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Abstract: Bioactive calcium silicate (CS) and lanthanum oxide (La203) doped
bioactive calcium silicate (La-CS) materials were successfully prepared in this study.
Ca0, SiO2, and La203 used as precursors materials followed by the solid-state
reaction at 1050°C for 2h. The retained particles were crushed and characterized
using various methods such as XRD, FTIR, and SEM. Based on the XRD analysis
outcomes, two phases of calcium silicate (CaSiO3 and Ca2Si04) were obtained, and
the quantity of CaSiOs phase increased gradually with increasing La203 amount.
Based on the FTIR analysis outcomes, the sharpness and area of SiOs group
shrinkage with the addition of La20s. Based on the SEM analysis outcomes, calcium
silicate particles appeared as spheroids like particles and transformed to elongated
spheroidal particles with the addition of 20 wt.% of Laz20s. Furthermore,
incorporating 20 wt.% of La203 reduced the size of calcium silicate particle up to
60% of the pure samples.

Lantanyum Oksit Katkil1 Kalsiyum Silikat Partikiilleri: Hazirlanisi ve Karakterizasyonu

Anahtar Kelimeler
Kalsiyum Silikatlar,
Lantanyum Oksitler,
Kat1 Hal Metodu,
Karakterizasyonlar

Ozet: Bu calismada, biyoaktif kalsiyum silikat (CS) ve lantan oksit (Laz03) katkili
biyoaktif Kkalsiyum silikat (La-CS) malzemeleri bagariyla hazirlanmistir. Oncii
malzemeler olarak CaO, SiO2 ve La203 kullanildi ve ardindan 2 saat boyunca 1050
°C'de kat1 hal reaksiyonu gergeklestirildi. Parcaciklar ezildi ve X-1s1n1 kirinim analizi
(XRD), Fourier kizilotesi spektroskopisi (FTIR) ve Taramali elektron mikroskobu
(SEM) gibi cesitli yontemler kullanilarak karakterize edildi. XRD analizi sonuglarina
gore kalsiyum silikat iki faz1 (CaSiOs3 ve CazSiO4) elde edildi ve artan La20s miktari
ile CaSiO3 faz1 miktar1 kademeli olarak artti. FTIR analizinin sonug¢larina gore, Laz03
ilavesiyle SiOs+ grubu biiziilmesinin keskinligi ve alani artti. SEM analizinin
sonuclarina gore, kalsiyum silikat partikiilleri kiiresel olarak goriindii ve agirlik¢a
%20 Laz03 ilavesiyle uzatilmis kiiresel partikiillere doniistii. Ayrica, Laz03'iin
agirlikca %20'sinin dahil edilmesiyle kalsiyum silikat partikiil boyutu saf
numunelerin partikiil boyutunun %60'1na kadar azaldi.

1. Introduction

layer appears on the bioactive materials that further
bonding the surface with the bone tissues. In this

The bioactive and biocompatible materials have
extensively been studied and employed to repair,
reconstruct, and replace damaged living hard tissues
or worsen body parts, particularly badly accidental
bones, and teeth. Mostly the used materials involved
glass-based silicate ceramic materials due to their
ability to slight and slow but gradual solubility in the
living body fluid. These silicate glass-ceramic
materials can be long-term implanting materials due
to their bioactive nature. This bioactive behaviour
further results from their ability to develop a good and
strong binding behaviour with the living hard tissues.
Additionally, a biologically active carbonated apatite
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connection, silicon-based substances play a major role
in enriching the bioactive capability of glass-based
materials [1]. Hench introduced the first bioactive
glass bioglass in 1971, which is still the most popular
clinical material for various biomedical applications
[2]. Since the Hench discovery, various biomaterials,
particularly calcium silicate [Wollastonite (CaSiO3)]
and bioactive glass-based materials, gained huge
popularity as highly promised biomaterials for
orthopaedic surgery [3]. Silicon is an important trace
element and has shown an encouraging function in the
early growth of bones. Its soluble form may play a
pivotal role in the production and osteoblastic
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differentiation in human osteoblast cells and the
stimulation of collagen cells [4]. According to the
previous studies, it has been exhibited that CaSiOs
based materials have revealed excellent bioactivity
and biocompatibility and have a strong capability to
connect with the living hard tissues. These
investigations demonstrated that CaSiOs oriented
bioglass might prove significant and trustable material
for different orthopaedic related surgical problems.
Since CaSiO3 ceramic materials have shown
significantly in vitro bioactivity and biocompatibility
[5], owing to these potential properties, CaSiO3 have
been studied extensively to use them as artificial
bones and dental roots. Since then, CaSiO3 has gained
an escalating attraction in the clinical area, especially
in the orthopedic surgery and drug delivery. This huge
attention and attraction have been attributed to the
greater ability of CaSiOs to develop good bioactivity,
biocompatibility and sealing capability [6, 7].

