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Abstract In this research, high-pure monticellite ceramic
(CaMgSiO,4) nanoparticles were synthesized via a novel
sol-gel method using ethanol and chloride ions for the
acceleration of polycondensation process. The gel obtained
from metal alkoxide and metal salts precursors dried at 100°C;
then, the dried-gel calcined at different temperatures to
monitor the structural development of the final samples. The
effect of various heat-treatment temperatures on the x-ray
diffraction patterns, followed by the calculations from
scherrer’s equation, showed that the grain size of the syn-
thesized samples at 1200°C was around 28 nm. Based on
dynamic light scattering spectroscopy, the size of most of
the particles was ~85 nm. Williamson—Hall formula was
also used to calculate the lattice strain of the samples.
According to the results, by changing the heat-treatment
temperature, lattice strain/stress, lattice parameters and grain
size have meaningfully changed. The proposed synthesis
method showed superior advantages in comparison with the
other conventional techniques presented in the literature,
which is relatively faster at lower temperatures. The
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synthesized high-pure monticellite nanoparticles could be
applied in different biomedical engineering applications in
which the purity and structural properties are of importance,
such as dental, bone tissue engineering, coatings on bio-
medical implants, surgery hemostasis and inducing osteo-
genesis in vivo applications.
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1 Introduction

Development of bioceramics is a critical goal for many
relevant biomedical applications [1-5]. Favorable ion
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transportation capability of bioceramics has attracted bio-
medical engineers to develop novel synthetic routs for
multifunctional applications mainly in hard tissue engi-
neering [6—9]. Further characteristics including mechanical
strength, toughness, and creep behavior of bioceramics play
a key role in the development of materials and composites
for using in load-bearing regions of the body [7]. As a
conventional bioceramic, sintered hydroxyapatite (HA) has
been previously used in many biomedical applications due
to its physicochemical properties and biological affinity
such as its close similarity with the inorganic part of hard
tissues that confer biocompatibility and ability to permit
new bone formation and adhesion [10—12]. During the last
few years, different magnesium-containing bioceramics
have been proposed for advanced biomedical applications
mainly in dental and bone tissue engineering. It is known
that there are important elements in the human body such as
magnesium (mostly in bone tissues), which is essential for
the health, strength, and firmness of bones [13]. Recent
studies have shown an increase interest in the use of
magnesium-containing silicate bioceramics such as aker-
manite, bredigite, merwinite, monticellite, and etc. [14].
Among these bioceramics, monticellite has the higher
amount of magnesium in the structure which is about 33%.
It has been indicated that the released ions from the con-
structs made of monticellite could significantly enhance
osteoblast adhesion and directly stimulate osteoblast pro-
liferation [14-16].

This class of bioceramics has been frequently reported to
be synthesized through sol-gel method from the poly-
condensation of tetraethyl orthosilicate (TEOS) with nitric
acid, which has some limitations, such as increasing the
time and temperature of the drying gel, increasing the heat-
treatment temperature to archive the final phase, and further
milling processes for achieving particles in the range of
nanometers (less than 100 nm) [17-19]. Chen et al. [20]
have recently proposed a sol—-gel-derived synthesis route for
the preparation of monticellite bioceramics using nitric acid,
that further sintered at 1480°C for 6 h. Although they have
reported on the formation of a mono-phase monticellite at
the end, their synthesis method was time consuming at
higher temperatures.

In this study, monticellite nanoparticles were success-
fully synthesized by a novel sol-gel method in the presence
of ethanol as a precipitant. The high-pure and single-phase
monticellite bioceramic was obtained after further sintering
procedures. The microstructural and physicochemical
properties of the synthesized samples were investigated
using Dynamic light scattering (DLS), X-ray powder dif-
fraction (XRD), and Simultaneously thermal analysis
(STA), Scanning electron microscopy (SEM),
Brunauer—-Emmett-Teller (BET), and Fourier transform
infrared spectroscopy (FTIR). It is expected that gel
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preparation from sol precursors occurs in shorter time per-
iods at room temperature, and sintering temperature desir-
ably reduces to lower temperatures. To the best of our
knowledge ethanol has not been used for the synthesis of
monticellite yet.

