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Abstract— The wet chemical synthesis of Nano-

Hydroxyapatite HAP [Ca10(PO4)6(OH)2] derived from 

precursors Ca(OH)2 and H3PO4 was experimented using a 

kinetic model derived based on the classical nucleation theory. 

The model gives a mathematical formulation for the nucleation 

rate in terms of the process variables of the wet chemical 

synthesis namely supersaturation, temperature, and interfacial 

tension. Only the effect of supersaturation for nano formation 

was studied in the experimental work of this study. The different 

supersaturations for five different samples were initiated by 

changing the precursor concentrations keeping the Ca/P molar 

ratio at 1.6 to 1.7 in the solution being mixed. Finally, the model 

was statistically and experimentally validated using Fourier 

Transform Infrared Spectroscopy (FTIR) analysis, and data 

obtained by laser particle analyzer. This model can be 

potentially used to synthesize Nano-Hydroxyapatite particles in 

a quantitative manner changing the supersaturation of the wet 

medium by precursor concentrations.  
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I. INTRODUCTION  

Hydroxyapatite (HAP) is the most prominent bioceramic, 

which is widely used in numerous medical applications, 

commonly in orthopedics and dentistry on account of its 

immense similarity with the mineral component of human 

hard tissue such as bone and teeth. Hydroxyapatite could be 

potentially used for different other applications emerging as 

controlled drug delivery, the release of therapeutic agents 

extracellularly and intracellularly, hyperthermia therapy, 

blood detoxification, in vivo and in vitro gene transfection, 

etc. Its biological characteristics as an implantable material 

and hard tissue filler are because of its atypical bioactivity, 

biocompatibility, osteoconductivity, and crystal structure 

very similar to the inorganic component of the mammalian 

hard tissue[1]. Although a few methodologies have been 

experimented with and developed for HAP synthesis, 

economically versatile methods are of interest due to their 

emerging significance in biological and nanomedical 

approaches[2]. HAP derived from the chemical synthesis has 

shown similarities to the composition of naturally occurring 

HAP in hard tissues. Therefore, chemically synthesized HAP 

behaves with many properties similar to natural HAP such as 

the surficial facilitation for the deposit of calcium-containing 

inorganic compounds when used as an implant material in 

orthopedics and dentistry. Its osteoconductive property is 

caused by its ability to adhere perfectly to natural hard tissue 

and ion-exchange capability where it comes up with a highly 

bioactive nature inherently [1].  

Nano-scaled hydroxyapatite (HAP) is the major component 

of mammalian hard tissue. The bone with living conditions 

constantly undergoes a natural resorptive-formative process 

called bone remodel. This involves the removal of aged bone 

and subsequent replacement through the respective actions of 

cells called osteoblasts and osteoclasts amidst the living 

condition of vascular supply [3]. Properties of nano HAP 

such as surface grain size, pore size, wettability, etc. can 

dominate the biological affinity of different proteins in the 

comparison of conventional ceramics to HAP. Nanosized 

HAP particles between 20 and 80 nm are more productive in 

bone formation. Recently HAP as a biomaterial has been 

widely applied in the form of granules, powders, porous 

blocks, and various other composites in clinical medicine 

worldwide. 

The modern innovative biomedical approaches require pure 

HAP for biocompatibility and nano HAP for 

osteoconductivity. The wet chemical precipitation method 

uses no organic solvents in the study among other techniques 

such as the sol-gel approach, hydrothermal technique, and 

multiple emulsion technique. Therefore, the wet chemical 

method starting from orthophosphoric acid and calcium 

hydroxide provides a higher purity giving a rise to 

biocompatibility. But the synthesis of hydroxyapatite in nano 

form is still lacking a detailed understanding of the size scale, 

based on synthesis variables. Therefore, the knowledge of 

particle size-sensitive process variables and their impact on 

particle size is very informative. But this matter has been 

researched only in a qualitative manner because of the 

difficulty to measure real-time kinetic parameters through 

experiments[4]. This study aimed to build a kinetic model for 

the nano HAP nucleation and subsequently validate it by 

taking some indirect measurements experimentally which 

replaced the kinetic parameters in the developed model. The 

establishment of such reliable and quantitative relationships 

in terms of size-sensitive variables and applying them to 

synthetic aspects were the major objectives. Finally, the study 

bridges the nano formation of hydroxyapatite and process 

variables to control the osteoconductivity in terms of particle 

size for innovative biomedical approaches [5]. 

