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Effect of sol-gel preparation on the microstructural and thermal behavior of

nanosized powder of mesoporous hydroxyapatite

Jan Ady'; Djony Izak Rudyardjo', Gunarti Meylinda Putri', Akhmad Arsyad Ulu

The effect of sol-gel preparation on the microstructural and thermal behavior of nanosized meso-
porous hydroxyapatite powder was investigated in this study. The powder was synthesized using the
sol-gel technique, with preparation carried out at various temperatures: room temperature 100°C and
400°C. FTIR analysis revealed the presence of hydroxyl groups (3423.91 cm ™! to 3600 cm 1), corre-
sponding to the stretching vibration of hydroxyl (OH) and phosphate ions (1102.31 cm™* to 1644.17
cm™ 1), indicating the stretching vibration of P - O, and these indicating the functional groups of
PO3~, confirmed as the formation of hydroxyapatite. The thermal properties were studied using
DSC-TG and provide valuable information on phase transitions such as melting, crystallization, ther-
mal enthalpy, and specific heat capacity. XRD analysis confirmed all materials as nanosized meso-
porous hydroxyapatite powder with face-centered cubic unit cells in the hexagonal lattice system. The
lattice constants were obtained, a =b = 0.942 nm and ¢ = 0.588 nm; these results were determined by
careful analysis using the appropriate interplanar spacing formula. Finally, the surface topology and
elemental composition were examined using SEM-EDX, including the atomic ratio of elements in
the nanosized mesoporous hydroxyapatite powder. The Ca/P ratios were found to be approximately
1.63 and 1.73 for samples treated at temperatures of 100°C and 400°C, respectively. In the future,
nanosized mesoporous hydroxyapatite powder, synthesized by the sol-gel method, could be prepared

1 Amri'

as a raw material for waste adsorbents.

I Introduction

Hydroxyapatite is a member of the apatite family,
featuring hydroxyl ions (OH™) and phosphate ions
(POZ_). Hydroxyapatite (HAP) has the chemical for-
mula Cas(PO,4)3(OH), although it is commonly written
as Cayg(PO4)g(OH)2 [1-3]. In recent years, HAP has
become the main component of natural bone. There-
fore, it has been extensively investigated for medical
applications due to its excellent biocompatibility and
nontoxicity to human cells. Furthermore, HAP has ex-
cellent adsorption and filtration capabilities, making it
suitable for use as an element or composite material for
adsorbents, particularly for the adsorption of industrial
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and pharmaceutical waste [4-7]. HAP can be synthe-
sized using various chemical methods, such as precip-
itation, hydrothermal, and sol-gel techniques. These
methods are commonly used in the preparation of ma-
terials, particularly for the production of nanoparticles
or various types of ceramics. However, this research fo-
cuses on sample preparation using the sol-gel technique
[8—13], as this process operates at relatively low tem-
peratures and allows fine control over the composition
and structure of materials. The sol-gel process involves
the transition of a solution (sol) into a gel-like network
and is widely used to produce metal oxides or ceramics.
In the sol-gel technique, the liquid phase (the sol) is typ-
ically prepared by dissolving a metal precursor, such as
metal alkoxides or salts, in a solvent. The sol then un-
dergoes hydrolysis and condensation reactions to form
a gel which is subsequently dried and heat-treated to
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Figure 1: FTIR spectra of nanosized mesoporous hydroxyapatite powder

form solid materials. In this study, the synthesis of hy-
droxyapatite powder was performed using the sol-gel
preparation technique. The powder was dried at vari-
ous temperatures: room temperature, 100°C and 400°C,
to form solid nanosized mesoporous hydroxyapatite. In
this research, the effect of sol-gel preparation on the mi-
crostructural and thermal behavior of nanosized meso-
porous hydroxyapatite powder was studied using data
analysis from FTIR [14-16], DSC-TG [17-21], XRD
[22-28] and SEM-EDX [29-35] test results.

