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Abstract: Sub-um CaCOs; (calcite; CC) particles were
converted to calcium monohydrogenphosphate dihydrate
(DCPD) and hydroxyapatite (HAp) via soaking treatments
in K,HPO, solutions with varied pH (3-12) and concentra-
tions (0.1-1.5M) at 37°C for up to 10 days. DCPD was
derived from the solutions with pH < 6; while hollow HAp
was yielded when pH > 7 in assemblies of petal-like
crystallites. Results of magic angle spinning (MAS) and
cross-polarization magic angle spinning (CP-MAS) NMR
studies have shown that the HAp lattice has only PO,>” but
no HPO,>" at B (phosphate) sites. Trace amounts of CO5>~
have occupied both A (OH) and B (PO,) sites, and H,0 is
adsorbed on surface crystallites. The primary crystallite
size of HAp derived from Scherrer equation increases
quickly in a 12h period and becomes gradually stable
afterward. Samples of particles soaked within 3h in a
temperature range of 20-80°C were analyzed by X-ray
diffraction. It is shown that the rate constant of 1 M solution
is about an order of magnitude greater than that of 0.1 M
solution and the apparent activation energy is 33 kJ/mol.
In this work, the conversion of CC to HAp can be
quantitatively controlled to solve the problem of slow
degradation of HAp.
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1 Introduction

Calcium carbonate (CC) is considered to be a potential
bone repair material, because it can be converted to
hydroxyapatite (HAp) when soaked in phosphate solu-
tions [1-6]. The conversion process is controlled by
temperature, concentration and pH value of phosphate
solution. Several authors were successful in their
efforts to convert CC to HAp. For example, Xia et al. [1]
hydrothermally treated mixtures of CC and (NH,),HPO,
to prepare hollow HAp spheres. Ruffini et al. [2] applied
hydrothermal procedure to convert wood-derived CC
(calcite) to HAp. Minh et al. [3] soaked CC particles in
H5PO, solutions of varied concentrations at 80°C and
found that the conversion reaction was slow and
incomplete even after 168 h. Engin and Girgin [4] used
H5;PO,-H,0-ethanol solution system for the conversion
of CC at 80°C and attained calcium phosphate (Ca-P)
products with a high carbonate content of 8.5%.
Verwilghen et al. [5] soaked CC in (NH,),HPO, solution
of pH 8.05 at 60°C and observed CO, evolution as well as
HAp formation. Portela da Silva et al. [6] derived HAp
from stoichiometric mixtures of CC particles and
NH,H,PO, solution of pH > 7 at 25°C. They found the
precipitation of calcium monohydrogenphosphate dihy-
drate (CaHPO,-2H,0; DCPD) in the course of the reaction,
despite that Pourbaix [7] suggesting that HAp was
most stable among several Ca-P phases in the range
6 < pH < 13. It is known that pH decides the chemical
state of phosphate ions. They can be H,PO,~, HPO,*", or
PO,>~ [8]. Natural CaCO; of a porous framework from
coral can also be a source of apatite. For example,
Sethmann et al. [9] prepared macroporous apatite
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ceramics via a hydrothermal treatment of aragonite coral
skeletons.

Fujita et al. investigated the factors influencing the
conversion of lithium calcium borate glass to HAp in
dilute K,HPO, solutions [10]. According to the Pourbaix
diagrams [8], the ratio of [H,PO, ]/[HPO,%>] and
[HPO,>"]/[PO,>"] is 1 at pH 7.19 and 12.03, respectively.
When HAp is precipitated in an aqueous solution (6 <
pH < 12) containing an alkali hydrogen phosphate
(R,HPO,; R = Na or K) and a calcium salt, the pH value
of the solution decreases due to the consumption of
OH™ ions,

5Ca2* + 3HPO,2~ + 40H" — Cas(PO,);(OH) + 3H,0 (1)

Here stoichiometric HAp precipitation is assumed for
simplicity though Ca-deficient phases will be commonly
formed. The pH value of phosphate solution naturally
determines the precipitated Ca-P phases [7]. Moreover,
carbonate ions in CC take different forms, either HCO5~
or CO5*", depending on the pH of the system. Therefore,
the regulation of pH value plays a key role.

Further studies tried to apply the abovementioned
conversion reactions to repair bones. Fujita et al. [10]
reported that CC induced an apatite layer on CC particle
surface in vitro. Neo et al. [11] observed a direct contact
between CC implants and surrounding bone tissues.
Interestingly, however, neither apatite layer nor con-
tinuity between CC and bone was observed in vivo
experiment [11]. That is, superficially, CC would not be
converted to apatite in vivo, in contrast to the in vitro
cases. According to the classic bioactivity theories, such
an apatite layer is formed on the surface of bioactive
materials [12-16] when they are in contact with human
plasma or artificial aqueous solutions, mimicking the
plasma and is called simulated body fluid (SBF) [14,16].
The bonding between CC and living bone without an
intervening apatite layer was interpreted as a rapid
biodegradation or bioresorption of CC under body
conditions [11]. Kotani et al. reported a similar in vivo
apatite-free bone-bonding behavior of p-tricalcium
phosphate (B-TCP) [17], whereas Fu et al. confirmed no
in vitro apatite layer on 3-TCP in SBF [18]. An important
aspect of HAp or HCA is that bioresorption is slower than
TCP. Therefore, CC bone repairs blocks, and 3-D printed
porous bodies or granules should be improved with
regard to their usefulness when the in vivo biodegrada-
tion rate is adjusted by partial or full conversion to HAp
or HCA before implantation.

Although a lot of knowledge has been gained
regarding the conversion of CC to HAp, it is necessary
to quantitatively control the conversion of CC into HAp.
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For bone repairs, partial conversion to HAp or conver-
sion to DCPD may be beneficial. In order to meet such
demands, this study was conducted as a systematic
study to learn how factors such as pH and phosphate
concentration affect the conversion of CC to DCPD
or HAp.