2 Experimental
2.1 Materials and methods

The monticellite nanoparticles were prepared by sol-gel
method. For this purpose, calcium nitrate tetrahydrate
(Ca(NO3),.4H,0), magnesium chloride hexahydrate
(MgCl,.6H,0), TEOS ((C,Hs0)4Si), and ethanol
(C,HsOH, Green solvent) were used as initial precursors.
At first, Ca(NO3),.4H,0 and MgCl,.6H,O were mixed
with ethanol (mol ratio: Ca(NOj3),.4H,0/ MgCl,.6H,0/
C,Hs0H=1:1:20) and stirred for 40 min. The dissolution
was started with quickly mixing at the temperature of 80°
C. Then, TEOS was added to the solution (mol ratio: Ca
(NO3)24H20/ MgC126H20/ SI(C2H50)4:111) and the
mixture was slowly stirred for 3 h to be homogenous and
single phase. When polycondensation reactions started,
some small molecules release as water or alcohol, by
which large molecules containing silicon are formed at the
end of the reaction, similar to the polymerization process.
As a result, the final gel was formed after completion of the
condensation reactions and creation of the stable sol at
room temperature (after 12 h). The wet gel was heated for
24 h in an oven at 100°C. In the following, the dried-gel
calcined at 700, 1100, and 1200 °C for 2 h, using cor-
undum crucible, in an electric furnace under air atmo-
sphere. Finally, the monticellite nanoparticles powders
were prepared in a planetary ball mil (Retsch PM 100,
Germany) for 5 h with ball/powder ratio: 10/1 and rota-
tional speed: 250 r.p.m.

2.2 Sample characterization

DLS diagram was used for estimating the particle size of the
synthesized monticellite nanoparticles (NANOPHOX
90-246 V, Germany). The powders were also analyzed by
XRD with X'pert Pro PW 3040-Pro, panalytical. This
device was operated with current and voltage setting of 40
mA and 40KV, respectively, and uses CuKoa radiation
wavelength (1.540598 A) in the 260 rang of 10-80°. It is
worth mentioning that the monticellite XRD patterns were
analyzed using the X'Pert HighScore Plus software of ver-
sion 2.2 and through compared with the standard XRD
pattern of American Society for Testing and Materials
(ASTM International). The thermal behavior of the dried-
gel was studied by simultaneously thermal analysis (STA
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504 PC/PG, Bihr, Germany) that covers the thermal range
between ambient temperature up to 1177.263 °C with the
heating rate of 5°C min~'. The microstructure of the syn-
thesized samples was evaluated using SEM. For this pur-
pose, the sample was coated with a thin layer of gold (Au)
by sputtering (EMITECH K450X, England) and then the
morphology of them observed on a SEM (VEGA/TESCAN,
Czech Republic) that operated at the acceleration voltage of
30 kV. Also, Energy dispersive X-ray analyzer (EDS)
(Rontec, Germany) connected to the SEM was used to
investigate semi-quantitativelychemical compositions. The
textural characteristics of the final powder was measured by
the BET and Barrett-Joyner—-Halenda (BJH) methods
(BELSORP Mini, Microtrac Bel Corp, Japan). The powders
were also characterized by FTIR (SHIMADZU 8400 S,
Japan). For this analysis, 1 mg of the powder samples were
carefully mixed with 300 mg of KBr (infrared grade) and
pelletized under vacuum. Then, the pellets were analyzed in
the range of 400 to 4000 cm ™' at the scan speed of 23 scan/
min with 4 cm ™! resolution.

