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Hydroxyapatite has been widely used in the biomedical industry due to its biocompatibility, bioactivity, and stable properties.
A novel approach to handling its particles with a high surface area quality is urgently required. Therefore, this study aims
to determine an empirical model of the surface area of precipitation-derived hydroxyapatite particles prepared with latex
as a pore-forming agent. The results showed that the porous hydroxyapatites surface area increased along with the pH, latex
volume, and latex drop rate. The empirical model obtained to control the surface area of porous hydroxyapatite particles
of porogen latex is y = 15.9614 + 217.418B — 161.16C — 20.407AB + 13.1934AC + 22.27BC — 122.47 with R* = 99.99 %.

INTRODUCTION

Hydroxyapatite (Ca,,(PO,)s(OH),) is one of the most
widely used calcium phosphates due to its excellent
bio-compatibility, bioactivity [1], osteoconductivity,
and non-toxic properties [2]. However, increasing
interest in improving its surface area is essential
for the optimal performance [3]. This will help support
the development of additive manufacturing systems
in the biomedical industry, such as drug delivery [4],
coatings for bone implants [5], and microcarriers [6].

There are several methods used to synthesise
hydroxyapatite, which include sonochemical [7], sol-gel
[8], and wet methods [9]. The sonochemical method relies
on chemical reactions sparked by powerful ultrasonic
radiation. This process consistently yields nano-sized
items and achieves flawless control over the morphology,
porosity, and size [7]. The thin layer preparation
process, also known as the sol-gel method, enables
the production of a chemically homogeneous layer from
the final product with a fine powder structure. The long
stages of this process include hydrolysis, condensation,
ageing or ripening, and drying [8]. Meanwhile, the wet
method is the most popular approach for producing
hydroxyapatite due to the very low risk of contamination
during processing, which results in a high yield
at a relatively low cost with no environmental impact
[10]. Thetwolevels ofthe wetapproach are coprecipitation
and precipitation. Additionally, precipitation is the most
effective in producing hydroxyapatite [11].

The wet chemical precipitation process allows
for the convenient synthesis of hydroxyapatite in large
quantities. Furthermore, it is a simple method to obtain
this naturally occurring mineral in various shapes.
The several factors that play a role in this process include
synthesis temperature, an initial pH value of the reagent’s
solutions, the ageing process, and porogen additions
[12]. This study investigates parameters such as the pH
value, latex volume, and latex addition rate.

The synthesis of porous hydroxyapatite materials
is of considerable interest and is constantly being
developed to explore new applications. Its mesostructured
materials are formed by a combustion treatment
or a chemical etching process after removing
the framework. The mesostructured is referred
to as a pore, which controls the surface area, pore
size, and pore volume of hydroxyapatite [13]. The
pores of hydroxyapatite can be formed by the addition
of porogen, including Cetyltrimethylammonium bro-
mide (CTAB) [14], chitosan [9], [-Dodecanethiol [15],
and micrometric latex beads [16].

The main plantation that grows in tropical climates
is natural rubber latex, a primary biopolymer consisting
of polyisoprene and non-rubber components such
as lipids, proteins, carbohydrates, and metal ions [17].
Latex can be considered a suitable choice for obtaining
porous hydroxyapatite because it can be easily removed
using chemical or heat treatments [16].

Webler et al. [16] reported that the coprecipitation
method of synthesising hydroxyapatite could enhance
the production of its particles. It was observed that
a new porous structure could be improved when
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micrometric latex beads were added to the slurry, such
as a porogen. The study produced hydroxyapatite with
a surface area of more than 200 m*g™ and a porosity
level of 70 %. Absalan et al. [9] report that it is possible
to obtain hydroxyapatite particles using the precipitation
method with chitosan as a porogen. It was observed that
the porous nature of this naturally occurring mineral
could be obtained at pH of 8, 9 and 10 with porogen
levels of 0.1 g and 0.3 g. Furthermore, the increase
in the pH and introduction of porogen enhance
the surface area, pore diameter, and pore volume
of the hydroxyapatite particles.

The surface area of porous hydroxyapatite particles
was modelled using a 23 factorial design to develop
an empirical model of the appropriate surface area
for the synthesis [18], which was then evaluated using
a 2° factorial design to determine the impact of the pH,
latex volume, and drop rate of latex. Kehoe et al. [19]
stated that hydroxyapatite was successfully synthe-
sised using precipitation. It was observed that using
the 2° factorial design in the data handling enables
a quick and effective collection of variables that
affected the response. The most significant variations
are the reaction temperature, stirring speed, and ageing
time. Arantes et al. [20] also used the 2* factorial design
in the data analysis. This method controlled the shape
and size of the nanoparticles. Using this same approach,
it was possible to create an empirical mathematical
model that allowed developing a surface response plot
to test the artificial system.