Compositional doping in CaSiOs by various ions like
titanium, magnesium, europium etc., has already been
reported in the literature, which successfully showed
an improvement in the biological and physicochemical
properties of CaSiOs. However, a major drawback of
CaSiO3 is its high dissolution rate after its
implantation, which may be fatal for the surrounding
tissues. Therefore, there is a need to improve its
characteristics to improve its properties for various
biomedical applications, particularly after its
implantation in the living environment.

In this regard, the addition of titanium, magnesium,
strontium etc. Lanthanum and lanthanum Oxide
(La203) are novel materials with many industrial,
technological, and biomedical applications.
Lanthanum ion has been known due to its
antibacterial role. Its substitution in the CaSiO3 may
help enhance its role in controlling different bacterial
infections, inflammation, and bone tissue resorption
[8, 9]. Numerous previous studies have revealed that
lanthanum and silicon substituted biomaterials have
applications in the biomedical area [10, 11]. Similarly,
according to some reports, Laz03 also has been found
an attractive material to improve the mechanical and
biological properties of the materials in which they are
substituted [12]. Besides this, the literature also
reported that the use of lanthanum helps in controlling
the inordinate number of calcium effects in the
biological system.

Moreover, lanthanum and facilitates in blocking
lanthanum use and facilitates the blocking of active
calcium extraction in the human red blood cells [13].
Furthermore, lanthanum has been reported to have
good mechanical strength, powerful antibacterial
property, anti-inflammatory effect, rapid wound
healing effect, biocompatibility, bioactivity, and helps
in restoring skin tissues and functions when used in
the biological system [14-16]. Therefore, it is
commonly a developed analogy that incorporating

lanthanum in the CaSiO3 may be beneficial in uplifting
the characteristics of the CaSiOs materials [14, 17].

Various techniques are constantly in use to synthesize
these bioceramic materials. Precipitation,
hydrothermal, co-precipitation, sol-gel, microwave-
assisted methods, and continuous flow microwave are
the well-known routes to prepare these biomedical
materials [18-21]. These are the liquid phase-based
methods that have many merits over solid-state
methods. Still, their long processing time and
maintenance of various process parameters make
them a difficult choice. Owing to these demerits’
scientists are trying to use solid-state methods that
involve fewer process parameters and short process
time [22].

The aim of this study was to synthesis and
characterize calcium silicate and La doped calcium
silicate materials, and to evaluate the impact of dopant
(Laz03) on physiochemical properties of calcium
silicate. The objectives of this study were achieved,
and the results discussed in detail in the results
section. In literature, La203 incorporation into the
calcium silicate lattice and its impact on the crystal
structure has not been reported. Therefore, in this
study, the effect of Laz0s3 substitution on the crystal
structure, particle shape and particle size of calcium
silicate is reported for the first time.

2. Material and Method

Calcium carbonate (CaCOs, Merck), Silicon dioxide
(SiOz, Merck), and Lanthanum (III) oxide (Laz0s.
Merck) were used as precursors materials.

2.1 Preparations of CaSiOs and La-doped CaSiO3

The entire materials were synthesised using the Solid-
state method. Briefly, 1 M (10 g) of CaCO3 powder was
mixed thoroughly with 1 M (6 g) of SiO2 using mortar
and pestle for about 10 mint. Then, the powder
mixture transferred to the furnace and heat-treated at
10502C for 2 h (Solid-state method). For La-doped
CaSiOs, the molar ratio of (Ca+La)/Si was fixed to 1.
Different amounts of La203 powder were mixed with
CaCOs powder before mixing it with SiOz. The
concentration of chemical utilized to synthesis pure
CaSiO3 and La-doped CaSiOs materials were recorded
in Table 1.

