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Abstract

The aim of the present paper is to study the influence of the heat treatment on the phase composition of
biphasic calcium phosphates (BCPs) for biomedical applications. The precursors were prepared by the wet
precipitation method using calcium nitrate tetrahydrate and diammonium hydrogen phosphate. The as-
synthesized powder was subjected to heat treatment at different temperatures and times. Qualitative and
quantitative analyses of the phase composition were done by X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR). A comparative analysis of the phase composition of the obtained BCPs was
performed. It was found that the as-synthesized precursor was characterized by a biphasic brushite/monetite
structure. The heat treatment at 700°C caused the formation of a triphasic structure of monetite, 3-calcium
pyrophosphate (3-CPP), and B-tricalcium phosphate (B-TCP). Heat treatment in the temperature range of
900°C-1300°C led to a change in the precursor’s phases. The structure of the heat-treated powders was
biphasic, consisting of B-CPP as the main phase and B-TCP. Increasing the calcination temperature led to an
increase in the B-TCP amount from 23.5 % at 900°C up to 36.5 % at 1300°C and a decrease in the B-CPP
amount from 76.5 % to 63.5 %, respectively. The holding time in heat treatment did not strongly influence
the phase ratio. Increasing the duration leads to a variation in the B-CPP/B-TCP ratio within a very tight
range: 76.8/23.2% to 73.4/26.6%. The new data on the influence of heat treatment on the 3-CPP/B-TCP ratio
can be used for optimizing process parameters in the design of new BCPs for biomedical applications.

Categories: Other, Dentistry, Orthopedics
Keywords: biomedical application, biphasic calcium phosphates, heat treatment parameters, phase ratio, wet
precipitation

Introduction

Calcium phosphate ceramics (CPCs) have long been recognized as biomaterials for bone regeneration with
excellent biological properties, such as biocompatibility, osteoconductivity, and nontoxicity. These
properties, along with their cost-effectiveness and relatively easy manufacturing, make them preferred and
suitable materials in bone reconstructive surgery [1-3].

The biphasic calcium phosphates (BCPs) were first introduced at the end of the 19th century [2]. Since then,
they have been widely used in general and dental medicine for bone substitution and scaffolding, implant
coating, and drug delivery due to their controlled bioactivity and solubility [1-4]. The main components of
BCPs are hydroxyapatite (HA) and B-tricalcium phosphate (8-TCP). The material resorption and its
substitution with bone depend on the HA/B-TCP ratio [5, 6]. HA and B-TCP have different calcium-to-
phosphorus (Ca/P) ratios of 1.67 and 1.5, respectively, which can affect their mechanical and biological
properties [7-9]. HA has comparatively higher mechanical properties and a low degradation rate. That is why
it serves as a scaffold for bone ingrowth. On the other hand, TCPs are resorbed more rapidly and have lower
mechanical properties. There are two modifications of TCPs: a-TCP and B-TCP, which have the same
composition but different crystalline structures and lower biodegradability (a-TCP > -TCP > HA). An
inverse relationship has been found between the material’s solubility and the Ca/P ratio in the interval of 1-
1.67[1, 2, 10]. The HA/B-TCP combination enables improved resorbability and enhanced mechanical
properties of BCPs, achieved by adjusting the Ca/P ratio [2, 3].

Various thermal methods have been employed to obtain BCPs, including high-temperature sintering, solid-
state synthesis, combustion, and flame spray pyrolysis [2, 11, 12]. Other methods include sol-gel or wet
precipitation reactions followed by heat treatment [13-15]. The production methods can influence the
structure and medical properties of the obtained BCPs.
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Wet precipitation synthesis is a simple and cost-effective method for the preparation of BCP precursors [16-
19]. It is carried out through a chemical reaction in solution, which occurs with the formation of a
precipitate. In the next stage, the dried precipitate is subjected to heat treatment (calcination), during which
phase transformations occur and the final products are obtained. The phase composition of the as-obtained
BCPs depends on the wet precipitation and heat treatment parameters, such as initial materials (Ca/P ratio),
solution pH, and stirring speed on one hand and calcination temperature and duration on the other [20-24].
Any variation in these parameters can alter the final product.