This study reports on the synthesis of porous
hydroxyapatite materials using natural rubber latex
as an agent, and a precipitation method of the variable
pH, latex volume, and drop rate of latex. The surface
arca was modelled to obtain an empirical model
of the appropriate surface area. This was conducted
to determine which variables influence the surface area
of the porous hydroxyapatite particles.

EXPERIMENTAL

Materials

The following materials were used: eggshells from
the Indonesian Local Market as the calcium ion source,
diammonium hydrogen phosphate as the phosphate
ion source (NH,),HPO, (Merck, Jerman), latex with
a dry rubber content (DRC) of 60 % and a density
of 1.12 g-em™ as the porogen (Brataco Chemika,
Indonesia), aquabidest (Water One, Indonesia), aquadest
(Brataco Chemika, Indonesia), nitric acid (HNOsy)
(Merck, Jerman), ammonium hydroxide (NH,OH)
(Merck, Jerman), and ammonium chloride (NH,CI)
(Merck, Jerman).

Synthesis of the Hydroxyapatite

Based on the following reaction, hydroxyapatite
was synthesised using the precipitation method:

10 Ca(NO,), + 6 (NH,),H(PO), + 8 NH,0H

(&)
— Ca,,(PO,)s(OH), + 20 NH,NO; + 6 H,0

A solution of 100 mL of Ca(NOs;), and latex were added
dropwise into 100 mL of an (NH,),HPO, solution
at 37 °C under constant stirring (300 rpm) until it ran
out. The mixture was continually stirred without heating
for 30 minutes. After precipitation was complete,
the solution was aged for 24 h, washed, filtered,
and dried in an oven at 110 °C for 5 h. The sample
was calcined for 5 h at 600 °C to obtain a porous
hydroxyapatite powder.

Characterisation of the Porous
Hydroxyapatite Particles

The following techniques were used to study
the porous hydroxyapatite powder: The specific surface
areas were observed with the Brunauer-Emmett-
Teller (BET) method. Furthermore, the mean pore size
was estimated from the desorption branch of the
nitrogen adsorption-desorption isotherms using the
Barrett-Joyner-Halenda (BJH) method. The crystal size
and degree of crystallinity were observed by X-ray
Diffraction (XRD). The diameter and particle size
distribution were discovered by a Particular Size
Analyser (PSA). Finally, the size and morphological
characteristics of the porous hydroxyapatite powder
were observed by a Field Emission Scanning Electron
Microscope (FESEM).

Hydroxyapatite Surface Area Model

The surface area of the resulting porous
hydroxyapatite  particles was examined using
a 2° factorial design to determine the impact of the pH,
latex volume, and drop rate of the latex and to develop
an empirical model of the appropriate surface area
for the synthesis using the Minitab program.
Table 1 shows the design of the experiment (DOE)
and the variables.

Table 1. Synthesis hydroxyapatite factorial design 2".

. . Low Level High Level
Variable Unit
©) ()
pH - 9 12
Latex
L 0.5 1.0
Volume o
DropRate 1 it 0.05 0.6
of Latex
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The empirical model is created based on the data
analysis results by substituting meaningful values
for the constants and coefficients in the equation.

RESULTS AND DISCUSSION
BET Analysis

The main characteristics of the porous hydroxy-
apatite material are the specific surface area,
pore volume, and pore size [21]. This study uses
the BET analysis to ascertain the effect of each variable
on the specific surface areca of the hydroxyapatite
particles that is affected by a pH of 9 and 12.

According to Figure 1, the surface area
for the porous hydroxyapatite particles at pH 9
and 12 ranges between 19.595 to 54.141 m?*g’
and 42.498 to 60.331 m*g”, respectively. The optimal
performance of the porous hydroxyapatite particles
occurred at a pH value of 12, with a latex volume
of 0.5 mL and a latex drop rate of 0.6 mL-min™', yielding
a surface area of 60.331 m*g™'. pH 9 showed the lowest
porous hydroxyapatite particle surface area value
of 19.595 m*g"', with a latex volume of 0.5 mL
and a latex drop rate of 0.6 mL-min™'. This supports
the report, which stated that the surface arca
of the resulting porous hydroxyapatite particles in-
creases with the pH [22].
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Figure 1. Relationship of the pH and the porous hydroxy-

apatite particle surface area.