3 Results and discussion
3.1 Ternary CaO-MgO-SiO, system

According to the general formula of monticellite (CaMg-
Si0,), the molar ratio between the metal oxides CaO:MgO:
SiO, is equal to 1:1:1. The monticellite chemical compo-
sition is calculated as follows:

1Ca0 + IMgO + 1Si0, = 3
(100 x 1)/3 = 33.33% CaO,

(100 x 1)/3 = 33.33% MgO,

(100 x 1)/3 =33.33%Si0,, shown in Fig. 1(a). The
suggested ternary plot of this system presented in Fig. 1(b).

3.2 Determination of particles size distribution

In this study, DLS was used to display the size of mono-
phase particles of the synthesized monticellite. The DLS
diagram of the synthesized monticellite ceramic at 1200°C
are shown in Fig. 2. The distribution of particle size is
narrow and most of the particles size is ~85 nm. Some
recent studies show that nanoparticles compared to micro-
sized particles have superior advantages such as improve-
ment in the biomineralization process, and enhancement in
the proliferation and adhesion in contact with cells [21]. The
synthesized powders with ethanol have shown particle sizes
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Fig. 1 Ternary phase diagrams; a chemical composition of mon-
ticellite, and b schematic showing of the synthesized monticellite zone
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Fig. 2 Distribution diagram of particles size of monticellite ceramic
powders

below 100 nm with 5 h ball milling process, while powders
synthesized via conventional methods using nitric acid

usually need further ball milling processes to achieve nano-
sized particles [20, 22].

3.3 Microstructural analysis

Figure 3 shows the XRD patterns of the synthesized mon-
ticellite nanoparticles, prepared by sol-gel method, after

@ Springer
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Fig. 3 XRD patterns of the synthesized monticellite nanoparticles
after a 100°C b 700°C ¢ 1100°C d 1200 °C heat-treatment, and e
JCPDS Card File No. 01-084-1321

heat-treatment at different temperatures 100, 700, 1100, and
1200 °C. As shown in this figure, the XRD pattern for the
dried-gel at 100°C demonstrated that the sample was fully
crystalline without any amorphous phases. The dried-gel
sintered at the temperature of 1200 °C was pure and single-
phase monticellite, while the samples sintered at the tem-
peratures below 1200°C, had some impurities such as
diopside (CaMgSi,Og¢) and tremolite (CaMg;Si;O,) along
with the monticellite phase. The XRD patterns of the
samples sintered at 1100 and 1200°C indicated a sharp peak
for monticellite around 33°, which is the main characteristic
peak for standard monticellite, according to JCPDS refer-
ence card#: 01-084-1321. Three strong peaks diffraction of
planes (131), (120), and (240) were also detectable for the
monticellite with orthorhombic crystal structure. As can be
seen, the synthesized monticellite nanoparticles with etha-
nol reached the final high-pure phase (CaMgSiO,) at 1200°
C, but the synthesized monticellite using conventional
methods (for example nitric acid) reached the final phase at
1480°C, indicating that our novel synthesis method is more
efficient and cost effective [20]. The mean grain size was
also estimated from the half-width of three diffraction peaks
with the highest intensity using Debye Scherrer’s Eq. (1)
[23]:

D = ki/BcosO (1)

It is known that the f used in this formula can be
obtained from the difference between the calculated f and
of the device in Eq. (2):

ﬁ = ﬁMeasured - ﬂdevice (2)

Where D is the grain diameter, k is a shape factor
(about 0.9), A is the wavelength for cu-k, (1.540598 A),
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Table 1 Structural parameters of the synthesized monticellite
nanoparticles at different temperatures

Sample D Lattice parameter (nm) ¢ Lattice S Lattice
crystallite strain stress
size (nm) (GPa)

a b c

100°C  28.93 0.4802 1.1017 0.6213 0.001125 0.05737

700°C  18.73 0.4867 1.1224 0.6105 0.003950 0.20145

1100°C  30.96 0.4822 1.1100 0.6386 0.001425 0.07267

1200°C  28.93 0.4793 1.0986 0.6356 0.001575 0.08032

p is peak width at half maximum intensity, and 6 is the
X-ray diffraction angle. The monticellite synthesized at
1200°C showed an average crystallite size of nearly 28 nm,
in which the average pores size was about 6 nm using
BET test. The detail of the microstructural characteristics
of different samples after heat-treatment are shown in
Table 1.

