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Recently, uniform, non-agglomerated, hexagonal b-tricalcium phosphate (b-TCP) platelets (diame-
ter � 400–1700 nm, h � 100–200 nm) were obtained at fairly moderate temperatures (90–170 �C) by
precipitation in ethylene glycol. Unfortunately, the platelet aspect ratios (diameter/thickness) obtained
in the latter study were too small to optimize the strength of polymer–b-TCP composites. Therefore,
the aim of the present study was to investigate b-TCP platelet crystallization kinetics, and based on this,
to find ways to better control the b-TCP aspect ratio. For that purpose, precipitations were performed at
different temperatures (90–170 �C) and precursor concentrations (4, 16 and 32 mM). Solution aliquots
were retrieved at regular intervals (10 s–24 h), and the size of the particles was measured on scanning
electron microscopy images, hence allowing the determination of the particle growth rates. The b-TCP
platelets were observed to nucleate and grow very rapidly. For example, the first crystals were observed
after 30 s at 150 �C, and crystallization was complete within 2 min. The crystal growth curves could be
well-fitted with both diffusion- and reaction-controlled equations, but the high activation energies
(�100 kJ mol�1) pointed towards a reaction-controlled mechanism. The results revealed that the best
way to increase the diameter and aspect ratio of the platelets was to increase the precursor concentra-
tion. Aspect ratios as high as 14 were obtained, but the synthesis of such particles was always associated
with the presence of large fractions of monetite impurities.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

When bone defects exceed a critical size, bone grafting has to be
applied in addition to osteosynthesis to achieve bone healing. The
most common source of bone graft is from the patient’s iliac crest,
but availability is limited and the harvesting procedure causes
additional costs, longer operation times and pain at the donor site
[1,2]. Allografts might be used to replace or complement the auto-
graft, but this approach raises ethical concerns and may lead to dis-
ease transmission [3]. Synthetic bone graft substitute materials are
increasingly used in combination with or even in the replacement
of grafts [4]. Calcium-based ceramics, and in particular the calcium
phosphates (CaP), are among the most widely used synthetic mate-
rials. These materials have attracted great interest because of their
chemical similarity to the mineral component of bone [5,6], and
their good biological properties such as biocompatibility, osteo-
transduction and for some of them an active degradation pathway
[6,7]. However, their inherent brittleness excludes their use in
load-bearing locations and requires supplementary fixation with
osteosynthesis fixation devices such as metallic plates and screws
[8,9].

One approach to obtain strong and tough bone graft substitutes
based on calcium phosphate ceramics would be to mimic the com-
position and structure of certain natural materials such as bone
and nacre [10–12]. These materials can be seen as a ductile organic
matrix reinforced with sub-micron ceramic particles or as inor-
ganic particles held together by an organic ‘‘glue’’. Their architec-
ture is very important and very well controlled [13–15]. For
example, the ceramic particles must be below a critical thickness
ol. Acta
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and present a large aspect ratio (particle length/thickness) [16]. In-
deed, limiting the size of the ceramics is the most efficient way to
increase their strength (Griffith’s law) [17]. In the case of b-trical-
cium phosphate (b-TCP; b-Ca3(PO4)2), its thickness should not ex-
ceed 350 nm. Also, a high aspect ratio provides a good load
transfer between organic matrix and ceramic particles but a certain
critical aspect ratio should not be exceeded to avoid brittle failure
of the composite. In fact, Gao showed that this critical aspect ratio
depends on the mechanical properties of the ceramic and the shear
strength of the interface between organic material and ceramic
[18]. For abalone nacre, the critical aspect ratio of the calcium car-
bonate crystals is close to 9 and the observed value is 8 [12,19]. For
stronger ceramics like alumina platelets in biopolymers, the criti-
cal aspect ratio is close to 50 [12]. Calcium phosphates like b-TCP
platelets in biopolymers would have a critical aspect ratio between
20 and 25 (theoretical calculations are provided in the Supplemen-
tary data).

