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INTRODUCTION

In crystallography, there are six crystal families, one is the 
hexagonal crystal family, which includes two crystal systems 
(hexagonal and trigonal) and two lattice systems (hexagonal 
and rhombohedral). Meanwhile, the rhombohedral crystal 
structure is depicted inside the hexagonal crystal system. 
Tricalcium phosphate is one of several ceramic compounds 
derived from hydroxyapatite that has a stable crystal structure 
in a hexagonal system. Tricalcium phosphate (TCP) is an 
attractive material or biomaterial such as bone phosphate 
of lime (BPL) with low solubility in the white solid form. 
In the general commercial product, TCP is produced by 
treating hydroxyapatite (HAp) with phosphoric acid and 
slaked lime. TCP or BPL have three recognized polymorphs, 
namely: 1) rhombohedral (β-TCP), 2) monoclinic (α-TCP), 
and 3) hexagonal (α’-TCP) forms. The rhombohedral TCP 
has a crystal denser than monoclinic or hexagonal TCP in 
its own stable temperature, however, are less dense at high 
temperature. They are potentially used in medicine, such 
as for bone substitutes either in dense or porous forms [1-
3]. The melting point of TCP is about ~1670 °C [4], and it 
was indicated the effective sintering temperature at about 
~1113 °C when it was calculated by using 2/3 of the melting 
temperature [5, 6]. The solid phases of TCP in three existing 

forms namely β-, α-, and α’-TCP always made from low, near, 
and same sintering temperatures [7]. 

There are several methods of the synthesis of polymorphic 
tricalcium phosphates; among others, they are prepared 
by solid-state reaction and wet methods or wet chemical 
precipitation (sol-gel) route [8-12]. The novelty of this research 
is to provide raw material for artificial bone based on tricalcium 
phosphate with a rhombohedral crystal structure by utilizing 
natural limestone available in Indonesia. In several previous 
tricalcium phosphate studies using the sol-gel technique, the 
CaCO3 compounds have been used as a precursor in the sol-
gel route, but many studies use fabricated CaCO3 compounds 
with varying levels of purity. Meanwhile, the use of CaCO3 
compounds from natural materials is rarely carried out in 
similar studies. Therefore, the novelty of this study is related 
to: 1) the use of a novel CaCO3 material as a precursor in 
the sol-gel route for the sample preparation of tricalcium 
phosphate derived from the mineral limestone (natural raw 
material) in the Lumajang region, East Java, Indonesia; 2) this 
research study focused on the microstructure of tricalcium 
phosphate in the rhombohedral crystal system which is a 
family of hexagonal crystal structure with the level of stability 
of the crystal structure affected by heating temperature; and 
3) the search for the potential use of the novel materials of 
CaCO3 as an artificial bone bioceramic derived by a limestone 
mineral in Lumajang with the rhombohedral system crystal 
characteristics. In this focus, the rhombohedral tricalcium 
phosphate was prepared from limestone (CaCO3) that was 
obtained from nature in the Lumajang district, with the use 
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of a wet method in sol-gel routine, and after that influenced 
by calcination temperature at 800 and 1000 °C. The sol-gel 
technique was preferred in this research due to the simplicity 
of the method regarding the preparation handling and because 
it provides a nanometer scale for the crystal size. In other 
words, this preparation technique always produces a finely 
powdered sample in the nanosized form [13, 14]. Previously, 
there are several appropriate tests to justify the rhombohedral 
tricalcium phosphate in the hexagonal crystal structure form 
already formed by sol-gel technique, such as: 1) FTIR test: it 
was used to study the functional group [15-17], especially for 
deficiency of the hydroxyl functional group (-OH) analysis 
when temperatures of 800 and 1000 °C were applied on 
sample; 2) XRD test [18-20]: it was used to analyze the lattice 
system of crystal, through studies of the crystallite size, strain, 
dislocation density, crystallinity, and the preferential plane 
of the rhombohedral tricalcium phosphate in the hexagonal 
crystal structure; 3) DSC-TGA test [21, 22]: it was used to 
analyze the thermal responses including information of 
specific heat capacity, mass reduction, enthalpy of fusion and 
melting; 4) SEM-EDX test [23-27]: it was used to analyze 
the surface morphology and the atomic ratio Ca/P ~1.5; 
and finally, 5) UV-vis test [28, 29]: it was used to analyze 
the optical energy gap (Eg) of the rhombohedral tricalcium 
phosphate sample with Tauc formula to determine the Eg 
value. 