II Materials and methods

Calcium hydroxide powders (Ca (OH)s) and phospho-
ric acid powders (H3POy), both with a purity of more
than 90%, sourced from Merck, serve as primary pre-
cursors to synthesize nanosized mesoporous hydroxya-
patite powders using the sol-gel preparation technique
performed in this research. The high purity of these
chemicals ensures that the formation of the nanosized

mesoporous hydroxyapatite powder product is consis-
tent and of high quality. In this process, calcium hy-
droxide provides the calcium source, while phospho-
ric acid supplies the phosphate component essential for
forming nano-sized mesoporous hydroxyapatite pow-
der. These two precursors are carefully mixed under
controlled conditions for nine hours to initiate the sol-
gel process, during which ethanol droplets (CoH;OH)
are added to the solution throughout the hydrolysis and
condensation process. The gel product is then aged for
24 hours at room temperature, followed by drying at
100°C and 400°C. Ultimately, nanosized mesoporous
hydroxyapatite powder is obtained, a material that is
being prepared as a mesoporous adsorbent, particularly
for use as a raw material in waste adsorbents in ongoing
research. FTIR analysis was performed to character-
ize the chemical bonds and functional groups present in
the material, providing valuable insights into the molec-
ular structure and vibrational modes of the functional
groups of nano-sized mesoporous hydroxyapatite pow-
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Figure 2: FTIR spectra of nanosized mesoporous hydroxyapatite powder in within specific wavenumber ranges at various

temperatures; (a) room , (b) 100°C, and (c) 400°C

der. DSC-TG analysis was performed to obtain valuable
information on phase transitions such as melting, crys-
tallization, thermal enthalpy, and specific heat capac-
ity. XRD analysis was conducted to determine the crys-
talline structure, including the hexagonal lattice system
of mesoporous hydroxyapatite powder, and to deter-
mine the crystallite size. SEM-EDX was used to pro-
vide information on the surface topology and elemental
composition, including the atomic ratio of elements in
the nanosized mesoporous hydroxyapatite powder.

III Results and discussion

Several results and data have been obtained regarding
the quantity of nanosized mesoporous hydroxyapatite
powder prepared using the sol-gel technique. These
results demonstrate the effects of different tempera-
tures during synthesis, specifically at room temperature,
100°C, and 400°C.

i FTIR Results and discussions

Fourier Transform infrared (FTIR) spectroscopy re-
vealed the presence of hydroxyl groups, with stretch-
ing vibrations occurring within the range of approxi-
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Figure 3: The DSC thermogram of nanosized mesoporous hy-
droxyapatite powder in the enthalpy of phase transition at var-
ious temperature ranges: (a) in the range 100°C — 229°C, and
(b) in the range 350°C — 443°C.

mately 3423.91 cm™! to 3601.21 cm™!, correspond-
ing to the —OH group. The strongest hydroxyl vi-
bration was observed with a transmittance percentage
of approximately 92.76% for nanosized mesoporous
hydroxyapatite powder at 100°C. Meanwhile, weaker
transmittance percentages were observed at 97.14% at
room temperature and 97.65% at 400°C. The phospho-
rus oxide group was identified as P-O, with stretch-
ing vibrations occurring within the range of approxi-
mately 1102.31 cm™! to 1644.17 cm~'. The strongest
stretching vibration for P-O occurred at 100°C, with
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Figure 4: (a) and (b) Enthalpic transitions of fusion (AHy)
and crystallization (A H.) of nano-sized mesoporous hydrox-
yapatite powder over specific time intervals.

a transmittance percentage of approximately 93.76%.
The weakest transmittance percentages were 95.53% at
room temperature and 99.24% at 400°C, respectively.

Symmetrical and asymmetric O-P-O vibrations were
observed at different values of the stretching vibra-
tion frequencies, especially for samples prepared at
100°C. Lower vibration frequencies of stretching were
observed for these nanosized mesoporous hydroxyap-
atite powders, which were prepared at room tempera-
ture and 400°C (see Fig. 1 and Fig. 2). These results
confirm the presence of functional groups of nanosized
mesoporous hydroxyapatite powders, which were pre-
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Figure 5: The specific heat capacity and weight analysis of
the nano-sized mesoporous hydroxyapatite powder samples
were performed at the following temperature ranges: (a) 1; ~
142.32°C to Ty =~ 233.87°C, and (b) T; ~ 361.04°C to
Ty ~ 446.26°C.

pared using the sol-gel technique.

