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analytical and experimental study

ANDREY E. KRAUKLIS1, 2*, IMANTS KREICBERGS2, ILO DREYER2

1 Department of Mechanical and Industrial Engineering, Norwegian University of Science and Technology, Trondheim, Norway.
2 Institute of General Chemical Engineering, Riga Technical University, Riga, Latvia.

Purpose: Hydroxyapatite is the main mineral component in bones and teeth, thus being an important material in bone tissue engi-
neering, e.g., for replacement and elimination of defects. Hydroxyapatite is widely used in real-life applications due to excellent biocom-
patibility and bioactivity. Wet precipitation synthesis of hydroxyapatite is limited by diffusivity. Hence, choice of a diffusion model
becomes critical. The purpose of this work is three-fold. It experimentally validates the use of Ginstling–Brounshtein model for hydroxy-
apatite synthesis. It determines the effect of Ca(OH)2 concentration on the kinetics and reports a modified model to account for this phe-
nomenon. It reports obtained kinetic constants that describe hydroxyapatite synthesis. Methods: Particle size was determined using scanning
electron microscopy and digital microscopy. Conversion kinetics were monitored using powder X-ray diffraction. Results: Experimental
validation was provided. Furthermore, the process was found dependent on the calcium hydroxide concentration and the model was
modified to account for this phenomenon. Kinetic constants describing the synthesis of hydroxyapatite were obtained and reported.
Conclusions: The model was well consistent with the experimental data and can be used for describing synthesis of hydroxyapatite for
various suspension concentrations.
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List of symbols

HAp – Hydroxyapatite
WP – Wet precipitation
CaP – Calcium Phosphates
GB – Ginstling–Brounsthein
DI – Deionized
DGEBA – Bisphenol A diglycidyl ether
SEM – Scanning electron microscopy
XRD – X-ray diffraction
G – Conversion [–]
K – Nominal kinetic constant [m2/s]
Kc – Concentration-independent kinetic coefficient [m2·M2/3/s]
I – Integral intensity of a peak in a diffractogram [–]
τ – Time [s]
R – Particle radius [m]
S – Area of an agglomerate particle [m2]
Kα, Kβ – K-alpha and K-beta emission lines

1. Introduction

Hydroxyapatite (HAp) is the main mineral con-
stituent of bones and teeth, and has found its applica-
tion in various fields such as tissue engineering, ortho-
pedics, prosthetics, drug transport and environmental
remediation [7], [13], [14], [17]. During the recent
decades, there have been various attempts in devel-
opment and improvement of HAp synthetical methods,
addressing novel scientific and economical aspects.
Ideal synthetic HAp contains only such elements as Ca,
P, O, H and furthermore Ca/P ratio has to be close
to theoretical of 1.67 [23]. HAp is broadly used as
a substrate material in tissue engineering, used in or-
thopedics, teeth implants and face surgery [7]. HAp is
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also used for chemical and biological purposes, such
as chromatography, extraction of proteins and DNA,
fractionation and purification of various biological
molecules such as enzymes, nucleinic acids and anti-
body fragments [1], [17]. Recent studies have shown
that HAp particles are able to inhibit growth of vari-
ous cancer cells [8]. HAp is also used as a bioactive
coating of metallic bone implants [20]. HAp and its
derivatives are used in such, not connected to medi-
cine, technologies as Michael type addition chemical
reactions and oxidation of methane [25]. HAp is used
in composite materials, for instance, in a bioactive
Al2O3 and HAp composite. Such components possess
high biocompatibility and are able to promote strong
osteointegration within 3 months [18]. HAp is also
used as a sorbent, for instance in sorption of Pb2+; it
has been reported that a HAp/Fe3O4 composite is
able to sorb more than 99% Pb2+ from solution [13].

Wet precipitation (WP) is one of the most widely
used HAp synthesis methods and is based on the re-
action of calcium hydroxide with the orthophosphoric
acid diffusing into the particle. In the WP process,
water solution of orthophosphoric acid is added drop-
wise to the aqueous suspension of calcium hydroxide
[23]. The reaction can be written as in the Eq. (1).

