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Stoichiometric hydroxyapatite (HAP) is a prominent biomaterial, notably used as coatingon metal bone prosthe
ses. High chemical purity and a specific partide size distribution are the main properties for such an application.
Based on industrial practice, a reference synthesis was first perfformed in a lab scale stirred reactor. Improve
ments were then suggested by varying the physicochemical and hydrodynamic conditions. The shear rate within
the reactor, characterized by the mean Kol mogorov micro scale, has a strong impact on the final agglomerate size

distribution. By maintaining a rather high mixing rate and a high temperature, the duration of the synthesis can
be reduced considerably without affecting the HAP purity provided the pH is properly regulated. This consists of
imposing addic conditions during a short period just after the initial formation of large aggregates and then set
ting the pH at above 7.5 to ensure the production of pure stoichiometric HAP.

1. Introduction

Calcium phosphate ceramics constitute an important class of
privileged materials because of their strong similarities with the mineral
component of natural bone [1]. Hydroxyapatite ( HAP) is one of these
prominent biomaterials, used as coatings on metal bone prostheses
|2]. It hasthe ability to improve the quality of the bone/implant interface
and to promote osseointegration. HAP is usually synthesized as a pow
der and applied to the metal surface by means of plasma spraying. In
order to obtain high quality coatings, it is necessary to control the prop
erties and characteristics of the hydroxyapatite powder used in the
plasma spray coating method. The chemical composition and density
of the hydroxyapatite powder, as well as the particle size and morphol
ogy, are properties that affect the quality of the final coating | 3]. Several
methods have been developed for HAP synthesis, including mechano
chemical or solid state reaction, precipitation, hydrothermal and sol
gel routes, and various deposition techniques [4,5]. Precipitation is the
most cost effective of these techniques, and hence is the most widely
used at industrial scale. Industrial processes based on hydroxyapatite
precipitation often include the successive steps of precipitation, matura
tion, washing, spray drying and calcination/sintering. Maturation of the
HAP suspension is usually carried out in order to improve the HAP crys
tallinity and/or the size and shape of the crystals [6,7] while the spray
drying operation allows large dried agglomerates or granules to be
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produced, the morphology of which can be controlled by acting on the
process parameters [8]. Finally, the physical characteristics of the pow
der result from the agglomeration phenomena that take place during
the different processing steps of the particles initially produced by pre
cipitation following a growth mechanism by nucleation aggregation
agglomeration as described by Rodriguez Clemente et al. [9].
Industries face low yields due to loss of the finest particles at certain
stepsofthe process (washing, spraydrying, etc.).Similarly, oversized par
ticles are removed during the final sieving, which leads to a consequent
lossof material. In order to solve this performance problem, one solution
is to promote the agglomeration of the majority of the finer particles, thus
preventing their evacuation during the washing operation. The produc
tion of amonodisperse powder, which results from controlled agglomer
ation, also allows the amount of oversized material to be reduced. The
powder properties depend on the operational conditions during the
HAP synthesis and the successive operations. We will focus on the precip
itation and maturation phases here. The effect of the physicochemical pa
rameters on the HAP crystallinity and crystallite size has been intensively
studied intheliterature.ltis knownthat highercrystallinity is obtai ned by
increasingthe temperature.Infact,the HAP formationreaction comprises
several successive steps: first the formation of octacalcium phosphate
(OCP), whichis rapidly transformed into amorphouscalcium phosphate
(ACP), whichis then converted into HAP [10]. Low crystallinity may thus
beobserved duringthe first period of the precipitation with theexistence
of precursors such as OCP and ACP [9]. Temperature strongly affects the
conversionrateof ACPtoHAP[10,11]. For example, Liuetal.| 10] reported
that 1 day was needed to form pure HAP by adding 1 mol/l of Ca(NOz)2
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Fig. 1. Lab-scale reactor for HAP process synthesis.