The crystal lattice parameters can be obtained from
determination of the exact position of the reflected peaks.
Bragg’s law in Eq. (3) provides us with information about
crystallographic planes spacing. Then, after using the rela-
tion between plane spacing in orthorhombic structure, the
lattice constant values can be calculated in Eq. (4).

A = 2djyy sin 0 (3)

1/dy, = h*Ja* + k*/b* + I*/c? (4)

The enhancement of heat-treatment temperature and its
relationship with the changes in lattice constant is shown in
Fig. 4. It should be mentioned that the determined lattice
parameter for the synthesized monticellite nanoparticles
sintered at 1200°C was a = 0.4793 nm, b = 1.0986 nm and
¢ = 0.6356 nm, which was close to its value in the reference
card ag=0.4812 nm, by=1.105 nm and ¢y = 0.6364 nm,
shown in Table 1. According to the explanations, mon-
ticellite unit cell was orthorhombic, with a space group of
pbnm with the number of 61 (JCPDS Card File No. 01-084-
1321). The optimum placement of monticellite atoms in one
face of unit cell is shown in Fig. 5.

3.4 Average lattice stress and micro-strain calculations

The XRD patterns obtained from the samples showed a
deflection from the reference patterns due to the lattice
stress/strain. Generally, when a sample is synthesized with
lower lattice strain, the yield stress is always in higher
values. The micro-strain was determined from the half-
width of five diffraction peaks with the highest intensity
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Fig. 4 The relationship between lattice constant changes with
heat-treatment  temperature for the synthesized monticellite
nanoparticles

using the Williamson—Hall Eq. (5) [24]:
pcosd =kA/D + 4esin 0 ®)

Warren [25] showed that the f can be calculated using
the following formula in Eq. (6):

ﬂ = V ﬂlzl/leasured - ﬂﬁevice (6)

Where f$ is the full width at half maximum of the peak, A is
the X-ray wavelength (1.540598 A) and & is micro-strain.
The fcos6/sin@ diagram is shown in Fig. 6, in which the
micro-strain was calculated from the slope diagram, and
the average nanocrystallite size was measured from the
intercepts (the intersection with the vertical axis) diagram.
Thus, after extracting the strain (&) from Williamson—Hall
formula, lattice stress could be calculated using Hooke's
Law in Eq. (7) [26]:

s =Ee (7)

In this representation, the relation between true strain (¢)
and engineering strain (e) is ¢ = In(1 + e) that is, if e < 0.01
ise ~ g, E is the Young’s modulus or modulus of elasticity
(for monticellite 51 GPa [20]). The lattice stress and strain
occurred probably due to crystallographic defects (For
example: point defects, line defects, planar defects, and bulk

2+

SiO4
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Fig. 5 Schematic of one face of the monticellite crystal lattice
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Fig. 6 Williamson—Hall diagram of the synthesized monticellite
nanoparticles after heat-treatment at different temperatures

defects). In fact, the powder sintered at 1100°C had a lower
lattice stress value compared to the powder sintered at 700°
C, which might be due to the burning effect of hydrocarbon
compounds and their eliminations from the structure. The
other reason might be due to the transformation of a mul-
tiphase compound (impurities) into monticellite mono-
phase. Therefore, the lattice stress value decreased at the
temperature of 1100°C and then increased at 1200°C which
could be due to the crystal defects in the monticellite
structure.