II. MATERIALS AND METHODOLOGY 

A. Materials 

Analytical grade Ca(OH)2, 98% (VWR), Assay (H3PO4), min 
88% (MERCK), NH4OH, 28% (MERCK), C2H5OH 
(MERCK). DI water as the solvent.  

B. Research Methodology 

 During the wet chemical synthesis, the nucleation and growth 
contribute to the final particle size. But in this study, the 
kinetic model only focused on the effect of classical 
nucleation on final particle size. Hence, this study was a 
nucleation-controlled process, and higher supersaturations 
were used to avoid the growth effect on final particle size. The 
research methodology is briefed in Fig. 1. 



 

Fig. 1. Research methodology in brief. 

C. Experimental Procedure  

A calcium hydroxide suspension of 250 ml was prepared 
and stirred for one hour in a beaker. Then a burette filled with 
250 ml of orthophosphoric acid was added to the prepared 
Ca(OH)2 suspension drop-wise at a 4 ml/min flow rate under 
continuous stirring. At the end of the H3PO4 addition, the 
titrated calcium hydroxide suspension was kept in sonication 
for 30 mins. Then, NH4OH  was added to the sonicated 
mixture to elevate the pH to 10 in the reactant mixture while 
stirring. After adjusting the final pH of the mixture to 10, the 
varying pH value was taken for every 30-second interval 
keeping the rigorous stirring. After a time-independent pH 
suspension was obtained, the sample was kept for 48-hour 
aging stopping the continuous stirring. Then it was centrifuged 
at 5000 rpm for 6 mins at 30 0C in de-ionized water after 
removing the water layer in the aged sample. The precipitation 
in the centrifuge tube was collected into a petri dish. The laser 
particle analyzer (HMK-CD2, 0.02 - 2000 um) was used to 
investigate the wet specimen. Another specimen of this 
centrifuged sample was also placed in an oven at 60 0C for 2 
½ hrs. Fourier transform infrared spectroscopy (Bruker 
Alpha-T) was used to determine the molecular bond structure 
and the functional groups of HAP in the range of 4000 - 400 
cm-1 using a cold-pressed KBr pellet with 1% HAP. As Table 
1 shows, the other four samples were prepared similarly. 

Table 1. Precursors’ concentrations and analytically calculated 

Ca/P molar ratio for the prepared five samples. 

Sample 

 

 

Reagent 

 

1 2 3 4 5 

[Ca(OH)2] 0.167 0.340 0.630 0.8400 1.0400 

[H3PO4] 0.100 0.200 0.371 0.4940 0.6000 

Ca/P 1.670 1.700 1.698 1.700 1.733 

 

D. Statistical and Experimental Validation 

The pH variation was taken after adjusting pH to10 in the 

final mixture to obtain the most important parameter, 

induction time.  It is remarkably marked by the onset of the 

first significant pH drop after the mixing point of all the 

reactants. Using regression analysis in MATLAB 2018, the 

kinetic constants of the developed model were determined 

followed by respective statistical tests. As stated above, the 

regression model correlated the nucleation rate, which was 

indirectly measured as the induction time, with the 

supersaturation. Then the laser particle analyzer data for five 

samples were fitted into Gaussian curves.  

E. Application of Validated Model 

After the determination of kinetic constants, the critical radii 

were calculated for the five samples to validate the results 

using the model. Similarly, the effect of temperature was 

determined on nucleation rate.  

III. KINETIC MODEL DEVELOPMENT 

A. Nucleation rate 

In the nucleation process, seeds or nuclei behave as templates 

for crystal growth. The primary nucleation which has been 

defined as the nucleation in the absence of any crystalline 

matter is used to describe the wet chemical synthesis of nano-

hydroxyapatite. The nuclei formation of HAP under 

homogenous conditions is considered concerning the 

thermodynamic quantity known as total free energy as a sum 

of surface and bulk-free energy as shown in Fig. 2. When the 

nanoparticles are assumed to be spherical, the total free 

energy ∆� of a nanoparticle with surface energy �, radius r, 

and bulk-free energy ∆�� can be formulated as follows.[6] 

∆� � 4�	
� � �
 �	∆��                       (1) 

The bulk free energy of the crystal which depends on the 

supersaturation of the solution (S), reaction temperature (T), 

and the molar volume is derived as, while ��  is Boltzmann’s 

constant. 

