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Hydroxyapatite (HA) is a bioceramic of considerable interest in orthopaedic and dental applications due to its compositional
similarity to natural bone and teeth. However, achieving the precise control over its crystallinity and surface area remains
a challenge for enmhancing the bioactivity and clinical performance. In this study, HA was synthesised via controlled
precipitation by titrating (NH):2HPOq into Ca(NOs): with syringe-assisted feeding, followed by calcination at 600 °C for
5 h. The influence of the polyethylene glycol (PEG), pH adjustment, phosphate feed rate, and syringe needle size was
systematically examined. Among these parameters, the phosphate feed rate was identified as the most critical factor affecting
both the crystallite size and specific surface area. A feed rate of 1 mL/min produced the highest surface area (45.55 m>g™),
compared to 37.85 m*g™" at 3 mL-min”, while also maintaining favourable alkaline conditions for HA nucleation and growth.
These findings demonstrate that the careful regulation of feed parameters enables the reproducible tailoring of HA structural
features without complex synthesis routes. The approach provides a simple and scalable pathway for producing high-surface-
area HA, offering new opportunities for the development of advanced biomaterials for medical and dental applications.

INTRODUCTION

Hydroxyapatite (HAp; Caio(PO4)s(OH)2) is a cal-
cium phosphate ceramic that has garnered significant
attention in biomedical applications due to its close
resemblance to the mineral constituents of bone and teeth.
This similarity confers exceptional biocompatibility,
osteoconductivity, and bioactivity, making HAp an ideal
material for various applications including bone grafts,
dental implants, and tissue scaffolds [1, 2]. The ability of
HAp to serve as a substrate for cell culture is particularly
noteworthy, as microcarriers fabricated from this material
have been shown to enhance the production of biological
therapeutics, such as vaccines, through improved cell
attachment and proliferation [3]. The physicochemical
properties of hydroxyapatite, particularly the surface
area and porosity, play a crucial role in its effectiveness
across biomedical and biotechnological contexts.
Materials with increased surface areas tend to exhibit
superior bioactivity, improved ion exchange capabilities,
and enhanced potential for surface modifications, which
can significantly benefit applications involving bone
regeneration and drug delivery systems [4, 5]. Notably,

the microstructural characteristics of hydroxyapatite,
including the porosity and crystalline structure, are
paramount; the higher porosity often correlates with
improved biological performance, but may compromise
the mechanical integrity [6].

There are several methods to synthesise
hydroxyapatite with specific structural characteristics.
Techniques, such as sol-gel processing, hydrothermal
treatments, and precipitation, are commonly used, with
the precipitation method standing out due to its ease
of use and environmental benefits [7, 8]. This method
allows for tailored adjustments to the parameters such
as the pH and reagent concentrations, which can directly
influence the resulting Hap’s characteristics, including
the surface area and crystallinity. Specifically, the
controlled addition rates of the phosphate solution during
synthesis are critical; a slower addition generally yields
larger, more ordered crystallites, while faster rates can
lead to a higher number of smaller particles, potentially
affecting the overall product quality [9].

Moreover, the choice of raw materials for the HAp
synthesis has become increasingly important, especially
given the shift towards sustainable practices. Natural
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sources such as eggshells, which are rich in calcium
carbonate, have gained attention as viable precursors
for hydroxyapatite production [8, 10]. The exploitation
of such sustainable resources not only provides cost-
effective solutions, but also addresses environmental
concerns associated with raw material extraction. The
combination of natural precursors with additives, such
as polyethylene glycol (PEG), can further enhance the
properties of the resultant hydroxyapatite by improving
the texture and surface area through templating and
stabilisation [11]. Controlled synthesis conditions,
particularly those involving the pH and flow rate of
phosphoric acid in calcium solutions, can also dictate
the nucleation and growth processes of HAp. A
system employing syringe pumps has shown promise
in maintaining optimal conditions for synthesis [12].
This meticulous attention to detail in the synthesis
process, alongside empirical optimisation, can yield
hydroxyapatite variants with desirable properties for
specific applications. By correlating the synthesis
parameters with the material properties, this work
aims to provide new insights into the rational design of
hydroxyapatite with enhanced bioactive performance.
The findings are expected to contribute not only to the
scientific understanding of precipitation-based synthesis,
but also to practical applications, offering a simple,
cost-effective, and environmentally sustainable strategy
for producing hydroxyapatite suitable for advanced
biomedical and biotechnological uses.