It is stated by Massit et al. [20] that the most conventional method for the synthesis of precursors for 3-TCP
is the precipitation in an aqueous medium from calcium nitrate tetrahydrate and diammonium hydrogen
phosphate as starting materials. However, this method is very sensitive and needs close control of all
parameters. Depending on the parameter variations, a mono- and biphasic structure, composed of 3-TCP
with pyrophosphates or HA, resulted. By varying the synthesis or heat treatment parameters, Xidaki et al.
have prepared single B-TCP or HA and biphasic HA/B-TCP powders with different content [9]. Kwon et al.
have described a synthesis of B-TCP and biphasic HA/B-TCP through a coprecipitation method using the
same starting materials [25]. It is found that the starting Ca/P ratio and the solution pH influence the
formation of different phases, as the initial Ca/P ratio could control the HA content of the biphasic powder.
In their investigation, Mirhadi et al. have used calcium nitrate and diammonium hydrogen phosphate as
precursors for the synthesis of nano-sized B-TCP and HA/B-TCP composite [24]. They have confirmed that
the Ca/P ratio increases up to 1.59 when increasing the pH up to 10.8, thus changing the phase composition
of the obtained powders. Topsakal et al. have established the values of the solution pH and calcination
temperature for obtaining single, biphasic, or even triphasic CPCs [18]. However, unlike other authors, the
biphasic powders are composed of B-TCP and B-calcium pyrophosphate (B-CPP) at pH=10 or 11 and
temperature above 900°C, while at a lower temperature of 700°C, a triphasic HA/B-CPP/a-CPP structure
results. After two hours of sintering at 700°C, Sych et al. have obtained polyphosphate ceramics, consisting
of HA, B-CPP, and B-TCP phases, as their amount depends on the initial HA/monetite ratio [26, 27].

The abovementioned examples are evidence that any variations in the parameters of wet precipitation and
heat treatment processes change the final product. Thus, the wet-chemical reaction and high-temperature
calcination for the preparation of BCPs often lead to the obtaining of different final products [9, 18, 24, 25].
Further research is necessary to define the optimal parameters of wet precipitation and heat treatment for

obtaining BCPs with the desired composition.

The present paper aims to study the influence of the heat treatment parameters (temperature and holding
time) on the phase composition of BCPs for biomedical applications. The precursor is prepared by the wet
precipitation method using calcium nitrate tetrahydrate and diammonium hydrogen phosphate. The as-
synthesized powder is subjected to heat treatment at different temperatures and times. A comparative
analysis of the phase composition of the obtained BCPs is performed.

Materials And Methods
Wet precipitation synthesis

For preparing BCPs in the present study, calcium nitrate tetrahydrate and diammonium hydrogen
phosphate were used to ensure an initial Ca/P ratio of 1.5. At first, 150 ml of 0.6 mol solution of calcium
nitrate tetrahydrate (Chempur, Piekary Slaskie, Poland) was added slowly (2 ml/min) dropwise to 150 ml of
0.4 mol solution of diammonium hydrogen phosphate (Chempur, Piekary Slaskie, Poland). The pH of the
obtained solution was corrected to nine by adding ammonium hydroxide solution (25% ammonium
hydroxide, Chempur). After that, it was stirred at 600 rpm speed by magnetic stirrer (MS10-H500-Pro, DLAB
Scientific Co., Ltd., Beijing, China) for 24 hours at room temperature, and the resulting suspension was
filtered. The obtained precipitate was washed twice with distilled water and absolute ethyl alcohol and then
dried for 24 hours at 120°C in a laboratory dryer (DZ-2BL, Faithful Instrument Co., Huanghua, China). The
dried precipitate was ground in a mortar and divided into portions of 2 grams each, which were subjected to
heat treatment.