3.5 Thermal behavior analysis

It is known that a detail analysis on the thermal behavior of
bioceramics during heat-treatment process can provide
valuable information regarding their final characteristics for
biological applications. This sort of analyzes can efficiently
show how the structure of a bioceramic develops and when
the toxic by-products remove from the samples [27].
Therefore, in the present study, thermal analysis was
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conducted on the dried samples at 100°C, shown in Fig. 7.
As can be seen, there are endothermic peaks in TG-DTA
curves that each one is related to a specific reaction. The
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Fig. 7 STA curves of the synthesized monticellite nanoparticles at
100 °C; a TG and b DTA curves

total mass loss was about 74% related to the drying process
during the thermal analysis, which is due to the deletion of
different gases from the synthesized monticellite powder. It
is worth mentioning that alkyl groups are unstable and
combustible after the polycondensation of TEOS which is
similar to a polymerization process in low temperature
ranges. A major part of the carbon dioxide was removed
after the evaporation of water from the microstructure [28].
As can be seen in Fig. 7a, the weight loss rate suddenly
increased at about 200°C, and then reached the lowest level
at about 1100°C. In another word, it could be also con-
cluded that the elimination of organic and inorganic com-
pounds started at 150°C and continued up to 780°C. The
hydrochloric and nitric acid derived from ethanol and metal
salts in the gel started to be decomposed by further
increasing of the temperature according to the following
reaction:

HCI + HNO; — CI~ + NOj + H,0

It can be concluded that the products of this decom-
position were released from the sample as inorganic gases
between 150-780°C. The exothermic peak around 600°C
was detected due to the crystallization of monticellite phase.

3.6 Microscopic observations

Figure 8 shows the morphology and chemical composition
of the synthesized monticellite nanoparticles. As can be

| El t unn. C [ Wt %] | norm. C [Wt %] | Atom. C [at %]
6 - (0] 30.93 32.61 51.82
] Mg 12.88 13.58 14.21
Si 15.04 15.86 14.35
- Ca 27.65 29.15 18.49
=] 1 Au 8.34 8.79 1.13
\m’ 4 T Ca o,
g | g il ca Total: 948 %
=
k7
c
) J
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£ 2
L e I‘ T ——— 1
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Fig. 8 The typical SEM-EDS and mapping micrographs of the synthesized monticellite nanoparticles sintered at 1200°C
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seen, there are compact microcrystalline particles composed
of small nanoparticles in the range of nano, suggesting that
the sintering process forced nanoparticles to be aggregated
as larger particles. In addition, the EDS spectra of the
nanoparticles confirmed that a monticellite phase was suc-
cessfully obtained. Moreover, the mapping analysis clearly
showed that the Ca, Mg, Si, and O ions were uniformly
distributed on the monticellite particles.

3.7 BET and BJH analysis

In the 1985 TUPAC recommendations physisorption iso-
therms were grouped into six types [29]. However, over the
past 30 years various new characteristic types of isotherms
have been identified and shown to be closely related to
particular pore structures [30]. Figure 9a shows the N,
adsorption—desorption isotherms of the monticellite pow-
ders. According to the TUPAC classification, the mon-
ticellite ceramic displayed the type III N, adsorption
isotherm at high relative pressure. Hysteresis loop in Fig. 9a
is similar to type H3 in the IUPAC hysteresis loops [30, 31].
In the case of a type III isotherm, there is no sharp knee and
therefore no identifiable monolayer formation; the
adsorbent-adsorbate interactions are now relatively weak
and the adsorbed molecules are clustered around the most
favorable sites on the surface of a nonporous or macro-
porous solid [30, 31]. Loops of this type are given by non-
rigid aggregates of particles [31]. The result obtained from
the adsorption—desorption isotherm by BJH method is
shown in Fig. 9b. It was found that the monticellite revealed
a thick pore size distribution with a mean pore size of
6.289 nm, a relatively small BET surface area of 4 m%/g,
and the single point adsorption total pore volume (P/Py=
0.990) of 0.0061 cm?/g.