EXPERIMENTAL

Methodology

This study was designed to investigate the
influence of several synthesis parameters, including the
polyethylene glycol (PEG) volume, solution pH, needle
size, and phosphate addition rate, on the physicochemical
properties of hydroxyapatite. The experimental
procedure consisted of two main stages: the synthesis
of hydroxyapatite via precipitation and the subsequent
characterisation of the obtained materials.

Synthesis of hydroxyapatite

A calcium nitrate Ca(NOs): solution (100 mL) was
prepared and transferred into a glass beaker. A solution
of diammonium hydrogen phosphate (NHa).HPO4 was
then titrated dropwise into the calcium solution using a
syringe under continuous stirring at 500 rpm and 60 °C
until the phosphate precursor was completely added.
Stirring continued for 30 min at ambient temperature in
the presence of polyethylene glycol (PEG), which was
introduced in volumes ranging from 0.5 to 1.5 mL. The
pH of the reaction medium varied between 8 and 12 to
evaluate its effect on the precipitation process.

The synthesis was further optimised by controlling
the addition rate of the phosphate solution at 1, 2,
and 3 mL-min”, and by employing syringe needles of
different diameters (0.8 x 38 mm, 0.9 X 38 mm, and
1.2 x 38 mm). Following precipitation, the suspension
was aged at room temperature for 24 h. The resulting
precipitate was separated by vacuum filtration using
Whatman No. 42 filter paper and thoroughly washed
with distilled water until a neutral pH was obtained. The
collected solid was dried in an oven at 110 °C for 5 h and
subsequently calcined in a muffle furnace at 600 °C for
5 h to enhance the crystallinity and obtain a phase-pure
calcium phosphate.

Characterisation

The specific surface area and pore size distribution
of the synthesised hydroxyapatite were determined
by a nitrogen adsorption—desorption analysis using
the Brunauer—-Emmett-Teller (BET) method with a
Quantachrome NOVAtouch 4LX analyser. The surface
morphology and elemental composition were examined
using scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDX, JSM-
6510LA). A phase identification and crystallographic
analysis were conducted by X-ray diffraction (XRD)
using a MiniFlex D teX Ultra 2 diffractometer operated
at 40 kV and 15 mA.

From the results of the XRD analysis, the crystal
size of hydroxyapatite can be calculated using the
Dyebe-Scherrer equation:

KA
D (nm) = oot

Where: D = Size of the crystal diameter (nm); K =
Scherrer’s constant (0,9); 4 = Wavelength of light used
(Cu,A = 0,15406 nm); f = Full width half maximum
(FWHM); 6 = diffraction angle

RESULTS AND DISCUSSIONS

Effect of the polyethylene glycol (peg)
volume on the hap surface area

The BET surface area analysis of the hydroxyapatite
synthesised at pH 10 with variations in the polyethylene
glycol (PEG) volumes reveals that without PEG,
the sample offers a surface area of 18.29 m>g™'. The
addition of PEG positively influences the surface area,
increasing it to 19.43 m>g"' at 0.5 mL and further to
21.51 m>g" at 1.0 mL. However, upon increasing the
PEG volume to 1.5 mL, a decrease in the surface area
to 17.76 m*g"' is observed, which falls below that of
the control. This phenomenon indicates that PEG plays
a significant role in adjusting the textural properties of
hydroxyapatite, acting effectively as a soft template at
moderate concentrations by coating the particles to
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prevent agglomeration during the synthesis process [13].
Research indicates that upon calcination, the breakdown
of PEG generates pore channels, which enhances the
specific surface area and ensures a more uniform pore
distribution, corroborating the observed improvements
in surface area at PEG volumes of 0.5 and 1.0 mL [14].
It is, however, imperative to note that surpassing the
optimal concentration of PEG leads to a reduction in the
specific surface area. This decline can be explained by
limitations in the diffusion within the reaction medium
caused by the increased PEG viscosity, which hampers
the ion mobility and disrupts the uniform growth of
hydroxyapatite crystals [15]. As noted, excessive
viscosity can exacerbate issues of particle aggregation
and pore collapse during calcination, which ultimately
diminishes the available surface area. The experimental
findings suggest the existence of an optimal PEG
concentration that harmonises the benefits of the
templating effect with the required solution dynamics;
exceeding this threshold may negate the advantageous
effects [16].