Table 1. Quantities of the reactants.

Sample ID Reactants (Mole%)

Ca0 La203 SiO2
CS 50 % 00 50 %
10% La-CS 40 % 10% 50 %
20% La-CS 30% 20% 50 %

A graphicillustration of the preparation of pure CaSiOs
and La-doped CaSiOs materials is displayed in Figure.
1.
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Figure 1. A schematic illustration of the preparation of materials

2.2 Characterizations

The calcined powder was crushed using mortar and
pestle. The phase purity of the prepared materials was
examined by X-ray diffraction analysis (XRD, Bruker)
in the 26 range of 5°-90° (step size 0.03/sec). The
quantitative determination of the crystalline phases
was calculated with integrated software. The particles
shape and elemental distribution of the materials
were investigated by scanning electron microscopy
(SEM, ZEISS). Random points on the SEM image have
been selected to assess the particle size distribution
using image analysis software Image]. The functional
groups that existed in the prepared materials were
determined using Fourier Transform Infra-Red
Spectrometer (FTIR, Bruker) in the range of 400-4000
cml,

3. Results
3.1. X-ray diffraction

Calcium silicate is well known biocompatible material
and has promising as a future material in bone tissue
applications. It has been successfully synthesised
using different techniques such as sol-gel method [24],
wet precipitation method [25], hydrothermal
synthesis method [26], mechanochemical-assisted
solid-state [23], water vapour-assisted solid-state
[27], solid-solid fusion method [28], and molten salt
method [28]. In this study, we have used the solid-
state method to synthesis calcium silicate (CaSiO3) and
La-doped CaSiOs. The XRD technique has been used to
examine the purity and quantity of the obtained
phases, and the results illustrated in Figure 2 and
Table 2. Here, we have used calcite (CaCOs3) as a source
of Ca0, which later used as the main ingredient of
calcium silicate. Widayat et al. demonstrated that
heat-treated CaCO3z at 29002C decomposed to CaO
[29]. Atchudan et al. obtained spherical CaO
nanoparticles at 26502C [30]. Furthermore, Yamashita
et al. demonstrated that CaCOs fully decomposed to
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form CaO at 700°C [31]. Our results were in the same
trend with previous studies, no traces for calcite has
been observed in all the samples, as shown in Fig 2. X-
ray diffraction analysis of mixed CaO and SiOz at 1:1
molar ratio calcined at 1050°C for 2h shown in Fig.
2(a). It is observed that after the calcination process,
the diffraction planes of the final materials were in the
crystalline phase. The calcite phase no longer existed,
deduced that it had completely transformed to CaO.
The calcium silicate existed in multiple phases, such as
calcium silicates (CaSiOs3) (38.9%) and dicalcium
silicates (Caz2Si04) (2.8%), as shown in the Equations
(1-3) [32].

CaC0; - Ca0 + CO, (1)
Ca0 + Si0, — CaSiOs (2)
2Ca0 + Si0, - Ca,Si0, (3)

Ca0 was still detected in all the samples. This is
because Ca0 has a high melting temperature of around
2572 °C or could be attributed to poor fusion of CaO
with SiO2 to form calcium silicate.

With the addition of Laz03, some diffraction planes
correlated to Laz03 were presented (Fig 2(b, c), which
confirmed that some amount of La203 deposited on the
surface of calcium silicates rather than substituted
into lattice crystal. However, it can be seen that the
amount of CaSiO3 phase was increased with an
addition of La203 compared to pure CS samples (Table
2). This behaviour could be due to the presence of
Laz03, which acted as a flux material and further
lowered the melting point of CaO.

Table 2. The phase averaged quantities exhibited in CS and
La-doped CS materials

Sample ID Phase Quantity (%)
CaO SiO2 Laz03 CaSiO3  CazSiO4
CS 54.3 4.0 0 38.9 2.8
10% La-CS 39 0.2 6.5 30.5 58.9
20% La-CS 4.1 0.4 17.2 72.5 5.8
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Figure 2. XRD pattern of the pure CS and La-doped CS
materials calcined at 1050 2C for 2 h.