This study is relevant for giving information about the effect 
of temperature, exactly at 800 and 1000 °C for stable structure 
formation of tricalcium phosphate sample in the hexagonal 
crystal system through a particular study, when the sample 
was prepared by a sol-gel routine with the use of a limestone 
precursor obtained from Indonesia. Therefore, the aim of 
this study is to provide information on temperature leverage 
as a reinforcing parameter to improve the microstructure 
of the tricalcium phosphate with rhombohedral structure in 
a hexagonal crystal system, which is prepared by a sol-gel 
route and when the effects of temperature at 800 and 1000 
°C are applied to this sample, from its gel to the dry phases. 
Moreover, some parameters of interest were studied by using 
several examinations, such as looking for the lattice plane 
of the rhombohedral tricalcium phosphate in the hexagonal 
crystal structure through its study from XRD results for the 
determination of the crystallite size, strain, dislocation density, 
and the crystallinity degree. Subsequently, a functional group 
of the rhombohedral tricalcium phosphate sample was studied 
from FTIR results and then studied to find the atomic ratio and 
their profile surfaces through analysis of SEM-EDX results. 
Previously, the DSC-TGA thermograms were used to study 
the specific heat capacity, mass reduction, fusion and melting 
enthalpies. Finally, the optical energy gap was studied by 
using the UV-vis result to provide information about thermal 
characteristics as an insulator. 

EXPERIMENTAL 

Preparation of rhombohedral tricalcium phosphate 
samples: the sample was prepared by sol-gel route with 

the wet reaction method. First, the calcium oxide (CaO) 
was made from limestone (CaCO3) obtained from nature 
in the Lumajang district, Indonesia, with a calcination 
technique at 1100 °C in a laboratory furnace (tabletop-type 
vertical muffle furnace) for 3 h. Second, the calcium oxide 
was mixed with water to produce the calcium hydroxide 
[Ca(OH)2]. Third, the sol-gel route was conducted to find 
the rhombohedral tricalcium phosphate or calcium and 
hydroxyl deficiencies in hydroxyapatite form with a Ca/P 
ratio of ~1.5: i) hydrolysis step: mixing 0.6 M water with 
1.6 M of Ca(OH)2 and 1.2 M of H3PO4 (ACS reagent, ≥85 
wt% in water) using a hot plate magnetic stirrer for 2 h; ii) 
condensation step: dropping the ethanol into the previous 
solution that was produced by the hydrolysis step and keep 
going to mix using the hot plate magnetic stirrer for 15 to 
20 h [30-32]; iii) aging step: the gel form of the sample 
produced by condensation step in the sol-gel route was 
aged for 20 h at room temperature (~27 °C); iv) drying step: 
the fine powder of the rhombohedral tricalcium phosphate 
sample was obtained when its gel form was heated at 800 
and 1000 °C. 