The synthesis of hydroxyapatite (HAp) is notably
influenced by the presence of polyethylene glycol (PEG)
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Figure 1. Curve of effect of the PEG volume on the produced
surface area.
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and the pH of the synthesis environment. As revealed in
the scanning electron microscopy (SEM) micrographs,
hydroxyapatite produced at a pH of 10 without PEG
displays an irregular particle morphology characterised
by non-uniform pore sizes and agglomerated particles.
This agglomeration limits the creation of well-defined
porous structures, which are critical in numerous
applications such as biocompatible scaffolds in tissue
engineering [17, 18]. The analysis signifies that at pH
levels favourable for HAp synthesis, morphology can be
heavily influenced by both the presence of additives like
PEG and the thermal conditions during calcination.

In contrast, hydroxyapatite synthesised with PEG
exhibits a visibly more uniform particle morphology
with larger, evenly distributed pores. Studies have
shown that the templating effect of PEG contributes
to the development of the interconnected porosity [18,
19]. During thermal decomposition, PEG initiates at
approximately 300 °C, leading to the formation of voids
as it leaves the matrix, which can be observed as pore
channels within the HAp framework. The benefits of the
porous morphology are evident in applications requiring
high surface areas and efficient mass transport properties,
particularly highlighting the use of these structures in
microcarriers for bioreactors and scaffolds for tissue
repair [17, 20]. The introduction of PEG significantly
enhances the porosity, allowing for more advantageous
physical characteristics that promote higher fluid
retention and cell growth [21, 22].

The optimisation of the PEG concentration remains
crucial; while moderate levels facilitate superior pore
structures, excessive PEG can induce structural collapse
and irregular porosity attributed to the viscosity effects
during the synthesis and processing phases [23, 24].
Understanding the importance of carefully modulating
PEG levels as part of the synthesis protocol is vital to

Figure 2. SEM image of hydroxyapatite (a) without PEG (b) with PEG 1 mL.
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achieving a balance between maintaining the particle
stability and maximising the pore development [25,
26]. Hence, the interplay of the synthesis parameters is
essential in controlling the physicochemical properties
of hydroxyapatite for biomedical applications.

The BJH (Barrett—Joyner—Halenda) analysis is
a technique used for assessing the porosity properties
of synthesised hydroxyapatite particles, specifically
focusing on the pore size distribution, pore volume, and
pore type. Recent studies have highlighted the significant
role of polyethylene glycol (PEG) in modifying the
structural characteristics of hydroxyapatite. For instance,
it has been demonstrated that the incorporation of PEG
leads to an increase in both the pore diameter and pore
volume, thereby supporting the notion that PEG acts as
a porogen during synthesis, facilitating the formation of
interstitial voids [27, 28].
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Figure 3. N, adsorption-desorption isotherm curve of
hydroxyapatite (a) without PEG (b) with 1 mL of PEG.

The findings correspond with the International

Union of Pure and Applied Chemistry (IUPAC)
classification of pore sizes, wherein both PEG-modified
and unmodified hydroxyapatite samples fall into the
mesoporous category (2-50 nm). The non-PEG sample
exhibited a pore diameter of 17.90 nm and a pore volume
of 0.077 cm®g", while the PEG-modified sample had
a pore diameter of 19.45 nm and a pore volume of
0.099 cm?-g"'. Such enhancements in the porosity can be
attributed to PEG’s templating role during the calcination
process, where it decomposes thermally, resulting in
a more open structure that is beneficial for biomedical
applications, enhancing properties essential for nutrient
transport and protein adsorption [28].
This increased porosity is advantageous in biomedical
applications, as it enhances a scaffold’s capability
for nutrient uptake and cellular interaction in tissue
engineering. For example, studies have shown that the
addition of organic substances like PEG, in combination
with calcium phosphates, improves the material properties
for bone regeneration due to their interconnected
porous structures [28, 29]. Overall, improvements in
the pore characteristics due to PEG incorporation align
with previous research that emphasises PEG-assisted
synthesis methods, demonstrating increased porosity
and surface reactivity suitable for regenerative medicine
applications [27, 30]

