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a  b s  t r a  c t

The effect of particle size and phosphorous content in biomineralization media on in vitro

bioactivity of monticellite based ceramic powders was investigated. Monticellite based

ceramic  powder was synthesized at 800 ◦C  for 4 h using boron derivative waste. Monticellite

based ceramic powder, comprising monticellite, akermanite, diopside, calcium magnesium

borate  and zeolite LTA crystalline phases, was crushed and then ball-milled for optimized

time to obtain lowest average particle size and the narrowest particle size distribution.

In vitro bioactivity of both coarse (d10: 0.5 �m, d50: 3.0 �m, d90: 42  �m)  and fine (d10: 0.5 �m,

d50:  1.4 �m, d90: 4.8 �m) wafers was determined by incubation in Lactated Ringer’s Solu-

tion and Human Blood Plasma for 1,  3, 5,  7, 14, 21 and 28 days at 36.5 ± 0.5 ◦C. The obtained

results exhibited that calcite (CaCO3)  layer after immersion in Lactated Ringer’s Solution

and bone-like apatite layer after immersion in Human Blood Plasma were formed on the

surface of coarse and fine wafers. The presence of phosphorus in biomineralization media is

necessary for apatite formation. The increment of surface roughness favors homogeneous

nucleation, and fasten nucleation and growth kinetics of precipitation. As a result, the bioac-

tive  characteristic of monticellite based ceramic powder could be governed by the particle

size.
©  2020 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

El  efecto  del  tamaño  de  partícula  y  el contenido  de fósforo  en  los  medios
de  biomineralización  sobre  la  bioactividad  in  vitro  de  los  polvos  cerámicos
a  base  de  monticellita  obtenidos  a partir  de residuos  de  derivados  de boro

Palabras clave:

Monticellita

r  e  s u  m e  n

Se investigó el efecto del tamaño de  partícula y el contenido de fósforo en los medios de

biomineralización sobre la bioactividad in vitro de polvos cerámicos a  base de  monticellita.
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Bioactividad

Tamaño de partícula

Cristalización

Residuos derivados de  boro

El polvo cerámico a  base de  monticellita se sintetizó a  800 ◦C durante 4 h utilizando residuos

de  derivados de boro. El polvo cerámico a  base de monticellita, que comprende monticel-

lita, akermanita, diópsido, borato de calcio y  magnesio y  fases cristalinas de zeolita LTA se

trituró, y luego se molió con bola durante un tiempo optimizado para obtener el tamaño

de partícula promedio más bajo y  la distribución de tamaño de partícula más estrecha. La

bioactividad in vitro de obleas gruesas (d10: 0.5 �m, d50: 3.0 �m, d90: 42  �m)  y finas (d10:

0.5 �m, d50: 1.4 �m, d90: 4.8 �m) se  determinó mediante incubación en solución de  Ringer

lactato y  plasma sanguíneo humano durante 1,  3, 5, 7, 14, 21  y  28  días a  36,5 ± 0,5 ◦C.  Los

resultados obtenidos mostraron que la capa de  calcita (CaCO3)  después de la inmersión en

la solución de  Ringer lactato y la capa de  apatita similar a  un hueso después de la inmer-

sión en plasma sanguíneo humano se formaron en la superficie de obleas gruesas y  finas.

La presencia de fósforo en los medios de biomineralización es necesaria para la formación

de  apatita. El incremento de la rugosidad de  la superficie favorece la nucleación homogénea

y  fija la cinética de  nucleación y  crecimiento de  la precipitación. Como resultado, la carac-

terística bioactiva del polvo cerámico a base de monticellita podría estar gobernada por el

tamaño  de partícula.

©  2020 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Bioactivity is a crucial characteristic for bone grafts which
leads the formation of a bone-like apatite layer at the
tissue–implant interface upon immersion in biological fluids.
The formed bone-like apatite layer provides osteoconductiv-
ity and then chemically stable and strong implant–bone bond.
For this reason, bioactive ceramics have been widely used as
bone graft substitutes in the last decades due to their high bio-
compatibility and also, high bioactivity [1–7]. Among bioactive
ceramics, monticellite (CaMgSiO4) bioactive ceramics have
received much attention as a bone void filler and a coating
material on Ti–6Al–4V alloy for  orthopedic applications owing
to not only high biocompatibility and high bioactivity charac-
teristics and also, superior mechanical and thermal properties
compared to hydroxyapatite (HAp), akermanite (Ca2MgSi2O7)
and merwinite (Ca3MgSi2O8) bioactive ceramics [7–13].