Examinations of the rhombohedral tricalcium 
phosphate samples: there were several types of tests used 
for sample analysis, such as X-ray diffraction analysis 
(XRD, XPert MPD, Philips; 2θ range: 20-80°, step 
size: 0.017°, scan step time: 10.15 s), Fourier transform 
infrared spectroscopy (FTIR, IRPrestige 21, Shimadzu; 
wavenumber range: 4000-400 cm-1, resolution: ~4 cm-1, 
mirror speed: ~2.8 mm/s, total of ~10 scans), scanning 
electron microscopy-energy dispersive X-ray spectroscopy 
(SEM-EDX, Inspect-S50, FEI), differential scanning 
calorimetry-thermogravimetric analysis (DSC-TGA, STA 
PT 1600, Linseiss; temperature range: 27 to 995 °C, heating 
rate: 25 °C.min-1, atmosphere: air), and ultraviolet-visible 
spectroscopy (UV-vis, UV-1800, Shimadzu; wavelength 
range: 190 to 800 nm, scan speed: fast, sampling interval: 
0.5 nm). 1) FTIR: this test examined the hydroxyl 
functional group deficiency of hydroxyapatite compound 
[Ca5(PO4)3.(OH)] that became tricalcium phosphate 
compound [Ca3(PO4)2]. In this effort, the scan parameters 
were analyzed by using the standardized points of the 
angular frequency in all spectrum obtained from FTIR 
on the integrated transmittance count and wavenumber 
range, to study their type of vibration, where every type of 
vibration was studied to define the kind of the functional 
group of -OH, -PO4

-, and -PO4
3-. 2) SEM-EDX: this test 

examined the surface morphology and atomic ratio of the 
rhombohedral tricalcium phosphate sample, Ca/P ~1.5. 
In this effort, the step line of the scanning of SEM was 
used to define the surface morphology of the tricalcium 
phosphate sample. Meanwhile, the integrated intensity 
count and spread of electron in the energy level was 
defined to find the atomic ratio of the tricalcium phosphate 
sample. 3) XRD: this test examined the crystal system of 
the rhombohedral tricalcium phosphate by determining 
some inherent parameters, such as the study of the crystal 
lattice system which included the crystallite size, strain, 
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dislocation density, crystallinity, and the preferential plane 
orientation of the rhombohedral crystal structure in the 
hexagonal crystal structure. In this effort, every data obtained 
from XRD scan parameters on the integrated intensity count 
and full-width at half maximum (FWHM) were analyzed by 
using the Gaussian method. 4) DSC-TGA: this test examined 
the thermal responses through the study of some inherent 
parameters of rhombohedral tricalcium phosphate, such as 
analysis of the heat flow, specific heat capacity, change of 
mass, enthalpy of crystallization and fusion reactions via the 
endothermic and exothermic process. In this effort, the results 
of the thermogram on the integrated heat flow and time/
temperature obtained from DSC-TGA were used to define the 
thermal parameters, such as heat capacity, mass reduction, 
enthalpy of fusion and melting quantities. 5) UV-vis: this 
test examined the optical energy gap of the rhombohedral 
tricalcium phosphate using Tauc’s equation [33, 34]. In this 
effort, every data obtained from UV-vis spectra were plotted 
in the absorbance and wavelength, and this curve was used 
to define the optical energy gap of the tricalcium phosphate 
sample by using the Tauc plot approach.

RESULTS AND DISCUSSION

FTIR data analysis for rhombohedral tricalcium 
phosphate functional group: the functional group 
information of rhombohedral tricalcium phosphate in the 
hexagonal crystal structure was confirmed by using data 
analysis from the FTIR test result, where, deficiency of the 
hydroxyl functional group (-OH) was obtained for samples 
calcined at 800 and 1000 °C. The wavenumber of -OH was 
indicated to occur at the point ~3446.6 cm-1 with a bit of 
existence characteristic of transmittance value or big value 
of absorbance appeared, such as shown in Fig. 1a. In the 
other words, this indicated that a low vibration occurred 
with a weak angular frequency for samples calcined at 800 
and 1000 °C. The FTIR spectra, such as shown in Fig. 1a, 
indicated a change from Ca(OH)2 to Ca3(PO4)2. Therefore, 
these FTIR spectra denoted that the rhombohedral 
tricalcium phosphate effectively was formed by temperature 
effect at 800 and 1000 °C. Meanwhile, their anion of the 
functional group of orthophosphate (PO4

3-) was confirmed 
as asymmetric bending (~566.6 and ~608.9 cm-1) or 

Figure 1: FTIR spectra of samples over the entire range (a) and for specific ranges (b-d) of tested wavenumber.
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asymmetric stretching (~1041.4, ~962.4, and ~900.1 cm-1) 
and with strong frequency vibration value. Moreover, the 
anion functional group of PO4

- was confirmed to occur at the 
point ~550.4 cm-1. Particularly, all FTIR spectra for these 
samples with the specific wavenumber and transmitted 
values are shown in Figs. 1b to 1d.