The latex volume is one of the variables impacting
the surface area of the porous hydroxyapatite particles.
The latex used in this study was 0.5 mL and 1 mL.
Figure 2 shows the relationship between the latex volume
and the surface area of the porous hydroxyapatite
particles. The results showed that latex as a porogen
could improve the surface area [13]. This is because
it expands and dissolves after calcination (burning

temperature of 600 °C), which occurs during
the synthesis of hydroxyapatite, thereby forming
pores [16]. The addition of latex increases the surface
area from 0.5 mL to 1 mL at pH 9. However, it was
reduced by adding 1 mL latex at pH 12. This is because
the resulting porous hydroxyapatite particles already
have a high degree of purity. These results are consistent
with research by Mohammad et al. [15], who reported
that the surface area decreases when too much porogen
is added, reaching the saturation point of the solution.

[MMMpH S :0.05 mL/min
EZ2dpH9 06 mLimin
ESS3pH 12 - 0.05 mL/min
EpH 12: 06 mL/min

&
L
e
ST
<
‘0.000‘0 0.0 0. <]
o ]

bW
h
T
TS
S
0‘0.0.00

Surface Area (m’/g)
e

X
TR,
boletatetetedy

.
8
e %

<

..
<
s,
[ e
0.‘

2

S
%

Latex Volume (mL)

Figure 2. Relationship of the latex volume and the porous
hydroxyapatite particle surface area.
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Figure 3. Relationship of the drop rate of latex and the porous
hydroxyapatite particle surface area.

The latex drop rate modifies the surface area
of the porous hydroxyapatite particles. This study used
0.05 and 0.6 mL-min™' latex drop rates. Figure 3 shows
that at pH 9, the highest latex drop rate could not increase
the surface area of the porous hydroxyapatite particles.
This was observed in the surface area of the porous
hydroxyapatite particles, which is lower at a drop rate
of latex of 0.6 mL/min, which is less than 0.05 mL-min'.
The addition of latex triggers an aggregation process
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at pH 9, leading to hydroxyapatite formation [14].
The surface area of the porous hydroxyapatite particles
was increased at a pH of 12 when the drop rate of latex
was enhanced from 0.05 mL-min™' to 0.6 mL-min™'.

BJH Analysis
The BJH

was used to determine the pore volume, size, surface

(Barrett-Joyner-Halenda)  analysis
area, physisorption isotherms, and hysteresis loops.
Its base is the nitrogen adsorption-desorption isotherm.
The nitrogen adsorption-desorption isotherm was
utilised to examine the porosity of the sample with
the largest surface area of hydroxyapatite particles
at pH 12, latex volume of 0.5 mL, and drop rate
of 0.6 mL'min"'. According to the Barrett-Joyner-
Halenda (BJH) analysis, the porous hydroxyapatite
particles’ pore size, volume, and surface areca were
23.15 nm, 23.99 cm*g”', and 60.331 m* g™, respectively,
which has a mesoporous type of pores. Meanwhile, there
is a distinction between micropores (< 2 nm), mesopores
(2 — 50 nm), and macropores (> 50 nm) [23]. According
to Figure 4, the two nitrogen adsorption-desorption
isotherm curves have the same type IV physisorption

and type H3 hysteresis loops.

Adsorption Desorption

171.00
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2
8

Porous Volume (ce/g)

0 040 0.80 108

Relative Pressure, P/Po

Figure 4. Nitrogen adsorption-desorption isotherm on the po-
rous hydroxyapatite particles.

Porous Hydroxyapatite Particle

Surface Area Model
In this study, the surface area of the porous
hydroxyapatite particles was modelled to build
an empirical model of the ideal surface area

for the synthesis. Furthermore, 2° factorial design
modelling was employed [18]. This approach was used
to examine the surface areca of the resulting porous
hydroxyapatite particles to determine the impact
of the pH, latex volume, and drop rate of latex. Table 2
shows the matrix design for the surface area parameters
from the Minitab-19 software and the corresponding
outcomes.

Table 2. Matrix design from the studied surface area results.

Variable

Latex Drops Surface
Treatment Rate
pH Volume of Latex Area
(mL) oy (mtgh)
(mL-min™)

1 9 1 0.6 43.051
2 9 1 0.05 54.141
3 12 1 0.05 42.498
4 9 0.5 0.6 19.595
5 12 0.5 0.6 60.331
6 9 0.5 0.05 36.385
7 12 0.5 0.05 55.916
8 12 1 0.6 53.739

The surface area results shown in Table 2 were
statistically analysed using the Minitab-19 program.
The response (y) to each wvariable condition can
be predicted statistically using the model represented
by Equation 2.

