted to implementation.
That is, the hypothesis about the possibility of optimising nanometal-
lurgy technology by integrating the design and model link into produc-
tion chains is clearly confirmed, which has far-reaching results with
direct economic consequences, in particular, it will significantly re-
duce the load on specialised laboratory equipment.
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