and 1 mol/lof (NH ),HPO at25°CandatpH (10 11),whereas,at95°C,
only5 minwererequired. Ata low temperature, amaturation stepis often
necessary to obtain thermally stable HAP[6). The temperature also has a
marked impact on the size and the morphology of the precipitated HAP
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[6,10,11). The crystallite size thus increases with the temperature but,
since high temperatures promote nucleation, the particlesalsotend toag
glomerate with each other and larger mean sizes of agglomerate are ob
served [11]. The reaction pH has also an important effect on the
properties of HAP. Most studies dealing with pure HAP synthesis have
been conducted at a basicpH, kept constant during the process or ad
justed at the beginning of the synthesis by adding ammonia orammo
nium hydroxide {6 10,12,13]. Analysing the effect of pH during the
synthesisof HAPbyadding orthophosphoricaciddrop by dropintoacal
cium hydroxide solution,Afshar et al. [ 14] recommend adjusting the pH
level to at least 7.5 to obtain pure HAP. Al Qasas and Rohani[11] show
that, intherange (7 11), the pHactsmore onthe size and morphology
ofthe particlesthan on the HAP crystallinity. The concentration of there
actants and their feeding rates also have animpactonthe reaction kinet
ics and, together with the temperature and pH conditions, have an effect
onthe crystal size and shape. The hydrodynamic conditions may also in
fluence HAP properties, in particular the agglomerate particle sizedistri
bution, butthey have been much less analysed than the physicochemical
conditions.

Here we focus on the study of particle agglomeration during the pre
cipitation and maturation stepsin order to control the size of the aggre
gates. The aim ofthis work isto analyse theimpact of different synthesis
conditions on stoichiometric hydroxyapatite (HAP) agglomeration in
order to improve the processin terms of product quality (purity, aggre
gate size distribution and morphology) and process yield.

2. Material and methods
The precipitation of hydroxyapatite was performedin a stirred tank and resulted from
the reaction of phosphotic add 85% (Carlo Erba Reagents) and calcium nitrate 4-hydrate

crystals, ~17% Ca (Dr. Paul Lohmann manufacture) at a high temperature in an aqueous
ammonia medium, 28% (Carlo Erba Reagents). The global equation may be written as:

10Ca(NOs),, 4H20 + 6(NHa4 ), HPO4 + 8(NH4)OH

1
— Cayp(P0s)g(OH); + 20NHsNO3 + 6H,0 M

2.1. Experimental set-up

The lab-scale apparatus used for the synthesis is illustrated in Fig 1.1t was composed
by a double-jacketed cylindrical glass vessel, 1 Lin capacity, and three glass continers for
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Fig. 2. Characteristic X-ray diffractograms and corresponding Ca/P ratios for pure HAP (a) or mixed products 3-TCP/HAP (b) and CaO/HAP (c).
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Fig. 3.Change of pH over time for a standard synthesis (Run 1).

thereactants. Thereactorhad three bafflesand was equipped with a three-blade Lightning
A310 axial stirrer, which had a diameter of 6 cm and was located a third of the way up of
the reactor.

Initially, a given volume of caldum nitrate aqueoussolution (14 wit%) was poured into
the reactor, then brought to the desired synthesis temperature. Three solutions, labelled C,
Pand N, held in the three vessels, were then continuously introduced into the reactor by
means of petistaltic pumps operating at fixed flow rates. Solution C was an aqueous solu-
tion at 32.1 wt% of calcium nitrate. Solution P was a mixture of phosphoric acid at 85%
(153 wt%), ammonia at 20.5% (5.73 wt¥) and water. Solution N contained only ammonia
at 20.5%. The three reactants were maintained at room temperature and a cooler was used
to condense the ammonia vapour presentin the top of the reactor. During the first period
of the synthesis process, only solution N was supplied in order to increase the pH of the

solution inside the reactor. Then, during the second period, in which the synthesis itself
was performed, the thiee solutions were fed in continuously. At the end of the synthesis,
the supply of reactants and ammonia sotution was stopped but the reaction medium was
maintained under stirring at high temperature during the maturation phase. The reactor
was drained and the suspension was poured into a vessel where it was kept at room tem-
perature for several hours to allow suspended agglomerates to settle. After decantation,
the particles wete washed during the filtering of the suspension, which was done by suc-
tion through aBuchner funnel using afilter paper. The filtration cake was freezedried then
caldned in an oven at 1000 °Cfor 10 h for characterization purposes. This final step dried
the crystallized HAP and removed any remaining impurities. The temperature and time
conditions imposed during caldnation also guaranteed the decompasition of the product
and allowed the different phases to be quantified by X-ray diffraction. For analysis
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Fig. 4. Change of the partide size distribution over time during a standard synthesis (Run 1).
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Fig. 5. SEM photos of the agglomerated powder recovered after a standard synthesis.

purposes, samples of the slurry were also collected throughout the process. They were
used for particle size distribution measurement and pH analysis or to provide dried or cal-
cined powders for evaluation of the HAP purity.