Y = Bo + Brx1 + Baxy + B3xs + Praxi X,
2)

+P13Xx1x3 + Ba3X1X3 + Pra3X1X3

This was used to accurately forecast the surface
arca of the porous hydroxyapatite particles versus
all the inputs.

The value of the coefficient of determination (R?),
which is in the range of 0 to 1, indicates the suitability
of the statistical analysis outcome of the 2* factorial
design. The R? value obtained was 99.99 %,
as shown in Table 3. This suggests that the model
has an excellent fit and can account for approximately
99.99 % of the parameters on the porous hydroxyapatite
surface. Furthermore, the p-value for treatments A, B,
AB, and AC is less than 0.05. The therapy significantly
impacts the response when the p-value is less than 0.05,
denoting a degree of significance. 0.05, or a p-value
of 5 %, is used to base this. The factor influences
the response while the p-value was above the threshold
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for significance (0.05), but it is not too significant [18].
The factors with the highest to lowest influence were
in the order: AB, A, AC, B, BC, and C. Finally,
the Pareto diagram in Figure 5 compared the greatest
to the least effects.

Table 3. Estimation of the effects
on the surface area.

and coefficients

Term Coefficient P-Value

Constant -122.47 0.002
A 15.961 0.012

B 217.48 0.034

C -161.16 0.058
AB -20.407 0.012
AC 13.193 0.016
BC 22.77 0.057
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Figure 6.

Comparison graph of the

surface areas

of the empirical model and the experimental surface area.

The empirical model that affected the resulting
surface area of the porous hydroxyapatite particles was:

y=15.961A+217.48B - 161.16C — 20.407AB

(€)
+13.193AC +22.77BC - 122.47

y is the surface area (m*>g™"), A is the pH, B is the latex
volume (mL), and C is the drop rate of latex (mL-min™).
The parameter impact is quantified by the coefficient
of -122.47, where a higher coefficient indicates a more
substantial effect. The coefficient’s sign indicates
the direction of the effect. A positive sign indicates that
the parameter increases along with the surface area.
A negative sign shows that the surface area obtained
decreases with an increase in the parameter [18].

Patera Chart of the Standardised Effects
(response is Surface Area; « = 0,05)

Term 27

Factor  Name
AB A BH

B Adding of Latex Volume
c Drop Rate of Latex

" ‘

I
o 10 20 30 40 50 60
Standardized Effect

Figure 5. Pareto diagram on the surface area modelling
of the porous hydroxyapatite particles.

According to the factorial matrix design,
the 2° factorial matrix design shown in Figure 6,
the anticipated surface area value of the porous
hydroxyapatite particles is determined by entering
the values of factors A, B, and C for each treatment.
Figure 6 indicates that the experimental data

and the data model have normal distribution [24].
Therefore, the developed empirical model significantly
predicts the surface area of the porous hydroxyapatite
particles and can be analysed by a regression model.
This was demonstrated by the predicted R* result from
the analysis of variance (ANOVA).

XRD Analysis

Figure 7 shows the XRD patterns of hydroxyapatite
particles in treatment 5 with variations in the pH 12, latex
volume of 0.5 mL, and drop rate of latex of 0.6 mL-min™'.
The high peak at 20 is 25.825° and 31.0615°, indicating
the presence of its compounds. The diffraction patterns
of the samples agree with the standard structural model
of single-phase hydroxyapatite in the International
Centre for Diffraction Data (ICDD) database no 96-230-
0274.
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Figure 7. XRD patterns of the hydroxyapatite particles

in treatment 5 with variation in the pH 12, latex volume
0.5 mL, and drop rate of latex 0.6 mL-min™.
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The crystallinity of this sample is relatively high
and can be seen from the narrow and sharp diffraction
peaks. The porous hydroxyapatite crystallinity calculated
using the FWHM (Full Width at Half Maximum)
parameter was 81.436 %, including an amorphous phase.
Furthermore, the crystal size of the sample calculated
using the Scherrer equation was 228.005 nm. The analysis
also showed that there were two compounds formed,
namely hydroxyapatite and p-tricalcium orthophosphate
(Ca;sMg,(HPO,),(PO,),,) or whitlockite. Magnesium
is a compound that can trigger the formation of whit-
lockite. Finally, Mg*" is one of the ions commonly
discovered in natural rubber latex [25, 26].