Figure 4 illustrates the X-ray diffraction (XRD)
spectra of hydroxyapatite (HAp) synthesised with
and without the use of polyethylene glycol (PEG).
Both samples exhibit diffraction patterns indicative of
crystalline hydroxyapatite, with distinct reflections that
align with the standard HAp pattern (JCPDS 09-0432)
[31]. The absence of additional peaks suggests that the
incorporation of PEG does not introduce secondary
phases such as B-tricalcium phosphate (B-TCP), calcium
oxide (Ca0O), or amorphous calcium phosphate. This
outcome is crucial because the formation of secondary

calcium phosphate phases can negatively impact
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Figure 4. Diffractogram of hydroxyapatite particles a) with
polyethylene glycol added b) without polyethylene glycol
added.
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the mechanical integrity and bioactivity in medical
applications [32]. A noteworthy difference in the two
spectra is the systematic shift of the diffraction peaks
toward lower 20 angles in the PEG-assisted sample
compared to the control. For instance, the reflections at
various angles in the PEG sample are shifted relative to
their counterparts in the control sample [33]. These shifts
are typically attributed to the expansion of lattice spacing
resulting from lattice strain induced during the synthesis
[34]. It is suggested that PEG acts as a porogenic agent,
intercalating within the forming HAp matrix during
the precipitation process. Upon thermal decomposition
during calcination, the removal of PEG creates voids and
pores, which introduce microstructural stress that leads
to lattice distortion, effectively increasing the interplanar
spacing and causing a shift to lower diffraction angles
[35].

The calculated crystallite sizes verify this theory,
demonstrating larger crystallite dimensions in the
PEG-assisted HAp compared to those where PEG was
not included, which is consistent with the findings that
highlight PEG’s ability to enhance crystallinity and
promote structural order [34]. Interestingly, this scenario
presents a paradox: where the lattice strain increases,
crystallite size also enlarges, potentially due to the strain
relaxation during calcination. As PEG burns off and
pores develop, localised strain aids in merging smaller
crystallites into larger grains, thereby enhancing the
overall structural coherence [32]. The results revealed a
significant increase in the degree of crystallinity, rising
from 88.38 % in the control to 96.58 % in the PEG-
assisted HAp. Higher crystallinity is vital for enhancing
the physicochemical properties of hydroxyapatite, as
it is linked with reduced dissolution rates, increased
mechanical  strength, and elevated bioactivity,
particularly regarding the osteoconductivity [36]. The
ability of PEG to enhance crystallinity is attributed to
its templating effect during the nucleation phase, which
minimises the uncontrolled agglomeration and fosters
the formation of well-ordered crystal domains [37]. This
is particularly significant in the context of biomedical
applications, where the coexistence of high crystallinity
and mesoporosity is  beneficial. Conventional

Table 1. Crystal size of HAp made without and with the
polyethylene glycol addition.

Without Polyethylene Glycol With Polyethylene Glycol

hydroxyapatite scaffolds often experience a trade-off
between porosity and crystallinity; however, PEG-
assisted synthesis allows for the generation of mesopores
without compromising the crystalline order [38]. Such
a combination is valuable for applications like bone
tissue engineering, where high crystallinity guarantees
mechanical stability and controlled resorption rates,
while increased porosity enhances protein adsorption,
ion exchange, and osteoblast proliferation (39 Canto,
2025).

While the XRD patterns affirm the predominance of
the HAp phase, it is essential to acknowledge that minor
amorphous or secondary phases could remain undetected
due to XRD’s limitations. Additionally, the analysis of
the peak broadening indicates a correlation between the
micro-strain and crystallite size, suggesting that further
complementary techniques, such as transmission electron
microscopy (TEM) or Rietveld refinement, would yield a
more precise quantification of the crystallite morphology
and lattice distortion [40]. Future investigations should
also delve into the effect of varying PEG molecular
weights on the crystallinity and lattice strain, as the
molecular characteristics of PEG can significantly
influence its templating efficiency [41].