XRD data analysis for rhombohedral tricalcium phosphate 
in the hexagonal crystal structure: several analyses were 
conducted by using the XRD results to reveal the crystalline 
features of the rhombohedral tricalcium phosphate samples in 
the hexagonal crystal structure, as follows. 

Miller indices (hkl) and constant lattice plane 
determinations for the crystalline samples: lattice planes’ 

Figure 3: Refinement of the XRD patterns for combined curves of samples at Bragg’s angle interval of: a) 25° to 30°; b) 30° to 33°; c) 37° 
to 40°; and d) 50° to 55°. Diffractograms from 20° to 80° for: e) Ca(OH)2; f) sample heated at 800 °C; and g) sample heated at 1000 °C. 
Gaussian fitted diffractograms for: h) Ca(OH)2; i) sample heated at 800 °C; and j) sample heated at 1000 °C. 

Figure 2: Schematics showing Miller indices (a) and rhombohedral 
structure (b) in the hexagonal structure.
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family of the rhombohedral structure of tricalcium 
phosphate is given by particular Bravais lattice defined by 
three integers h, k, and l, and denoted as Miller indices with 
notation (hkl). However, with hexagonal and rhombohedral 
lattice systems, it is possible to use the Bravais-Miller lattice 
system, which uses four indices h, k, i, and l or with notation 
(hkil) that obey the constraint [35, 36]:

h + k + i = 0     (A)

where h, k, and l define the Miller indices and i is a redundant 
index. As follows, the interplanar spacing (dhkl) for the 
hexagonal system is given by:

dhkl =
a

4
3 (h2+k2+h.k)+ l2a2

c2

   (B)

where a and c are defined as lattice constants and dhkl is 
corresponding with the crystallite size (D), peak broadening 
(β), and crystallite strain (ε) parameters. Particularly, D 
can be determined by using the Scherrer equation and 
Williamson-Hall plot method [37-39]. Therefore, the Miller 
indices and lattice constants of the rhombohedral tricalcium 
phosphate in the hexagonal crystal structure were calculated 
by using Eqs. A and B. Previously, the XRD pattern obtained 
was showing the specific peaks of the crystal and amorphous 
patterns. By means of peak refinement with the Gaussian 
distribution method in the software used, it was found the 
specific peak values with Miller indices (001) as a lattice 
plane orientation for a hexagonal crystal structure with 
3-fold symmetry, such as shown in Fig. 2a. Meanwhile, the 
Miller indices (011) and (111) were described particularly 
for rhombohedral in the hexagonal crystal structure, as 
shown schematically in Fig. 2b [40]. 

The Miller indices of the rhombohedral tricalcium 
phosphate in the hexagonal crystal structure appeared in 
the XRD pattern of this sample, as shown particularly for 
specific Bragg angles in Figs. 3a to 3d. The Miller indices 
(001) appeared at 2θ ~25.76° and ~25.61° for samples heated 