3.2. FTIR analysis

The FTIR spectra of pure CS and La-doped CS calcined
at 10502C were shown in Figure 3. In the spectra, the
major bands related to the silicate groups are
attributed to the SiO4* tetrahedral have appeared. The
band located in the range of 800-900cm was
appointed to the stretching mode of Si-O (v1) and the
antisymmetric stretching of Si-O-Si (v2) was
exhibited as a broadband in the range of 800-1000cm-
1. Furthermore, the bending mode of Si-O (v3 and v4)
should be detected at 300-350 cm! and 400-500 cm?,
respectively.
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Figure 3. FTIR spectra of the pure CS and La-doped CS
materials calcined at 1050 2C for 2 h

These results are in good match with the previous
research conducted by Bouregba et al. and Puertaset
etal. [33, 34]. The standard stretching vibration of the

C=0 group was detected at 1387 cm-1, the CO2 formed
as side product due to decomposition of CaCOs3 to CaO,
as illustrated in the Eq. 1(a) [35]. The absorption
bands noted around 3637 and 1506 cm are the
characteristic absorption bands of CaO [34]. After
modifying the pure CS with La203, one absorption peak
attributed to La-O bond appeared at nearly 645 cm.
Consequently, the presence of the above-stated bands
recognizes the existence of La203 [36]. The sharpness
and area of SiO4 group shrinkage with the addition of
La203 which could be ascribed to the difference of
electronegativity and polarizing power between
La3*and Ca?* [37]. Furthermore, the peaks of SiOs4
group shifted to low value of wavenumber which
could be attributed to crystal structure disorder of CS
or confirming partial substitution of lanthanum ions
into the CS lattice [37].

3.3. Microstructure and particle distribution
analysis

Microstructure analysis and particle distribution of
the pure CS and La-doped CS materials calcined at
1050 °C for 2 h were displayed in Figure 4-5. As seen
in Fig. 4(a), pure CS particles consisted of densely
packed particles and appeared as spheroid-like
particles with diameter size in the range of 230-510
nm. Furthermore, spherical materials have the benefit
that they have no threat for irritation or destruction of
mucosal layers [38].

[ ¢ {1k WO 7 ViR ¥ Radn s
Figure 4. (a, ai) SEM image and elemental mapping of pure
CS, (b, bi) SEM image and elemental mapping of 10%La-CS,
and (c, ci) SEM image and elemental mapping of 20%La-CS
materials calcined at 10502C for 2 h.
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With the addition of 10 wt. % of Laz03, no obvious
effect has been observed in the shape of the particles.
Research performed by Jadalannagari et al. observed
that the incorporation of La3+ ions did not significantly
affect the morphology of the hydroxyapatite (HA)
particles [39]. However, the particle size was
significantly decreased to the range of 102-211nm. By
increasing the La203 amount to 20 wt.%, the particles
size decreased to the range of 97-195 nm. Bozkurt et
al demonstrated that the grain size of commercially
synthetic HA powders decreases by increasing La203
amount [40]. This behaviour could be correlated to the
different valence of La3* and Ca?+, La3* substituted
part of Ca?* in the calcium silicates crystal lattice, was
able of suppressing the size growth of calcium silicate
particles [41]. Furthermore, the morphology of CS
particles has been also affected by an increasing
amount of La20s3, and the particle shaped changed
from spheroid -like particles for pure CS to elongated
spheroidal particles for 20%La-CS. Furthermore,
successful homogenous incorporation of Laz03 into
the calcium silicate structure was further verified via
the elemental mapping of Ca, Si and La elements by
using SEM (Figure 4. (ai,bi,ci).

204 [[I]II]]CS
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Figure 5. Particle size distribution histogram of the

prepared materials.

4., Discussion and Conclusion

In the summary, multiphase of pure and doped
calcium silicate were successfully prepared using a
solid-state method. The amount of wollastonite
(CaSiOs) increased gradually upon the increasing
amount of Laz03 in the structure of the material.
Significant shrinkage in the particle size of calcium
silicate with the addition of La203 has been observed.
Substitution higher amount of La:03 (20 wt.%)
changed the particle shape from spheroids to
elongated spheroidal particles. The bending and
stretching vibrations mode of silicate, CaO, and La203
were observed. Finally, a new kind of bioceramics
have been prepared and characterised in this study,
and it can be used as a potential candidate for cell
culture analysis.
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