10Ca(OH)2 + 6H3PO4 → Ca10(PO4)6(OH)2 + 18H2O
(1)

WP synthesis is based on the fact that at room tem-
perature at pH 4.2, HAp is least soluble and, as is often
the case, also the most stable CaP (calcium phosphate)
phase in aqueous solution [11], [22]. This method is
widely studied and used in practice due to major advan-
tages [23]: other elements are not involved in the reac-
tion – only Ca, P, O, H are involved; the only side prod-
uct in the main reaction is water. Other advantages of the
precipitation method are that the method is clean as it
involves non-polluting, somewhat simple and widely
available compounds, and that there are possibilities for
industrial application. The precipitation method has an-
other advantage that it allows to control the powder
morphology and the mean size, and it is a promising
method for obtaining the nanosized HAp particles [17].

The typical procedure includes the dropwise addition
of one reagent to the other, continuosly mixing, while
keeping the molar ratio of elements Ca/P according to
the stechiometry corresponding to HAp (Ca/P 1.67) [23].
As the last step, the obtained suspension should be stabi-
lized at atmospheric pressure or can be washed right
away, filtered, dried and ground into powder form [17].

Reaction is heterogeneous, it occurs mainly on the
surface of calcium hydroxide particles, and to a lesser
extent in the solution. Reaction in the solution occurs
much less compared to the surface reaction, since the

solubility of calcium hydroxide in water at room tem-
perature and at atmospheric pressure is 0.17 g/100 mL
[2], [19]. The effect of the concentration of Ca(OH)2 sus-
pension on the synthesis reaction is studied in this work.

The Ginstling–Brounshtein (GB) model is applica-
ble for describing diffusion-controlled processes, and
its practical use has been investigated and reported for
a wide range of applications [5], [9], [10], [12], [15],
[16], [21], [24]. Some of the applications that involve
the GB model for describing the kinetics include
solid-state synthesis reactions [16], dehydration of the
iron(III) phosphate dihydrate [10], oxidation of carbon
fibers and boron powder [5], [9], wollastonite fibre
dissolution in acetic acid aqueous solution [15] and
thermal degradation of DGEBA epoxy [21].

In this work, the diffusion model is analyzed in the
context of diffusion of orthophosphoric acid into the
calcium hydroxide particle in a water suspension.
Since the chemical reaction is much faster than the
diffusion, it can be assumed that the diffusion occurs
into the reaction product (HAp) instead [6]. The
model is somewhat simplified, since it does not ac-
count for the presence of byproducts which are nor-
mally created in the case of HAp synthesis [2].

Another important assumption is that particles can
be considered as spherical, which is often only an
approximation. In reality, Ca(OH)2 particles are not
ideally spherical. They are complicated agglomerates.
However, such an assumption is necessary in order to
get a convenient and practical model. The GB model
is given by Eq. (2).
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where G is conversion [–]; K is nominal kinetic con-
stant [m2/s]; τ is time [s]; R is particle radius [m].

The nominal kinetic constant K is a parameter
which describes diffusion and is related to the effec-
tive molecular diffusivity. When the value of K is
known, it becomes possible to predict the required
time to achieve the desired conversion and design the
synthesis accordingly.

Krauklis and Dreyer [12] have assessed the diffusion
using the aforementioned GB model, using simulations
and characteristic parameters for a laboratory-scale WP
synthesis of HAp. It was deduced that the expected value
of K in the practical conditions of WP synthesis of HAp
is 1.14·10–17 ± 4.33·10–18 m2/s (95% probability).

The aim of this work is three-fold. First, it experi-
mentally validates the use of GB model for the syn-
thesis of HAp. Second aim is to determine the effect
of Ca(OH)2 concentration on the kinetics of the proc-
ess and to modify the GB model accordingly to ac-
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count for this phenomenon. Third aim is to obtain
kinetic constants for describing the synthesis of HAp.