Heat treatment

The as-synthesized powders were subjected to heat treatment (calcination) in a furnace LH 30/14
(Nabertherm GmbH, Lilienthal, Germany) at different regimes, varying with the temperature (700°C-1300°C)
and holding time (one to four hours). The designation of the samples and the calcination parameters are
given in Table 1.
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Ne  Probe designation

1 M2-0-0

2 M2-700-1
3 M2-700-4
4 M2-900-2
5 M2-1000-1
6 M2-1000-2
7 M2-1000-4
8 M2-1100-2
9 M2-1200-2
10  M2-1300-2

Calcination
Temperature, °C
0

700

700

900

1000

1000

1000

1100

1200

1300

Phase composition

Time, h Crystalline phase, %
0 74.9
1 66.5
4 70.5
2 76.7
1 75.2
2 74.6
4 79.8
2 84
2 86.5
2 82.8

Amorphous phase, %

25.1

33.5

29.5

23.3

24.8

25.4

20.2

16

13.5

17.2

TABLE 1: Designation, calcination parameters, and phase composition of the samples

XRD data

COD Calculated formula

2106184 CaHPO4

1533075 CaH506P

1517238 Ca308pP2

1001556 Ca207pP2

Samples characterization

The chemical and phase composition of the as-synthesized and heat-treated powders was investigated by X-
ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) analysis. The XRD analysis was
performed in Cu Ka irradiation in the range of 20=9-54° with a step of 0.02° using a Bruker D8 Advance
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany). A specialized software, DIFFRAC.DQuant V1.5,
developed by Bruker, was used for the identification of the individual phases and their relative ratio. The
codes and the designation of the obtained phases are shown in Table 2. The bonding architecture and type of
functional groups in the samples were investigated by FTIR analysis in the range of 4000-500 cm™ using
Shimadzu BX II (Shimadzu Corporation, Kyoto, Japan).

Chemical formula

CaHPO,
CaHPO,.2H,0
Ca3(POy),

Ca2 P207

Name

Dicalcium phosphate anhydrous (monetite)

Dicalcium phosphate dihydrate (brushite)

Beta-tricalcium phosphate

Beta-calcium pyrophosphate

TABLE 2: Crystalline phases in the investigated probes

XRD - X-ray diffraction

Abbreviation

DCPA

DCPD

B-TCP

B-CPP

The steps of the protocol are presented in Figure 1.
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1. Chemical reaction 3. Filtration

2. Precipitation 5. Grinding
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7. Sample preparation 6. Calcination

8. Sample characterization

FIGURE 1: Flow chart of the study protocol

FTIR: Fourier transform infrared spectroscopy; XRD: X-ray diffraction

Results
Phase composition

The synthesized powders before and after heat treatment consisted of crystalline and amorphous phases in
different ratios, which depended on the calcination parameters (Table 7). The ratio between the crystalline
and amorphous phases in the as-synthesized powder was 74.9%/25.1%. In the temperature range of 900°C to
1300°C, the crystalline phase amount increased with the temperature increase and reached a maximum of
86.5% at 1200°C.

The diffractograms in Figure 2 show the phase composition of the synthesized powder before and after
calcination at 700°C. Clear and sharp peaks, mainly of brushite and some low peaks of monetite, were
observed in the as-synthesized probe. As monetite is stable at temperatures above 100°C [3], maybe the
presence of monetite was due to dehydration of brushite during 24 hours of drying at 120°C after synthesis.
The calcination at 700°C led to a change in the phase composition. After a one-hour process, the peaks of
brushite disappeared, and new peaks of monetite appeared. New phases were formed: the main phase 3-CPP
with the highest broad peak and a single peak of B-TCP with small intensity. Increasing the calcination time
until four hours led to a sharp peak with a higher intensity of the B-CPP, decreasing the intensity of the
monetite peaks, and the appearance of more B-TCP peaks.

* - Brushite, o — Monetite, ¢ - B-TCP, e - -CPP

l 1
i
| 0 ’1” 0 ¢) 700°C-4h
L /| . 0000 000 [ ee 0
FL I I e S WV A
5 0 :
2 o o b) 700°C-1h
= o | i . A \/ ' 0e 0 00O ee 0O
& i e OGS R, Y 5 LB RS -0 I
g | * 1
= 0 | * o ||* = a) Initial probe
Il i || * * % * Kk kk K
pfaae) RSNSGIOUS G U 7, QUPN |VVee VY -0 5 AT SO S
10 15 20 25 30 35 40 45 50 55
20, Degree

FIGURE 2: Phase composition of the synthesized powder

Diffractograms of powders before and after calcination: a) initial probe; b) 700°C, one hour (h); ¢) 700°C, four
hours; X-ray diffraction (XRD) peaks: *: brushite; o: monetite; ¢: B-tricalcium phosphate (B-TCP); «: B-calcium
pyrophosphate

Figure 3 shows the phase composition of the synthesized powders after two hours of calcination in the
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temperature range of 900°C-1300°C. Peaks of the B-CPP and B-TCP phases were observed in the
diffractograms. Increasing the temperature led to a gradual decrease of the highest peak of the
pyrophosphates and a slow increase of the B-TCP peak above 1200°C. Characteristic peaks of a-TCP were
not present in the diffractograms at high temperatures (1200°C and 1300 °C).

