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ABSTRACT

The crystal growth of aragonite was investigated at pH 7.8, 37 °C and constant solution supersaturation from
aragonite-seeded supersaturated solutions. The effect of the presence of orthophosphate ions in the super-
saturated solution on the kinetics of crystallization of aragonite was investigated over the range of orthopho-
sphate concentrations of 0.25 pM—1 mM. In the presence of orthophosphate in the range of 0.25 uM—-8 pM, the
crystal growth rate of aragonite decreased with increasing phosphate concentration. At orthophosphate
concentration levels exceeding 2 uM, induction times were measured and were found to increase with
orthophosphate concentration. At orthophosphate concentration levels > 8 uM, the crystal growth of aragonite
was inhibited, suggesting the blockage of the active growth sites by the adsorption of orthophosphate ions.
Adsorption was confirmed by the investigation of orthophosphate uptake on aragonite, which was: i) found to
depend on the equilibrium concentration of orthophosphate in aqueous solutions saturated with respect to
aragonite; ii) not influenced by the ionic strength of the electrolyte up to 0.15 M NaCl, showing that electrostatic
interactions between orthophosphate and CaCO3 did not play a significant role in this concentration range.
Adsorption data of orthophosphate on the aragonite crystals gave satisfactory fit to the Langmuir adsorption

model and was confirmed by XPS analysis.

1. Introduction

Calcium carbonate exists in six polymorphic forms: calcite (thermo-
dynamically the most stable), aragonite, vaterite, amorphous CaCOs,
and two hydrated crystalline phases, calcium carbonate monohydrate
and hexahydrate. Precipitation, crystallization and dissolution of
calcium carbonate species have been intensively studied over the past
decades because of the significance of these processes in the formation
of scale or deposits, in biological mineralization and in various
environmental conditions [1,2].

The presence of foreign substances in the supersaturated fluid
media in which growth of calcium carbonate polymorphs takes place
may interfere with the crystal growth process because of the interac-
tions of these substances with the lattice ions of calcium carbonate at
the respective active crystal growth sites [3,4]. Early investigations
have shown that very low phosphate concentrations decreased the rates
of calcite precipitation [5,6]. The inhibition effect was attributed to the
competition between carbonate and phosphate ions to bind to the
available calcium ions. Katsifaras and Spanos [7] have found that
vaterite was stabilized in the presence of low phosphate concentrations
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and that its growth rate was reduced at the same time. This was
attributed to the adsorption of the orthophosphate ions on vaterite
crystals. Evidence concerning the adsorption of orthophosphate has
been reported from dissolution studies of calcium carbonate poly-
morphs [8]. In addition, the presence of orthophosphate in solutions
supersaturated with respect to the calcium carbonate, in combination
with pH, has been suggested to play a key role in the stabilization of
less stable polymorphs [9]. Environmental studies concerned with the
interaction of carbonates and phosphates have quantified the interac-
tion between inorganic orthophosphate and calcite and aragonite
mineral surfaces [10-14]. Studies on the interaction of calcium
carbonate with phosphate by Stumm and Leckie [15] suggested that
the uptake of phosphorus is a complex process consisting of chemi-
sorption and surface precipitation of calcium phosphates. Millero et al.
[16] has reported large extents of uptake and desorption of phosphate
on aragonite surfaces, which were suppressed in the presence of
seawater. It has also been claimed from reports in literature that
phosphate is chemisorbed on calcium carbonate substrates and would
become less susceptible to electrostatic forces [17]. Both studies
pointed out the role of the ionic strength on the orthophosphate-
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carbonate interaction.

The need of biomaterials for the replacement or healing of damaged
bone tissues has been one of the driving force for the development of
materials based on calcium carbonate, particularly those of marine
origin that have been shown to be biocompatible and bioactive [18,19].
Calcium carbonate based cements have been proposed and shown to be
effective biomaterials [20-22] and aragonite has been presented as a
promising implant material [23]. The presence of inorganic orthopho-
sphate in the body fluids in contact with calcium carbonate is believed
to play an important role for the ability of CaCO3; polymorphs to act
efficiently as biomaterials. In particular, their in vivo evolution and
resorption behavior will most probably be impacted by the presence of
these orthophosphate ions [24].

Concerning the effect of the presence of orthophosphate on the
kinetics of crystal growth of aragonite, a limited number of studies have
been conducted under conditions in which the chemistry of the
supersaturated solutions was maintained relatively constant, although
limitations concerning the concentrations [25—27] or the establish-
ment of steady state conditions past an initial rapid de-supersaturation
of the solutions have been applied [28].