With the aim of producing CaP in the form of platelets with con-
trollable thickness and aspect ratio, a precipitation method pro-
posed by Tao et al. [20] was slightly modified [21]. In the latter
study, results revealed that two types of particles could be ob-
tained. The first type was highly uniform, non-agglomerated,
sub-micrometric b-TCP. Unfortunately, the aspect ratio was rela-
tively limited (typically below 10), and impurities (in the form of
secondary phases) were found as soon as the aspect ratio reached
values higher than �5. The second phase was monetite particles
(CaHPO4) with high aspect ratio (typically �20). However, the par-
ticles were less monodisperse, less uniform and more agglomer-
ated than the b-TCP particles. Since the latter factors are of
paramount importance for the synthesis of nacre-like materials,
it appears more promising to focus on b-TCP synthesis as a first
step towards the production of nacre-like materials. However, this
implies a better control of b-TCP growth mechanisms. Therefore,
the aim of the present study was to gain a better understanding
of the growth mechanisms of b-TCP platelets with the hope that
their aspect ratio would be more easily controlled. Specifically,
the time evolution of b-TCP platelets was analyzed as a function
of precursor concentration and temperature, and the reaction rates
were calculated and compared to various growth kinetic models.

2. Theory

In 2011, Kwon and Hyeon [22] discussed the growth kinetics of
uniform nanocrystals. These authors postulated that the particle
growth rate could be expressed by Eqs. (1) and (2) for reaction-
controlled and diffusion-controlled reactions, respectively:

dr
dt
¼ Vm � k � ½M�b � ½M�r

� �
ðreaction-controlledÞ ð1Þ

dr
dt
¼ D � Vm

r
� ½M�b � ½M�r
� �

ðdiffusion controlledÞ ð2Þ

where r is the particle radius, t the reaction time, D the diffusion
coefficient, Vm the molecular volume (molecular mass, MM, divided
by the density, q; MM = 310 g mol�1 and q = 3.07 g cm�3 for b-TCP),
[M]b the concentration in the bulk, [M]r the solubility of the spher-
ical particle of radius r and k the reaction rate constant. Considering
the low solubility of b-TCP in ethylene glycol (b-TCP readily precip-
itates at a concentration of 1.6 mM [21] whereas most experiments
are performed at 16 mM), it can be assumed that [M]r = 0. If all the
particles are formed simultaneously, [M]b is equal to the difference
between the initial concentration, [M]0, and the concentration that
has been consumed by the particles already formed:

½M�b ¼ ½M�0 � n � 4
3
� p � r3 � q

V
ð3Þ

 
 
 
 
 
 

Please cite this article in press as: Galea L et al. Growth kinetics of hexagonal
Biomater (2014), http://dx.doi.org/10.1016/j.actbio.2014.02.044
with n the number of particles and V the total volume. Combining
Eqs. (1)–(3) leads to Reactions (4) and (5):

dr
dt
¼ Vm � k � ½M�0 � n � 4

3
� p � r3 � q

V

� �
ðreaction-controlledÞ ð4Þ

dr
dt
¼ D � Vm

r
� ½M�0 � n � 4

3
� p � r3 � q

V

� �
ðdiffusion-controlledÞ ð5Þ

At infinite time, i.e. when all precursors are consumed, [M]b = 0, and
the particles reach a maximum size, r1, Eqs. (4) and (5) can be
written:

dr
dt
¼ Vm � k � ½M�0 � 1� r

r1

� �3
 !

ð6Þ

r � dr
dt
¼ Vm � D � ½M�0 � 1� r

r1

� �3
 !

ð7Þ

The particles obtained with the present synthesis method are
hexagonal prisms, with an inner diameter dhex and a thickness hhex.
Therefore, the radius of a sphere of equivalent volume was calcu-
lated and used in Eqs. (6) and (7).

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
4
� dhex

2

� �2

� hhex
3

s
ð8Þ

In Eqs. (6) and (7), the value of r1 can be estimated by calculat-
ing the mean size of the particles present at the end of the reaction.
As a result, it is possible to calculate the number of particles using
Eq. (9):

n ¼ ½M�0 �
3

4p
� V
q � r3

1
ð9Þ

The other two unknowns in Eqs. (6) and (7), namely k and D, can
be retrieved from a numerical fit of the experimental data. Then,
the activation energy, Ea, can be directly calculated from the slope
of ln(k) = f(1/T) or ln(D) = f(1/T) curves using the Arrhenius’ law
(Eq. (10)):

k ¼ k0 � exp
�Ea

RT

� �
or D ¼ D0 � exp

�Ea

RT

� �
ð10Þ

where R is the ideal gas constant (8.314 J K�1 mol�1) and k0 and D0

are constants.