at 800 and 1000 °C, respectively, whereas, for Ca(OH)2 they 
appeared at 2θ ~29.07°. The peak (001) looked like shifted 
when the temperature at 800 and 1000 °C was applied if 
compared with the peak (001) of Ca(OH)2. In the same way, 
Miller indices for rhombohedral lattice planes (011) and 
(111) were defined at 2θ ~27.78° and ~29.66° for the sample 
heated at 800 °C. Subsequently, for (011) and (111) of the 
sample heated at 1000 °C, they were confirmed sequentially 
at 2θ ~31.52° and ~32.81°. Overall, the Miller indices of 
rhombohedral tricalcium phosphate in the hexagonal crystal 
structure were found, such as shown in the particular Bragg 
angle in Figs. 3a to 3d. Meanwhile, the X-ray diffractograms 
for Ca(OH)2 and samples heated at 800 and 1000 °C from 
20° to 80° are shown in Figs. 3e to 3g and the Gaussian 
fitted diffractograms are shown in Figs. 3h to 3j. Entirely, 
the specific Miller indices corresponded with the interplanar 
spacing from the rhombohedral tricalcium phosphate 
sample, and according to Eq. B, they were appropriated 
with the lattice plane orientation to the hexagonal crystal 
structure model shown in Fig. 4.

Peak broadening, crystallite size, strain, and dislocation 
density of rhombohedral tricalcium phosphate: in 1918 
Scherrer derived a formula relating the mean of the volume 
average of crystallite size, D, of a powder to the broadening, 
β, of its powder diffraction peaks ignoring other effects such 
as strain [41, 42], as described by:

D(b,q) = K.l
b.cosq

    (C)

where θ is the usual Bragg angle, λ is the radiation 
wavelength, and K is a constant that depends on the 
assumption in the theory. Particularly, the refinements 
of X-ray patterns for the samples Ca(OH)2, heated at 800 
and 1000 °C are shown in Figs. 5a to 5c. The refinement 
curves obtained by using the Gaussian method were used 
to determine several corresponding parameters in Eqs. C 
and D, such as a crystallite size D(β,θ), broadening β, and 
strain ε. The formulation in Eq. D was attributed to G. K. 
Williamson and his student, W. H. Hall. Subsequently, by 

Figure 4: Representation of rhombohedral Miller indices in the 2θ range from: a) ~24.4° to ~33.2°; and b) ~36.5° to 55.6°.
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using a software (Origin Pro) approximation to determine 
the FWHM values that varied quite differently with respect 
to Bragg angle θ, the crystallite broadening parameter β was 
found. These all parameters found were related to the specific 
Miller indices for rhombohedral tricalcium phosphate in the 
hexagonal crystal structure described previously. 

b.cosq = 4e.sinq + K.l
D(b,q)

   (D)

Particularly, Figs. 6a to 6c denote specific Miller indices 
(001) at different Bragg angle values for sample Ca(OH)2, 
heated at 800 and at 1000 °C. The Miller indices (001) is 
one of three lattice plane orientations for hexagonal crystal 
structure, with the rhombohedral crystal structure inside with 
3-fold symmetry, [100], [010], and [110], such as shown in 
Fig. 2. The quantities of several parameters are shown in Table 
I, where the crystallite size D, strain ε, and dislocation density 
δ values were calculated by using Eqs. A and D. Previously, 
the data were plotted (Fig. 5d), after fitted by the linear 
equation in the curve βcosθ vs. 4sinθ, and then from the linear 
regression the slope and intercept values were found (Fig. 
6d). The curve slope gave the crystallite strain value and from 

curve intercept the crystallite size value was found. All values 
of the crystallite size D, strain ε, and dislocation density δ of 
the rhombohedral tricalcium phosphate sample are displayed 
in Table I. The slope of linear regression in Fig. 6d tended to 
decrease with the crystallite strain, resulting in negative values 
for the samples Ca(OH)2 and heated at 800 °C. Conversely, for 
the sample heated at 1000 °C, it tended to increase with the 
crystallite strain and had a positive value. Consequently, the 
crystallite strain was proportional to the crystallite dislocation 
density value, however, it was reciprocal to the crystallite size 
value.