∆�� � � ��������
�                            (2) 

 

Fig. 2. Free energy variation in nucleation with the existence of a critical 
nucleus. Reprinted from ref 5. Copyright 2014 American Chemical Society 

 As the graph in [6, Fig. 2] shows the surface free energy is 

always positive while the bulk free energy always being 

negative.   

�����
�� � 8�	� � 4�	
∆��                    (3) 

Development of a Kinetic model for nucleation of HAP nano 

particles from solution

Wet chemical synthesis of HAP for varying precursors 

concentrations

Statistical validation of kinetic model followed by Regression 

analysis through experimental data

Experimental validation of the kinetic model

Applicability of model in different synthesis aspects



Therefore, setting 
�����

�� � 0 gives a radius at maximum total 

free energy, below which the nanoparticles nucleated are 

dissolved and above which they are growing. This radius is 

called the critical radius ( 	∗�  and given in the following 

equation when critical total free energy is denoted Δ�∗. 

	∗ � � 
"
∆�# � 
"$

��������                   (4) 

Δ�∗ � �
 ��	∗
                               (5) 

The particle of the critical radius is the smallest particle that 

can survive in the synthesized solution. In other words, a 

particle being stabilized in the solution needs the least critical 

free energy. 

The Arrhenius type equation in [4, eq. (6)] has been taken to 

describe the rate of nucleation (dN/dt) with A as a pre-

exponential constant. 

�%
�& � '()* +� ��∗

���,                         (6) 

By replacing Δ�∗ and introducing shape factor -, 

�%
�& � '()*�� .$/"0

�����0�12|�|�/�                   (7) 

Because the geometric factor -, is 16�/3 corresponding to 

spherical nucleus shapes[4],  

�%
�& � '()*�� 89:$/"0

�����0�12|�|�/�                   (8) 

 

Fig. 3. Expected pH variation of the wet chemical synthesis and induction 

time identification from the curve 

Literally, the most common way to assess the nucleation rate 

is to determine the induction time (;) [4]. It is because a direct 

measurement of nucleation rate is difficult during synthesis. 

Fig. 03 illustrates the induction time from the pH curve in wet 

chemical synthesis. 

�%
�& < 8

=                                       (9) 

Finally, the workable and measurable relationship among 

synthesize parameters is obtained as, 

8
= � �()*�� 89:$/"0

�����0�12|�|�/�                    (10) 

Where k, is a pre-exponential factor. 

B. Linear Regression 

Because all the experiments were done at room temperature, 

the temperature T was constant. In addition to Boltzmann’s 

constant interfacial energy �  between growing HAP phase 

and metastable solution, and molecular volume >  are 

constant throughout the synthesis, Equation (10) could be re-

written as follows. 

8
= � �8()* +� �/

�12|�|�/, ,        �
 � 89:$/"0
�����0               (11) 

Where �8, @AB �
 are regression constants in the nonlinear 

case.  

For convenience, the nonlinear model could be reduced to a 

linear regression model after logarithmic manipulation. 

ln �;� � �/
[1 2���]/ �ln [�8]                           (12) 

G � HI � J                                     (13) 

Where,  G � ln�;� , H � �
, ) � 8
[1 2���]/ , J � �ln [�8] 

IV. RESULTS AND DISCUSSIONS 

A. Supersaturation 

Ionic strength (I) and supersaturation (S) were analytically 

calculated starting with precursors’ concentrations used in 05 

samples based on the below equations. 

 

K � 8

 L MNON
N                             (14) 

Where, MN  and PN are the concentration and valence of the 

ionic species. 

Q � R/STU ;                             (15) 

 

  STU � 2.34 × 10YZ[ \]^_B\Y
� at 25-30 0C 

 

Where Q is the activity product of HAP ionic species present 

in the solution for the given stoichiometry and Ksp is the 

solubility product of the hydroxyapatite which means the 

product of ionic activities at saturation level. 