ii DSC-TG Results and discussions

The thermogram results of the gel-to-dry process of the
nanosized mesoporous hydroxyapatite powder were ex-
amined using Differential Scanning Calorimetry (DSC)
and Thermogravimetric Analysis (TG), with the tem-
perature increasing from 27°C to 100°C. In the DSC
curves, the plot shows the heat flow as a function of
the temperature increase (see Fig. 3). These curves ex-
hibit two distinct enthalpy transitions corresponding to
exothermic and endothermic processes, as seen in the
zoomed-in inserts (see Fig. 3). The fusion and crystal-
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Figure 6: The hexagonal crystal structure of nano-sized meso-
porous hydroxyapatite powder with lattice constants: ag =
by &~ 9.416 A and ¢y ~ 5.878 A. (b) The refinement curve
for FWHM and the peaks of the XRD pattern used to deter-
mine the lattice parameters.

lization enthalpies of the sample are calculated by inte-
grating the peak areas, expressed in units of J.s~.g71.s
(see Fig. 4). Based on these DSC results, the preferred
effective temperatures for the synthesis of powdered
nanosized mesoporous hydroxyapatite are found to be

at room temperature, 100°C and 400°C.

The fusion and crystallization enthalpies were deter-
mined, and these values are reported in Table 1. The
specific heat capacity, also known as massic heat ca-
pacity, is a thermal property of the nanosized meso-
porous hydroxyapatite powder. It is expressed in units
of J.g=1.°C~!. This property was measured to assess
the thermal response as the composition changes with
temperature and pressure. The initial (Ti) and final (Tf)
temperatures for fusion and crystallization enthalpies
were determined based on the specific heat capacity.
Two distinct temperature ranges for melting or fusion
were identified: one occurring from Ti = 143.24°C to
Tf = 233.87°C, and the other from Ti = 361.04°C to
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Figure 7: XRD patterns of nanosized mesoporous hydroxya-
patite powder at 27°C by the Bragg’s angle position in the
intervals (a) 21° to 37° and (b) 48° to 54°.

Tf = 446.26°C (see Fig. 5), reported in Table 1. The
corresponding specific heat capacity at these temper-
atures was found to be Cp = —6.61J.g~'°C~! and
Cp = —0.221.g71°C™!, respectively. Additionally,
the fusion (A Hy) and crystallization (A H.) enthalpies
for these temperature ranges are also provided in Ta-
ble I.

Therefore, the effects of room temperature, 100°C
and 400°C, were studied to observe the optimal temper-
ature for the best formation of nanosized mesoporous
hydroxyapatite powder. Compared with FTIR results,
the effect of temperature at 100°C was found to be
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Figure 8: XRD patterns of nanosized mesoporous hydroxya-
patite powder at 100°C by the Bragg’s angle position in the
intervals (a) 21° to 37° and (b) 48° to 54°.

more effective for the nanosized mesoporous hydrox-
yapatite powder formation. In this study, the DSC re-
sults show decreases in both melting enthalpy and crys-
tallization enthalpy with increasing calcination temper-
ature. Therefore, in this observation, while it might
initially seem counterintuitive that as temperatures in-
crease from 100°C to 400°C, this is typically associated
with increased crystallinity, there are several plausible
explanations for this trend: first, that there is thermal
decomposition or partial dehydroxylation (-OH); sec-
ond, that there occured a reduction in organic residues;
and third, the possiblity of crystallite growth and struc-
tural densification like nanocrystalline domains that
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Figure 9: XRD patterns of nanosized mesoporous hydroxya-
patite powder at 400°C by the Bragg’s angle position in the
intervals (a) 34° to 42° and (b) 55° to 62°.

may grow into larger, more perfect crystals. In the
meantime, the mass reduction has been showed by the
TGA result (see Fig. 5). This indicates that organic
residues were removed by the calcination temperature

Table 1: Thermal quantities of powdered nano-sized meso-
porous hydroxyapatite powder

T, T, AH; AHg C,
(°C)  (°©)  (J/g) (/g) (J/(°C))
14324 23387 118.14 2423  -6.61
361.04 44626 6185 1516  -022
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Figure 10: The Gaussian fit for the XRD pattern of nanosized
mesoporous hydroxyapatite powder with respect to Bragg’s
angle 26 in the ranges: (a) 26° to 35°, (b) 28° to 40°.
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and then only nano-sized mesoporous hydroxyapatite
powder is formed with slight impurities.