3. Materials and methods

3.1. Materials and sample preparation

CaP platelets were produced using the precipitation method de-
scribed in Ref. [21]. The phosphate solution was prepared by plac-
ing 140 ml of ethylene glycol (C2H6O2, Reag. Ph. Eur., art. no.
85512.360, VWR, Nyon, Switzerland) in a 600 ml glass beaker
and heated up to 90–110 �C. Then, 9.52 ml of a 0.0825/0.33/
0.66 M Na2HPO4 (Na2HPO4�2H2O, purum p.a., art. no. 71645, Fluka,
Buchs, Switzerland) solution and 0.21/0.84/1.68 ml of a 1.3 M
NaOH (NaOH, puriss. p.a., art. no. 71690, Fluka, Buchs, Switzerland)
were added. To prepare the calcium solution, 350 ml of ethylene
glycol was mixed with 0.175/0.700/1.4 g CaCl2�2H2O (CaCl2�2H2O,
Reag. Ph. Eur., art. no. 1.02382, MERCK, Darmstadt, Germany) in
a 1 l triple-neck round bottom flask connected with a coil con-
denser and isolated with aluminum foil. This solution was heated
to 90–180 �C under intense stirring. The temperatures of both solu-
tions were chosen such as to match the target temperatures upon
mixing (ex: 350 ml at 170 �C mixed with 140 ml at 100 �C to reach
150 �C). Thus it can be assumed that the achievement of a
sub-micrometric b-tricalcium phosphate particles in ethylene glycol. Acta
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homogeneous temperature lasted as long as it takes to reach a
homogeneous mixture. The phosphate solution was poured into
the calcium solution within 5 s. In the end, each experiment con-
sisted of a 500 ml solution containing phosphate and calcium ions
in 2:3 M ratio with a total [Ca2+] + [PO4

3�] ions concentration rang-
ing from 4 mM to 32 mM. The effect of temperature was studied at
a concentration of 16 mM by varying the temperature from 90 to
170 �C in 20 �C steps. In some cases, the target temperature could
not be reached, so some experiments were also conducted at
additional intermediary temperatures. With 4 and 32 mM, reac-
tions were only conducted at 110, 130 and 150 �C. During the
experiment, 10 ml aliquots were retrieved at regular intervals
(the sampling times were adapted according to the reaction
temperature) and placed in a 50 ml PP tube (art. no. 525-0402,
VWR, Nyon, Switzerland). These samples were rapidly cooled
down by placing the tubes in an ice bath and then centrifuged
at 4000 rpm for 30 min to sediment and extract the solid
phase. The precipitated crystals were then dispersed and centri-
fuged in ethanol (C2H6O, absolute 99.8%, art. no. G003, Grogg,
Switzerland), in demineralized water and in ethanol again. After
the third washing step, the precipitate was dispersed in 3 ml of
ethanol. A drop of this solution was spread over a scanning
electron microscopy (SEM) aluminium sample holder and dried
in air. SEM observations were performed and the size and aspect
ratio of the particles were measured by image analysis of the
SEM images (see below).

At the end of the experiment, the remaining suspension was
also rinsed by centrifugation as described above and a part of it
was used for X-ray diffraction (XRD) measurements (see below).
The rest of the suspension was dried at 30 �C under vacuum for
24 h and stored.

Each experiment was repeated at least twice.

3.2. Characterization methods

The particle appearance and size were analyzed by SEM. For
this, the samples were coated with a 10 nm thick platinum layer
(60 s, 40 mV) and observed with a EVO MA25 microscope (Zeiss,
Germany) using a voltage of 20 kV and a working distance of 7–
8 mm. The particle size was assessed by image analysis (Image Ac-
cess 11 Premium, Imagic Bildverarbeitung AG, Glattbrugg, Switzer-
land) of SEM images at 10,000� magnification. Images were taken
in regions where some particles were lying flat but also standing
on their edge to allow diameter and thickness measurements. A
minimum of 15 crystals was used to measure the diameter and a
minimum of six crystals to measure the thickness. Only in the case
of samples taken at an early reaction stage did the number of mea-
surements have to be reduced because only a few platelets were
apparent in the amorphous phase. The diameters of the hexagon
prisms, octahedrons and spherical particles were defined as the
diameter of the inscribed circle. The size dispersion is calculated
as the standard deviation of the particle measurement divided by
the average size from image analysis.