Turkey has almost 72% of the boron reserves in the world-
wide. During the refinement of tincal minerals to obtain
borax pentahydrate, boron derivative waste are generated in
large quantities (hundreds of thousands of tons per year)
in Kırka Plant of Eti  Mine Works General Directorate, in
Eskişehir/Turkey. The deposition of boron derivative waste
causes costly storage problems and serious environmental
pollutions [14]. For this reason, in the previous study, monticel-
lite based bioactive ceramic powders have been synthesized in
an eco-friendly and cost-effective way  using boron derivative
waste, provided from Kırka Plant of Eti  Mine Works  General
Directorate [15].  Until today, monticellite bioactive ceramics

Table 1 – Ion concentrations of Human Blood Plasma (HBF), Simulated Body Fluid (SBF) and Lactated Ringer’s solution
(LRS).

Ion concentration (mM) Na+ K+ Mg2+ Ca2+ Cl− HCO3
− HPO4

2− SO4
2− Na-lactate

Human Blood Plasma 142.0 5.0 1.5 2.5  103.0  27.0 1.0 0.5  –
Original SBF 142.0 5.0 1.5 2.5  148.8  4.2  1.0 0  –
LRS 130.7 4.02 –  1.4  109.5  –  – –  22

have been produced only by the sol–gel method [8,10–12].
It was  the first study [15] in  which monticellite has  been
obtained by solid-state synthesis method. Moreover, in vitro

bioactivity and in vitro cytotoxicity of synthesized monticellite
based ceramic powders have been determined [16,17].  How-
ever, there is  still a shortage in the literature for a detailed
investigation on in vitro  bioactivity characteristic of monticel-
lite based ceramic powders because the obtained data after
only 15 and 25  days incubation in  SBF  was not comprehensive
in previous study [16].

The bone-like apatite formation is an ion-exchange reac-
tion between the bioactive implant and surrounding body fluid
and can be considered as liquid-phase synthesis including
dissolution and re-precipitation stages [18,19].  The bone-like
apatite formation can be  enhanced by increasing surface area
of implants results in  higher ion-exchange rate, while sur-
face roughness contributes to the attachment, proliferation
and osteoblast differentiation [18].  It is known that the  bulk
(mass) density, pore properties, specific surface area, and sur-
face roughness are dominated by particle size distribution [20].
In the light of that, surface features governing ion-exchange
rate and nucleation and growth mechanisms for apatite layer
formation could be tuned by particle size distribution.

To our best knowledge, there are a  few types of research
on the literature which is focused on the  effect of parti-
cle size on in vitro  bioactivity of ceramics or ceramic matrix
composites. Chatzistavrou et al. [21] investigated the influ-
ence of particle size on the bioactive behavior of bioactive
SiO2–Na2O–CaO–P2O5 glass system. They found that the bioac-
tive response of SiO2–Na2O–CaO–P2O5 glass system becomes
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Fig. 1 – Comparative XRD patterns of boron derivative

waste and synthesized monticellite based ceramic powder

at 800 ◦C for 4 h (SP-800 ◦C-4 h).

better with the increase of particle size of powders up to
80 �m,  while there is no further improvement with particle
size >80 �m.  The reason was  attributed that the total surface
area seems to decrease asymptotically with the increase of the
particle size. Nevertheless, comprehensive research focused
on the effect of particle size on in vitro bioactivity of a bio-
ceramic is needed to  make a contribution to the existing
literature.

Nowadays, Simulated Body Fluid (SBF) was widely used
by the researchers as a biomineralization media for in vitro

bioactivity assessments. However, the  requirement of a  high
number of reagents, precise pH adjustment and long proce-
dure time, makes the preparation of SBF solutions painful.
Lactated Ringer’s Solution (LRS) is widely used in hospitals due
to no adverse effects reported in patients [22].  Moreover, LRS
has a low cost and can be supplied from the pharmacy. At this

Fig. 3 – Comparative XRD patterns of crushed SP-800 ◦C-4 h

and ball-milled SP-800 ◦C-4 h  powders for 1, 2, 3 and 4 h

using 1 wt.% SA.

point, LRS has seen attracted for the usage as biomineraliza-
tion media for in vitro bioactivity assessments. However, LRS
is lack of some ions such as  Mg2+,  HCO3

−, HPO4
2− and SO4

2−.
Especially, the absence of hydrogen phosphate could be critical
for the precipitation of Ca–P based bone-like hydroxyapatite
layer on the  surface.