Effect of the phosphate addition
rate on the hap surface area

The effect of the phosphate addition rate on the
surface area of hydroxyapatite particles is presented in
Figure 5. From the earlier optimisation of the porogen
concentration, 1 mL of PEG was identified as the
optimum amount, and this value was therefore used as
the baseline for studying the phosphate addition rate
at a synthesis pH of 10. This choice ensured that the
influence of the phosphate delivery rate could be isolated
under conditions already favourable for the mesopore
formation. The results demonstrate that the specific
surface area of hydroxyapatite is highly sensitive to
the rate of the phosphate addition. When the phosphate
solution was introduced at a rate of 1 mL-min’', the

m(0.8 x 38 mm
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[ie]
W
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surface area reached 45.558 m>g', representing the

highest value among the tested conditions. By contrast,
increasing the addition rate to 3 mL-min' resulted in a
significant decrease in the surface area to 37.848 m>g.
This inverse correlation between the phosphate addition
rate and surface area highlights the critical role of the
reaction kinetics in controlling the textural properties
of hydroxyapatite. The underlying mechanism can be
explained in terms of nucleation and growth dynamics.
A slower phosphate addition rate ensures gradual
supersaturation, which promotes controlled nucleation
followed by steady crystal growth [42].

This condition stabilises the pH within the alkaline
range (pH = 10), which is optimal for hydroxyapatite
precipitation. Controlled nucleation minimises the
particle aggregation and allows PEG to effectively act
as a porogen, leading to the development of well-defined
mesopores and a higher surface area. In contrast, at higher
phosphate addition rates (e.g., 3 mL-min"), the rapid
influx of phosphate ions produces local supersaturation
spikes. This accelerates nucleation, resulting in the
formation of numerous smaller crystallites within a short
time frame. While this might intuitively suggest a higher
surface area, the uncontrolled nucleation simultaneously
leads to greater particle aggregation and reduced
porosity. Furthermore, rapid pH fluctuations destabilise
the suspension, limiting the ability of PEG to uniformly
template pore structures. Consequently, the resulting
hydroxyapatite exhibits a lower surface area and less
favourable porosity [43].

These findings align with the existing literature
indicating that slower reactant feeding rates enhance
the structural homogeneity and porosity during calcium
phosphate synthesis. From an application perspective,
tailoring the phosphate addition rate provides a straight-
forward approach to engineer hydroxyapatite with the
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desired surface properties. Materials with higher surface
area and mesoporosity are particularly valuable in
biomedical fields where cell adhesion, protein adsorption,
and drug-loading capacity are critical. For example,
hydroxyapatite microcarriers or scaffolds with higher
surface area promote more efficient cell proliferation in
bioreactors, while porous coatings on metallic implants
enhance osseointegration by facilitating interfacial
bonding with bone tissue [44, 45].

The synthesis of hydroxyapatite (HAp) particles
can significantly vary based on the phosphate addition
rate during the crystallisation process, influencing their
morphology, distribution, and aggregation characteristics.
The scanning electron microscopy (SEM) micrographs
in Figure 6 taken at 40,000x magnification show that
hydroxyapatite particles exhibit a characteristic rod-
like morphology, linked to the preferential growth along
the c-axis characteristic of hydroxyapatite crystals [46,
47, 48]. This morphology is a critical indicator of the
thermodynamic stability of crystal phases, which are
essential for various biomedical applications [49, 50].