The crystalline composition was analyzed by XRD measure-
ments. For this, a concentrated ethanol suspension was dried on
a glass plate, scratched off and spread on a silicon single crystal
sample holder to minimize preferred orientation. XRD data were
collected in reflective geometry on an X-Pert diffractometer (X’Pert
Pro MPD, Panalytical, Almelo, The Netherlands). Ni-filtered Cu Ka
radiation and a step size of 0.016� were used to measure from
4.01� to 59.99� 2h. Due to the limited amount of sample material
available, sample transparency, texture and variable irradiated vol-
ume limited the quality of the diffraction patterns. Therefore only
semi-quantitative phase analyses could be done by Rietveld refine-
ment using the FullProf.2k software (version 5.00) [23] and a pre-
viously determined instrument resolution function. Crystalline
Please cite this article in press as: Galea L et al. Growth kinetics of hexagonal
Biomater (2014), http://dx.doi.org/10.1016/j.actbio.2014.02.044
models for b-TCP, monetite (DCP) and chloroapatite (Cl-HA) were
taken from Schroeder et al. [24], Dickens et al. [25] and Hughes
et al. [26].

4. Results

4.1. Visual observations during manipulations

After centrifugation, nothing was observed in the first aliquots
retrieved at low concentration and temperature. However, a trans-
parent gel was seen to sediment after a while, particularly at high
concentrations. At longer reaction times, this gel was progressively
replaced by a white sediment forming at the bottom of the vials.
The ratio between the white sediment and the transparent gel in-
creased with time. Moreover, the amount of white sediment ap-
peared to be proportional to the reagent concentration. The
typical yield of CaP powder after drying was 0.3–0.4 g l�1.

4.2. SEM observations

At the beginning of the reactions, the first solid identified by
SEM was of undefined shape (Fig. 1a). No faceted particles (herein-
after called crystals) were detected. The first crystals appeared
after a given time which increased with decreasing temperature
(Fig. 1b). For example, a few crystals were observed after 30 min
of reaction at 90 �C (Fig. S.1), whereas first crystals were already
present after 30 s of reaction at 150 �C (Fig. 1b). The crystal size in-
creased with the reaction time, while the amount of solid with
undefined shape decreased (Fig. 1). At 90 �C, mostly large parallel-
epipedic crystals were observed. Nevertheless, some hexagonal
platelets were also present (Fig. S.1). Both crystals seemed to ap-
pear simultaneously and in the same proportions throughout the
reaction. The amount of parallelepipedic crystal decreased with
increasing temperature but increased with increasing concentra-
tion (Fig. S.2).

Fig. 2 shows representative images of hexagonal platelets ob-
tained at different concentrations and temperatures. In general,
the diameter increased with the reagent concentration, but was
not markedly affected by a change of temperature. A change of
concentration also affected the aspect ratio and the shape of the
particles: hexagonal prisms with well-defined edges and low
aspect ratios (�3) were noticed at low concentration, whereas
thinner discs with higher aspect ratios (>10) were observed at
high concentration. Variations in surface appearance were noticed,
like the presence of porosities in some samples. This was also al-
ready observed by Galea et al. [21] and attributed to the rinsing
process.

4.3. XRD results

Rietveld refinement of XRD measurements performed on sam-
ples retrieved at the end of the synthesis reaction revealed the
presence of three calcium phosphate phases: b-TCP, DCP (CaH-
PO4) and chloro-apatite (Ca5(PO4)3(OH,Cl)) (Fig. 3). The monetite
fraction was the highest at low temperature and high concentra-
tion (Table 1). For example, 79 wt.% DCP was measured at 90 �C
and 16 mM. The DCP fraction decreased then with increasing
temperature and decreasing concentration. Since the Cl-Ap con-
tent remained very low (<10%) in all samples, a decrease in DCP
content resulted in an increase in b-TCP content. As a result,
pure b-TCP samples were obtained in various conditions, for
example at a concentration of 4 mM at 130 �C and 150 �C, and
at a concentration of 16 mM at 150 �C. Looking at the SEM
images, the hexagonal prisms were identified as the b-TCP
phase, the parallelepiped crystals as DCP and rare small elongated
particles as Cl-Ap.
sub-micrometric b-tricalcium phosphate particles in ethylene glycol. Acta
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Fig. 1. SEM images of samples taken out of the reactor at 150 �C at different times: (a) 10 s; (b) 30 s; (c) 70 s; (d) 90 s; (e) 2 min; (f) 24 h. The scale bars are 2 lm.