Therefore, the  aim of the study was the investigation of
the effect of particle size and phosphorous content in  biomin-
eralization media on in  vitro bioactivity of monticellite based
ceramic powders. Firstly, the solid-state synthesis of MBCPs
carried out using boron derivative waste. Secondly, the average
particle size was reduced, and particle size distribution was
narrowed by ball-milling of synthesized powder along with
the optimization of milling time. Finally, the bone-like apatite
formation ability of both coarse and fine monticellite based

Fig. 2 – Images of (a)  synthesized powder at 800 ◦C for 4 h (SP-800 ◦C-4 h),  (b) SP-800 ◦C-4 h-crushed and (c)

SP-800 ◦C-4 h-milled-2 h-1 wt.% SA.

Table 2 – Three characteristic particle diameters of crushed and ball-milled monticellite based ceramic powders.

Sample code d(0.1) (�m) d(0.5) (�m)  d(0.9) (�m)  Mean crystallite size
of monticellite (nm)

Boron derivative waste 0.414 0.823 2.776 –
SP-800 ◦C-4 h-crushed 0.567 3.091 42.856  34.71
SP-800 ◦C-4  h-milled-1 h-1 wt.% SA 0.604 1.517 5.216 31.36
SP-800 ◦C-4  h-milled-2 h-1 wt.% SA 0.574 1.463 4.813 30.51
SP-800 ◦C-4  h-milled-3 h-1 wt.% SA 0.618 1.621 5.481 46.26
SP-800 ◦C-4  h-milled-4 h-1 wt.% SA 0.603 2.002 8.894 34.97
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Fig. 4 – SEM micrographs (SE mode) of the surface of (a) coarse (SP-800 ◦C-4 h-crushed) wafer and (b) fine

(SP-800 ◦C-4  h-milled-2 h) wafer before incubation (100×).

Table 3 – The surface roughness profile of coarse and
fine wafers.

Sample Ra (�m) Rz (�m) Rmax (�m)

Coarse wafer 1.97 16.44 20.61
Fine wafer 1.22 7.39 10.38

ceramic powders was investigated by the  immersion in Lac-
tated Ringer’s Solution and Human Blood Plasma for various
periods.

Experimental  procedure

Preparation  of  monticellite  based  ceramic  powder

Boron derivative waste supplied from Kırka Plant of Eti Mine
Works General Directorate was  used as starting material. The
solid-state synthesis of monticellite (CaMgSiO4) based ceramic
powder carried out by the heat-treatment of boron deriva-
tive waste at 800 ◦C for 4 h in an electrically heated furnace
(KRC Lab. Eq.) under atmospheric pressure. The heating rate
was kept at 10 ◦C/min. Following the heating cycle, the refrac-
tory plate was  taken out and allowed to be quenched to
room temperature in air. The purpose of rapid cooling lies on
the decreasing of crystallinity degree which leads to  higher
dissolution rate and consequently, the faster ion exchange
contributes to bone-like apatite formation ability [23]. The
critical process parameters (800 ◦C, 4  h, 10 ◦C/min) had been
optimized to obtain maximum monticellite phase content in
the synthesized powder during prior systematic study [15].

After the solid-state synthesis, the  obtained powder was
crushed and ground to below 63 �m.  The qualitative phase
analysis both of boron derivative waste and monticellite based
ceramic powder was performed using X-Ray Diffractometer
(XRD, Miniflex 600, Rigaku) with a  scan speed of 0.5◦/min in
the 2� range of 10–70◦. The detailed characteristic knowledge
(XRF, TG–DTA, FTIR, SEM) of boron derivative waste and MBCP
could be obtained from the prior study [15].