SEM-EDX analysis for rhombohedral tricalcium 
phosphate in the hexagonal crystal structure: the SEM-EDX 
results for two samples that are comparable, those heated at 
800 and 1000 °C, are shown. Previously, the surface profile 
of samples calcined at 800 and 1000 °C looked different from 
one another, as shown in Figs. 7a and 7b. Both seemed like a 
white cloud, however, the sample calcined at 1000 °C looked 
denser than the sample calcined at 800 °C. This indicated that 
the increase in temperature from 800 to 1000 °C influenced 
the grain size of the rhombohedral tricalcium phosphate 
sample which became denser. Meanwhile, the quantities 

Figure 5: XRD peak at particular Bragg’s angle and Miller indices for Ca(OH)2 (a), sample heated at 800 °C (b) and at 1000 °C (c), and 
W-H plot, βcosθ versus 4sinθ (d).
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of elements in the samples of rhombohedral tricalcium 
phosphate obtained by EDX analysis are shown in Table II. 
The atomic ratio Ca/P ~1.3 and mass ratio Ca/P ~1.4 of the 
sample heated at 800 °C were found whilst for the sample 
heated at 1000 °C the atomic ratio Ca/P ~1.43 and mass ratio 
Ca/P ~1.7. Therefore, the nearly rhombohedral tricalcium 
sample was formed with a chemical formula β-Ca3(PO4)2 or 
β-TCP for both samples calcined at 800 and 1000 °C. In 
other words, the high calcination temperature, particularly 
at 800 and 1000 °C, was effective to form the rhombohedral 
tricalcium phosphate, which previously was proven by XRD 
analysis in this study. 

DSC-TGA analysis of gel sample: the thermal analysis 
of the gel sample was examined by using the DSC-TGA 

equipment and it was set up looking for the effective 
calcination temperature. 800 and 1000 °C were chosen 
to conduct different treatments on the sample to obtain 
the rhombohedral tricalcium phosphate. However, these 
temperatures had to be compared with other references, 
before being used as an effect in the sample. The recorded 
thermogram of DSC plotted as heat flow versus temperature 
and TGA curve are shown in Fig. 8. On a DSC curve, 
endothermic and exothermic processes occur that can be 
described by the enthalpy changes during glass transition, 
melting, and crystallization. Simultaneously, the mass 
reduction with temperature (TGA curve) can be obtained. 
In particular temperature ranges of the thermogram of 
DSC-TGA gave the endothermic and exothermic process, 

Sample D (nm) ε δ (nm-2) Crystallinity (%)

Ca(OH)2 69.3 -0.001±0.003 0.21 65.7
Heated at 800 °C 86.7 0.012±0.006 0.83 71.3

Heated at 1000 °C 73.0 -0.008±0.007 0.18 69.1

Table I - Crystallite size (D), strain (ε), dislocation density (δ), and crystallinity of samples calculated by using the XRD data.

Figure 6: XRD peak for the specific Miller indices at (001) for Ca(OH)2 (a), sample heated at 800 °C (b) and at 1000 °C (c), and W-H plot 
for crystallite strain determinations, εCa(OH)2, ε800°C, and ε1000°C.
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denoted by the peak-to-peak shifting. In Fig. 8a, the initial 
peak appeared for an endothermic reaction in the DSC 
and TGA thermogram curves at about 60 to 128 °C, and 
an exothermic reaction occurred at about 130 to 159 °C. 
After that, sequentially in the temperature range from 146 
to 184 °C for endothermic reaction and ~190 to ~240 °C 
for exothermic process occurred (Fig. 8b). Furthermore, 
at about 354 to 402 °C for endothermic reaction and about 
406 to 460 °C for exothermic process occurred (Fig. 8c). 
Finally, in the temperature range from about 614 to 748 °C for 
exothermic reaction and about 758 to 855 °C for endothermic 
process occurred (Fig. 8d). Therefore, based on these results 
and compared with appropriate references related to the 
topic, the study of rhombohedral tricalcium phosphate in 
hexagonal crystal structure was influenced by the chosen 
temperatures of 800 and 1000 °C, when the sample was 
previously prepared by the sol-gel route. Meanwhile, the 

Table II - Quantities of elements of samples obtained from 
the EDX test.