 110 °C 130 °C 150 °C 

4 mM 

16 mM 

32 mM 

Fig. 2. SEM images of samples after complete reaction at different temperatures (110, 130, 150 �C) and concentrations (4, 16, 32 mM). The scale bar is 500 nm for all images.
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4.4. Size measurements

At all reaction temperatures, the hexagonal crystals grew con-
tinuously in diameter and thickness until a plateau was reached
(Fig. 4a and b). Higher reaction temperatures strongly accelerated
the nucleation and growth of the crystals, while a concentration in-
crease had a much smaller effect (this can also be appreciated in
linear scale, Fig. S.3). However, concentration markedly affected
the plateau diameter value (Fig. 4a and b). The aspect ratio tended
to slightly increase during the fast crystal growth at the beginning
of the reaction, but hardly varied at long reaction times (Fig. 4c).
The size dispersion was quite constant with reaction time, and
was the highest at low temperature or low concentration
(Fig. 4d). The final size and aspect ratio increased with the concen-
tration, and slightly varied with temperature changes (Fig. 4e–g).
The largest variations were observed between 150 and 170 �C,
Please cite this article in press as: Galea L et al. Growth kinetics of hexagonal
Biomater (2014), http://dx.doi.org/10.1016/j.actbio.2014.02.044
where the diameter and aspect ratio clearly decreased. The hexag-
onal platelets first decreased in diameter, without large changes of
thickness (Fig. 5a) and then became round at 170 �C (Fig. 5b). The
size dispersion at the end of the precipitation reaction was gener-
ally between 0.05 and 0.10. However, there were some exceptions
(Figs. 4h and 5a).

4.5. Kinetic calculations

b-TCP growth was the fastest at the beginning of the reaction,
when the particles were still small and the amount of precursors
was high. As the precipitation continued, the precursor concentra-
tion decreased, the particle size increased and the growth rate de-
creased (Fig. 6a).

The observed growth curves were fitted numerically with a
reaction-controlled and a diffusion-controlled model (Eqs. (6)
sub-micrometric b-tricalcium phosphate particles in ethylene glycol. Acta
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Fig. 3. Representative XRD diffractogram of particles synthesized at 90 �C, 16 mM
for 24 h showing the presence of highly crystalline b-TCP and DCP phases.
Observed, calculated, differences and background intensities are displayed, as well
as the hkl line positions for b-TCP (top), DCP (middle) and Cl-Ap (bottom).
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and (7); Fig. 6a). Importantly, the values of [M0] were corrected
with the phase analysis from the XRD results (Table 1) to only con-
sider the amounts of precursors that were effectively used to grow
the b-TCP particles and neglect the ions that were used to grow
other crystalline phases (comparisons with uncorrected [M0] val-
ues are presented in Supplementary data, Fig. S.4). Both equations
led to good fits, with average regression coefficients (R2) > 0.94 in
both cases. Two of the 14 experiments could not be fitted properly
due to a lack of experimental data point in the growing phase. Se-
ven experiments were slightly better fitted with the diffusion-con-
trolled equation and five were slightly better fitted with the
surface-controlled equation, but the differences in R2 values never
exceeded 0.03. Fitting the data with the surface-controlled model
led to nucleation times close to zero, while using the diffusion-con-
trolled model led to positive nucleation times, increasing up to a
few minutes at low reaction temperatures (Supplementary data,
Fig. S.5). Interestingly, the diffusion coefficients calculated with
Eq. (7) were extremely low, typically close to 10�14 m2 s. Such
low diffusion coefficients suppose very large diffusion entities
(see Supplementary data, Fig. S.6). The growth rate strongly in-
creased with an increase of temperature but was only slightly af-
fected by the precursor concentration (Fig. 6b). The activation
energy for the crystallization reaction was obtained by plotting
the reaction constant as a function of the inverse of temperature
(Fig. 6b). Values of 88 ± 16, 78 ± 3 and 102 ± 19 kJ mol�1 were ob-
tained at 4, 16 and 32 mM.

The particle concentration was also retrieved from the numeri-
cal fits (Eq. (9), Fig. 6c). With the exception of the particles
obtained at 170 �C, the particle concentration did not vary much
Table 1
Crystalline composition (wt.%) as a function of temperature and concentration (Rietveld refi
when only one XRD measurement could be performed.