Particle  size  reduction  of  monticellite  based  ceramic

powders

In order to reduce the  particle size of synthesized MBCP at
800 ◦C  for 4 h (SP-800 ◦C-4 h), the  synthesized powder was

Fig. 5 – pH values of LRS with respect to immersion time.

firstly crushed in agate mortar and secondly ball-milled under
liquid-free environment using a  planetary ball mill (Pul-
verisette 6, Fritsch) at rotational speed of 400 rpm in ZrO2

media (80 ml  bowl volume and 10 mm ball diameter, Fritsch).
In the planetary ball mill, crushing and milling are carried out
by the combination of impact and shear stresses. Along with
the fracture of a  solid, energy as  heat is released from frac-
ture and it is necessary for creating additional surface area
[24,25].  The particle size distribution and the degree of disor-
der of milled powders depend on the  milling conditions such
as milling environment, the materials of milling tools, milling
speed, milling time and ball-to-powder weight ratio [20].
Milling environment was preferred dry because dry milling is
more  efficient and could avoid the  formation of hard agglomer-
ates compared to wet milling. ZrO2 milling media was selected
due to  its high wear resistance and biocompatible and bioinert
characteristics [26].  The milling times were set to 1, 2, 3 and 4 h.
The weight ratio of ball-to-powder kept 10:1. In order to reduce
the caking problem, stearic acid (CH3(CH2)16COOH, Merck
KGaA) was used as  a  deflocculant in  1 wt.% of charged powder,
the direction of rotation of the planetary ball mill was  reversed
and the interior-wall of the bowl was scraped down  per hour.
Prior to  the characterization of crushed and ball-milled MBCPs,
stearic acid was removed  away by heat-treatment at 400 ◦C for
2 h.

The particle size measurement of boron derivative waste,
crushed powder, and ball-milled powders was  accomplished
by using laser diffraction particle size analyzer (Mastersizer
2000, Malvern Instruments) in  deionized water. The qualita-
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Fig. 6 – SEM micrographs of coarse wafer before (a) and after immersion in LRS for (b) 1 day; (c) 3 days; (d) 5 days; (e) 7 days;

(f) 14 days; (g) 21 days and (h) 28 days (100×).

tive phase analysis of crushed and ball-milled powders was
performed using XRD under the same conditions stated above.
The mean crystallite size of monticellite in  crushed powder
and ball-milled powders was determined by Scherrer equa-
tion [27]. It was applied to the peaks of (1 2 0) and (2 2 2). The
crushed powder in an agate mortar and ball-milled powders
for each milling time were called SP-800 ◦C-4 h-crushed and
SP-800 ◦C-4 h-milled-X h–Y wt.% SA where X  donates milling
time and Y stearic acid content.

In vitro  bioactivity  assessment  of  monticellite  based

ceramic  powders

In the scope of the assessment of in vitro  bioactivity,
crushed SP-800 ◦C-4 h and SP-800 ◦C-4 h-milled-2 h were firstly
compacted by uniaxial pressing. Secondly, obtained wafers
with the dimensions of Ø13 × 3.5 mm2 and the same mass
were subjected to  the  cold isostatic press under 200 MPa.
Finally, the wafers were divided into two equal pieces to
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Fig. 7 – SEM micrographs of fine wafer before (a) and after immersion in LRS for (b) 1 day; (c) 3 days; (d) 5 days; (e) 7 days; (f)

14 days; (g) 21 days and (h) 28 days (100×).

examine the thickness of the formed bone-like apatite layer by
SEM against the normalized cross-sectional area. The wafers
were soaked in Lactated Ringer’s Solution (LRS) supplied
from a pharmacy, and Human Blood Plasma (HBP) supplied
from a state hospital, for 1, 3, 5, 7, 14, 21 and 28  days
at 36.5 ± 0.5 ◦C using an incubator (KRC Lab. Eq.). Ion con-
centrations of Human Blood Plasma, Simulated Body Fluid
(SBF) and Lactated Ringer’s Solution are given in  Table 1
[28]. The ratio of wafer surface area to solution volume was
kept 0.1 cm2/ml. The wafers were taken out after selected
incubation times, rinsed with deionized water and dried

for 24 h.  The pH of solutions was measured before and
after the  assessment. The formation of a  bone-like apatite
layer on the surface of MBCP wafers was investigated using
a scanning electron microscope (SEM, Supra 50VP, Zeiss)
equipped with secondary electron (SE) and energy-dispersive
X-ray spectroscopy (EDS) detectors (Oxford Instruments). Ca/P
ratio on the surface of wafers incubated in HBP repre-
sented the average value which is determined by 5 different
EDX point analysis of each wafer. The roughness of wafer
surfaces was measured by a  profilometer (MarSurf M  300,
Mahr).
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Fig. 8 – SEM micrographs and EDS analysis results of (a) coarse and (b) fine wafers soaked in LRS for 28 days.