€) 1300°C2h

d) 1200°C-2h
0 ()] Qe o o eee)e o o o . e e) Qoo o

= ¢) 1100°C-2h
=
5
b) 1000°C-2h
O e
. 0 a) 900°C-2h
O e o Qe e ee o o o . o e Qee o

10 15 20 25 30 35 40 45 50 55
20, Degree

0- B-TCP, o - B-CPP

FIGURE 3: Phase composition of the synthesized powder after two
hours (h) calcination at different temperature.

Diffractograms of powders after two hours of calcination at a temperature of a) 900°C; b) 1000 °C; c) 1100 °C;

d) 1200 °C; e) 1300 °C; X-ray diffraction (XRD) peaks: ¢: B-tricalcium phosphate (3-TCP); *: B-calcium
pyrophosphate

Figure 4 shows diffractograms of powders heat-treated at 1000 °C and different holding times. Only peaks of
pyrophosphates and B-TCP were observed, which did not change their intensity with increasing time from
one to four hours. Therefore, the heat treatment led to a change of the phase composition from brushite and
monetite of the as-synthesized sample to 3-CPP and B-TCP of the heat-treated ones.
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FIGURE 4: Phase composition of the synthesized powder after
calcination

Diffractograms of powders heat-treated at 1000°C and a holding time of: a) one hour (h) (h); b) two hours; c) four
hours. X-ray diffraction (XRD) peaks: ¢0: B-tricalcium phosphate (3-TCP); : B-calcium pyrophosphate

FTIR analysis

The results of the FTIR investigation are shown in Figure 5 and Tables 3, 4. In the as-synthesized powder,
the bands of the phosphate group (P0O.%") at 532, 949, 1033, and 1157 cm™ were observed as well as bands of
the (HPO4),™ group at 586 cm™, 609 cm™, and 879 cm™, which can be attributed to the monetite and
brushite. At the investigated temperature range of calcination (900-1300 °C), the peaks at 532 cm™-987 cm™
and 1018 cm™-1134 cm™ were typical for the phosphate group in the B-TCP. The characteristic peaks of the
P2074 group in the pyrophosphates were slightly shifted to 732 cm™-756 cm™ and 1188 cm™*-1211 cm™.

1
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FIGURE 5: FTIR spectra of the synthesized powder after 2 hours (h)

calcination at different temperatures

Spectra of the synthesized powder after 2 h calcination at a temperature of: a) 900°C; b) 1000 °C; c) 1100 °C; d)
1200 °C; e) 1300 °C.

FTIR: Fourier transform infrared spectroscopy; PO4>": phosphate group; P2074‘: pyrophosphate group

Phases

Functional groups PO43'
Sample M2-700-1 540
Sample M2-700-4 532

B-TCP and monetite

555 979

586 964

1057

1080

1141

1126

B-CPP
P207*

725 1219
725 1211

TABLE 3: Characteristic FTIR peaks and corresponding functional groups present in the samples

heat treated at 700 degrees Celsius

FTIR: Fourier transform infrared spectroscopy; PO.3": phosphate group; P2074': pyrophosphate group; B-CPP: B-calcium pyrophosphate; B-TCP: -

calcium pyrophosphate
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Phases
Functional groups

Sample M2-900-2

Sample M2-1000-1
Sample M2-1000-2
Sample M2-1000-4
Sample M2-1100-2
Sample M2-1200-2

Sample M2-1300-2

TABLE 4: Characteristic FTIR peaks and corresponding functional groups present in the samples
heat treated in the temperature range of 900-1300 degrees Celsius

FTIR: Fourier transform infrared spectroscopy; PO,3-: phosphate group; P2074-: pyrophosphate group; B-CPP: B-calcium pyrophosphate; B-TCP: 3-
calcium pyrophosphate