Concentration of precursors Crystalline phase Temperature

90 �C

4 mM b-TCP na
DCP na
Cl-Ap na

16 mM b-TCP 17 ± 2%
DCP 79 ± 6%
Cl-Ap 3 ± 5%

32 mM b-TCP na
DCP na
Cl-Ap na

Please cite this article in press as: Galea L et al. Growth kinetics of hexagonal
Biomater (2014), http://dx.doi.org/10.1016/j.actbio.2014.02.044
with temperature and appeared to be independent of the initial
concentration.
5. Discussion

The aim of the present study was to determine the growth
kinetics of b-TCP particles, with the aim that a better control of
the aspect ratio of b-TCP particles could eventually be achieved.
For that purpose, b-TCP particles were produced at various concen-
trations (4, 16 and 32 mM) and temperatures (from 90 to 170 �C)
since Levenspiel [27] mentioned that these were the two most
important parameters affecting the growth kinetics of particles.
5.1. Nucleation and assembly mechanism

In the current study, a gel-like substance was detected in the
first stages of the reaction and could be separated from the super-
natant by centrifugation. This observation suggests that this gel
consisted of a large continuous structure, because if it were made
of small individual parts, they would not sediment by centrifuga-
tion. Tao et al. [20,28] identified this phase as amorphous and sug-
gested that b-TCP crystals form according to the crystallization
process proposed by Gebauer and Cölfen [29]: b-TCP crystals
nucleate within an amorphous phase and grow by solid conver-
sion. However, as underlined by Hu et al. [30], it is very difficult
to differentiate between the latter mechanism and a simple disso-
lution–precipitation reaction. Since no transmission electron
microscopy observations were performed in the present study to
follow the occurrence and growth of b-TCP nuclei, it is not possible
to contradict or confirm the theory of Tao et al. Other nucleation
mechanisms could be used to describe the nucleation of b-calcium
phosphate [31–34] but such a discussion is beyond the scope of
this work.

Nevertheless, several important observations can be made.
First, the various numerical fits performed in the frame of this
study (Fig. 6a) suggest that b-TCP particles formed very early in
the synthesis reaction or, in other words, that the nucleation time
was very short or even instantaneous. Indeed, even though the
nucleation time was a fitting parameter, its value was mostly equal
to zero in the surface-controlled model. Second, small b-TCP crys-
tals were only observed at the initial stages of the reaction (Figs. 1
and S.1). Third, the particle size distribution remained very narrow
throughout the reaction (Fig. 4d). Kwon and Hyeon [22] referred to
this phenomenon as a ‘‘burst nucleation’’. In such a case, the con-
centration rapidly drops after particle nucleation, hence impairing
further nucleation and promoting crystal growth [22]. As a conse-
quence, all crystals reach roughly the same size at the same mo-
ment (for a given temperature) and the crystal size distribution
is very narrow all along crystal growth (Fig. 4d). This emphasizes
nement of XRD diffractograms). The values are averages ± standard deviations except

110 �C 130 �C 150 �C 170 �C

97 ± 4% 100% 100 ± 0% na
3 ± 4% 0% 0 ± 0% na
0 ± 0% 0% 0 ± 0% na

66 ± 5% 93 ± 3% 100 ± 1% 99 ± 2%
34 ± 5% 3 ± 0% 0 ± 0% 0 ± 0%
3 ± 0% 2 ± 3% 0 ± 0% 1 ± 2%

55% 72% 90 ± 3% na
45% 28% 1 ± 1% na

0% 0% 9 ± 4% na

sub-micrometric b-tricalcium phosphate particles in ethylene glycol. Acta
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Fig. 4. Evolution of the platelet (a) diameter, (b) thickness, (c) aspect ratio and (d) size dispersion as a function of the reaction time at different temperatures ((d) 110 �C, (D,
, N) 130 �C, (j): 150 �C) and concentrations (results only at 130 �C: (D) 4 mM, (N) 16 mM, ( ) 32 mM). Final platelet (e) diameter, (f) thickness, (g) aspect ratio and (h) size

dispersion at different temperatures and concentrations.
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that the nucleation process in the present system can effectively be
neglected in the kinetics study of the growing phase. Even though
the data collected in this study follow Kwon’s theory, a more de-
tailed look shows that nucleation cannot stop due to a drop of con-
centration. Indeed, nucleation was very rapid in samples
containing a 4 mM precursor concentration. So, logically, nucle-
ation should be very intense during the consumption of at least
12 mM of the precursors in samples containing a 16 mM initial
precursor concentration. Also, an increase of precursor concentra-
tion should increase the number of particles and decrease their
size. However, this was not observed experimentally, suggesting
that a different mechanism must occur.