2. Materials and methods

HAp particles were prepared using the following
method: calcium carbonate CaCO3 from eggshells was
calcinated at 1000 °C for an hour to obtain CaO. DI water
was added to obtain the Ca(OH)2 suspension of a desired
concentration (0.15 and 0.30 M). This was followed by
precipitation at 45 °C. While stirring, 2.00 M orthopho-
sporic acid H3PO4 was added dropwise into the Ca(OH)2
suspension. The rate of addition of H3PO4 solution was
6.8 mL/min. When the desired pH value was obtained,
the suspension was stirred for an additional hour. The
suspension was left for stabilization for 20 hours at room
temperature and then filtered. The filtered precipitate
was dried for 20 hours at 105 °C. The obtained powder
was heated for 1 hour at 1100 °C.

All compounds used during this work were of
analytical grade (≥98%). All aqueous solutions
were prepared using high purity deionized water
(10–15 MΩ·cm), produced via water purification
system Millipore Elix 3 (Billerica, USA).

In the experimental part, in order to validate the
model experimentally, particle size and conversion
evolution in time should be determined. Furthermore,
a suspension concentration dependence on process
kinetics is studied and the modification of GB model
is shown in order to account for this phenomenon.

2.1. Particle size determination

Scanning electron microscopy (SEM) was performed
using Tescan Mira/LMU (Brno, Czech Republic) in
backscattered electron regime with working voltage of
15 kV. Studied material was covered with a thin layer
of gold in order to prevent charging due to electron
beam. Gold sputtering was performed using Quorum
Technologies Emitech K550X (Laughton, UK).

Optical microscopy was performed using a digital
microscope Keyence VHX-2000 (Osaka, Japan) with
a magnification of 5000×. Images for particle size
analysis were processed using software NIH ImageJ
(Bethesda, USA).

2.2. Conversion determination

X-ray diffraction (XRD) was performed using in-
strument Bruker D8 Advance (Billerica, USA). Ra-

diation source: Cu Kα, λ = 1.54180 Å; Anode voltage
40 kV; Anode current 40 mA; Kβ filter 0.02 mm thick
nickel foil; slits: divergence 0.6 mm, anti-scattering
8.0 mm; scanning range: 2θ = 3 – 55°, step 0.02°, step
time 0.5 s; energy-dispersive one-dimensional detec-
tor Lynx Eye.

Conversion determination procedure had complica-
tions. During the reaction, samples have to be analyzed
for Ca(OH)2 content. In order to do so, the reaction has
to be stopped. The conversion data was obtained after
a rapid cooling of samples in liquid nitrogen. However,
also in such conditions calcium hydroxide carboniza-
tion might occur and should be monitored. Further-
more, in the end of the process, when part of hydroxide
had reacted, peaks became hard to detect.

3. Results

3.1. Particle size determination

Based on SEM micrographs, shown in Fig. 1, the
size of Ca(OH)2 particles is in the range of 1–3 μm, or
the radius is 0.5–1.5 μm.

SEM micrographs did not represent the real size of
the agglomerates, because SEM cannot be used in so-
lutions and suspensions. Nevertheless, particle size
values obtained with SEM show that the size could be
determined using digital microscopy of a Ca(OH)2

suspension. It can be seen in Fig. 1 (right), that nano-
particle agglomerates were obtained, as expected based
on literature [2].

Calcium hydroxide suspension used for WP syn-
thesis of HAp is shown in Fig. 2. On the left, the raw
micrograph of the suspension obtained with the opti-
cal microscope is shown. On the right, the micrograph
after noise removal is shown, indicating measured
particles in black colour. Spherical particle size can be
undoubtedly well represented by a diameter. How-
ever, if the object is not ideally spherical, real particle
size can be substituted with a hypothetical one, which
shares some identical qualities. In this case, the area
can be considered an identical parameter. When the
area is known, agglomerate equivalent radii R can be
calculated as shown in Eq. (3).

π
SR = , (3)

where S is area of an agglomerate particle. 198 ag-
glomerate particles were measured (marked in black
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Fig. 1. SEM micrographs of Ca(OH)2 used for particle size determination

     

Fig. 2. Calcium hydroxide suspension after the ball mill; left: view in a digital microscope;
right: after noise removal as used for particle size analysis (particles used for analysis are marked in black)

Fig. 3. Particle size distribution
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in Fig. 2: right), and the equivalent radii were obtained
from the area of the particles by using the Eq. (3). The
equivalent radii were in the range from 0.5 to 9.7 μm.
Particle size distribution is shown in Fig. 3. An aver-
age agglomerate size is equal to xc ± 2σ = 0.78375
± 0.4916 μm (95% probability). Furthermore, particle
size distribution is well represented by a normal dis-
tribution (Gaussian, Fig. 3). The determination coeffi-
cient is equal to R2 = 0.90, showing a fairly good fit of
experimental data with a normal distribution. The fit-

ting curve is skewed to the right, which is believed to
be due to approaching the detection limit of the mi-
croscope (about 0.5 μm).