Results  and discussion

Phase  evolution

Comparative XRD patterns of boron derivative waste and
synthesized MBCP (SP-800 ◦C-4 h) are given in Fig. 1.  XRD
patterns showed that boron derivative waste was com-
posed of dolomite (CaMg(CO3)2,  ICDD 36-0426), calcite (CaCO3,
ICDD 05-0586), quartz (SiO2, ICDD 87-2096), borax pen-
tahydrate (tincalconite, Na2B4O7·5H2O, ICDD 07-0277) and
kaolinite (Al2Si2O5(OH)4,  ICDD 29-1488) crystalline phases.
The synthesized MBCP comprised monticellite (CaMgSiO4,
ICDD 76-0727), akermanite (Ca2MgSi2O7, ICDD 83-1815), diop-
side (CaMgSi2O6, ICDD 78-1390), calcium magnesium borate
(kurchatovite, CaMgB2O5, ICDD 73-0618) and zeolite LTA (dehy-
drated sodalite, Na6(AlSiO4)6,  ICDD 42-0217). Monticellite,
akermanite and calcium magnesium borate were found as
major crystalline phases. It is  known that Ca–Mg–Si based
ceramics have high bioactivity. Also, it is reported that apatite
formation ability of akemanite is  higher than monticellite [10].
Considering this information, akermanite as  a  major phase
will make a significant contribution to the apatite formation
ability of monticellite based ceramic powders.

Effect  of  milling  time  on  the  particle  size  of  monticellite

based  ceramic  powders

Milling was  performed using a  planetary ball mill in order
to obtain a particular particle size distribution. Images of
synthesized powder at 800 ◦C for 4 h (SP-800 ◦C-4 h), crushed
SP-800 ◦C-4 h in an agate mortar and ball-milled SP-800 ◦C-4  h
for 2 h are given in Fig. 2. Three characteristic particle diam-
eters of boron derivative waste, crushed SP-800 ◦C-4 h and
ball-milled SP-800 ◦C-4 h for 1, 2, 3  and 4 h determined by laser
diffraction particle size analysis and also mean crystallite size

of monticellite are given in Table 2. The waste consisted of
fine particles with a  narrow particle size range. The crushed
powder after synthesis was composed of particles in a  broad
size range of 0.5–42.8 �m with an average size of 3.0 �m. It
was associated with phase transformations in waste and par-
ticle agglomeration during heat treatment. With the increase
of milling time up  to 2 h,  particle size range became narrower
(0.5–4.8 �m)  and the decreasing of both mean particle size
(1.4 �m)  and mean crystallite size of monticellite (30.51 nm)
went further. However, the ball-milling for more  than 2 h was
inefficient to decrease the particle size range and crystallite
size of monticellite. A  noticeable broadening in particle size
range and crystallite size of SP-800 ◦C-4 h-milled-3 h and SP-
800 ◦C-4 h-milled-4 h was  observed due to  the agglomeration
of powder particles and the growth of monticellite crystals.
The optimal milling time was  selected 2 h in order to  obtain
the lowest average particle size and the narrowest particle size
distribution.

There is no more  fast and easy way  to get quick information
on the  milling progress than XRD that exposes the mean struc-
tural changes upon ball-milled powders for different milling
times [20]. Comparative XRD  patterns of crushed SP-800 ◦C-4 h
and ball-milled SP-800 ◦C-4 h for 1, 2, 3 and 4 h using 1 wt.%
of SA are given in Fig. 3.  In similar to SP-800 ◦C-4 h, crushed
and all milled powders include same crystalline phases such
as monticellite, akermanite, and calcium magnesium borate
in substantially and also, diopside and zeolite. It indicates
that there is no contamination of ZrO2 through milling media
and no newly formed crystalline phases. Although XRD pat-
terns of crushed SP-800 ◦C-4 h and milled SP-800 ◦C-4 h for
1 h are very similar, the peak intensities of akermanite rel-
atively decreased for milled SP-800 ◦C-4 h for 2 h and this
manner went further with the increment of milling time from
2  h to 4 h.  The observed broad hump area under XRD pat-
terns, especially between 27.5 and 37.5 diffraction angles,
increased with milling time as  an indication of decreased
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Fig. 9 – SEM micrographs of coarse wafer  before (a) and after immersion in  LRS for (b) 1 day; (c) 3 days; (d)  5 days; (e) 7 days;

(f) 14 days; (g) 21 days and (h) 28 days (20,000×).

crystallinity degree. Akermanite passed from its starting long-
range ordered structure to  short-range ordered structure with
repeated collisions. It is  interesting that the  amorphization
was observed in akermanite while not in  monticellite. It is
attributed to  the lower Mg/Ca ratio of akermanite (0.5) than
that of monticellite (1). Mg–O bond energy was higher than
that of the Ca–O bond. Thus, higher MgO  content makes the
crystal structure more  stable [8,10]. Therefore, in contrast to
monticellite, milling impact was  able to affect the stability
and crystallization of akermanite by breaking down its crystal
structure.