When the phosphate is added at a slower rate of
1 mL'min”, the resulting hydroxyapatite demonstra-
tes a more uniform rod-like structure interspersed with
visible pores [46, 48]. This homogenous morphology
can be attributed to the controlled ion delivery that
promotes gradual supersaturation, fostering orderly
nucleation processes. Such conditions allow for the
effective incorporation of polyethylene glycol as a pore-
forming agent, producing particles with significant
porosity and higher surface areas, as confirmed by the
BET analysis results [51, 52]. Conversely, at a faster
phosphate addition rate of 3 mL-min”, particles are
seen to be more densely packed with fewer discernible
pores and irregular morphologies, suggesting that rapid
ion influx disrupts controlled growth dynamics [53, 54].
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Figure 6. SEM image of the phosphate addition rate (a) 1 ml'min™ (b) 3 ml'min™.
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This leads to accelerated nucleation and less uniform
crystal growth, hence increasing the agglomeration and
reducing the effective surface area, as corroborated by
both the BET and BJH analyses [55, 56].

Additionally, the observation of lighter-coloured
regions in the SEM images suggests the presence of
agglomerated clusters, a common phenomenon in the
synthesis of calcium phosphates due to the high surface
energies driving the interparticle attraction, primarily
mediated by van der Waals forces and hydrogen bonding
[57, 58]. It has been highlighted that a slower phosphate
addition can somewhat alleviate agglomeration, yielding
more dispersed rod-like structures compared to denser
clusters observed under higher addition rates [50, 59].
The morphological characteristics of hydroxyapatite
are crucial in biomedical contexts; specifically, rod-
like formations with developed porosity are particularly
advantageous in bone tissue engineering, where they can
facilitate protein adsorption and enhance cell attachment
and nutrient diffusion, thereby improving bioactivity
[51, 60].

The incorporation of secondary elements in
hydroxyapatite (HAp) significantly affects its chemical
stoichiometry, particularly the calcium-to-phosphorus
(Ca/P) ratio, which is a widely accepted metric for
assessing the quality of the material. Ideal stoichiometric
HAp has a Ca/P molar ratio of approximately 1.67,
similar to that found in natural bone apatite [61, 62].
However, recent analyses have indicated deviations from
this ideal. For instance, studies have shown observed
Ca/P ratios exceeding 1.67, raising concerns regarding
the material’s purity [63, 64]. This disparity typically
suggests the presence of calcium-rich impurity phases
such as calcium oxide (CaO), which can emerge during
high-temperature processes when precursor materials

do not fully decompose or are inadequately removed
[65, 66]. The incomplete removal of such phases during
sintering may introduce an excess of calcium relative
to the phosphorus in the synthesised HAp product.
The elemental composition of the synthesised HAp
was characterised using an energy-dispersive X-ray
(EDX) analysis, revealing primary peaks corresponding
to calcium (Ca) and phosphorus (P), consistent with
the expected structure of HAp. Secondary peaks from
carbon (C) and oxygen (O) were also detected, indicating
contributions from residual organics or ambient
atmospheric influences during the analysis; the oxygen
likely originates from both the phosphate framework and
oxide impurities as well. The prominence of Ca and P
signals in the EDX confirms that hydroxyapatite remains
the predominant phase, despite the presence of minor
impurities [62].

Influences on the synthesis conditions extend
beyond the elemental composition; they also affect
the physical properties, such as the surface area and
the relative proportions of Ca and P. For instance,
samples synthesised with a phosphate addition rate
of 1 mL'min"' exhibited higher Ca (56.92 %) and P
(24.53 %) percentages compared to those produced
at 3 mL'min"!, which showed values of 49.57 % and
22.36 %, respectively [66, 67]. This correlation aligns
with the BET results, illustrating an increased surface
area at lower addition rates. Controlled phosphate
delivery may enhance the efficiency of ion incorporation
during crystal growth, yielding materials that are more
enriched in a stoichiometric balance. The implications of
deviations in the Ca/P ratio are critical when considering
biomedical applications. A higher ratio often indicates
calcium enrichment, which can enhance the stability
and lower the solubility; however, excessive formation

Table 2. Element content of the calcium phosphate particles from the EDX analysis.

Phosphate Addition Rate Element Analysis
(ml'min™") (% Massa)
C o Na Mg Ca P K
1 13.15 6.90 0.16 0.40 56.92 22.36 0.10
3 16.61 10.92 0.04 0.25 49.57 24.53 0.08
2400
2200 | PK Ca-K

Counts

.