So far, it was assumed that pH (or rather H/OH ratios) values
were kept constant. Indeed, the Na2HPO4/NaOH molar ratio
(=2.88) was kept constant throughout the experiments. However,
Please cite this article in press as: Galea L et al. Growth kinetics of hexagonal
Biomater (2014), http://dx.doi.org/10.1016/j.actbio.2014.02.044
since Tao et al. [28] mentioned that the gel had a chemical compo-
sition close to that of b-TCP, its formation should acidify the solu-
tion via the following reaction:

3 CaCl2 þ 2 Na2HPO4 þ 0:694 NaOH�

! Ca3ðPO4Þ2 þ 1:306 Hþ þ 6 Cl� þ 4:694 Naþ

þ 0:694 H2O� ð11Þ

Preliminary in situ pH measurements support this explanation.
From Eq. (11), the absolute amount of H+ ions released during the
reaction is expected to increase with the precursor concentration,
i.e. lower pH values would be present within the precipitation
reaction at high precursor concentrations. Since calcium phosphate
solubility increases with a decrease of pH [35], the increase
of supersaturation due to the increase in the initial precursor
sub-micrometric b-tricalcium phosphate particles in ethylene glycol. Acta
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Fig. 5. SEM of samples after complete reaction at 16 mM and (a) 160 �C; (b) 170 �C. Above 150 �C, the particle size and aspect ratio clearly decrease. The particles in (a) are
discs, whereas in (b) they are spherical. Scale bars are 500 nm in (a) and (b).

Fig. 6. (a) Example of a fit of r(t) at 130 �C, 16 mM; (b) reaction rate coefficient as a
function of 1/T for (D) 4 mM, (N) 16 mM, ( ) 32 mM of precursors; (c) Number of
particles as a function of 1/T for 4, 16 and 32 mM of precursors.
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concentration could be annealed by the decrease of pH. This could
explain why a change of concentration from 4 to 32 mM did not
lead to an eight-fold increase in particle concentration.

Once the crystallization reaction was completed, b-TCP crystals
did not change in size or shape. For example, no change of crystal
size and shape was observed between 2 min and 24 h of reaction at
16 mM and 150 �C (Fig. 1). This is surprising because Ostwald [36]
predicted that small crystals should dissolve and redeposit on the
surfaces of large thermodynamically more stable crystals [37].
Please cite this article in press as: Galea L et al. Growth kinetics of hexagonal
Biomater (2014), http://dx.doi.org/10.1016/j.actbio.2014.02.044
However, Ostwald ripening occurs when the driving force for crys-
tallization is weak, i.e. some particles may dissolve, while others
keep growing. In fact, it depends on the sensitivity of the solubility
to the size of the particles. If it is high, as for nanocrystals, then the
smallest easily dissolve and the largest grow more, but for larger
particles the effect of Ostwald ripening is much lower [38]. In the
present case, the particles were apparently large enough to keep
this phenomenon low in most cases. Indeed, the size distribution
tended to become broader at lower temperatures and concentra-
tions (Fig. 4d), i.e. at lower supersaturation [39]. In practice, this re-
sult suggests that longer reaction times cannot be used to enhance
the platelet diameter and aspect ratio.
5.2. Reaction kinetics

Large amounts of monetite were detected at low temperature
and high concentration. However, there was no evidence that the
formation of this calcium phosphate phase affected b-TCP precipi-
tation and thus its kinetics. Indeed, the reaction constants obtained
at low temperature did not deviate much from the regression line
k = f(1/T) (Fig. 6b). Strong effects would be expected if DCP formed
before b-TCP, but since it was not possible to perform XRD mea-
surements during the synthesis reaction (too small aliquots), the
sequence of calcium phosphate formation could not be deter-
mined. Also, SEM measurements did not reveal a clear difference
in the time of DCP and b-TCP formation.

The experimental data collected in this study suggests that un-
der the used conditions b-TCP growth is not diffusion-controlled,
but reaction-controlled, even if both models show good fits
(Fig. 6a). First, no change of reaction rate was observed with a
change of concentration (Fig. 6b), which is unexpected for a diffu-
sion-controlled reaction. Second, the diffusion coefficients calcu-
lated with the diffusion-controlled model were clearly
unrealistic. Third, the high activation energies are characteristic
of surface-controlled reactions, and last, Kwon and Hyeon [22]
mentioned that the growth of sub-micrometric particles is gener-
ally reaction-controlled.

In the kinetics analysis performed here, it was assumed that the
retrieval time corresponded to the reaction time. However, it took
a few seconds to aspirate the sample and to cool it down. There-
fore, it is likely that the reaction time was slightly underestimated.
Whereas it did not really matter for long reaction times or slow
reactions at low temperature, it certainly mattered for aliquots re-
trieved within the first minute of reaction for reactions performed
at high temperature. These very fast reactions also limited the
number of samples that could be retrieved during crystal growth.
At lower temperatures, other problems were encountered. Indeed,
it was difficult to precisely control the temperature during the
sub-micrometric b-tricalcium phosphate particles in ethylene glycol. Acta
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whole crystallization because the reactions extended over several
hours.