Element Mass (%) Atomic (%) Error (%)
Sample heated at 800 °C

O 36.08 39.68 0.30
P 14.13 7.02 0.06

Ca 19.72 8.98 0.10
C 30.07 44.32 0.08

Sample heated at 1000 °C
O 41.42 53.32 0.27
P 17.08 11.12 0.06

Ca 29.86 15.87 0.09
C 11.64 19.69 0.09

Figure 7: SEM images of samples heated at 800 °C (a,c) and 1000 °C (b,d); EDX spectra are included in (c,d).
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values of melting point, enthalpy of fusion, enthalpy of 
crystallization, and specific heat capacity of the samples 
treated at 800 and 1000 °C were calculated by using the 
DSC-TGA results and are shown in Table III. 

Figs. 9a and 9c show the melting and crystallization 
points as a function of time or temperature. Every 
endothermic peak is the point of melting or fusion. 
Otherwise, each exothermic peak is a point of 
crystallization, such as denoted by the red sign in Figs. 9a 
and 9c, whilst each endothermic peak area is the quantity 

Figure 8: DSC-TGA thermograms of gel sample in the specific temperature ranges.

Table III - Results of melting point (Ti and Tf), enthalpy of 
fusion (ΔHF), enthalpy of crystallization (ΔHC), and specific 
heat capacity (CP) of gel sample.

Ti 
(°C)

Tf 
(°C)

ΔHF 
(J.g-1)

ΔHC 
(J.g-1)

CP 
(J.g-1.°C-1)

91.12 131.13 1290.34 42.45 4.43
359.06 465.76 57.87 27.06 0.58
617.28 653.15 8.01 123.13 12.89
937.87 960.15 8.78 10.98 6.21

of enthalpy of fusion or melting, and each exothermic peak 
area is a quantity of enthalpy of crystallization, as denoted 
by hatched areas in Fig. 9b. For a specific mass reduction in 
the TGA curve at the temperature range from ~27 to ~190 
°C showed that the DTG (derivative of TGA) curve was 
instantaneously shifted following the mass change (Fig. 
9d). This result indicated the crystalline structure of the 
sample was changed as a function of temperature and the 
chemical bond changed when heat flowed in (absorbed by 
the endothermic process) or out (released by the exothermic 
process) [43, 44]. Table III shows the results of initial, Ti, 
and final, Tf, melting or fusion temperatures, enthalpy of 
fusion, ΔHF, and crystallization, ΔHC, and specific heat 
capacity, CP. These results indicated that the gel phase of 
the rhombohedral tricalcium phosphate sample became 
a dry powder, and justified the temperature range from 
~937.87 to ~960.15 °C. Therefore, based on this analysis, the 
temperatures chosen were 800 and 1000 °C in this work and 
then their effects on the rhombohedral tricalcium phosphate 
inside the hexagonal crystal structure were studied.

UV-vis analysis for rhombohedral tricalcium phosphate 
in the hexagonal crystal structure: analysis of the optical 
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Figure 9: Curves of heat flow versus time (a), energy versus time (b), CP versus temperature (c), and TGA and DTG thermograms (d).

properties of the rhombohedral tricalcium phosphate sample 
in this work was conducted by using UV-vis spectroscopy. 
This is one of the important characterization techniques to 
understand the interaction between the matrix and filler inside 
a synthesized sample and to analyze the effects to enhance the 
properties of a composite sample. Therefore, this technique 
was used in this work to look for the optical band gap of the 
rhombohedral tricalcium phosphate sample. In the beginning, 
the UV-vis spectroscopy gave the absorption spectra of 
samples in duplicate for sample calcined at 800 °C (Figs. 10a 
and 10b) and at 1000 °C (Figs. 10c and 10d). The optical band 
gap of rhombohedral tricalcium phosphate samples was found 
by using the Tauc plot and using Eq. E:

(α.h.ν)γ = A(h.ν-Eg)    (E)

where α is the absorption coefficient, h is Planck’s constant, ν 
is the frequency of the incident photon, A is a proportionality 
constant determined by the index of refraction, and Eg is the 
optical band gap energy. The important term is the exponent 
γ, which denotes the nature of the electronic transition. There 
are some terms for the exponent γ in Eq. E; when γ=2, it is a 

direct allowed transition, when γ=1/2, it is an indirect allowed 
transition, when γ=2/3, it is a direct forbidden transition, and 
when γ=1/3, it is an indirect forbidden transition. However, 
typically, the allowed transitions are dominated by the basic 
absorption processes giving either direct or indirect transitions 
[45, 46]. Thus, the basic procedure for Tauc analysis is 
to acquire the absorbance data of a sample from UV-vis 
spectral information, as shown in Fig. 10, where the band gap 
transition energy is defined. By plotting the (αhν)2 versus hν 
(considering γ=2 in Eq. E), a graph such as those shown in the 
insets of Fig. 10 is obtained. Extrapolation of the linear curve 
of the plot onto the x-axis gave the optical band gap or edge 
energy, just as Tauc’s equation was used in 1968 to calculate 
the absorption edge or band gap energy [47, 48]. 

By twice plotting curves of the (αhν)2 versus (hν) for 
the sample calcined at 800 °C, the optical band gap energy 
(Eg) was found to be ~5.34 and ~5.41 eV (Figs. 10a and 
10b). Meanwhile, for the sample calcined at 1000 °C, the 
determined Eg values were ~5.19 and ~5.21 eV (Figs. 10c and 
10d). Therefore, rhombohedral tricalcium phosphate samples 
are responsive under UV-vis light. However, it is still unclear 
to define that it can behave as a photocatalyst under UV-vis 

t (s) t (s)

H
ea

t fl
ow

 (m
W

)

En
er

gy
 (J

.s
-1
.g

-1
)

C
p (

J.
g-1

.ºC
-1
)

T (ºC) T (ºC)

M
as

s 
(m

g)

D
TG

 (m
g/

°C
)

DH Fusion DH Crystallization

Dm



64J. Ady et al. / Cerâmica 69 (2023) 54-65

light, probably due to oxygen deficiencies compared with 
hydroxyapatite [Ca5(PO4)3.(OH)2] that can have photocatalytic 
activity under UV light, due to the reported optical band gap 
energy of all samples varied greatly (Eg ~5.34 to ~5.41 eV, 
and ~5.19 to ~5.21 eV). However, the optical energy gap 
of the rhombohedral tricalcium phosphate sample tended to 
decrease when the calcination temperature increased from 
800 to 1000 °C.

CONCLUSIONS

The sample of rhombohedral tricalcium phosphate in the 
hexagonal crystal structure prepared by a sol-gel route was 
influenced by the calcination temperature and was studied by 
several tests, such as FTIR, XRD, SEM-EDX, DSC-TGA, and 
UV-vis spectroscopy. The information of deficiencies of the 
hydroxyl functional group of -OH was shown by FTIR and this 
indicated the results of a tricalcium phosphate when calcination 
temperatures at 800 and 1000 °C were applied to this sample. 
The rhombohedral structure in the hexagonal crystal system 
of the sample was confirmed by XRD, where the Miller 
indices showed the rhombohedral lattice plane orientation 

at two points (011) and (111). The temperatures used at 800 
and 1000 °C were confirmed by DSC-TGA and effectively 
influenced and made the sample of tricalcium phosphate with 
a stable structure in the rhombohedral system. The atomic 
ratio Ca/P ~1.5 of the rhombohedral tricalcium phosphate 
sample was found by EDX and its surface topography looked 
like white clouds using SEM. Finally, the optical energy 
gap of the rhombohedral tricalcium phosphate sample had 
quite large values of Eg ~5.34-5.41 eV, when calcined at 800 
°C, and Eg ~5.19-5.21 eV, when calcined at 1000 °C. These 
results indicated that the optical band gap of the rhombohedral 
tricalcium phosphate sample tended to be wide and to decrease 
when the calcination temperature increased.
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