2.2. HAP properties

The size distribution of the suspended particles was determined by laser diffraction
using a Mastersizer 3000 (Malvern Instruments Ltd.). The pH of the suspension was also
measured on slurry samples taken during the synthesis. Since the pH is sensitive to the
temperature, the correlation between them was determined previously. A linear, decreas-
ing function was observed. The temperature at which the pH was measured could also
vary depending on the time that elapsed between the sampling and the measurement
so, and in order to avoid any bias and allow an accurate comparison of the results,

whatever this temperature was, the values reported in this paper were obtained by con-
version to the temperature imposed during the synthesis process.

The purity of the product (standard ISO 13779-3: 2008) was checked by X-ray diffrac-
tion (Equinox 1000, INEL) after its calcination at 1000 °C for one night (10-15 h). In such
conditions, only the products with a stoichiometric ratio Ca/P = 1.67 are stable: the other
compounds decompose into HAP and CaO (if the ratio Ca/P>1.667) or HAP and 3-TCP (for
aratio Ca/P < 1.667) during calcination. Some typical indexed diffractograms are reported
in Fig. 2 for pure HAP powder (Fig. 2a) and for mixed materials containing 3-TCP and HAP
(Fig. 2b) or Ca0 and HAP (Fig. 2c). HAP, a-TCP, 3-TCP and CaO are identifiable according to
the lines given the sheets JCPDS 09-0432, JCPDS 09-0348, JCPDS 09-0169 and JCPDS
04-0777 (standard ISO 13779-3: 2008) respectively. After quantification of the HAP,
TCP or CaO content in the calcined sample, the molar ratio between calcium and phospho-
rous in the sample (Ca/P) was calculated using the following equation, based on the chem-
ical formula of HAP, TCP and CaO.

77— Wcao
n 10 3

Table 1 Ca/P ”L: mWHAP +m (Wa 1ep+Wp 10p) + 5 IV;CHO
Hydrodynamic characteristics for the reactor. mWHAP + Mre (Wa 1ep+Wp 1cp)
N (rpm) 120 300 600 2
Ee 1 ZéOO 13?00 22200 where ny is the mole number of product x, My its molar weight, and wy its mass fraction.
( >(S 2) 3 18x10 2 2910 2 23%10 ! To meet the standard, the HAP powder was expected to be at least 95% pure and thus
(8 ) (m™s ) 1'52>< 7'7 x 4'5 x contain less than 5% of 3-TCP or CaO. Since the Ca/P ratio of stoichiometric hydroxyapatite
) (um) is equal to 1.667, it was considered acceptable for this ratio to lie between 1.658 (which
corresponds to a HAP powder containing 5% of 3-TCP) and 1.824 (HAP powder + 5% Ca0O).
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Fig. 6. Effect of the hydrodynamic conditions on the size distribution of the product recovered at the end of the synthesis process.



Table 2
Run conditions and Ca/P ratios derived from X-ray analysis on calcined powder.

Run label Stirring rate  Global synthesis Pre-addition of N duration Addition of N, P, C duration N flow conditions Maturation duration and conditions pH Ca/P
duration control