B-TCP
PO,
532
540
545
555
555
555

555

594

594

594

578

586

586

632

964

941

987

933

933

979

972

1064

1064

1072

1064

1033

1049

1018

1095

1111

1111

1111

1126

1134

1134

B-CPP
P,0,%
725
725
732
732
725
740

756

1188

1203

1211

1211

1211

1211

1188

Comparative analysis

Figure 6 and Figure 7 show the relative phase ratio of the as-synthesized powder and after heat treatment.
The phase composition of the initial sample was biphasic and consisted of 78.0 % brushite and 22.0 %
monetite (Figure 6). Calcination at 700°C led to the formation of a triphasic structure, consisting of
monetite, pyrophosphates, and B-TCP. At the one-hour process, the powder was composed of 45.7%
monetite, nearly the same amount of B-CPP (44.9%), and a small amount of B-TCP (9.4%). Increasing the

holding time to four hours did not strongly influence the amount of the newly formed phases.
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100
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S
w 60
=
S
20
SAMPLE
i M2-0-0 M2-700-1 M2-700-4
O Brushite 78.0 0.0 0.0
OMonetite 22.0 45.7 43.5
op-TCP 0.0 9.4 5.9
op-CPP 0.0 449 50.6

FIGURE 6: Phase ratio of the synthesized powder

M2-0-0: before calcination; M2-700-1: after calcination at 700°C for one hour; M2-700-4: after calcination at 700°C
for four hours; B-CPP: beta-calcium pyrophosphate; B-TCP: beta-tricalcium phosphate

a b
) 100 ) 100
80 e e 80
< =
= = 60
4 =
e e
z =z 40
o) o)
o 5]
20 [ [ 20
0 : 0 M21600— M2-1000 M2-1000-
M2- | M2- M2 M2-  M2- - -1000- -
SAMPLE ' 9005  1000-2 11002 12002 13002 RAMPLE 1 2 4
@p-TCP 235 238 275 312 365 op-TCP 232 23.8 26.6
OBCPP 765 762 725 688 635 Op-CPP  76.8 76.2 734

FIGURE 7: Influence of temperature: a) holding time; b) on the phase
composition of the synthesized powder

B-CPP: beta-calcium pyrophosphate; B-TCP: beta-tricalcium phosphate

The structure of the powders, heat-treated in the high-temperature range of 900°C-1300°C, was biphasic,
consisting of a higher quantity of B-CPP and a lower amount of B-TCP (Figure 7). Increasing the calcination
temperature led to an increase of the -TCP amount from 23.5 % at 900°C up to 36.5 % at 1300°C and a
decrease of the B-CPP amount from 76.5 % to 63.5%, respectively (Figure 7a). The calcination duration did
not strongly influence the phase ratio (Figure 7). Only a low increase, with about 3% of the 3-TCP amount
at four hours of calcination, was observed. Increasing the duration led to variation of the B-CPP/B-TCP ratio
in a very tight range from 76.8/23.2 % at one hour to 73.4/26.6 % at four hours of process.

Discussion
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In our study, calcium nitrate tetrahydrate and diammonium hydrogen phosphate are used for the synthesis
of the precursor, which is characterized by a biphasic structure consisting of 78.0 % brushite and 22.0 %
monetite (Figure 2 and Figure 6). As our solution was stirred for 24 hours, its pH reached a lower value,
leading to the formation of a noticeable quantity of brushite. Part of the brushite was transformed into
monetite during the following 24 hours of drying at 120°C.

The heat treatment at 700°C led to the formation of a triphasic structure of monetite/pyrophosphate/B-TCP
(Figure 2 and Figure 6). It was found that at higher temperatures, the monetite transforms into CPP
(CagP205), as first y-CPP is formed, which is then converted into B-CPP [22, 26, 27]. At higher temperature
ranges, 600°C-1050°C, the interaction of the obtained phases ran, resulting in the formation of B-TCP [22,
28].