2 Materials and methods

Figure 1 shows an SEM image of the as-received CC
particles supplied by Shiraishi Kogyo Kaisha (Osaka,
Japan). It can be seen that the particles are smaller than
1 pm, with most of them being around 0.4 pm. They were
soaked in K,HPO, solutions of four different concentra-
tions (0.1, 0.15, 1, and 1.5M (M = mol/L)). The pH values
of the solutions were adjusted to 3.0, 5.0, 6.0, 7.0, 10.0,
and 12.0 with 0.1 M HCI and KOH. All chemicals used in
this study were of reagent grade and supplied by Kaitong
Chemical Reagent Corporation, Tianjin, China. CC
particles (0.5 g; 5mmol) were dispersed into phosphate
solutions (20 mL) held in 50 mL polystyrene bottles with
tight caps. The liquid to solid ratio was set to 0.5 g/20 mL
throughout this study. Bottles were kept still in an
electric oven at 37°C for up to 10 days. After the soaking
procedure, the CC particles were gently rinsed with
distilled water for at least three times. They were then
placed in glass Petri dishes with a loose cover and dried
in an electric oven at 60°C for 12 h. Each experiment was
repeated three times.

Dry powders were sputter coated with Au to observe
their morphology in SEM (JSM-7800F; JEOL, Tokyo,
Japan) operated at a 5kV acceleration voltage. Crystal

Figure 1: As-received CC (calcite) particles.
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phases were identified with a X-ray diffraction (XRD)
machine (CuKa; A = 0.1542nm, D8 ADVANCE; Bruker,
Berlin, Germany), where the XRD profiles were taken at
8°-70° in 6-260 mode with a scanning step of 0.02° (26)
and a holding time of 0.2s. X-ray area intensities of
some diffraction peaks were obtained using a software
equipped in the XRD machine. Local structures of 'H,
31p and C nuclei in some conversion products were
examined by MAS-NMR spectroscopy (Agilent DD2
500 MHz NMR spectrometer; Agilent Technologies,
Santa Clara, CA, USA), with the spinning frequency
of ZrO, sample rotors being set to be 15kHz for all
measurements at 11.74T. The resonance frequencies
of H, 3P, and C were 499.8, 202.3, and 125.6 MHz,
respectively. The direct-polarization MAS spectra of 'H,
3p. and C and also the 'H — 3P and 'H — 3C CP MAS
spectra were recorded. For the "H MAS experiments, the
/2 pulse length was 2.3 ps with a 5s recycle delay. For
31p, the m/4 pulse length was 1.4 ps with a 120 s recycle
delay. The contact time for 'H — 3'P CP-MAS experi-
ments was either 1 or 10 ms. The signals of 'H — 3'P CP-
MAS were acquired from 40 to 4,220 pulses, and
10,000-19,600 pulses were used in 'H — C CP-MAS.
The chemical shift § was obtained by external secondary
references, i.e., NH,H,PO, for >'P and adamantane for 'H
and °C; whereas NMR profiles were displayed with 6,
which is standardized with standard reference materials
of 80% H5PO, and Si(CHs),. The as-acquired NMR signals
involved the signal originated from the rotor, and the
NMR spectra presented in this article were based on the
net signals after reducing the rotor signals. The NMR
spectroscopy was used in this study to primarily examine
the presence of HPO, and COs in HAp lattice. The study
was not intended to discuss peak assignments in detail.

3 Results
3.1 Effects of solution pH

Figure 2 shows the XRD profiles of CC particles soaked in
1M K,HPO, of different pH values (pH 3-12) for 3 days at
37°C. It can be seen in Figure 2 that soaking in solutions
of pH < 6 yielded only DCPD or brushite. But only HAp
precipitated when the pH of the solutions was > 7.
According to ICDD 09-0432 and 09-0077, a set of sharp
diffractions at 11.7°, 21.0°, 23.5°, and 29.35° and all other
smaller peaks were assigned to DCPD for samples soaked
in solutions of pH < 6, and all diffractions in the top
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Figure 2: The XRD profiles of the conversion products after CC being
soaked in 1M K,HPO, with varied pH 3-12 for 3 days at 37°C.

three profiles were assigned to HAp. Moreover, the XRD
peaks of DCPD are sharper and stronger than those of
HAp. This indicates that HAp was precipitated with lower
crystallinity. Its primary crystallites may have smaller
sizes. Such a pH-dependent precipitation of DCPD and
HAp is consistent with the stability diagram for calcium
phosphates proposed by Pourbaix [7]. In addition, Figure 2
demonstrates that the conversion reaction was complete
within 3 days, even in solution of pH 7.

SEM images in Figure 3 show that particle mor-
phology depends on the pH of phosphate solutions. The
images in the upper raw are for acidic solutions (pH
3-6), showing agglomerations of rectangular needle-
shaped crystallites with widths of ~5pm and lengths of
~50 pm. They were DCPD according to the XRD profiles
in Figure 2. The DCPD crystallites look as if they have
grown radially outward. Many smaller pieces were also
present in a similar shape. At pH 6, the radial growth
was almost lost, and randomly oriented block-like pieces
were assembled. Larger crystallites were accompanied
by small chunks on their surface, as shown in insert
image. When the pH > 7, HAp appeared and the
morphology drastically changed to agglomeration of
petal-like crystallites (Figure 3d-f). In addition, some
HAp agglomerates were hollow, in agreement with
Figure 5(c and d) presented later. The size of agglomer-
ates and petal-like components were reduced with
increasing solution pH values. Agglomerates formed at
pH 7 were about 5 um in diameter. They consist of petals
of about 0.6 pm in size. As the pH increases from 10 to 12,
agglomerates’ diameter decreases from 1.5 um (pH 10) to
~lum (pH 12), while the petal size decreases from
~0.25um (pH 10) to < 0.1 pm (pH 12).
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Figure 3: SEM images of the conversion products after CC being soaked in 1 M K,HPO, with varied pH 3-12 for 3 days at 37°C. (a) pH = 3,
(b) pH =5, (c) pH =6, (d) pH =7, (e) pH = 10, and (f) pH = 12. The inset image for (c) pH 6 represents the morphology of the chunks on a
larger crystal. Note the difference in magnification for the upper (bar: 10 ym) and bottom raw (bar: 1 pm) images.