3.2. Conversion determination

Using XRD analyses, evolution of integral inten-
sities of Ca(OH)2 and HAp peaks was studied in time,

a) 

b) 

Fig. 4. First and last diffractograms of (a) 0.15 M Ca(OH)2 suspension and (b) 0.30 M Ca(OH)2 suspension
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providing information on conversion kinetics. Two sus-
pensions were studied:
• 0.15 M Ca(OH)2 suspension; 2.00 M H3PO4 with

addition rate of 6.8 mL/min.
• 0.30 M Ca(OH)2 suspension; 2.00 M H3PO4 with

addition rate of 6.8 mL/min.
Most intensive peaks of HAp and Ca(OH)2 were

used for the analysis, since influence of noise on them
is least prominent. Noise levels were about 40 in in-
tensity, thus intentisties that had values lower than this
value were impossible to detect. These peaks were
chosen based on literature [3], [4]. XRD diffracto-
grams are shown in Fig. 4.

XRD analysis results for 0.15 M and 0.30 M Ca(OH)2

suspensions are shown in Tables 1 and 2, respectively.

Table 1. 0.15 M Ca(OH)2 suspension XRD data

Time τ
[min]

Integral intensity
HAp

Integral intensity
Ca(OH)2

1 53.8 2690.4
3 144.3 1906.9
5 251.2 1639.8
7 355.0 1343.0

11 534.3 381.5
13 612.8 199.5
15 541.2 144.9

a) 

b) 

Fig. 5. Experimentally determined conversion in time and GB model using minimum, average and maximum values
for a kinetic constant for: (a) 0.15 M Ca(OH)2 suspension, (b) 0.30 M Ca(OH)2 suspension
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Table 2. 0.30 M Ca(OH)2 suspension XRD data

Time τ
[min]

Integral intensity
HAp

Integral intensity
Ca(OH)2

1 63.7 2136.3
3 101.5 1989.1
5 156.4 2164.0
6 168.6 1777.5
7 181.7 1369.2
9 238.1 1469.9
11 277.2 1339.8
13 296.5 924.9
15 408.1 809.0
16 448.4 711.1
17 512.4 523.8
19 550.6 435.5
20 530.8 354.1
21 575.0 213.8
23 615.2 202.7
25 633.6 202.5

XRD analysis of products after thermal treatment
shows that the integral intensity of a HAp peak 

HAp
Imax

is 1754.2 and 1726.1 in the case of 0.15 M and 0.30 M
Ca(OH)2 suspension, respectively. It is assumed that in
each case this corresponds to a full conversion (G = 1).
The conversion at each time step can be calculated
using Eq. (4).

HAp
I
I

G HAp

max

)(
)(

τ
τ = (4)

where HApI )(τ  is integral intensity of HAp peak after
a known time.

Experimentally obtained conversion evolution in
time is shown in Fig. 5.

3.3. K/R2 ratio determination:
analysis via descriptive statistics,

F-test and t-test

When the conversion and the time it took to reach
it are known, it is possible to obtain K/R2 ratio for
both 0.15 M and 0.30 M Ca(OH)2 suspension case by
introducing G and τ data into the GB equation.

2
3
2

)1(
3
21

R
KGG τ

=−−− (5)

K/R2 ratios obtained this way are 1.1273·10–5

± 6.4719·10–6 s–1 and 7.0699·10–6 ± 2.1120·10–6 s–1 for
0.15 M and 0.30 M Ca(OH)2 suspension, respectively
(probability 95%).