5.3. Control of size and aspect ratio

Temperature changes hardly influenced b-TCP crystal size and
shape except for a strong decrease at very high temperature,
Figs. 4e–g and 5. However, it is a useful mean to limit monetite for-
mation (Table 1), accelerate b-TCP synthesis (Fig. 6b) and narrow
b-TCP size dispersion (Fig. 4h).

The results presented in this study show that b-TCP platelets
grew mostly in width and not in thickness (Fig. 4). Moreover, the
nucleation was apparently insensitive to concentration changes
(Fig. 6c). Therefore, a change of the precursor concentration is ex-
pected to strongly affect the b-TCP aspect ratio. Indeed, increasing
the concentration appeared to be the most efficient way to increase
the diameter and aspect ratio of b-TCP platelets (Figs. 2 and 4).
Unfortunately, the solubility of the phosphate precursor was lim-
ited and DCP and Cl-Ap precipitated at high precursor concentra-
tions (Table 1). The presence of DCP at high concentration was
explained by Galea et al. [21] by an acidification of the solution
due to H+ release from the Na2HPO4 precursor (See Eq. (11)). In-
deed, DCP is stabilized at low pH [35]. Hence, more NaOH might
be necessary to maintain the H+ amount independently of the con-
centration. A few preliminary tests were done, but increasing the
OH� amount clearly slowed down b-TCP growth and strongly de-
layed nucleation, leading to mainly amorphous samples. Also, the
aspect ratio was reduced. A continuous titration over time might
be a better solution, but is difficult to apply here due to the difficul-
ties in measuring a pH value in a non-aqueous medium above
100 �C.

Since the thickness of b-TCP particles was hardly affected by
changes of the crystallization conditions, another approach to con-
trol the particle size would be to decrease the number of particles.
For example, an increase in the surface energy of the nuclei should
increase the critical size, hence decreasing the nucleation rate and
the number of nuclei [22]. This approach will be considered in fu-
ture experiments, with for example a solvent change, addition of
foreign ions or change of precursors, as Tao et al. demonstrated
that this might influence the crystal face stability.

As a last note, the formation of almost spherical b-TCP particles
at 170 �C (Fig. 5b) has to be underlined. To the best of our knowl-
edge, this is the first study reporting the synthesis of such shaped
particles with an average particle size of �400 nm. In our previous
paper [21], the particles obtained at 170 �C more closely resembled
those presently obtained at 160 �C (Fig. 5a). This difference might
be explained by an improvement in the control of the temperature
during the initial stages of the reaction.

6. Conclusions

The precipitation of calcium and phosphate ions in ethylene
glycol effectively led to the production of sub-micrometric b-TCP
hexagonal platelets. The reaction temperature had a strong influ-
ence on the reaction rate but hardly affected the b-TCP platelets
size (diameter � 600–1000 nm) and aspect ratio (s � 4.5–6.5).
The precursor concentration strongly influenced the size and as-
pect ratio of the platelets (diameter � 400–1700 nm and s � 3–
15), but with no significant influence on the reaction kinetics.
The analysis of the numerical fits of the growth curves revealed
that the reaction was most likely reaction-controlled even though
excellent fits were also obtained with a diffusion-controlled model
(R2 > 0.94). This conclusion was supported by the high activation
energies (close to 80–100 kJ mol�1) and the very low diffusion
coefficients calculated from the fits. A surprising result was the
fairly constant number of particle observed in the different exper-

 
 
 
 
 
 

Please cite this article in press as: Galea L et al. Growth kinetics of hexagonal
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iments conducted at various concentrations. As a result, the parti-
cle diameter strongly increased with an increase in the precursor
concentration (five-fold increase for an eight-fold increase in
concentration).

Working at high concentrations and high temperature is advan-
tageous to rapidly produce platelets with large diameter and as-
pect ratio of the platelets, but high concentrations also lead to an
increase of monetite and Cl-Ap by-product, i.e. inhomogeneities
in composition and size. Hence the maximum aspect ratio seen
for pure b-TCP samples was limited to 5–6. Ideal working condi-
tions for phase-pure b-TCP of high aspect ratio were found at
16 mM concentration, 150 �C and >2 min reaction time.

Appendix A. Figures with essential colour discrimination

Certain figure in this article, particularly Fig. 3, is difficult to
interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2014.
02.044.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.actbio.2014.02.
044.
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