Run 1 120 rpm t-5h 30min 4 h30min N 1 h-120 rpm NO 1.641
Run 2 300 rpm t-5h 30min 4 h30min N 1 h-300 rpm NO 1.682
Run 3 600 rpm t-5h 30min 4 h30min N 1 h-600 rpm NO 1.670
Run 4 600 rpm t/2-2h30 15min 2 h15min N 30min-600 rpm NO 1.667
Run 5 600 rpm t/4-1h15 7.5min 1 h7min30s N 15min-600 rpm NO 1.667
Run 6 600 rpm t/10 - 30min instantaneous 30min N NO maturation NO 1.667
Run 7 600 rpm t/20 - 15min instantaneous 15min N NO maturation NO 1.667
Run 8 600 rpm t/inst - Tmin instantaneous 1min N NO maturation NO 1.667
Run 9 300 rpm t/10-30min instantaneous 30min N 1h30 - 300 rpm NO -
Run 10 300 rpm t/10-30min instantaneous 30min N 1 h30 - 600 rpm NO -
Run 11 300 rpm t/2-2h30 15min 2 h15min N 30min-300 rpm NO 1.667
Run 12 300 rpm t/2-2h30 15min 2 h15min Nx1.4 30min-300 rpm NO 1.667
Run 13 300 rpm t/2-2h30 15min 2 h15min Nx3 30min-300 rpm NO 1.685
Run 14 600 rpm t/10 - 30min instantaneous 30min N NO maturation pH =28 1.664
Run 15 600 rpm t/10 - 30min instantaneous 30min N NO maturation pH=9 1.687
Run 16 600 rpm t/10 - 30min instantaneous 30min N NO maturation pHReg 1.660

3. Results and discussion
3.1. Reference synthesis results

Standard conditions, similar to those used in industrial practice, were chosen to define
a reference synthesis (Run 1). The total duration of the synthesis process (corresponding
to the first and the second periods) was fixed at 5 h. It was conducted at 75 °C under a
moderate agitation speed (120 rpm). This temperature was chosen for kinetic and ther-
modynamic purposes in order to obtain thermally stable HAP [3,6]. During the first
30 min, the feed comprised only the ammonia solution N. Then the three solutions P, C
and N were fed for the remaining time, keeping their flow rates constant. They were cho-
sen in the ranges of (45-50 ml/h) for Solution P, (35-40 ml/h) for Solution C and
(25-30 ml/h) for Solution N. After the end of the supply of reagents, the suspension was
kept at the same temperature and stirred for one extra hour (maturation step). The next
steps (decantation, washing, filtration, drying and calcination) were performed as de-
scribed previously.

Without any pH regulation, a characteristic change was observed in the pH of the sus-
pension over time, as illustrated in Fig. 3. In the first 30 min, during which only the ammo-
nia solution was fed, the pH increased considerably. Inmediately after the other two
reactants began to be supplied, the pH decreased for approximately 1 h, quickly during
the first few minutes then more slowly, and finally tended to stabilize until the end of
the synthesis process.

The change of the particle size distribution over the synthesis time is shown in Fig. 4.
The particle size distributions are multimodal and spread over three decades, from ap-
proximately 1 um to about 1 or more millimetres. Surprisingly, they moved from the
right (larger sizes domain) to the left part (smaller sizes domain) during the process.
The first sample (labelled ty +1min) was taken 1 min after the beginning of the supply
of the two reagents (phosphoric acid and calcium nitrate). A white precipitate, composed
of large flocs, was observed in the reactor with the naked eye (cf. photo of the reactor la-
belled “ty + 1min” inserted in Fig. 4). As mentioned in the introduction, it is known that
the HAP formation reaction comprises several steps [10]. An intermediate amorphous
phase may appear before its conversion into HAP. Afterwards, smaller agglomerates
were obtained and the solution turned milky (cf. photo labelled “ty + 1 h” inserted in
Fig. 4) as physicochemical and hydrodynamic conditions favoured the agglomeration of
crystallites and agglomerates of different sizes appeared. However, the shear induced by
the agitator could also cause the agglomerates to break. The relationship between hydro-
dynamic conditions and aggregate size will be analysed in more detail later. During the
maturation step, the particle distribution seemed to evolve but to a lesser extent. This
point will also be discussed later.

Some relevant SEM photos of the dried powder recovered at the end of the synthesis
are reported in Fig. 5. The dried powder seems to be composed of coarse agglomerates of
ten microns or more, composed of a disordered assembly of acicular crystallites a few hun-
dred nanometres in length and about 50 nm in width.