An interesting observation is that the solution of
pH 7 generated some bubbles, with many being found
on the container wall. This implies a CO, generation
process. In addition, the solution pH changed a little. For
a solution of initial pH 7, it reached pH 8-9 in the final
stage. Solutions of initial pH 10 and 12 showed a slight
decrease in pH to ~10 and 11-12, respectively.

3.2 Effects of phosphate concentration

Figure 4 demonstrates XRD profiles of CC particles
after being soaked in 1.5, 1.0, 0.15, and 0.1 M K,HPO, at
37°C for 3 days. The initial pH of these four solutions
was adjusted to 10. All XRD peaks in Figure 4 were
assignable to HAp (1.5 and 1 M) and CC with a trace of
HAp (0.15 and 0.1M), and no other phases were
detected. Most peaks were indexed according to ICDD
86-0174 (calcite) and ICDD 09-0432 (HAp). Sharp
diffractions of CC mean that it was well crystallized,
while noisy and rather broad diffractions of HAp
indicate their lower crystallinity or smaller primary
crystallites. This is similar to the results already found
in Figure 2. With increasing phosphate concentration,
the diffraction intensities of CC decreased slightly,
whereas those of HAp increased a little. The absence
of CC peaks for powders soaked in 1.5 and 1.0M

solutions indicates a full conversion of CC to HAp
within 3 days.

SEM images in Figure 5 demonstrate surface
morphologies of particles after being soaked at 37°C for
3 days in four different K,HPO, solutions of initial pH 10
((@) 0.1M, (b) 0.15M, (c) 1M, and (d) 1.5 M). All particle
surfaces were fully covered by fine floret or petal-like
crystallites, which were identified as HAp by XRD
analysis (see Figure 4). Morphologies shown in Figure 5

pH 10 ¢ HAp
3d 0 Calcite

0.5K

A\

= (104) =
0
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Figure 4: The XRD profiles of CC powders after being soaked in
0.1-1.5 M K,HPO, solution (pH 10) at 37°C for 3 days.



DE GRUYTER

'b‘:iO'.1 5M

Conversion of sub-um CC particles to hollow HAp agglomerates in K;HPO, solutions

— 949

Figure 5: SEM images of hollow HAp crystallites formed on CC particles when soaked for 3 days in K,HPO, solution of varied concentrations
(a) 0.1 M, (b) 0.15 M, (c) 1M, and (d) 1.5 M, pH 10, 37°C. The inserts are close-up images. W/V ratio = 0.5 g/20 mL. Bar: 1pym (inset: 0.1 pm).

are very similar to that of HAp spontaneously deposited
on the surfaces of bioactive materials [13-17]. In
addition, a few hollow agglomerations of crystallites
can be seen in Figure 5c and d. The agglomerate size
seems to be influenced by phosphate concentration.
Most agglomerates have a size of around 1pum, which is
larger than the CC particles. But the largest agglomerates
of about 2 pm were seen in experiment with 1M solution
(Figure 5c). The size of the petal-like crystallites is too
small to be accurately measured.

3.3 Effects of soaking time
3.3.1 Growth of HAp

Figure 6 shows the XRD profiles of samples soaked in 1M
K,HPO, (pH 10) for a time range from 1h to 240h (10
days). It can be seen from Figure 6 that the XRD peak
intensity of CC decreased. Yet, a tiny (104) peak was
detected at ~29° indicating that a trace of CC still
remained after being soaked for 1 day. An appearance of
(002) and (211) diffraction peaks at 26° and 32°,
respectively, implies that CC to HAp conversion took
place within 1h. Within 2 days, the CC was almost fully
converted to HAp, leaving only a trace of the (104) peak.
Within 3 days, the CC peaks disappeared completely and

only HAp peaks were seen. SEM images in Figure 7
demonstrate the surface morphologies of samples
soaked for (a) 1h, (b) 2h, and (c) 7h. The flower-like
crystals were deposited after CC being soaked for 1h,
while soaking for 2h was sufficient for particle surfaces
to be fully covered with crystallites. No apparent
difference exists for morphologies of the three samples
(Figure 7(a—c)).
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Figure 6: The XRD profiles showing effects of soaking period ¢ (h) on
CC to HAp conversion in a 1 M K,HPO, solution of an initial pH 10 at
37°C. e: HAp; <: CC (calcite).
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Figure 7: Surface microstructure of CC particles after being soaked in 1 M K,HPO, of pH 10 for varied soaking period at 37°C. (a) 1 h, (b) 2 h,

and (c) 7 h. Bar: 5ym.

3.3.2 HAp growth rate

A XRD technique known as an internal standard method
is commonly taken for deriving the volume fraction of a
component phase in a mixture [19]. In this study, (104)
diffraction peak of residual CC was utilized to represent
the volume fraction of HAp. This peak was sharp and
distinct and showed no overlapping with any other
diffraction peaks of HAp. The seemingly strongest and
broad peak at 31°, indexed at 211, is actually an envelope
of three lines of (211), (112), and (300) planes. Kallaste
and Nemliher [20] deconvoluted (separated) into those
component lines. Yet, the present 211 diffraction would
not deserve such deconvolution due to its intensity and
sharpness.