Using the obtained data and the model, six simu-
lations were performed: three per suspension – using
the minimum, average and maximum K/R2 ratio (95%
probability) for each case (0.15 M and 0.30 M Ca(OH)2

suspension). The results of the simulation runs are
shown in Fig. 5 in the G – τ coordinates. Purple data
points represent the experimental data. Red, black and
blue lines represent the model with minimum, average
and maximum K/R2 ratio used, respectively.

The difference between K/R2 ratio average values
for 0.15 M and 0.30 M Ca(OH)2 suspension was
37.28%. In order to determine whether results can be
considered identical or significantly different, t-test is
performed.

The results of F-test are summarized in Table 3.
Fisher critertion (α = 0.05) is F = 3.117, p-value was
0.0346, and the critical value of Fisher criterion was
2.790. Dispersions of two suspensions’ data sets
differ significantly (96.54% probability) since Fisher
criterion (α = 0.05) F = 3.117 > F0.05 = 2.790 and P
(F ≤ f )one-tail = 0.0346 < 0.05. This shows that the un-
certainty within both experiments vary.

Table 3. F-test results

Statistics 0.15 M Ca(OH)2
suspension: K/R2

0.30 M Ca(OH)2
suspension: K/R2

Mean value 1.13·10–5 7.07·10–6

Dispersion 4.9·10–11 1.57·10–11

Observations 7 16
Degrees of freedom 6 15
Fisher criterion 3.117
p-value (one-tail) 0.0346
Fisher criterion’s
critical value 2.790

Since dispersions vary, then the t-test with two-
sample assuming unequal variances was used to com-
pare K/R2 mean values of 0.15 M and 0.30 M Ca(OH)2

Table 4. t-test results

Statistics 0.15 M Ca(OH)2
suspension: K/R2

0.30 M Ca(OH)2
suspension: K/R2

Mean value 1.13·10–5 7.07·10–6

Dispersions 4.9·10–11 1.57·10–11

Observations 7 16
Null hypothesis (H0: )yx = 0
Degrees of freedom 8
Factual t-value (tStat) 1.488
p-value (one-tail) 0.0875
Critical t-value (one-tail)
(α = 0.05) 1.860

Critical t-value (one-tail)
(α = 0.088) 1.484
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suspensions in order to determine if the difference
between them is statistically significant. The null hy-
pothesis then is (H0:⎯ )yx = ) that both values do not
differ significantly. The null hypothesis is checked
using t-test and results are shown in Table 4.

Factual t-value was 1.488, critical t-value was
1.860 (α = 0.05) and 1.484 (α = 0.088). In order to
disprove the null hypothesis, factual t-value has to be
larger than the critical one, besides p-value has to be
lower than α.

With 95% probability, null hypothesis (H0) is not
disproved based on t-value at α = 0.05. However, with
only slightly lower probability of 91.2%, null hypothesis
is disproved (α = 0.088), and in both sample collec-
tions (0.15 M and 0.30 M Ca(OH)2 suspensions) mean
values are significantly different, since tStat = 1.488

> tCritical one-tail = 1.484, also P(T ≤ t)one-tail = 0.0875
< 0.0880.

Since K/R2 values for 0.15 M and 0.30 M Ca(OH)2

suspension data differ significantly at α = 0.088, it
means that with a 91.2% probability suspension concen-
tration has an effect on the kinetics of the process. This is
also due to the fact that concentration of the suspension
is the only parameter that differs between experimental
data series of 0.15 M and 0.30 M Ca(OH)2 suspensions.

3.4. K/R2 ratio determination:
regression analysis

Value range of K/R2 ratios was broad, hence another
method – regression analysis – was used. The model

a) 

b)   

Fig. 6. Conversion evolution in time obtained using regression analysis of experimental data of:
(a) 0.15 M Ca(OH)2 suspension and (b) 0.30 M Ca(OH)2 suspension series
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is not linear and data cannot be linearized. In order to
use the linear regression, it is necessary to transform
the GB equation into Eq. (5).

2R
KZ τ

= , (5)

where

3
2

)1(
3
21 GGZ −−−= (6)

Z values are calculated, the results of regression
analysis are shown in Fig. 6a.

Using regression analysis, the mean value of K/R2

was determined to be 1.61·10–5 s–1 for 0.15 M
Ca(OH)2 suspension. Determination coefficient is
0.943. With a 95% probability the value of K/R2 ratio
is in the range from 1.21·10–5 to 2.01·10–5 s–1, which is
24.84% uncertainity in each direction.