This is because the hydroxyl functional group (—OH)
in the powdered nanosized mesoporous hydroxyapatite
powder was detected more strongly at 100°C than at
the other temperatures, as indicated by the vibration fre-
quencies observed.

iii XRD Results and discussions

The hexagonal crystal structure of nanosized meso-
porous hydroxyapatite powder refers to the specific ar-
rangement of atoms, ions or molecules in the crystal
lattice that forms a hexagonal pattern. This arrange-
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Figure 11: The Williamson-Hall plot method to define the crystallite size and microstrain quantities of nanosized mesoporous

hydroxyapatite powder

ment was analyzed using XRD, where these patterns
describe the specific angles and spacing of the crystal
lattice planes in the hexagonal unit cell. The XRD spec-
trum peaks are simultaneously used to identify the spac-
ing between planes in the lattice, which helps to con-
firm the hexagonal arrangement. The hexagonal crystal
structure of the nanosized mesoporous hydroxyapatite
powder was defined by lattice constants of ay ~ by =
9.416 A and ¢y = 0 (see Fig. 6).

In this study, several formulations were used to an-
alyze the XRD patterns. First, Bragg’s law, as shown
in Eq. (1), was applied. Second, the hexagonal sys-
tem was correlated with the Miller indices and the in-
terplanar distance, as shown in Eq. (2). The Debye-
Scherrer equation was used to calculate the crystallite

size (d) from the broadening of the diffraction peaks
(B), as shown in Eq. (3). The Williamson-Hall (W-H)
plot method was then used to quantitatively analyze and
separate the two factors contributing to the peak broad-
ening in X-ray diffraction, as shown in Eq. (4). Both
Eq. (4) and Eq. (5) were used to determine the lattice
strain (e) and dislocation density (§). The percentage
of crystallinity (Cr(%)) of nanosized mesoporous hy-
droxyapatite powder was calculated using Eq. (6). The
results for ¢, 0, and Cr(%) are shown in Table 2.

2dhkl sin(@) =nA. (1)
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Some results were found when some equations were
used to describe the X-ray diffraction patterns in the

particular Bragg’s angle positions and derived by us-
ing the Eq. (1). The Miller indices of the hexagonal
crystal structure of nanosized mesoporous hydroxya-
patite powder are found to define the crystal planes
in the unit cell using Eq. (2), and to understand its
crucial interaction diffraction data of the XRD exper-
iment. Particular Miller indices of the XRD patterns
are shown: see Fig. 7, Fig. 8, and Fig. 9. Mean-
while, Eq. (3) to Eq. (6) are used to determine crystallite
size, lattice strain (e), dislocation density (J), and per-
centage of crystallinity (Cr(%)) of the nanosized meso-
porous hydroxyapatite powder. The Miller indices spe-
cific to nano-sized mesoporous hydroxyapatite powder
at room temperature generated the following values:
(002), (102), (201), (203), and (222) (see Fig. 7). Mean-
while, (002), (112), (222), and (320) are Miller indices
values for nano-sized mesoporous hydroxyapatite pow-
der at 100°C (see Fig. 8). Likewise, the Miller indices
values at 400°C were described as: (202), (212), and
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(322) (see Fig. 9). Subsequently, the lattice constant or
lattice parameter that is expressed in Eq. (2) was found
using this formulation, with the results of a0 =b0 =9.42
oA and c0 =5.878 0A.

The broadening of the XRD peaks provides informa-
tion on the Full Width at Half Maximum (FWHM) (see
Fig. 10). Meanwhile, the crystallite size, lattice strain
(e), dislocation density (J), and percentage of crys-
tallinity (Cr(%)) of the nanosized mesoporous hydrox-
yapatite powder are presented (see Fig. 11 and Table 2).
Particularly, the crystallinity at room temperature is ap-
proximately 72.28%, at 100°C it is about 68.93%, and
it drops to around 62.46% at 400°C. However, these
temperature effects do not seem to remove the impu-
rities on all samples, which may have disrupted their
microstructure, and this matter may be preventing nano-
sized mesoporous hydroxyapatite powder from achiev-
ing long-range order.

However, the crystallite size of nanosized meso-
porous hydroxyapatite powder at various temperatures,
conducted at room temperature, 100°C, and 400°C (see
Fig. 12) has been determined. The ranges are detailed
as follows: 3.0 nm — 6.0 nm ~ 1; 9.0 nm - 12.0 nm =
3;15.0nm - 18.0 nm ~ 2; 21.0 nm — 24.0 nm ~ 1; and
27.0 nm - 30.0 nm =~ 1. Similarly, at 400°C, the ranges
are as follows: 3.0 nm - 6.0 nm ~ 3; 9.0 nm — 12.0 nm
~0; 150 nm - 18.0 nm ~ 2; 21.0 nm — 24.0 nm ~ 2;
and 27.0 nm — 30.0 nm ~ 1.