The integrated area intensity of the (104) diffraction
peak of CC was derived from diffraction profiles using an
application installed on the XRD machine and then the
intensity ratio I(t)/I, was calculated. Here I(f) and I, are
intensities for soaking t (h) and Oh, respectively. In
Figure 8, I(t)/I, was plotted as a function of ¢ (h) for two
soaking conditions: (a) 1M K,HPO, at 37°C, with varying
pH of 7, 10, and 12; (b) different K,HPO, concentrations
(0.1-1.5 M) at 37°C and an initial pH 10. Again, the solid
to liquid ratio was kept at 0.5 g/20 mL. From Figure 8(a),
it can be seen that the conversion proceeded in three
stages. In stage I (t < 3h), CC was converted so rapidly
that more than half the amount of CC, even ~80% for pH
10 and pH 12, was consumed for the conversion reaction.
In stage I, 3h < t < 12h), a transition state, I(t)/I,
decreased more slowly compared to that in stage I. In
stage II (12h < t), the conversion is almost completed
within 24h (1d). I(t)/I, decreased in all stages in the
order of pH 10, pH 7, and pH 12. This is somehow
surprising because the thermodynamic stability of HAp
should decrease almost proportionally to pH [7]. Very

similar changes were observed in Figure 8(b); in 1 and
1.5 M solutions. One-half amount of CC was exhausted
within the initial stage (f < 3h), and the reaction was
completed within 24h (1 day). Thus, the reaction
process can also be divided into stages I, I;, and II as
in Figure 8(a). For 0.1 and 0.15 M solutions, the decrease
in I(t)/I, was very slow for t > 3h, and it showed a very
little change after 12 h, which may be due to insufficient
supply of phosphate ions. Indeed, with a solid to liquid
ratio of 0.5g/20mL, both 0.1 and 0.15M solutions
contained less amount of HPO,>” than what was
necessary for a full conversion.
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Figure 8: The XRD intensity ratio /(t)/l, as a function of ¢ (h),
showing the effects of (a) pH and (b) K,HPO, concentration.
Soaking temperature = 37°C.
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3.4 3P, H, and C in DCPD and HAp
3.4.1 Assignments

The present HAp converted from CC might involve
HPO,* and CO;* ions in the lattice because HAp from
wet chemical routes is prone to be Ca deficient. It is
known that bone minerals involve carbonated hydro-
xyapatite (HCA) [21]. The XRD technique may not have
the ability to detect their presence in a low level.
Therefore, MAS and CP-MAS NMR spectroscopy were
applied to clarify the chemical environments around 'H,
31p, and 3C nuclei in three representative samples S1, S2,
and S3. Table 1 lists their soaking conditions as well as
the NMR procedures. The chemical shift is presented in §
(ppm) as convention: a deshielded nucleus exhibits a
decrease in § or a downfield (low field) shift, while an
increase in 6 indicates that a shielded nucleus is
characterized by an upfield (high field) shift. Figure
9(a—c) illustrate >'P MAS and CP-MAS spectra and 'H
MAS NMR spectra of the designated samples. Figure 9(d)
indicates a C CP-MAS spectrum of HAp: S3. Peak
assignment is based on the results previously selected
referencing on Ca-Ps [22,23,24-33,34,35], such as anhy-
drous dicalcium phosphate (DCPA or monetite)
[24,26,31], DCPD [24,31,32], TCP [31,32], amorphous Ca-
P [30], octacalcium phosphate (OCP) [22,28,32], and HAp
[22,23,24,25,27,30,33,34,35]. The peak assignments of
bones or other living systems were ruled out from the
reference because those minerals were not well defined
in structure and chemical composition. Table 2 sum-
marizes the chemical shifts §(*H) and §(*'P) observed in
the present study as well as those from the above-
mentioned references.

3.4.2 3'P spectra

Strong >'P peaks of HAp: S1 and DCPD: S2 in Figure 9(a
and b) are located at 3.07 and 1.40 ppm. They are
doubtlessly attributed to the lattices PO,>~ of HAp and
HPO,> of DCPD. Both MAS and CP-MAS 3'P spectra of
HAp (Figure 9(a)) are accompanied by a sharp but weak

Conversion of sub-pum CC particles to hollow HAp agglomerates in K;HPO, solutions
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signal at 1.0 ppm. None of the references clearly noticed
this peak [22-25,27,30,33-35]. Jarlbring et al. [25]
proposed a peak of *'P at 0.8 ppm, which originated
from a protonated orthophosphate (H,PO,) ion on a
surface site of fluorapatite (Cas(POg)sF). If this 1.0 ppm
peak of >'P would be assigned to a surface HPO, group of
HAp, a sharp but weak peak should also appear around
10 ppm due to OH of HPO, in a 'H spectrum of HAp.
Jarlbring et al. [25] did not present the 'H spectra of their
samples. This study could not detect such a 10 ppm peak
of 'H in that range as shown later in Section 3.4.3. Thus,
the 1.0 ppm peak was denoted unassigned in Table 1.
Figure 9(b) of DCPD: S2 shows additional minor 3P
signals at -0.3 and ~3.5 ppm. The possibility of
assigning the -0.3ppm peak to the lattice HPO, of
DCPA was ruled out. According to Yun et al., this peak
should be accompanied by a much stronger >'P peak at
-1.5 ppm. The weak humps around 3.5 ppm consisted of
triplet-like peaks at 3.1, 3.4, and 4.0, as indicated in the
enlarged plots (see the insert in Figure 9(b)). Table 2 lists
the unassigned weak peaks.