Bone-like  apatite  formation  ability  of  monticellite  based

ceramic powders

SEM images of the surface of coarse wafer (consisted of
SP-800 ◦C-4 h-crushed powder) and fine wafer (consisted of
SP-800 ◦C-4 h-milled-2 h) before incubation are given in  Fig. 4.
It can be observed in Fig. 4 that the surface of coarse wafer
has relatively higher microporosity and higher surface rough-
ness compare to fine wafer surface due to its broader particle
size distribution. The surface roughness values of coarse and
fine wafers, measured by a  profilometer, are given in Table 3.
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Fig. 10 –  SEM micrographs of fine wafer before (a) and after immersion in LRS for (b) 1 day; (c) 3 days; (d) 5 days; (e) 7 days; (f)

14 days; (g) 21  days and (h) 28  days (20,000×).

According to the obtained results, the  roughness of coarse
wafer surface is higher than fine wafer surface. That theo-
retically refers to the higher specific surface area of coarse
wafer surface. Inevitably, it  is expect to affect the kinetics of
apatite crystallization on wafer  surfaces because high rough-
ness increases sticking probability for atoms by providing
higher number of nucleation sites [19].

In  Lactated  Ringer’s  Solution

The pH values of LRS with respect to immersion time are given
in Fig. 5. SEM micrographs of coarse and fine wafers before
and after 1, 3, 5, 7, 14, 21 and 28 days immersion in LRS are
illustrated in Figs. 6 and 7. The obtained data showed that

the pH  value of LRS for coarse wafers  was found lower for all
incubation period in comparison to fine wafers. It was asso-
ciated to the higher surface roughness of coarse wafer which
could result in a higher dissolution rate of alkali ions such as
Ca2+,  Mg2+,  and Si4+. It is observed on SEM micrographs that
the precipitation occurred on the surfaces of both wafers. The
number and size of precipitated particles on wafer  surfaces
increased with the increment of incubation time. These par-
ticles are more  obvious on 7th days of incubation for  coarse
wafer and on the 1st day of incubation for fine wafer. In addi-
tion, precipitated particles are homogenously distributed on
the surface of coarse wafer and the average size of large par-
ticles (100 �m)  was  found larger in comparison to  fine wafer.
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Fig. 11 – SEM micrographs of coarse wafer  before (a) and after immersion in HBP for (b) 1 day; (c) 3 days; (d) 5 days; (e) 7

days; (f) 14 days; (g) 21 days and (h)  28 days (500×).

It was thought that a high number of nucleation sites on
coarse wafer surface provided by surface roughness allows
homogeneously distributed nucleation and high growth rate.
For fine wafers, the precipitated particles larger than 50 �m
could be seen at first  even on the 1st  day of incubation because
all crystals had to located on a  limited number of nucleation
sites.

SEM micrographs and EDS analysis results of coarse and
fine wafers soaked in LRS for 28 days are given in Fig. 8.  EDS
analysis results show that the composition of precipitated par-
ticles on wafer surfaces is  calcite (CaCO3). The variations in
pH values (Fig. 5)  could be  caused by possible dissolution of
precipitated calcite crystals. It is  reported that calcite can be
formed on the surface if biomineralization media is lack of
phosphorus (P) content [29].  Moreover, there is no P  content

in  boron derivative waste, too. According to chemical analysis
results, obtained by X-ray fluorescence (XRF) in the prior study
[15],  boron derivative waste comprised only 0.02 wt.% P2O5.
As a result, the  presenting of P in biomineralization media is
essential for bone-like apatite formation in the case of absence
of P in wafer composition.