The mean value of K/R2 is determined to be
1.02·10–5 s–1 for 0.30 M Ca(OH)2 suspension. Deter-
mination coefficient is 0.934. With a 95% probability
the value of K/R2 ratio is in the range from 8.67·10–6

to 1.16·10–5 s–1, which is 14.63% uncertainity in each
direction.

Figure 6 shows the conversion evolution in time,
and that the dispersion of K/R2 results, both in the case
of 0.15 M and 0.30 M Ca(OH)2 suspension, which
were obtained using regression analysis with a 95%
probability, is smaller than the dispersion in results
obtained from descriptive statistics (shown in Fig. 5).

3.5. Kinetic constant determination

It is now possible to calculate the kinetic constant K
by multiplying the obtained K/R2 ratio and the square

Table 5. Obtained K/R2 ratio, R and K values

0.15 M Ca(OH)2 suspension
Min Mean Max

R [m] 2.9 · 10–7 7.8 ·10–7 1.28 ·10–6

K/R2 [s–1] (descriptive) 4.80 · 10–6 1.13 · 10–5 1.77 · 10–5

K/R2 [s–1] (regression) 1.21· 10–5 1.61· 10–5 2.01· 10–5

K [m2/s] (descriptive) 4.04 · 10–19 6.86 · 10–18 2.91 · 10–17

K [m2/s] (regression) 1.02 · 10–18 9.80 · 10–18 3.29 · 10–17

0.30 M Ca(OH)2 suspension
Min Mean Max

R [m] 2.9 · 10–7 7.8 ·10–7 1.28 ·10–6

K/R2 [s–1] (descriptive) 4.96 · 10–6 7.07 · 10–6 9.18 · 10–6

K/R2 [s–1] (regression) 8.67 · 10–6 1.02 · 10–5 1.16 · 10–5

K [m2/s] (descriptive) 4.17 · 10–19 4.30 · 10–18 1.50 · 10–17

K [m2/s] (regression) 7.29 · 10–19 6.21 · 10–18 1.90 · 10–17

of a measured particle size. Minimum, mean and maxi-
mum (95% probability) obtained K/R2 ratio, R and K
values are systematized and reported in Table 5 for both
0.15 M and 0.30 M Ca(OH)2 suspensions.

3.6. Modification of the GB model:
introducing concentration dependence

As mentioned before, K/R2 values for cases of
0.15 M and 0.30 M Ca(OH)2 suspensions are signifi-
cantly different (91.2% probability), thus it can be
stated that suspension concentration has an effect of
process kinetics, since it is the only parameter that
differs between the experimental series.

Since there is the same amount of acid introduced,
but the amount of Ca(OH)2 is larger, then the reaction
time should also increase. This hypothesis will now be
evaluated using the obtained K values for 0.15 M and
0.30 M Ca(OH)2 suspensions. The hypothesis is the
following: if K value is dependent on suspension con-
centration, then the GB model can be modified, and
if the relationship between conversion and suspension
concentration is found, it is possible to obtain a sus-
pension concentration-independent kinetic constant Kc.
Then the following is valid:

x
c CKK

2Ca(OH)⋅= (7)

Since the only parameter that differs is the con-
centration of suspension and Kc being independent of
suspension concentration, it is possible to write the
following:

x
M

x
M

c
KKK

30.015.0
30.015.0 == , (8)

M

M

K
Kx

15.0

30.0
2log= , (9)

where K0.15M and K0.30M are kinetic constants in case of
0.15 M and 0.30 M suspensions, respectively. Using
obtained mean values of K from the regression analy-
sis data of K/R2:

658.0
1080.9
1021.6log s1

s1

2 −=
⋅
⋅

= −

−

x (10)

Using obtained mean values of K from the descrip-
tive statistics data of K/R2:

673.0
1086.6
1030.4log 81

81

2 −=
⋅
⋅

= −

−

x (11)
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On average, x is –0.667. The concentration-inde-
pendent Kc becomes then:

3
2

Ca(OH)Ca(OH) 22
CKCKK x

c ⋅=⋅= − (12)

Inserting the obtained values for 0.15 M and
0.30 M Ca(OH)2 suspensions using regression analy-
sis and descriptive statistics K/R2 values, respec-
tively, the mean Kc value for synthesis of HAp are
2.77·10–18 m2·M2/3/s and 1.93·10–18 m2·M2/3/s.