1 1 1 1 1
000 1.00 200 3.00 400 500 600 7.00 800 9.00 10.00
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Figure 7. Energy dispersive X-ray (EDX) analysis of the phosphate addition rate (a) | ml'min™* (b) 3 ml'min".
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of CaO may undermine the bioactivity, as CaO tends to
be more basic and less biocompatible compared to pure
HAp [68, 69]. Conversely, minor deviations from the
stoichiometry are not uncommon within hydroxyapatite
and may even confer advantageous traits, such as
improved mechanical properties or altered dissolution
rates, depending on the specific applications in bone
tissue engineering and implant coatings [70]. Thus,
the EDX findings elucidate the dual impact of varying
synthesis parameters—especially the phosphate delivery
rates—on the compositional and structural properties
of HAp, suggesting a holistic approach to optimise the
conditions for biomedical material applications.

Effect of the ph
on the surface area of HAp

The influence of the pH on the textural properties of
hydroxyapatite (HAp) is a critical aspect of biomaterial
synthesis, particularly in the contexts of drug delivery
and bone tissue engineering. An increase in the pH during
synthesis significantly affects the physical characteristics
of HAp, notably its surface area and pore structure.
Research shows that increased pH levels, resulting in a
higher hydroxide ion concentration, enhance the ionic
mobility and supersaturation, leading to more frequent
ionic collisions. This, in turn, accelerates the nucleation
and growth of finer crystallites [71]. Studies demonstrate
a marked increase in the surface area and porosity of
HAp particles synthesised under alkaline conditions
compared to those produced at neutral or acidic pH [72].
Table 3. Analysis result of the Brunauer Emmet Teller
(BET) analysis

Table 3. Analysis result of the Brunauer Emmet Teller (BET)
analysis.

pH Surface Pore Pore
Area Diameter Volume
(m*g") (nm) (em’g™)
8 11.895 - -
10 21.509 19.45 0.099
12 51.210 37.93 0.537

In experimental studies, the morphological and
structural characterisation of HAp produced at various
pH levels revealed crucial insights into its pore structural
characteristics via the Brunauer-Emmett-Teller (BET)
surface area and Barrett-Joyner-Halenda (BJH) analyses.
Specifically, at pH 10, the pore diameter was recorded
at approximately 19.45 nm, with a pore volume of
0.099 cm?-g’'; contrastingly, at pH 12, the pore diameter
expanded to 37.93 nm and pore volume increased
significantly to 0.537 cm3g"' [71]. This transition
indicates pronounced mesoporosity arising from
increased ion mobility, promoting particle aggregation

and the subsequent development of larger mesopores
during calcination [73]. Additionally, the adsorption-
desorption isotherms associated with the synthesised
HAp display type IV characteristics with H3 hysteresis
loops, signifying the presence of mesoporous structures
formed by plate-like aggregates. This observation
correlates with the scanning electron microscopy (SEM)
analyses illustrating rod-like and plate-like morphologies
contributing to the overall porous architecture [72]. Such
structural modifications induced by pH manipulation
not only enhance the surface area, but also facilitate
the engineering of hydroxyapatite with multifunctional
properties crucial for biomedical applications, such as
efficient drug delivery systems and scaffold designs for
tissue engineering [17].
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Figure 8. Adsorption-desorption isotherm curve of hydroxy-
apatite (a) pH 10 (b) pH 12.
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The implications of these findings extend to practical
applications, underscoring the importance of the pH
as a controllable parameter during HAp synthesis. The
balance between mechanical stability and bioactivity
can be finely tuned through the pH adjustment, allowing
researchers to create biomaterials that meet specific
requirements for varied applications in regenerative
medicine. Overall, understanding the influence of the
pH on the synthesis of hydroxyapatite not only enhances
material performance, but also broadens the scope of its
applicability in biomedicine.

Effect of the needle size
on the hap surface area

The relationship between the needle size and the
synthesis of hydroxyapatite nanoparticles dramatically
illustrates how crucial the experimental parameters
affect the material properties such as the surface area
and pH stability. In synthesising hydroxyapatite (HAp),
the needle size plays an essential role in controlling the
droplet dynamics, which, in turn, regulates pH levels in
the reaction solution. Smaller needle sizes can lead to
fluctuations in the pH, resulting in inconsistent crystal
growth and potentially contributing to a diminished
surface area. For instance, synthesising hydroxyapatite
using a needle size of 0.8 x 38 mm resulted in a surface
area of 33.891 m?>¢”!, with pH instability reported within
certain ranges. In contrast, larger needles, such as 1.2
x 38 mm, generally allow for a more stable pH and
significantly increased the resulting surface area to levels
noted in similar studies [74, 75].