The product composition was determined on calcined samples taken throughout the
synthesis process. It was thus possible to evaluate the Ca/P ratio as a function of the prog-
ress of the synthesis reaction, by comparing the X-ray diffractograms with that of pure
HAP. Ca/P ratios of 1.740, 1.721, 1.658 and 1.641 were obtained on calcined powder for
samples recovered after 1.5, 3 and 5 h, and at the end of the synthesis, respectively.
Thus, the powder composition changed as the reaction progressed. CaO was detectable
in the sample taken after 1.5 h of the synthesis process. Its proportion then decreased
until 3 h had elapsed, and it finally disappeared. Meanwhile, characteristic peaks relative
to 3-TCP appeared. The presence of CaO at the initiation of the process can be easily ex-
plained by the fact that the reactor contents were initially calcium nitrate and water. Cal-
cium was thus present in excess compared to phosphorous and, consequently, a high Ca/P
ratio was observed. The progress of the process then rectified this excess and the ratio de-
creased. The appearance of the under-stoichiometry at the end of the synthesis is more

problematic. It was probably due to poor mixing of the reactor contents as the useful vol-
ume inside the container increased over the synthesis process. The impact of the stirring
conditions on the HAP properties was analysed and is discussed in the next section.

In addition, samples of about 20 ml were collected during the synthesis and then
washed, filtered and freeze dried. The quantity of powder was weighed and compared
to the theoretical amount expected according to the progress of the synthesis process. It
is interesting to note than the yield was constant during the whole synthesis process. Fi-
nally, a total of about 54 g of powder (with a moisture content of 10%) was recovered,
which corresponds to a yield higher than 98%. The reaction was thus complete and
quasi instantaneous.

3.2. Effect of the stirring rate applied during the synthesis

Under the given process conditions, it was observed that the initial agglomerates (cf.
Fig. 4 at ty +1) had a rather large and dispersed size. The size then decreased during the
synthesis, probably thanks to breakage and restructuring. Another conclusion of this refer-
ence trial is that the mixing of the reaction media has to be efficient enough to homogenize
the reactants throughout the synthesis process. Therefore the impact of the hydrodynamic
conditions on the HAP properties was analysed in a series of 3 trials. The stirring rate was
set in the range of (120-600 rpm), higher than the stirring rate chosen for the reference
synthesis, which was set at 120 rpm. The stirring speed was kept fixed at the chosen
value during the syntheses (Runs 1, 2 or 3), as were other geometric conditions (impeller
type and size, impeller height from the reactor bottom, number of baffles). In an agitated
reactor, the hydrodynamics is often characterized by the Reynolds Number (Re) and the
global velocity gradient (G) [s '] defined as:

Ndg
v

Re (2a)
P
v 3)
where N is the impeller frequency [rpm], d, the impeller diameter [m], v the kinematic vis-
cosity [m?.s '], P[W] the global power dissipated in the reactor, V the volume of the sus-
pension [m>] and p its density [kg.m >]. The power dissipated can be deduced from the
power number (N,) of the impeller (depending on the flow regime and the impeller

type; a value of 0.3 was assumed in this study) given by:

P

N P
" NG

4
The power dissipated is related to the global viscous dissipation rate of the turbulent
kinetic energy () [m?. s 3] by:

L

(€) oV 5)

So the global velocity gradient can also be written as:

c ¢% (6)

Several authors [15] have pointed out that, during a flocculation process, the floc size
is close to the Kolmogorov microscale (1)), which is the size of the smallest eddies present
in the flow. In the present study, the mean Kolmogorov microscales (1) were estimated on
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the basis of the global viscous dissipation rates {¢) and for the different impeller velocities
through the following equation:

m ("—3)1/" ™)

The values of Re, G, (€) and (n) are reported in Table 1. The volume of the suspension
was considered to be 1 x 10 > m> and the kinematic viscosity was taken as 1 x 10 © m?
s 1. The suspension density was 1125 kg m > at the end of the synthesis.

It can be concluded that the flow regime was turbulent for the values of the stirring
rate considered.