The crystallinity of nanosized mesoporous hydrox-
yapatite powder was calculated using the formula in
Eq. (6). This was used to assess the degree of structural
order of solid materials like nanosized mesoporous hy-

droxyapatite powder. However, when the crystallinity
is low, the structure tends to shift toward short-range
order, or it tends to become amorphous. Conversely,
when the crystallinity is high, the structure extends to
long-range order, indicating that it became crystalline.
Meanwhile, the crystallite size distribution of nano-
sized mesoporous hydroxyapatite powder for all tem-
peratures used in this effort shows that the majority
fall within the range of 7.5 nm to 10.0 nm, as shown
in Fig. 12 (d). These crystallite size values described
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Figure 14: SEM-EDX images showing the surface morphol-
ogy of nanosized mesoporous hydroxyapatite powder at (a)
100°C and (b) 400°C.
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in the distributions were determined using the Debye-
Scherrer equation, as shown in Eq. (2). Separately de-
scribed are the crystallite size distributions: see Fig. 13
at room temperature, Fig. 13(b) at 100°C, Fig. 13(c),
and Fig. 13(d) for comparison curves of the whole. The
distribution peaks of curve were shifted when temper-
ature increase is conducted in this effort, from room
temperature to 100°C and then more increase to 400°C,
which was previously determined using the Gaussian
method, as shown in Fig. 13(d).

iv  SEM-EDX Results and discussions

In this SEM-EDX test, two nanosized mesoporous hy-
droxyapatite powder samples were compared at 100°C
and 400°C, where both showed distinct differences in
the quantities of the hydroxyl group, as observed in pre-
vious FTIR and DSC-TG analyses. Therefore, these
temperatures are preferred in the SEM-EDX test, and
both are comparable in the test of the study of the sur-
face morphology, as shown in Fig. 13. Subsequently,
the Ca/P atomic ratios of these samples at 100°C and
400°C are approximately 1.63 and 1.73, respectively,
as shown in Table 4. Both are close to the Ca/P [28-30]
of the pure hydroxyapatite compound, which is 1.66 or
1.67.

The vibration of the hydroxyl group (OH) with a
strong frequency occurred in a sample of nano-sized
mesoporous hydroxyapatite powder at 100°C. Mean-
while, the vibrational bands associated with the P=0,
P-O-P, and PO?[ groups shift to lower frequencies
at 400°C. This observation is further confirmed by the
EDX analysis, as shown in the inset picture in Fig. 14(a)
and Fig. 14(b).

IV Conclusions

In this study, the effects of room temperature, 100°C,
and 400°C on the microstructure of nanosized meso-
porous hydroxyapatite powder were investigated. XRD

Table 2: Thermal quantities of powdered nanosized meso-
porous hydroxyapatite powder

T(C) D (nm) (e £ Ae) § (nm?)

room 4.68 -0.014 £ 0.071 0.045
100 4.47 -0.011 £ 0.016 0.049
400 6.79 -0.004 £+ 0.008 0.021

Table 3: Thermal quantities of powdered nanosized meso-
porous hydroxyapatite powder

T (°C) Element Weight Atomic Ca/P
0O 46.26 67.99

100 P 17.86 12.15 1.63
C 35.88 19.86
O 34.35 55.26

400 P 19.59 16.16 1.73
Ca 46.06 28.58

analysis revealed that the crystalline structure exhibits a
hexagonal phase. This finding is supported by the eval-
uation of key structural parameters such as crystallite
size, microstrain, and lattice constants, which are con-
sistent with a hexagonal structure with a face-centered
cubic unit cell arrangement (FCC). Similarly, FTIR and
SEM-EDX tests show the consistency of the functional
group and the Ca/P atomic ratio of nanosized meso-
porous hydroxyapatite powder, confirming that the ma-
terial exhibits a nanoscale structure. Furthermore, the
effect on its thermal properties was conducted using
the DSC-TG, which involves the study of multiple ther-
mal characteristics, such as their enthalpy of exother-
mic and endothermic processes, phase transitions from
crystalline to molten phases, and specific heat capacity,
which are indications of refractory materials, such as
ceramics.
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