M@Z�`a���OH��d� ⇌ 5M@�gh�
i �  3`a��gh�Y � aj�gh�Y     (16) 

R � [@kg/l]Zm@nop0qr[@stq]                       (17) 



 

 

Fig. 4. Variation of analytically calculated (a) Ionic Strength and (b) 

Supersaturation for five samples. 

According to Fig. 4. (b) the maximum supersaturation was 

calculated in sample 01 although sample 05 had been 

seemingly expected to have the highest supersaturation due 

to the highest precursor concentrations at the beginning. This 

major finding can be explained by the Debye-Huckel limiting 

law which considers the electrostatic interactions occurring 

in the solution among the various ionic species present. In 

effect, the theory of double layer and electrokinetic theory are 

very important. Because the Debye length �1/u� is inversely 

proportional to the square root of ionic strength (I) the 

increased ionic strength will lower the thickness of the double 

layer and result in an increased electrical potential gradient. 

The net result is that the effective concentration referred to 

the activity is lowered at a highly concentrated medium, 

making a drop in supersaturation[7]. The variation of ionic 

strength is graphed in Fig. 4. a 

B. Induction Time 

As the model predicted, the induction time decreased when 

the supersaturation increased. The lower induction time 

always means an increased nucleation rate due to its inverse 

proportionality. It is well known that the nucleation rate is 

increased from 
&
= v 0.5 w] 6  before coming to a constant 

nucleation rate[4]. Fig 5. (a) was used to determine the 

induction time for the first sample during synthesis while Fig. 

5. (b) graphically shows the induction time variation for all 

05 samples.  

 
Fig. 5. (a) Experimental determination of induction time the for the first 

sample  (b) Determined induction time for all samples in the same plot 

∆� � �xy^A|Q|                             (18) 

According to equation 18, supersaturation is the driving force 

for the precipitation reaction. Higher the supersaturation 

higher the driving force for the nucleation. This is the reason 

for reduced induction times in higher saturated samples. 

C. Regression Results 

By running the regression code in MATLAB, the gradient 

and intercept of the linear model could be determined with a 

x
 of 0.9584 as, 

Coefficients (with 95% confidence bounds): 

�
 � <=        4191 (2586, 5796) 

� ^A �8 � - =       5.057 (4.406, 5.708) 

< = �2 = 4191    and      �8 �  (YZ.zZ{ �  0.0063642 

The linear regression line is illustrated in Fig. 06. 

 

 

Fig. 6. Regression line of the derived kinetic model which was expected to 
be linear. 

Finally, the nonlinear model can be established with the 

kinetic constants determined as given in Equation (19) for the 

experimental conditions performed.  

8
= � 0.0063642. ()* +� �8[8

�12|�|�/,              (19) 

(a) 

(b) 

(a) 

(b) 

min 

Induction time 



D. Experimental Validation Using FTIR Analysis 

As Fig. 7 illustrates, the characteristic bands corresponding 

to `a� Y, the absorption band at 482 cm-1 is attributed to the 

>2 bending vibration while the band that appeared at 963 cm-

1 is attributed to >1 vibration known to be symmetric and 

non-degenerated. The bands are seen between 1059 cm-1 and 

1100 cm-1 correspond to >3  vibration of `a� Y . 

Furthermore, the bands observed at 569 cm-1 can be denoted 

by the n4 fundamental bending mode of  `a� Y  ions in 

hydroxyapatite while the bands between 1089-1039 cm-1 are 

characterized by the n3 mode of vibration. The observed 

symmetric P-O stretching mode at 963 cm-1 is a characteristic 

band of HAP[8][9]. The smaller band present at 878 cm-1 can 

be attributed to the >2 peak of Ma 
Y  which results from 

out-of-plane stretching. Also, the presence of 1457 cm-1 

which is the  >3 vibration may be due to the atmospheric 

carbon dioxide because any carbon-containing precursor was 

not used for the synthesis[10]. Bands of >1, >4  modes of 

Ma 
Y were not detected. Therefore, one can figure out that 

the presence of carbonate is minimum due to the weak 

intensities. Ma 
Y  is the most abundant type of dopant in 

naturally occurring apatites and it also improves the 

bioactivity compared to pure HAP[11].  