SEM micrographs were taken at higher magnification of
coarse and fine wafers before and after immersion in LRS for
1, 3, 5, 7, 14, 21 and 28  days are given in  Figs. 9  and 10.  The
primary calcite crystals could be easily observed on 3  days
and 1 day for coarse and fine powder, respectively. For both
powders, needle-like crystals became thicker and denser with
the increment of the incubation period and a 3D-network was
established after 21 days. The size of calcite crystals reached
approximately 200–500 nm after 28 days. Even though the
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Fig. 12 – SEM micrographs of fine wafer before (a) and after immersion in  HBP for (b) 1 day; (c) 3 days; (d)  5 days; (e) 7 days; (f)

14 days; (g) 21  days and (h) 28  days (500×).

calcite crystals on the surface of fine powder is thicker, the
non-homogenously distribution of precipitate particles on the
surface of fine powder could be a deficiency to obtain homoge-
nous osteoblast adhesion and osteoconductivity.

The researchers investigated the potential of CaCO3

microparticles as  templates for drug delivery applications
by in vitro and in vivo experiments. The hydrophilic drugs,
bioactive proteins, and DNA were adsorbed on the surface of
CaCO3 microparticles with the aim of solving the problems
related to chemotherapy and radiotherapy [30]. For this rea-
son, depending on the characteristics of precipitated CaCO3

particles tailored during the incubation in LRS, SP-800 ◦C-4 h-
crushed can have a  potential for being used as  bioactive bone
graft substitutes and as drug delivery carriers in the field of
tissue engineering and regenerative medicine.

In Human  Blood  Plasma

It is  known that the formation of bone-like apatite layer on
surface includes these steps: the exchange of alkali ions with
hydrogen ions, the condensation of silanol (SiOH) groups,
the polymerization of the SiO2-rich layer, the formation
of an amorphous calcium phosphate layer, the  crystalliza-
tion of amorphous calcium phosphate layer to apatite layer
[29,31].  The precipitation of Ca–P based crystalline layer on
wafer surface from saturated biomineralization media (e.g.

HBF, SBF, LRS, etc.)  involves nucleation and growth stages
[19].

SEM micrographs of coarse and fine wafers before and
after immersion in  HBP for 1, 3, 5, 7, 14, 21  and 28 days are
given in Figs. 11 and 12. It is  observed that both the number
and size of precipitated particles on wafer surfaces increased



104  b  o  l  e t  í  n d e l a s o c i  e  d a d  e  s p a ñ o l  a d  e c  e r á m i  c a y v i d r  i  o 6 0 (2 0  2 1) 93–108

Fig. 13 – SEM micrographs and EDS  analysis results of (a) coarse and (b) fine wafers soaked in HBP for 28 days.

Fig. 14 – pH values of HBP with respect to immersion time.

with the incubation time. The precipitation could be first seen
apparently on 5th days of incubation for coarse wafer and
on 7th days for the fine wafer. SEM micrographs demon-
strated that the surface roughness and open porosity of
wafers increased by these incubation periods. The size
range of precipitated particles was approximately 5–30 �m
and 5–10 �m for coarse and fine wafers, respectively. More-
over, particles were distributed homogenously on the surface
of the coarse wafer  while the fine wafer  surface did not
homogenously cover by them. It points out that hetero-
geneous nucleation took place on a  fine wafer  surface.
It was associated with lower surface roughness of fine
wafers.

SEM micrographs and EDS analysis results of coarse and
fine wafers soaked in  HBP for 28 days are given in Fig. 13.
The pH values of HBP with respect to immersion time are
given in Fig. 14. Ca/P ratios on wafer surfaces with respect
to immersion time are given in  Fig. 15.  SEM micrographs of
coarse and fine wafers before and after immersion in HBP
for 1, 3, 5, 7, 14, 21  and 28 days at higher magnification are
given in Figs. 16  and 17.  The presence of Ca and P  in  high

Fig. 15 – Ca/P ratios on wafer surfaces with respect to

immersion time.

content indicates the formation of a bone-like apatite layer on
the surface of monticellite based ceramic wafers after immer-
sion in HBP for 28 days. On 28th days of immersion, Ca/P ratio
was found 1.6 for coarse wafer  and 1.68 for the fine wafer.
These values showed that calcium-deficient hydroxyapatite
(Ca10−x(HPO4)x(PO4)6−x(OH)2−x (0 < x  < 1)) and stoichiometric
hydroxyapatite (Ca10(PO4)6(OH)2) layer was formed respec-
tively, as a  sign of bioactivity [32].  By contrast with  LRS
assessment, the pH  values for coarse wafer  were found higher
for HBP test. This variety was associated with the difference
of pH  values of LRS (6.5) and HBP (7.4) where there is  a sig-
nificant difference in ion  concentrations. An  increase in  pH
values was observed at first days due to  ion exchange of
Ca2+ ions in wafers with H+ in  HBP  which results in  the for-
mation of hydrated silica layer. After 5th days, pH  sharply
decreased owing to the apatite formation where OH− ions in
HBP were consumed [8]. In correlated with that, Ca/P ratio
on wafer surfaces decreased (with the increment of P  con-
tent) after 3rd and 5th  days for coarse and fine wafers. SEM
micrographs revealed that the  formation of apatite became
more  obvious with denser crystalline layers with the incre-
ment of immersion time. The needle-like apatite crystals with
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Fig. 16 – SEM micrographs of coarse wafer  before (a) and after immersion in HBP for (b) 1 day; (c) 3 days; (d) 5 days;