In this study, a highly reproducible seeded growth technique is
employed to investigate the crystallization of aragonite crystals in
presence and absence of orthophosphate ions. The investigation was
done under conditions of constant supersaturation, achieved by the
addition of titrant solutions in which the concentrations have been
calculated appropriately, to ensure replacement of the ions transferred
from the supersaturated solutions to the crystallizing solid, ensuring
that the interaction of orthophosphate ions during the growth was not
disturbed by factors such as the solution de-supersaturation. Moreover,
the adsorption of orthophosphate on aragonite crystals was quantified
by equilibrium studies and interpretation according to the Langmuir
isotherm.

2. Materials and methods
2.1. Synthesis of aragonite seed crystals

Aragonite seeds were prepared by precipitation at 100 °C. Briefly,
0.1 M CaCl,-2H,O (Normapur) solution was added dropwise into
0.1 M Na,COz (Normapur) solution containing 1 mM SrCO; (Alfa
Aesar). The formed precipitate was filtered through membrane filters,
washed with 1 L of deionized water, freeze-dried and stored in a freezer
to prevent any evolution of aragonite before use. The specific surface
area of the synthesized aragonite seed crystals was measured in
triplicate using a multiple point BET apparatus and was equal to
3.0m2g™t.

2.2. Characterization of aragonite crystals

Aragonite seeds and grown crystals were characterized by FTIR
spectroscopy (Nicolet 5700 spectrometer, ThermoElectron), X-ray
diffraction (XRD, Inel CPS 120 diffractometer — with a Co anticathode,
A=1.78897 &), and scanning electron microscopy (SEM, LEO 435 VP
and FEI QUANTA FEG microscopes, samples were silver-plated before
observation).

2.3. Crystal growth experiments at constant composition

All solutions were freshly prepared using analytical reagent grade
chemicals without further purification, dissolved in triply distilled CO»-
free water, and were filtered (0.45 uM Millipore” filters) before use.
Supersaturated solutions were prepared using CaCl,-2H,0O (Ferrak
Berlin), NaHCO3; (Merck) and NaCl (Merck) salts. The supersaturated
solutions (200 mL) were prepared into a double walled, water jacketed
glass reactor. The reactor was kept at 37 £ 0.1 °C by circulating water
from a thermostat. The reactor was tightly sealed and a light stream of

nitrogen gas was passed above the solution to prevent intrusion of
atmospheric CO». The pH of the supersaturated solutions was adjusted
by the addition of standard sodium hydroxide or hydrochloric acid
solutions as needed. The pH was monitored by a pH-meter (Metrohm”)
and the electrode was calibrated before and after the experiments with
NIST standard buffer solutions at pH 6.84 and 7.38. During the course
of crystal growth, the concomitant pH drop triggered the addition of
titrant solutions including calcium and carbonate concentrations that
were calculated appropriately to counter-balance the ions removed
from the supersaturated solution during aragonite crystallization.

During equilibration the solution pH remained constant, thus
confirming the stability of the supersaturated solutions. After equili-
brium was attained, an accurately weighted amount of aragonite seed
crystals (40 mg) was introduced in the supersaturated solution, trigger-
ing the initiation of crystal growth of the aragonite seed crystals. For
the experiments in the presence of inorganic orthophosphate ions,
Na,HPO,4 (Merck) was dissolved in the initial supersaturated solutions
to obtain orthophosphate concentrations in the range of 0.25—1 mM.
No orthophosphate was added into titrant solutions; therefore, there
was no compensation for possible phosphate consumption during the
experiments. Preliminary work showed that adsorption of phosphate
on calcium carbonate was very fast and thus no pre-equilibration of the
seed crystals was necessary before starting the experiment.

The formation of aragonite in the supersaturated solutions may be
described by Eq. (1):

Ca2+(aq)+x H,CO3(aq)+y HCO3 (aq)+u C032'(aq)—>CaCO3 (arag-, s)+z
H*(aq) (1)

where 2x+y=z

As may be seen from Eq. (1) protons are released during the
crystallization process. A drop in the pH as small as 0.005 pH units
triggered the addition of titrant solutions from two mechanically
coupled syringes of a computer controlled automatic titrator. The
titrants and the corresponding concentrations in the two syringes were
calculated as shown in Egs. (2) and (3):

Car=10 Cag+2 Cay 2)