 
 

Fig. 7. Transmitting FTIR spectra of HAP powder sample-03 and peak 
assignments for different ions in non-stoichiometric HAP 

E. Experimental Validation: Laser Particle Analyzer 

 
Fig. 8. Variation of mean, median, and modal particle sizes for five samples 

obtained by laser particle analyzing  

As Fig. 8 and 9 illustrate central tendencies and the 

percentages of nano-sized particles observed according to the 

Mie theory are graphically represented. Most predicted 

Gaussian distributions have been recorded for each sample 

with a well-observed right shift for the size distributions 

when coming to the synthesis of lower supersaturation. 

Because of the limitation of the Laser Particle Analyzer the 

signals below 20 nm were cut off in the data obtained. That 

is one reason for the fitting of those data into a distribution 

curve and checking the validity to extrapolate the data below 

20 nm. 

 

In most works of literature, it was mentioned that the initial 

spherical particles which are amorphous are observed to be 

rounded ranging from 4 nm to 30 nm on average. LaMer’s 

model predicts the particle size distribution only based on the 

successive stages of nucleation and growth of crystals. But 

the recent literature [12] described most nanosized to micro-

sized colloidal distributions form involving the aggregation 

of primarily precipitated units. Therefore, it can be concluded 

that the agglomerated subunits having larger sizes in the 

micron range are not completely disintegrated into primary 

particles through ultrasonic stirring[13]. The number of 

nuclei formed in the solution is proportional to the 

supersaturation which means that sample 01 having the 

highest supersaturation occupies the largest number of nuclei 

formed in the solution. This brings the solution to critical 

supersaturation immediately limiting the growing phase.  In 

antagonistic effect, the smaller number of nuclei on relatively 

smaller supersaturations produces the larger particles[4].

  

 
Fig. 9. Gaussian curve approximations for particle size distributions from 

the data obtained by laser particle analyzer. 

V.  APPLICABILITY OF THE KINETIC MODEL 

A. Interfacial Tension and Critical Radius 

By using the kinetic constant �
 determined from the 

regression analysis, the interfacial tension ���and critical was 

calculated with other material data available in the literature 

for hydroxyapatite. 

� � | }/
89:�/

0 ��y                              (20) 

 

When molecular volume�>�  of Hydroxyapatite defined by 

the crystal structure is 263.24 '  and the reaction 

temperature was assumed to be 30 0C on average[14]. Then, 

the � (calculated) was calculated to 65 \~/\
. This is at the 

interface between the growing hydroxyapatite phase and the 

metastable solution.  

According to Equation (4), critical radii for different 

supersaturated samples were then calculated and graphically 

shown in Fig. 10. The critical radius is defined to be the 

smallest particle that can survive in the solution without being 

re-dissolved. The critical radius has decreased with the 

supersaturation considerably. Only the larger particle than the 

critical radius will grow into crystal embryos, in effect, this 



could be one reason for obtaining larger particle sizes 

resulting in lower saturated solutions[6].  

 

 
Fig. 10. Variation of critical radius for differently supersaturated samples 

calculated based on the determined kinetic constants. 

B. Temperature Dependency on the Nucleation rate 

  

Fig. 11. Temperature effect on critical radius at three different 

supersaturations ln(S) = 30, 40, and 50  

The nucleation rate has increased with the temperature 

significantly as appeared in Fig. 11. Major reason is that the 

increasing temperature will lower the critical supersaturation 

and hence increase the nucleation rate.  

VI. CONCLUSIONS 

The kinetic model based on the classical nucleation theory 

has proven to be a very useful and significant method for the 

nucleation-controlled synthesis of nano-hydroxyapatite. This 

study focused on the nucleation rate in the solution with 

variable supersaturation. Because the nucleation rate cannot 

be directly measured experimentally, the induction time as 

the indirect measurement was used to model the synthesis and 

subsequent validation. The induction time is the onset of the 

more significant pH drop after mixing all reactants. With the 

results of the laser particle analyzer, the least particle sizes 

were observed in the highest supersaturated solution. 

However, one major finding was that the highest 

supersaturation was not obtained in sample 05 having the 

highest precursors’ concentrations. It is because of the 

concern of electrostatic interactions among the ions lowering 

the activity of each species.  In summary, the increased 

supersaturation favors nano-size particles, and this model can 

be potentially used to synthesize nano HAP. This is done by 

relating the analytically calculated supersaturation to the final 

particle size. 
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