3.8 FTIR analysis

The FTIR spectra of the synthesized monticellite nano-
particles at 100, 700, 1100, and 1200°C are shown in
Fig. 10. As can be seen, the bond at 3442 cm ™' correspond
to v stretching vibration of H,O molecules was detectable
for the synthesized powders at 100 and 700°C, which

Pore diameter (nm)

d)

Ca-0 and Mg-O vibration bands
—

b) ‘W\ f v

m
Stretching vibration of N,O _

ions and bending vibration

%Transmittance

|
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of H,O molecules
T

\ —
N-O stretching SiO, tetrahedron|
vibration related vibration

of H,0 molecules

4000 3400 2800 2200 1600 1000 400

Wavenumber (cm-')
Fig. 10 The FTIR spectra of the synthesized monticellite nanoparticles

at different heat-treatment temperatures; a 100, b 700,
¢ 1100, and d 1200°C

might be due to the manufactured products of condensation
reactions in the sol-gel method and the decomposition
reaction of acidic compounds such as HCI and HNO; to
Cl™ and NO," [32]. Moreover, the 14, 3, and v, stretching
vibrations of N-O mode (HNO3;) were also detected at
1363, 1382, and 1425cm™', respectively, only for the
synthesized powders at 100°C [32]. The bond at 1631.67
cm ' correspond to stretching vibration of N=0 mode
(NO," ions) and & bending vibration of H,O molecules
[32]. A relatively small peak was also observed at 605
cm ! regarding the 8 bending vibration of C=0 mode for
the synthesized powders at 100 and 700°C. In fact, by
increasing the heat-treatment temperature, the bands cor-
respond to water, carbon dioxide and nitrate were removed
from the structure of the samples. The bonds between
829-981 cm ! and the bond at 520 cm ™, could be seen in
all samples, which correspond to the v stretching vibration
and 9 bending vibration mode of the SiO, tetrahedron [33].
These peaks have been more detectable by further heat-
treatment of the samples at higher temperatures. To confirm
the correct synthesis of monticellite nanoparticles, two
main peaks at 433 and 598 cm ™' were also detected due to
the presence of Mg—O vibration bands [34]. In addition, the
band around 423 cm ' indicated the vibration of Ca—O
mode [35]. It should be noted that the FTIR spectra of the
powders sintered at 1100°C and 1200°C showed similar
molecular characteristics.
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4 Conclusion

In this paper, a novel synthesis procedure was presented for
monticellite nanoparticles in which ethanol and chloride
ions accelerated the polycondensation reaction of TEOS
during the synthesis process. Ethanol plays the role of a
protic green solvent that all precursors were solved in it
physically. In the following, after the release of water from
the metal salts structure, it starts to react with TEOS.
Ethanol can reduce nucleophilicity and rate of condensation
effectively through making hydrogen bonds with =Si—O",
But on the other hand hydrochloric and nitric acid can be
formed as a result due to making hydrogen bonds between
ethanol, chloride and nitrate ions (very high nucleophilicity)
in solution, Which can reduce the nucleophilicity of =Si
—O7 less than before. These two mechanisms can cause the
stabilization of created complex in sol, reducing the gelling
time, creating large molecular networks and formation a
transparent gel without crack through controlling the rate of
condensation. The effect of hydrochloric or nitric acid
anions can only be in non-coordinative electrostatic inter-
actions with positively charged as-generated silica particles,
which hinder their aggregation in solutions. This procedure
showed superior advantages in comparison with the other
conventional techniques presented in the literature for the
formation of monticellite, which is relatively faster at lower
temperatures. In addition, the high-pure monticellite nano-
particles were formed in lower temperatures around 1200°C
when compared with the conventional techniques which
was around 1480°C. The XRD, STA, and FTIR results
showed that by further increasing of the temperature,
additional materials such as ethanol, carbon dioxide, water,
and nitrate were successfully removed from the samples. It
is worth mentioning that at 1200°C the sample structure
transferred from the multi-phase to single-phase, and finally
high-pure monticellite was formed.
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