Whatever the stirring rate applied during the synthesis, the changes of the particle
size distribution versus time were similar to those observed during the standard synthesis,

characterized by a decrease of the particle size versus time, but the kinetics increased with
the stirring speed. The size distributions of the product at the end of the synthesis step are
shown in Fig. 6. Whatever the stirring rate applied during the synthesis, the size distribu-
tion of the product recovered at the end of the synthesis process was multimodal. The ma-
jority of particles were a few microns in size, with a greater or lesser proportion of larger
agglomerates. A sub population of submicronic particles was also observed. The particle
size distributions corresponding to the runs at 120 or 300 rpm were rather similar and
characterized by a very broad distribution ranging between 0.5 um and several hundreds
of microns, while the product recovered at the end of the synthesis applying a stirring rate
of 600 rpm had a narrow size distribution, most of the particles, on a volume basis, having
a size between 1 and 10 um. The mean Kolmogorov microscale is also reported in Fig. 6.
Whatever the shear rate applied, the majority of agglomerates were smaller than the cor-
responding micro-scale. This observation is in agreement with previous results from the
literature showing that the size of flocs or aggregates resulting from a breakage process
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is calibrated by the shear rate [15]. It can thus be concluded that the particle size distribu-
tion of HAP recovered at the end of the process is strongly dependent on the hydrody-
namic conditions applied during the synthesis. Moreover, X-ray analysis of the calcined
powder obtained during these runs revealed that the quality of the powder was improved
when the stirring rate was increased. The corresponding Ca/P ratios, reported in Table 2,
belong to the required standard range.

3.3. Effect of the reactant flow rate

The flow rate of reagents was also considered since it has an effect on the duration of
the synthesis and thus on the productivity. The synthesis duration, initially fixed at 5 h for
the reference synthesis described in the previous section, was reduced. Synthesis time was
divided by 2, 4, 10 or 20 by increasing the reagent flow rates without changing their quan-
tities. The time devoted to the feeding of the ammonia alone and the maturation time
were also adapted to reduce the whole duration of the HAP synthesis. The synthesis dura-
tion labelled “t/inst” corresponds to a run in which all the reactants were introduced into
the reactor quasi instantaneously. The experimental conditions for the different runs are
summarized in Table 2. All these runs were performed at 75 °C with an agitation speed
of the stirrer inside the reactor fixed to 600 rpm.

The reagent flow rates and the duration of the different steps of the synthesis proce-
dure have an effect on the change of the pH over time, as is illustrated in Fig. 7. In Fig. 7a,
the pH change is reported versus time from the beginning of the feeding of the three solu-
tions: N, P and C, until the end of the synthesis. Whatever the process duration, the pH first
increases due to the sole ammonia feed (not shown on the graphs) and then decreases,
sharply during the first period and more slowly thereafter. Since the whole duration of
synthesis changes depending on the run, Fig. 7b reports the change of pH over a dimen-
sionless value of the process time, defined as the ratio of the actual process time minus
the sole ammonia feeding duration to the whole synthesis duration. Fig. 7b reveals a dif-
ference in the drop of the pH, which finally lies between 7.5 and 8 depending on the pro-
cess conditions.

Surprisingly, despite the change in the physicochemical conditions, the X-ray
diffractograms of the calcined HAP powder were quite similar whatever the synthesis du-
ration. As indicated in Table 2, the powder purity corresponded to the standard required
level. However, an important effect of the synthesis duration was observed on the particle
size distribution of the product recovered at the end of the synthesis (see Fig. 8). What-
ever the process conditions, the size distributions were multimodal. The product
contained a major population of particles having sizes of a few microns but the propor-
tion of the coarser agglomerates increased as the synthesis duration decreased. A signif-
icant proportion of agglomerates were larger than the mean Kolmogorov microscale
(equal to 45 um at 600 rpm). It seems that the time needed to break the agglomerates
was non-negligible. If all the reagents were put into the reactor quasi immediately (run
t/inst), the product was even only composed of coarse agglomerates although the agita-
tion speed of the stirrer was set to a high value, 600 rpm, to ensure good mixing of the
reagents inside the reactor.