Cr=10 Cs+2Cs+2(Cy, Cp) 3)

where Car is total calcium in the titrant solution and Cag the respective
concentration in the supersaturated solution. Cr is the concentration of
the total carbonate in the titrant solution and Cs the corresponding
concentration in the supersaturated solution. C, and Cy are the
concentrations of standard acid or base, respectively, added to adjust
the pH of the supersaturated solutions at the desired value. The
compositions of the two titrant solutions were calculated so that their
addition ensured the constancy not only of the solution pH but also of
the activity of all ions present in the supersaturated solutions. Eq. (2)
consists of two parts: 10Ca, is an arbitrarily selected concentration,
based on preliminary experiments. This part corresponds to the
calcium added to compensate calcium precipitating as calcium carbo-
nate. The value used for this part, was selected on the basis of the
optimum value to avoid variations of the calcium concentration in
solution greater than 1%. If this factor is too high the titrant volume-
time curves show extended steps and if it is too low, it is impossible for
the titrants to compensate for the formation of precipitates. The second
part of Eq. (2) refers to the amount of titrants needed to avoid dilution
of the initial calcium concentration in the solution. Eq. (3), gives the
concentration of the titrant solution used for the compensation of
carbonate going to the precipitate. The first term corresponds to the
concentration needed to keep carbonate constant in solution through
the replacement of the precipitating carbonate and the second term is
to account for the dilution of the initial supersaturated solution. The
third term in Eq. (3) accounts for the acid/base concentration needed
to adjust the solution pH to the desired value. Having additions from



two syringes, in order to maintain the initial solution concentrations,
all related concentrations are multiplied by two. All experiments were
done at constant ionic strength 0.15 M NaCl.

Samples were withdrawn during the course of crystallization,
filtered through membrane filters and the filtrates were analyzed for
calcium concentration, in order to ensure the constancy of the solution
composition. The solid samples were also collected after filtration and
washing, dried in a desiccator and then analyzed by FTIR spectroscopy
and scanning electron microscopy. The rates of crystal growth were
directly calculated from the slope of the linear graphs of the volume of
titrant solutions added as a function of time. As may be seen from
equations (2) and (3) the volume of titrants added, V, as a function of
time, t, corresponds to the mass of CaCOs; precipitating (titrants
replace the precipitating ions). Since the stoichiometry of calcium:
carbonate in the solid is 1:1, added calcium is equal to carbonate and
the moles of calcium carbonate precipitating per unit time are easily
calculated. The rates of crystal growth, R;, were calculated as follows:
“D.

R p—
T X my X SSA “@

=

In Eq. (4), the slope dV/dt of the titrant volume-time profile was
taken at a given time, t, which corresponded by relatively early stages
of crystal growth, to avoid changes of the solid's surface area, mg, was
the mass of the seed crystals used and SSA the corresponding specific
surface area (measured using BET method).

2.4. Adsorption study

To study the adsorption of orthophosphate ions on aragonite
crystals, accurately weighted amounts of aragonite seed crystals were
suspended in solutions saturated with respect to aragonite. The
concentration of orthophosphate ions in each test solution was
adjusted by the addition of a stock solution of NaH>PQ,, as needed,
to make up concentrations over the range between 2.5 pM and 10 pM.
The pH of the suspension was adjusted at 8.2 by the addition of
standard sodium hydroxide solution. A series of adsorption measure-
ments were carried out for three different ionic strengths: in distilled
water (no NaCl), and for ionic strength of 0.01 M and 0.15 M (adjusted
with NaCl). The aragonite suspensions were prepared in 50 mL
stoppered tubes which were rotated end over end for a period of 24 h
at 25 °C to ensure establishment of equilibrium. Preliminary measure-
ments showed that adsorption was complete ( >95%) within the first
5 min and that between 10 h and up to 48 h no further change was
found, in agreement with literature reports in which this fast uptake is
attributed to adsorption [29]. Following equilibration, the aqueous
phase was separated from the solid residue and was analyzed spectro-
photometrically for phosphate at A=420 nm using the vanadomolyb-
date complex method.

Further analyses of the aragonite surfaces equilibrated with ortho-
phosphate were done using X-ray photoelectron spectroscopy (XPS) in
order to analyze the very first surface layers of the aragonite crystals.
The photoemission experiments were carried out in an ultra-high
vacuum system (UHV), which consisted of a fast entry specimen
assembly, a sample preparation and an analysis chamber. The pressure
in both chambers was 1x10~° mbar. The unmonochromatized MgKa
line at 1253.6 eV and an analyzer pass energy of 97 eV, giving a full
width at half maximum (FWHM) of 1.7 eV for the Au 4f;,, peak, were
used in all XPS measurements. The samples were either pressed on foil
or into pellets.