The modified GB equation that accounts for sus-
pension concentration for the synthesis of HAp is ob-
tained (Eq. (13)):

3
2

Ca(OH)
2

3
2

2

)1(
3
21

CR

KGG cτ=−−− (13)

The modified GB model shows that the higher the
suspension concentration, the longer time is necessary
to obtain the same conversion if all other parameters
are unchanged.

4. Discussion

Mean values of kinetic constants K for 0.15 M and
0.30 M Ca(OH)2 suspensions obtained using regres-
sion analysis K/R2 values are 9.80 · 10–18 and 6.21
· 10–18 m2/s, respectively. Mean values of K for 0.15 M
and 0.30 M Ca(OH)2 suspensions, calculated using
descriptive statistics K/R2 values, are 6.86 · 10–18 and
4.30 · 10–18 m2/s, respectively. Taking the statistical
uncertainties into account, these results are considered
identical.

The conversion evolution with time G = f(τ) rela-
tionship for HAp synthesis was found with a good
agreement with the experimental data, however a range
of possible K values with a 95% probability is broad.
It can be seen that uncertainties are large, especially
possible maximum values of K (maximum uncertainty
reaches 236.20%), which is due to calculation proce-
dure of K using R squared, which introduces then
uncertainty of particle size determinations squared.

Experimentally, average agglomerate size was
found to be 0.78 μm, but the standard deviation was
fairly high (0.25 μm), meaning that particles were not
very uniform in size. Particle size distribution was
fairly well represented by a normal distribution (de-
termination coefficient R2 = 0.90). The method using
optical microscopy of a suspension was sufficient to
determine particle size and draw the conclusions,

however, the authors believe that other methods of
particle size determination should also be considered
for a more careful approach, especially when smaller
particle size is of interest. This is due to the fact that
the largest uncertainty is introduced by particle size
determination.

The range of K/R2 ratio values obtained from the
regression analysis is considered a better result than
from descriptive statistics due to a smaller uncertainty
and an average R value.

5. Conclusions

In the previous study, a statistical and mathemati-
cal analysis of Ginstling–Brounshtein (GB) model
showed that it can be used to describe a wet precipita-
tion (WP) synthesis of hydroxyapatite (HAp). Based
on the experimental evidence in this work the follow-
ing conclusions were made:
1. Statistical and mathematical analysis of GB model

showed that it can be used in the case of HAp.
2. As a result of mathematical simulations, a range

of possible K values (95% probability) in the syn-
thesis was obtained in previous work (1.143·10–17

± 4.330·10–18 m2/s) and was found consistent with
the experimental data reported in this work.

3. The model is well consistent with the experimental
data. Obtained K/R2 ratio (95% probability) in the
case of 0.15 M and 0.30 M Ca(OH)2 is 1.61·10–5

± 0.40·10–5 s–1 and 1.02·10–5 ± 1.49·10–6 s–1,
respectively. As a result of regression analysis, G
= f(τ) graphs were made for both 0.15 M and 0.30 M
Ca(OH)2, showing time required to achieve a spe-
cific rate of conversion.

4. Obtained K values in the case of 0.15 M and 0.30 M
Ca(OH)2 are 9.8·10–18 ± 2.4·10–18 m2/s and 6.2·10–18

± 9.0·10–19 m2/s (using the average R value), respec-
tively. Taking R uncertainty into account, K value
is in range from 1.02·10–18 to 3.29·10–17 m2/s and
from 7.29·10–19 to 1.90·10–17 m2/s for 0.15 M and
0.30 M Ca(OH)2, respectively.

5. Rate of the process is dependent on suspension
concentration (91.2% probability).

6. Value of the concentration-independent kinetic
coefficient is Kc = 2.8·10–18 m2·M2/3/s. Modified
GB model, which takes into account calcium hy-
droxide concentration, is the following

23
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