(e) 7 days; (f) 14 days; (g)  21 days and (h)  28 days (2500×).

a size lower than 5 �m could be easily observed on 14th days.
The particles began to connect to each other through apatite
crystals and a  3D-network has covered the surface up to 28
days.

In comparison with coarse wafer, the crystallite size was
lower, and the surface of the fine wafer  had not been homoge-
nously covered by apatite layer. Ca/P ratios on fine wafer
surfaces in the first 5 days were determined roughly 100%. The
P content in monticellite based wafers is nearly zero because
boron derivative waste contains 0.02 wt.% P2O5 according to
XRF analysis [15]. In this situation, HBP is sole source for  P
content to provide Ca–P based apatite layer formation on the

surface. ∼100% Ca/P ratio indicates that too  low P  content
(between 0 and 1%) in HBP was able to  be consumed for precipi-
tation. On the  other words, apatite crystallization on fine wafer
surfaces took place after 5th day of incubation. Although, the
degradation rate of the fine wafer was  higher, the apatite for-
mation kinetics was slower and non-homogenous distribution
of apatite crystals on the surface was identified. As a result,
the apatite formation was  monitored by the particle size of
powders. The higher surface roughness and higher specific
surface area of coarse wafer resulted in a  greater sticking prob-
ability for atoms favored the  nucleation and growth kinetics
of bone-like apatite formation [19].
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Fig. 17 – SEM micrographs of fine wafer before (a) and after immersion in HBP for (b) 1 day; (c) 3 days; (d)  5 days; (e) 7 days;

(f) 14 days; (g) 21 days and (h) 28 days (2500×).

Conclusions

In the present study, monticellite based ceramic powder was
synthesized using boron derivative waste at 800 ◦C for 4 h
in an electrically heated furnace under atmospheric pres-
sure. The synthesized powder was composed of monticellite,
akermanite, diopside, calcium magnesium borate and zeo-
lite LTA crystalline phases. MBCP was firstly crushed in an
agate mortar and secondly ball-milled in ZrO2 media under
liquid-free environment. The amorphization of akermanite
was increased with the  increment of milling time above 2 h.
The optimal milling time was  selected as  2 h to  obtain the

lowest average particle size and the  narrowest particle size
distribution. Next, in vitro bioactivity of coarse (d10: 0.5 �m,
d50: 3.0 �m, d90: 42 �m) and fine (d10: 0.5 �m,  d50: 1.4 �m,
d90: 4.8 �m)  monticellite based ceramic powders, obtained by
crushing in an agate mortar and ball-milling for 2 h follow-
ing to synthesis, were assessed by the  immersion in Lactated
Ringer’s Solution and Human Blood Plasma for various peri-
ods (1, 3, 5, 7, 14, 21 and 28 days). The obtained results showed
that

• calcite (CaCO3) layer was formed on the surface of mon-
ticellite based ceramic wafers after immersion in  Lactated
Ringer’s Solution for 28  days,
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•  if the host material is lack of P content, the existing of P  in
biomineralization media is essential for bone-like apatite
formation,

• in contrast to Lactated Ringer’s Solution, calcium-deficient
hydroxyapatite (Ca10−x(HPO4)x(PO4)6−x(OH)2−x (0 < x  < 1))
and stoichiometric hydroxyapatite (Ca10(PO4)6(OH)2)  layer
was formed on the surface of coarse and fine wafers,
respectively after immersion in Human Blood Plasma for
28 days indicating good bioactive response,

• both calcite and bone-like apatite layer became denser
with the increment of immersion time (from 1 to 28 days),
however; crystals did  not homogenously distribute on the
smooth surface of fine wafers,

•  the surface roughness of wafer  favors homogeneous
nucleation and growth kinetics of calcite and apatite pre-
cipitation.
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