In the heat treatment at 900°C-1300°C, the initial biphasic structure was transformed into 3-CPP and B-TCP,
with the highest B-TCP of 36.5% in two hours of calcination at 1300°C (Figure 7). According to Topsakal et
al. [18], using the same starting materials, biphasic structures, consisting of B-TCP and B-CPP, result in a
higher pH of 10/11 and calcination above 900°C. Massit et al. [20] have found that the biphasic structure of
B-TCP and B-CPP is obtained at a slow dropping rate of 3 ml/min, pH=9, and calcination at 800°C for one
hour. As the parameters of the synthesis and following heat treatment are close to those in the works of
Topsakal et al. [18] and Massit et al. [20], our results correspond well with their findings.

When calcium nitrate tetrahydrate and diammonium hydrogen phosphate are used as starting materials,
mono- and biphasic structures composed of B-TCP with pyrophosphates or HA, the results depend on the
variations of the synthesis parameters [16]. The biphasic structure, consisting of B-TCP and pyrophosphates,
was obtained from a precursor synthesized at a reaction temperature of 30°C, a lower calcium nitrate
tetrahydrate addition rate of 3 ml/min, an aging time of 72 hours, and pH=7, subjected to one hour of
calcination at 800°C. Topsakal et al. [18] also have found a dependence of the phase composition on the
environment's pH and calcination temperature. However, according to them, HA and pyrophosphates are
prepared at pH=10 or 11 and calcination at 700°C. Increasing the calcination temperature above 900°C at the
same pH led to the formation of a biphasic structure of B-TCP and B-CPP. Kwon et al. [25] have found B-TCP
and B-CPP structures after calcination above 800°C of precipitates obtained at pH=8 with an initial ratio of
Ca/P <1.0 (resulting ratio of Ca/P <1.5). It is stated in the work of Brazete et al. [23] that a small amount of
HA is formed when Ca/P>1.5, while in Ca/P<1.5, a small amount of CPP appears. The presence of 3-CPP
delays the transition of B—a-TCP by increasing the transition temperatures on one hand. On the other
hand, B-CPP facilitates the reversal a—B-TCP transformation.

The biphasic structure with B-CPP as the main component resulted after calcination at 900°C-1000°C. The B-
TCP amount was low (23.5%-23.8 %). This may be due to the lack of HA, which could retard the formation of

B-TCP [22, 28]. The high amount of pyrophosphates (76.5-63.5 %) could affect the B—a-TCP transformation,

and as a result, no a-TCP is observed in our study.

In summary, it was found in the present study that the as-synthesized precursor was characterized by a
biphasic brushite/monetite structure. The heat treatment at 700°C led to the formation of a triphasic
structure of monetite/pyrophosphate/B-TCP. The heat treatment in the temperature range of 900°C-1300°C
led to a change in the phases in the as-synthesized precursor. The structure of the heat-treated powders was
biphasic, consisting of B-CPP as the main phase and B-TCP. Increasing the calcination temperature led to an
increase in the B-TCP amount from 23.5% at 900°C up to 36.5% at 1300°C and a decrease in the B-CPP
amount from 76.5% to 63.5%, respectively. The holding time in heat treatment did not strongly influence the
phase ratio. Increasing the duration led to variation of the B-CPP/B-TCP ratio in a very tight range of
76.8%/23.2% and 73.4%/26.6%. The results obtained can be used to design new biofunctional materials with
optimized resorbability and mechanical properties required for bone grafts and tissue engineering, where
host responses to biomaterials can critically influence outcomes [29].

The BCPs in the present study were prepared by the wet precipitation method followed by calcination, as
only the heat treatment parameters were investigated. Therefore, the limitations of the work include the
influence of the synthesis process parameters, such as the type and concentration of the initial materials,
the Ca/P ratio, the solution pH and temperature, and the stirring speed. All these factors are subjects of our
future research. Optimizing the parameters of the chemical reaction will allow for the production of specific
precursors. This, in turn, will allow for the formation of biphasic calcium phosphates with controlled phase
composition through properly selected parameters of the thermal treatment.

Conclusions

The influence of heat treatment on the phase composition of BCPs for biomedical applications is
investigated in the present study. The precursor is prepared by the wet precipitation method using calcium
nitrate tetrahydrate and diammonium hydrogen phosphate. The as-synthesized powder is subjected to heat
treatment at different temperatures and times. Systematic experiments of heat treatment are conducted to
investigate the phase transformations in the precursors. With these innovations, the study contributes to
expanding the knowledge on the controlled synthesis of BCPs, which are essential for modern biomedical
science.
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