3.4.3 'H spectra

'H MAS NMR spectra in Figure 9(c) shows two strong ‘H
peaks for each phase: at 0.03 and 5.68 ppm for HAp: S1
and at 5.56 and 10.56 for DCPD: S2. According to the
literature, the 0.0 ppm peak of S1 is distinctly located in
the OH group at an A-site of the HAp lattice, sometimes
designated as a structural OH [22]. A large, strong, and
broad peak at 5.6 ppm is attributed to H,O molecules
adsorbed on HAp crystals because Jarlbring et al. [25]
could not find any correlation between the lattice PO,
and proton of 5.6 8§(*H) from their 'H->'P CP-MAS
HETCOR (heteronuclear correlation) experiment along
the 'H dimension H-{*'P}. The same assignment was
found in the preceding studies [21,28,29]. Note that the
peak intensity of this adsorbed H,O0 is larger than that of
the lattice OH at 0.0 ppm, in accordance with Sfihi and
Rey [23] and Jarlbring et al. [25]. The latter group [25]
detected both peaks with a comparable intensity, despite
heat treating their sample at 105°C for 24 h. This implies

Table 1: The NMR samples, pH of soaking solution (1M K,HPO,), soaking time (d), and signal-acquiring modes; soaking temperature: 37°C

Phase: sample pH Period (days) Nuclei, NMR mode
HAp:S1 7 1 'H, MAS; 3'P: MAS & 'H — 3P CP-MAS
DCPD:S2 6 1 H, MAS; 3'P: MAS & 'H — 3'P CP-MAS

HAp:S3 10

B¢: *H - BC CP-MAS




952 =—— Sun Yanyan et al.

DE GRUYTER

8 ("H) (ppm)

31
(a) 31 b 1.40 7| P
3.0, s S b DCPD: 52
Lattice PO, P:
lattice HPO4
S 5
E‘ E‘ CP MAS
S g
= = -0.3,
2 £
8 8
_-? és MAS
g 2 3 2 1 0 1 -0.34
Q [0]
S IS J
v x 3~4 K
c e ~4 CP-MAS 1 ms
Z zZ
) MAS
15 10 5 0 -5 -10 15 10 5 0 -5 -10
3 ('P) (ppm) 3 (*'P) (ppm)
(© 'H MAS
10.5, (d) HAp: S3
Lattice HPO, IM,pH 10;2d
el e S | “c cp(H-"C)
b o > | 10ms c
© SufaceHzO @ dib
5 = l la
s ©
> =z i
(7] i —]
S 2
< 2
p =
x
2 s
Z
......... IR EEEEE TR TS PR R EES T TR R TS RN T
200 190 180 170 160 150 140

3 (°C) (ppm)

Figure 9: MAS and CP-MAS NMR spectra for HAp: S1and DCPD: S2. (a) and (b) 3'P MAS and CP-MAS NMR spectra; (c): *H MAS NMR spectra.
See text and Table 1 for sample derivation. Assignments were given to major peaks. (d) *C CP-MAS spectrum of HAp: S3 from CC in 1M
K,HPO,, pH 10, for 2 days. Arrows a-d indicate peak positions found for **C-enriched apatite [23,32].

that H,O molecules are quite tightly bound to crystallite
surfaces. In this study, samples were dried at 60°C for
12h. Such a moderate drying condition is favored for a
relatively large amount of H,O remaining on HAp
surfaces. Later in Section 4.2.2 a possible role of such
intercrystallite H,0 is discussed.

Because a larger chemical shift §('H) is associated
with a higher acidity of proton, a prominent 'H peak at
10.56 ppm of DCPD:S2 in Figure 9(c) should be assigned
to the proton of the lattice HPO, group, rather than to
H,0 molecules adsorbed on the surface or involved in
the structure of DCPD. This peak assignment is consis-
tent with the reported peaks of 10.4 ppm [22,31] and
10.2 ppm [32,34]. Yesinowski and Eckart [22] designated
their 10.4 ppm peak as the signal of an acidic proton.

Hence, a broad 'H peak centered at 5.58 ppm of DCPD:S2
is attributable to the structural water. Pourpoint et al.
[34] observed a doublet 'H peak at 4.8 and 6.6 ppm using
a high-spinning rate (33 kHz). According to their first-
principle calculation, the 5ppm 'H peak should be an
envelope of four peaks, corresponding to four different
lattice sites in DCPD. In contrast, Yesinowski and Eckart
assigned a 6.4ppm 'H peak to structural H,O of
DCPD [22].

Both HAp and DCPD showed a few minor signals in
the range of 0.9-2.1ppm of §(*H) in Figure 9(c), while
Jager et al. [24] reported very distinct and narrow line
signals in the same 8(*H) range for their nano-sized
apatite. Osman et al. interpreted those groups as
originated from OH groups with different alignments
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Table 2: NMR chemical shifts 3(*H) and 8(>'P) for samples of the present study [*]”; HAp: 51 and DCPD: S2. Several data were taken from
selected references [22,25,29-32,34]. (§)

Locations

3 ("H) (ppm)

8 (3'P) (ppm) Comments & Ref.