3.4. Effect of the stirring speed applied during the maturation step

Another important issue is to understand the impact of the maturation step usually
performed in industrial practice. To demonstrate the change of the particle size during
this step, a run was performed at 300 rpm and the reagents were added over a period of
30 min (experimental conditions referenced as synthesis t/10). The maturation step was
then performed by setting the stirrer speed at 600 rpm to highlight the effect of the stirring
conditions during this step, and samples were withdrawn after different periods of time
from O (no maturation at all) to 90 min. The evolution of the product size distributions
is plotted as a function of the maturation time (t_mat) in Fig. 9a. It is clear that the size dis-
tribution was still evolving during the maturation step. The largest agglomerates were
broken, giving birth to smaller ones, and the proportions of particles having sizes around
a few microns and around 0.8 um progressively increased. It is also interesting to note that
the modes of the sub-populations did not change to any great extent, suggesting that the
size reduction mechanism was most probably a de-agglomeration rather than a true
breakage process. However, globally speaking, the change of the product size distribution
during the maturation step, even performed at a high stirring speed, was not very signif-
icant. After 1 h and a half, the proportion of coarse agglomerates was still very high. In ad-
dition, a comparison of the product size distributions of samples synthesized with a stirrer
speed of 300 rpm before the maturation step or after a maturation step performed at 300
(Run 9) or 600 rpm (Run 10) are compared in Fig. 9b. The product size distribution for a
run performed at 600 rpm without maturation (Run 6) is also reported. It can be seen
that the maturation step had a small effect on the product size distribution. However,
this effect was greater when the stirrer speed during maturation was higher but all
these effects were small compared to the impact of the stirring conditions during the syn-
thesis. So, it can be concluded that the stirring conditions during the precipitation step are
of prime importance. When the reagent feeding is finished, the product size distribution
hardly evolves, agglomerates being hard enough to resist shearing conditions.

3.5. Effect of the physicochemical parameters

The physicochemical conditions, notably the temperature and pH, are known to be
key parameters for obtaining the desired apatite compound [6,10,11,14]. Since the pH
changes during reagent feeding depend on the flow rates, special attention was paid to
this parameter. In the standard HAP synthesis described in Section 2.1, ammonia was ini-
tially fed to increase the pH of the reaction medium prior to the addition of the two prin-
cipal reagents, phosphoric acid and calcium nitrate. A series of runs was performed with
increasing amounts of ammonia. By changing the flow rate, the amount of ammonia
was set to 1.4 times (Run 12) and 3 times higher (Run 13) than the rate used previously
(Run 11), the other parameters being kept constant (synthesis duration t/2 and stirring
speed 300 rpm). The evolution of the pH versus the process time is reported in Fig. 10a.
The dotted vertical lines delimit the period during which the N, P and C solutions were
fed. During the period in which only ammonia was fed (on the left of the first vertical
line), the higher the ammonia amount was, the higher was the increase of the pH. How-
ever, the gap was above all significant for the run performed with the highest quantity
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of ammonia, compared to the other two conditions. The HAP properties are shown in
Fig. 10b. Whereas no significant change of the purity was noticed (cf. Table 2), an impor-
tant effect on the product size distribution was again brought to light. The greater the
amount of ammonia was, i.e. the more basic the pH, the coarser were the agglomerates ob-
tained at the end of the synthesis and the greater was the spread of the size distribution.

4. Towards an optimization of the HAP synthesis
4.1. pH regulation around a constant value

Since the addition of ammonia showed an important effect on the
aggregate size distribution, other runs were conducted with the pH

maintained at a constant value (Run 14 pH = 8 or Run 15 pH
= 9) thanks to pH regulation, as has been done in various previous
studies [9,11,12,14]. The size distributions of the product recovered
at the end of the syntheses are reported in Fig. 11. As expected,
the product size distribution depended strongly on the pH, in a sim
ilar way to what was reported previously when the amount of am
monia was changed. The HAP purity, as revealed by the Ca/P ratios
in Table 2, was also within the desired standard range. pH, rather
than ammonia amount, is the key physicochemical parameter that
has an effect on HAP properties. Decreasing pH may thus allow the
agglomerate size to be decreased and reduce the spread of the
distribution.
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of the product recovered at the end of synthesis.

4.2. pH regulation with an imposed profile

In order to reduce the process duration while obtaining a narrow
size distribution, a decrease of the pH appeared pertinent. However, as
previously mentioned in the literature, a minimum pH value of about
7 is needed to obtain pure HAP. So, a pH regulation (Titrino
848 + from Metrohm) was performed following a specific profile in
which the pH was decreased for only a short period during the first
few minutes of the synthesis process, as large agglomerates are formed
quasi instantaneously. For this run (Run 16), the stirring speed was

kept constant at 600 rpm, the temperature was 75 °C and the reagent
flow rates were imposed as indicated in Table 2 in order to obtain a du