PSA Analysis

According to Figure 8, the size of porous
hydroxyapatite particle for treatment 4 with a varia-
tion of pH 9, latex volume of 0.5 mL, and drop
rate of the latex of 0.6 mL-min!, is between
7.161 — 58.147 um.

a) treatment 4 with a variation in the pH 9,
latex volume 0.5 mL, drop rate of latex 0.6 mL-min’’

ECumulate¥; ||, R i Ly bdddd e L L1 VolumeS,

b) treatment 5 Wlth a variation in the pH 12,
latex volume 0.5 mL, drop rate of latex 0.6 mL- mln']

T

: /

$
L Volume¥ %, o

c) treatment 8 with a variation in the pH 12,
latex volume 1 mL, drop rate of latex 0.6 mL-min™'
Figure 8. Porous hydroxyapatite particle size.

Meanwhile, in Figure 8b, the particle size
for treatment 5 with variations in the pH 12, latex
volume of 0.5 mL, and drop rate of latex of 0.6 mL-min™'
is in the range of 4.431 — 101.005 um. These results
indicate that increasing pH can produce a larger particle
size. This follows the report by [9], which stated that
increasing the pH can elevate the particle size due
to a rise in OH- ions.

According to Figure 8c, the particle size for treat-
ment 8 with a variation in the pH 12, volume of latex
of 1 mL, and drop rate of the latex of 0.6 mL-min"' were
in the range of 0.533 — 56.113 um, which is smaller
compared to treatment 5. These results conclude that
the additional latex volume can reduce the hydroxy-
apatite particle size. This follows the research by [9],
who stated that particle size decreases with the increasing
chitosan concentration.

FESEM Analysis

Figure 9 shows the morphology of hydroxyapatite.
It can be observed that the surface of the resulting
hydroxyapatite particles contains several voids.
The voids in the form of pores resulted from using latex
as a pore-forming agent, which had been lost during
the calcination process at a temperature of 600 °C.
This follows the report by [16], who stated that during
the calcination process, the latex particles started
to melt and disappear at temperatures of 300 °C
and above 500 °C, creating a space referred to as pores
in the hydroxyapatite particles.

The morphology of the porous hydroxyapatite
synthesised using the precipitation method with
treatment 4 at pH 9, latex volume of 0.5 mL, and drop
rate of latex of 0.6 mL-min”, is shown in Figure 9.
It consists of various sizes, irregular needle-like shapes,
and some voids.

According to Figure 9b, the sample synthesised
with treatment 5 at pH 12, a latex volume of 0.5 mL,
and a drop rate of the latex of 0.6 mL-min”,
had a spherical-like shape, a larger particle size,
and a wider space. This was also observed in the results
of the BET analysis, which shows that this sample
has the highest surface area. It can be seen from
the comparison that the particle size increase along with
the pH due to the rise in OH- ions [9].

Figure 9c shows the surface morphology
of the porous hydroxyapatite particles synthesised
by treatment 7 at pH 12, a latex volume of 0.5 mL,
and a latex drop rate of 0.05 mL-'min-1. It can
be observed that the spherical-like particles are irregular
and accumulate (aggregated) with smaller particle size
and pore surface area when compared to the treatment
sample 5 in Figure 9a. This is due to the rate of latex
drops in treatment 7 is slower than in 5. It also follows
the research conducted by Honglian et al. [14],
who stated that this build up was due to its interaction
with other substances during precipitation. The latex
drop rate is directly proportional to the surface area
of the porous hydroxyapatite particles [27].
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Figure 9. FE-SEM porous hydroxyapatite with 75,000x
magnification.

Figure 9 shows that the overall morphology
of the obtained porous hydroxyapatite is spherical,
with a smaller particle size and surface area compared
to the treatment sample 5 in Figure 9a. The addition
of latex at pH 12 causes a decrease in the surface area
ofthe sample. Since the hydroxyapatite particles produced
already have good purity, the amount of latex (porogen)
required will be less to produce an optimal surface
area. This follows the research by Mohammad et al.
[15], who stated that adding an excessive amount
of porogen can cause a decrease in the surface area

of the porous hydroxyapatite particles because
it has reached the saturation point.
CONCLUSIONS

Natural rubber latex could be a good method
to alter the surface properties of hydroxyapatite
without modifying its crystalline structure. This new
porous hydroxyapatite structure with a surface area
of 60.331 m*g"' was produced at pH 12, a latex volume
of 0.5 mL, and a drop rate of latex of 0.6 mL-min™.
The obtained empirical model to control the surface area
of the particles with latex as porogen is y = 15.961A
+ 217.418B — 161.16C — 20.407AB + 13.193AC
+ 22.27BC — 122.47 with R* = 99.99 %. The order
of parameters/variables from greatest to least influence
include the pH and latex volume interaction (AB),
pH (A), pH and drop rate of latex interaction (AC),
latex volume (B), latex volume and drop rate of latex
interaction (BC), and drop rate of latex (C).
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