Apatite lattice

DCPD lattice

DCPD lattice H,0
(structural)

Surface
f

OH™

0.05 (S1) m,s?
0.2 vs,s

0.1vs,s

0s,s

1.1 (0.8 + 1.3) vw
HO-PO;

10.5¢ (S2) vs,s
10.2 vw

10.2 Vs,s

10.4 vs,s

12.1 as a shoulder
H,0

5.5¢ (S2) vs,b
4.1+ 6.5°m,b
H,0 adsorbed

(physi-/chemisorbed)

5.65 (S1) vs
5.5s,s
5.5m,b (4.5 + 6.6)
5.8
5.4
5.1
Unassigned -
0.0 vw (52)

0.9,~0.93 w,s (S1, S2)
1.3, m,s (51, S2)
2.1, vw,sh (51)
16.9 vw,s (S2)
Other phase
DCPA (monetite) 16, vw
13.2, 15.8 vs,s

PO,

3.0, (S1) vs,s [*]P

= [22]

- (29]

2.9 F-apatite [25]

3.0s,s 2-D [32]

- [29]

HPO,

1.40 (S2) vs,s [*]

17 [32]

1.6 [34]

- (31]

3.05 2-D¢ [30]

- (*]

- (34]

HPO,

0.8 sh HPO, F-apatite® [25]

5.4 sh P0O,>" F-apatite [25]

- [*] HAp

- HAp [22]

- DCPD [31]

- HCA: 2-D [30]

- HAp + TCP; 2-D [32]

- [29]

1.05 (S1) w,s [*]

-0.34, 3.10, 3.4, 4.0, (S2) [*]

- [*]

- [*] [29]

- [*] [29]

- [*] [29]

- (*]

— HPO, [22]
HPO, [31]

?vs, s, m, and w are abbreviations for very strong, strong, medium, and weak, respectively. The symbols s, b, and sh following

“

,” represent

strong, broad, and shoulder. And the symbols (m,s), (vs,s), or (w,s) denote a medium and sharp peak, a very strong and sharp peak, and a
weak and sharp peak; sh stands for a shoulder of a dominant peak. Notation was added to the selected peaks. °*: Present study. S1 (HAp):
1M K,HPO,, pH 7, 1 d; S2 (DCPD): 1M K,HPO,: pH 6, 1 d. Symbol — (dash) means no data available or given. ¢2-D indicate the peak was
given on a slice spectrum of the 2-D projection. *Symbol + means that peaks appeared as a doublet or were deconvolutable to component
peaks. "Physically or chemically adsorbed on surfaces of crystals. 8F-apatite: fluorapatite (Cas(POy)sF).

along the c axis of HAp [29]. Table 2 followed their
assignment. Figure 9(c) has another minor §(*H) peak at
16.0 ppm. Yesinowski and Eckert assigned the signal to
HPO, of DCPA [22]. Although the chemical shift of
16 ppm corresponds to a highly acidic proton, probably
this assignment would not be adequate. Yu et al. gave a
pair of sharp 'H peaks for DCPA at 13.2 and 15.8 ppm.
Therefore, 'H: 16 ppm peak observed in the present study
was presented unassigned in Table 2.

3.4.4 3C NMR spectra

Figure 9(d) demonstrates a 'H — *C CP-MAS NMR
spectrum of the sample HAp:S3. Despite the relatively
low signal to noise ratio, Figure 9(d) clearly exhibits a
peak, extending from 150 to 172 ppm. A hump around
173 ppm may be a noise. Babonneau et al. have already
reported the presence of a C peak for >C-enriched HCA,
and the peak showed four local maxima [26]. This
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Figure 10: (a) A reaction model of a CC core with a HAp layer, allowing migration of species such as HPO,>~

surface of a CC particle,
supplying Ca?* to the
aqueous region above.

ions to the reaction front. A

square part is enlarged in (c) and (d). (b) An enlarged schematic model of the reaction front at stage I. The surface was in contact with
phosphate solution. Hydroxy, calcium, and phosphate ions are presented as OH, Ca(i), and P(v). (c) and (d): Structures near the reaction

front in stages /;, and Il (see text).

suggested that the presence of at least four different
carbonate sites. Sfihi and Rey reported >C peaks of CO5*
at 168.5 and 170 ppm for their fluorapatite but found no
peak at 166 ppm [23]. Moreover, they stated in their
paper that “the COs; groups at 168.5 ppm will not be
located in the bulk but near the surface.” If they meant
the presence of the 168.5 ppm CO5° so near the surface
that they would “talk” (exchange the nuclear magnetic
moments) with component species on the surface like
adsorbed H,0, correlation should be detected between
the carbonate ions and surface water molecules.
Unfortunately, however, Babonneau et al. did not find
such a correlation between CO;*~ and H,0 via 'H-">C CP-
MAS NMR HETCOR experiments [26]. But the carbonate
ions detected here are surely in the lattice sites. Leroy
et al. employed a high-end NMR technology, dynamic
nuclear polarization, and carried out a full analysis of
the carbonate ion sites, regardless of whether the CO5*
ions occupy the OH (A) sites or PO, (B) sites of the
apatite lattice [35]. They considered the substitution
pairs of A and B sites, and lattice structure, before
finalizing the assignments. In brief, the whole peak
involved five component contributions, showing A/B

substitution (OH™ + PO,>” — 2C05*") gave 8(*3C) of
166.5 and 168.0 ppm, while B/B one (Ca’ * + 2P0O,>” —
Ca** vacancy + 2C05>) resulted in the peaks at 168.3,
170.1, and 171.0 ppm. In this study, the >C signals were
located within the range of those °C signal assignments
[26,35]. Thus, it is reasonable to conclude that CO;Z* ions
were involved in the A and B lattice sites of the
HAp sample. The conversion from CC and the precipita-
tion pH conditions might favor a carbonate ion
involvement.

4 Discussion

4.1 Conversion reaction analysis

4.1.1 The rate analysis of conversion reactions in the
earliest period

SEM images in Figures 3 and 5 indicate that soaked
particles should have a core (CC)—shell (HAp) structure.
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Sharp decrease in I(t)/I, as can be observed in Figure 8
for the (104) diffraction of CC, which implies that most
of conversion reaction finishes within 3h (in stage I).
Such a fast reaction must be accompanied by a fast
transportation of reactants to the reaction front.
Based on these observations, a reaction model is
proposed as presented in Figure 10, with following
assumptions:

(a) Spherical CC particles in contact with K,HPO,

solution, as shown in Figure 10(a).