ration of 30 min for the whole synthesis (t/10). The pH was initially set
to 7.5 but, after 1 min of the process, the ammonia feed was stopped
while the other reactant flow rates were maintained constant. In this
way, large agglomerates were broken into smaller pieces since an acidic
medium led to increased HAP solubility, promoting the breakage of
fragile bonds inside the agglomerates. Then the ammonia feed was
turned on again and a pH level of 7.5 was imposed until the end of the
synthesis in order to avoid the formation of a non stoichiometric
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calcium phosphate. The resulting pH profile is given in Fig. 12a. The par
ticle size distribution of the product recovered at the end of the synthe
sis is reported in Fig. 12b and compared with the properties of the
product obtained when performing syntheses without pH regulation,
with two different durations: t or t/10. The other conditions were kept
the same (600 rpm, 75 °C).

It is clear that the agglomerates produced by imposing a pH profile
were smaller than those obtained in the same experimental conditions
but without pH regulation. With pH regulation, the vast majority of ag
glomerates were between 1 and 20 pm with a mode around 5.5 pm. A
small sub population of fines around 0.8 pm still existed, as did an
other sub population of large particles having sizes between 20 and
100 pm, probably made up of agglomerates that were not broken. Nev
ertheless, the agglomerate size distribution was narrow and satisfied
the HAP requirement. Moreover, as can be checked on the values re
ported in Table 2, the HAP quality, even with a Ca/P ratio slightly
lower than the target for perfectly stoichiometric HAP (1.667), lay in
the desired standard range for syntheses carried out with or without
pH regulation. Fig. 13 reports typical SEM photos of the agglomerated
powder recovered after synthesis without pH regulation and for a stan
dard duration (Run 3) (cf. Fig. 13a) or for the run performed with pH
regulation and a duration ten times shorter (Run 16) (cf. Fig. 13b).
Quite similar structures could be observed whatever the magnification
although, when pH regulation was applied, agglomerates seemed to be
more compact and composed of many acicular crystallites, like a sea
urchin, whereas, without pH regulation, the assemblies appeared to
be more disordered. In any case, both structures are suitable for the
biomaterial application.

5. Conclusions

Stoichiometric HAP synthesis was studied by varying physico
chemical and hydrodynamic conditions and analysing their effect
on both the size distribution of the agglomerate and the chemical
composition of the product. A reference synthesis was defined,

based on a scale down of the usual industrial practice for HAP pro
duction. The reference synthesis was used as a basis for suggesting
improvements, keeping in mind throughout this study that stoichio
metric HAP, with a purity of at least 95%, and a narrow agglomerate
size distribution, was required. The following main conclusions can
be drawn:

A rather high stirring rate is needed to mix the reactants properly
and obtain a product with a narrow size distribution around a few
microns. Most of the agglomerates are smaller than the mean Kol
mogorov microscale calculated on the basis of the mean shear rate
imposed during the precipitation.

The whole duration of the synthesis can be strongly reduced without
affecting the chemical purity of the product but the pH must be
properly regulated, by allowing it to become acidic for a very short
period of time just after the formation of large agglomerates and
then setting it at over 7.5 again to avoid the formation of non
stoichiometric calcium phosphate.

The maturation step has only a slight effect on the size distribution
and could be avoided for high enough synthesis temperatures, as
suggested by previous literature.
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Notation

Ca0 calcium oxide

Ca/P calcium phosphate ratio

HAP stoichiometric hydroxyapatite
o TCP  alpha tricalcium phosphate

3 TCP  beta tricalcium phosphate
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List of symbols

dg impeller diameter, [m]

G global velocity gradient, [s™]

M, molar weight of product x, [kg:mol ]

Ny mole number of product X, [—]

N impeller frequency, [rpm]

N, power number [—]

P global power dissipated in the reactor, [W]

Re
Wy
P

(e)
m

Reynolds number, [—]

volume of the suspension, [m°!

mass fraction of product x, [kg]

kinematic viscosity, [m%.s™!]

density of the suspension, [kg.m™]

global viscous dissipation rate of the turbulent kinetic energy,
[m2s73]

mean Kolmogorov microscale, [m]



Fig. 13. SEM photos of the agglomerated powder recovered after synthesis. a) without pH regulation (Run 3). b) with pH regulation (Run 16).
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