The importance of the pH stability in mineral
nucleation and crystallisation cannot be overstated.
Hydroxyapatite formation is sensitive to shifts in the pH,
as these changes can lead to heterogeneous nucleation
events, complicating more uniform crystal growth [74,
76]. This has implications not only for laboratory-scale
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Figure 9. Diffractogram of hydroxyapatite particles a) 1.2 x
38 with a 3 ml'min”' addition rate b) 1.2 x 38 with a Iml-min’!
addition rate ¢) 0.8 x 38 with a 1 ml'min™' addition rate.

synthesis, but also for scale-up in industrial applications,
where consistent properties are essential for biomedical
uses, such as bone grafts and implant coatings [75]. For
instance, studies have shown that methods like the sol-
gel synthesis allow for adjustments in the pH that can
refine hydroxyapatite particle characteristics, influencing
their morphology and surface area [76]. Furthermore, the
electrostatic effects influenced by pH can enhance the
droplet stability and improve the delivery of phosphate
to the growing structures. This reflects the notion that
the droplet size, affected by the chosen needle diameter,
significantly dictates the resulting hydroxyapatite
morphology. Controlled synthesis environments have
been shown to significantly affect hydroxyapatite
characteristics, allowing for the production of materials
with high surface areas suited for biomedical applications
[77]. These materials can be particularly advantageous
given their enhanced capabilities for protein adsorption
and cell adhesion, essential properties for efficient tissue
engineering [47, 78].

Based on Figure 9, it shows that the X-ray
diffraction patterns of hydroxyapatite synthesised with
different needle diameters and phosphate addition rates
have the same diffraction pattern, but the diffraction peak
with the same pattern shifts to the right (the angle will
be smaller). This shift occurs due to the stretching of
the hydroxyapatite crystal lattice so as to increase the
distance between the lattice.

Table 4. HAp crystal size at different needle sizes and addition
rates.

Needle Size (mm)

0.8 x 38 1.2 x 38
Addition Rate
(ml'min™) 1 1 3
Crystal Size
(nm) 8.4929 14.0700 12.7388

Large crystals produce diffraction peaks that are
close to a vertical line. While very small crystallinity
produces a very wide diffraction peak. The value of
the degree of crystallinity of hydroxyapatite produced
from hydroxyapatite samples with a needle diameter
size of 0.8 x 38 mm at an addition rate of 1 ml-min’
was 88.77 %, while at a needle diameter size of 1.2 x
38 mm at an addition rate of 1 ml'min™* and 3 ml/min
was 93.19 % and 91.31 %. The results of the degree of
crystallinity show that there is still an amorphous phase
in hydroxyapatite

CONCLUSIONS
This study has successfully demonstrated the

influence of PEG, the pH, phosphate addition rate, and
needle size on the textural and structural properties of
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hydroxyapatite, further research is required to extend its
biomedical relevance. In particular, future work should
focus on correlating the optimised physicochemical
properties with biological performance, including
protein adsorption, cell attachment, and proliferation
assays in vitro. Establishing a direct link between
the synthesis parameters, surface functionality, and
biological outcomes will provide stronger validation for
clinical and industrial applications. Moreover, expanding
this synthesis strategy to incorporate functional dopants,
such as magnesium, zinc, or strontium, could further
enhance the bioactivity and mechanical performance
of hydroxyapatite, opening new opportunities for load-
bearing implants and regenerative medicine. In addition,
scaling up the process using continuous flow systems
or automated syringe delivery could improve the
reproducibility and cost-efficiency, making this approach
more attractive for the large-scale production of medical-
grade HAp. By integrating material optimisation with
a biological evaluation and process scalability, future
studies can advance the development of hydroxyapatite
as a versatile and high-performance biomaterial for next-
generation biomedical applications.
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