(b) Active site density remains constant on the reaction
front.

(c) Component species can freely migrate to the reaction
front.

Figure 10(b) illustrates the formation process of the
HAp shell layer. For a simple illustration, hexagonal
pieces are aligned flat, as drawn here, with their (002)
plane on CC surface. But in reality, CC is polycrystalline
and should expose a variety of lattice planes to solution,
even if epitaxy would be applicable between calcite and
HAp. A random assembly of crystallites is also supported
by the observation [36] that wet chemically derived
HAp crystallites exhibit a few lattice images randomly
stacked when observed under a transmission electron
microscope.

A primitive analysis of the reaction rate is only valid
in stage I (t < 3h) because as shown in Figure 8, the
conversion precedes in some different modes in later
stages, I, and II. Minh et al. employed arbitrarily two
different diffusion models, depending on the reaction
temperature in their systems of CC conversion to HAp
[3]. Our model assumes a diffusion as described in (c)
above. The assumption (b) is the key for the present
analysis. It means that the rate of decrease in volume V
of a CC particle during conversion is proportional to the
surface area S. This leads to equation (2) with k’ as the
rate constant

-dV/dt = k'S 2

Substituting the particle radius r to V and S and apply-
ing V oc I(t)/Iy, equation (2) can be modified to
equation (3):

I(t)/Ip)V3 = —kt + C 3)

Here C is the constant of integral and k is the apparent
rate constant related to the XRD intensity ratio in CC —
HAp conversion. Note again this equation (2) is only
valid at the beginning stage of the conversion. From
linear correlations between (I(¢)/I,)"> and the soaking
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period t in Figure 11(a) (0.1 M, pH 10) and (b) (1M, pH
10), the apparent conversion rate constant k is derived
for each temperature and listed in the inserted tables.
Figure 11(c) demonstrates an Arrhenius-type correlation
between k (1/h) and 1/T (1/K),

k = f exp(-Ae/RT) (4)

Here f is the frequency factor and Ae is the apparent
activation energy. Thus, the derived Ae for both 0.1M
and 1M K,HPO, solutions is practically identical and
close to Ae (4.3 kcal/mol = 35.7KkJ/mol) for H,PO,™ ion
diffusion in NaH,PO, aqueous solution (co dilution), as
given by Krauss and Sinks [37]. This observation,
therefore, implies that the diffusion of phosphate ions
controls the conversion reaction. In other words, Ca**
and OH™ would be sufficiently available at the reaction
sites to wait for phosphate ions. The frequency factor of
1 M solution (the upper line in Figure 11(c)) is an order of
magnitude greater than that for 0.1 M solution. This can
be simply interpreted as the effect of the phosphate ion
concentration.

4.1.2 Primary crystallite size and ripening

Application of Scherrer formula, equation (5), to
broadened XRD lines derives an approximate size (1) of
a primary crystal in a polycrystalline phase [19].

T = KA/(FWHM - cos 6) (5)

Here K is the Scheler constant (K = 0.9), A is the X-ray
wavelength (Cu Ko; 0.1540nm), full width at half
maximum (FWHM) is the line width, and 6 is the diffraction
angle. The XRD profiles of HAp in Figures 2, 4, and 6 are
accompanied by the sharp (104) line of calcite (CC), and
this peak is used to calibrate XRD machine broadening
before the derivation of T for samples. Figure 12 plots the
so-calculated HAp crystallite size T as a function of soaking
period ¢ (h). T increases quickly to ~30 nm within 12 h. This
reaction range corresponds to stages I and I, in Figure 8.
Unfortunately, It was impossible to derive T for sample
after being soaked for t < 7 h because the (002) diffraction
is too weak. Then 7 increases slowly and reaches ~40 nm at
240 h (10 days; stage II). The size is in accord with that of
HAp nanoparticles derived wet chemically [36]. Results in
Figure 12 imply that seven or eight pieces of primary
crystallites are assembled to form a petal-like HAp
crystallite layer with a size of approximately 250 nm, as
shown in Figure 5.
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Figure 11: Plots of (IO /1) vs soaking period t (h) for CC — HAp conversion reaction at 293-353 K (20°C-80°C) in (a) 0.1 M K,HPO, and
(b) 1M K;HPO,. The inserted tables list the apparent rate constant k derived from equation (2). (c) The broken lines represent Arrhenius-
type correlations (Equation (3)), and the derived values of the apparent activation energy are in the parentheses.

4.1.3 Growth of a petal-like crystal

The changes in the size of primary crystal in Figure 12
indicate that the mechanism of HAp formation is
different in stages I and II. A drastic growth of primary
crystals in stage I (t < 3h) is achieved only under
sufficient supply of Ca**, HPO,*", and OH" ions to the
reaction front, as described in Figure 10(b). In the
course of conversion, the primary crystallites are
formed in random orientations with respect to the CC
surfaces. They grow into contact and fuse with each
other, leaving some space among primary crystallite
assemblies. The presence of H,O in these spaces is
supported by the large 'H NMR band assigned to

surface H,O (5.6 ppm in 8(*H): Figure 9(c)). The fused
crystallites are assembled repeatedly, which grow into a
floret-like agglomerations in stages I, and II. Along
such crystallizing events, the CC particles would
continue to be dissolved. Their volumes will decrease
or keep shrinking. Therefore, Ca®* ions are always
supplied sufficiently at the reaction front, and phos-
phate ions should migrate into primary crystallites via
water channels. Both ions take OH- from solution and
form agglomerated secondary crystals. This is a
plausible growth model. It considers the apparent
activation energy (Ae; Figure 11(c)) of CC — HAp
conversion, which is in a good agreement with that of
H,PO, diffusion [37].
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Figure 12: Crystallite size 7 (nm) of HAp precipitated in 1M K,HPO,
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4.2 Microstructure of HAp agglomerates
4.2.1 Formation of hollow HAp particles

Calcite is sparingly soluble in water, with a solubility
product K, being 3.36 x 1077 (mol/L)*> [38]. The
solubility of 58 uM/L (~0.58 mg/100 g-H,0) is high
enough to supply component ions to the aqueous
medium in contact, according to equation (6a).

CaCO; — Ca?* + CO3% [dissolution] (6a)

Extremely low-solubility product of HAp (~5 x 108)

[39] and the stability of HAp [7] are thermodynamically
favorable for HAp precipitation when its components are
available. At the very beginning (stage I), the liberated
Ca’* ions found many phosphate ions on particle
surfaces (Figure 10(b)), and hence they instantly form
a HAp layer. In later stages I;, and II, the phosphate ions
migrate through the layer, driven by the concentration
gradient that is established around particles, to the
reaction front. Another possible way of deposition of a
Ca-P phase is a direct reaction due to the withdrawal of
Ca’* ions from solid CC by HPO,> ions, arriving at the
surface (equation (6b)).

.
CaCO;Hﬂ Ca?* (Ca — P) [surface reaction] (6b)

This case implies that the rate of free Ca** ion supply is
too small to meet the frequency of HPO,>” and OH™ ions
to arrive at particular reaction sites. That is, the apparent
activation energy should be associated with CC dissocia-
tion but not with phosphate ion diffusion. This is similar
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to the direct conversion of OCP to HAp reported by Tseng
et al. [40]. If equation (6b) were valid, the precipitation
should always take place on CC surface, as depicted in
Figure 10(c), until the CC is exhausted. This would lead
to solid particles [41,42].

In contrast, equation (6a) implicitly represents that
calcium ions should be liberated into aqueous region,
adjacent to CC surface, as presented in Figure 10(d).
They wait for phosphate ions to reach the inner surface
of the HAp shell or the reaction front. That is, the
conversion reaction allows the HAp layer to be separated
from the surface in later stages. This is a plausible
interpretation for formation of hollow HAp particles
detected in Figures 3 and 7. The OH ions will be supplied
via water dissociation equilibrium when they are
consumed at the reaction front. Such a scheme is
compatible with the apparent activation energy of the
net conversion reaction and apparent activation energy
of H,PO, ion diffusion in aqueous solution [37,43-45]. In
both cases in Figure 10(c and d), HAp grows inwardly as
in the case of HAp nano-rod array grown on sodium
calcium silicate glass substrate which were soaked in
0.01 M Na,HPO, solution [46-49].

4.2.2 Net conversion reaction

Equation (7) is a probable net reaction for CC — HAp
conversion when a high pH (>10) stabilizes CO;* (pK,
(H,CO3) = 10.33 [8,38]):
5CaCOs3 + 3HPO,%~ + 40H™ — Cas(PO4);(OH)
+ 5CO32_ + 3H,0

@)

In a lower pH region, where an insufficient amount of
OH™ is available, OH™ will be supplied via H,0 — H* +
OH". Then equation (7’) is derived.
5C3CO3 + 3HP042_ + H,0 — Ca5(PO4)3(OH)
+ 5C032~ + 4H*

)

The yielded H" would be scavenged by carbonate ions to
form HCO;5™, (pK; (H,COs3) = 6.33) [8,38]. Then equation
(8) replaces equation (7) to represent the net reaction
that may occur when pH < 10:

5C3CO3 + 3HPO427 + Hzo - Ca5(PO4)3(OH)
+ 5HCO;™ + OH"

(8)

Equation (8) explains why the pH of K,HPO, solutions
increased after the completion of the reaction with initial
pH of solutions being adjusted to 7 or 10. With the
solubility 6.15 x 10~ mol of CO, (100 kPa) in 1 mol water
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and volume fraction of CO, in air (408 ppm) [38], the
solubility limit of CO, in 20 mL solution is as low as
~2.8nano mol, and the expected CO, evolution from
0.5 g CC was 5 m mol. In consequence, H" in equation (7)
should drive the CO,-H,O equilibria to favor the
formation of CO,. This explains the bubbling observed
in the course of reaction in solution of pH 7. Equation (9)
then represents the CC — HAp conversion accompanying
CO, evolution:

5CaCOs + 3HPO427 + 2H,0 — Cas(PO,4)3(OH)
+ 5C0O, + 60H

9)

5 Conclusion

Based on the results obtained in this study, following

conclusions can be drawn:

(1) Soaking CC for 72h in 1M K,HPO, solution, only
DCPD is yielded with pH < 6 while only HAp was
obtained with pH > 7. DCPD shows a morphology
consisting of assemblies of long rectangular crystal-
lites extending outward. The morphology of HAp
consists of hollow shells with petal-like crystallites
forming porous shell walls. Such a porous shell
structure is more conducive to tissue growth.

(2) By analyzing CC to HAp conversion rate at a
beginning stage, an apparent activation energy of
about 34KkJ/mol has been obtained, which is in
accordance with the diffusion of H,PO,™ in aqueous
solutions.

(3) Primary crystal size of HAp, derived due to Scherrer
equation, shows a rapid growth within the first 7h
and a slow ripening afterward.

(4) Results of MAS and CP-MAS NMR spectra can be
summarized as below: (a) prominent peaks of 3P
indicate HPO,>~ and PO,>” in the lattice sites of
DCPD, and PO,> in the lattice sites of HAp. (b) 'H
peaks of HAp implies that H,O and OH are adsorbed
on its crystallite surfaces. (c) HAp shows a tiny C
peak, indicating the presence of CO5s*>™ in both A
(OH) and B (PO,) sites of the HAp lattice.
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