The reversibility of adsorption was investigated by equilibrating the
aragonite crystals after adsorption and washing with phosphate free
solutions saturated with regard to aragonite and of the same ionic
strength as in the case of adsorption. The equilibration time allowed for
the desorption process was extended over a period of one week
because, in general, desorption is significantly slower than adsorption.

3. Results and discussion

3.1. Influence of solution supersaturation on aragonite crystallization
in the absence of orthophosphate ions

The thermodynamic driving force for crystallization of aragonite on
the aragonite seeds is the change in Gibbs free energy, AG, for going
from the supersaturated solution to equilibrium:

1

AG=—RTIHM=_RT1H (@.cacos)s |2
(@c2+)e0 (@020 (@ +.caco3)oo
RT . IAP
=- In —

In Eq. (5), subscripts s and « refer to the supersaturated solutions
and at equilibrium respectively, a are the activities of the subscripted
ions and + denotes mean ion activity coefficients. IAP is the ion
activity product of the respective solid and K° the thermodynamic
solubility product of the considered phase. Q is the saturation ratio
with respect to the solid phase considered, and is defined as:

P
Ky (6)

The activities of all ionic species in the supersaturated solutions
were calculated using PHREEQC software [30]. The relative super-
saturation, o, is given by:

[IAP )5
o=|—%
K 7

The experimental conditions and the kinetic results of the crystal-
lization experiments in the absence of orthophosphate ions are
summarized in Table 1.

In all crystal growth experiments, despite the fact that the solutions
were supersaturated with respect to all calcium carbonate polymorphs
as may be seen in Table 1, FTIR spectrum (Fig. 1a) and X-ray patterns
(Fig. 1b) of the grown crystals remained identical to the ones of the
aragonite seed crystals, which showed that the overgrown phase was
exclusively aragonite. Aragonite crystallized as irregular and prismatic
needles of about 5 ym in length and 1 um width (Fig. 1c).

Mechanistic information concerning the rate determining step for
crystal growth may be obtained from plots of the dependence of the
rates of crystal growth of the mineral phase, R, versus the relative
supersaturation. A simple semi-empirical power law equation may be
used for the correlation of the crystal growth measured as a function of
the corresponding supersaturation:

Ry = kgo" (8

In Eq. (8), kg is the apparent crystal growth rate constant, which is
a function of the active growth sites on the seed crystals and n the
apparent kinetic order. The value of n is indicative of the mechanism of
crystal growth. Kinetics plots of the rates of crystal growth of aragonite
on the aragonite seed crystals according to Eq. (8) are shown in Fig. 2.

Table 1

Experimental conditions and crystal growth rate (R;) for the crystallization of aragonite
on aragonite seed crystals in the absence of orthophosphate ions, in aqueous solutions at
conditions of constant supersaturation: total calcium, Car=total carbonate, Cr; pH 7.80
+0.10, T=37.0 £ 0.1 °C, ionic strength: 0.15 M in NaCl.

Car (nM)  OGvaterite Oaragomite Ocalcite Rg (x107°mol min™ m™)
45 0.17 0.86 1.14 43

5.0 0.46 1.32 1.66 11.5

55 0.53 1.43 1.78 14.0

6.0 0.66 1.63 2.02 19.1

6.5 0.74 1.75 2.16 23.0

7.0 0.84 1.92 2.35 27.4
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Fig. 1. Characteristics of aragonite crystals after crystal growth experiment at constant solution supersaturation and in absence of orthophosphate ions: FTIR spectrum (a), powder X-
ray diffractogram (b, rhomboid symbols show the aragonite seeds diffraction peaks assigned in comparison with the JCPDS n° 411475 reference data) and SEM micrograph (c).
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Fig. 2. Kinetics of seeded crystal growth of aragonite on aragonite seed crystals. Plot of
the rate of crystal growth, Ry, as a function of the relative supersaturation with respect to
aragonite for this study ((.)) at pH 7.8, 37 °C, 0.15 M NaCl and those reported in the

literature: (( A )) [317; (@) [117; () [28).

The apparent kinetic order for the crystal growth of aragonite on
calcium carbonate seed crystals was found to be n=2.2 + 0.2. This result
is in agreement with literature reports from crystal growth experiments
of aragonite in seawater and at various salinities [11,28,31]. The
calculated value for the apparent order of growth suggested that the
growth of aragonite was controlled by surface diffusion.

3.2. Influence of the presence of low concentrations of orthophosphate
ions on the crystallization of aragonite

The presence of inorganic orthophosphate ions in the supersatu-
rated solutions at very low concentrations (0.25—10 pM), which did not
significantly influence the supersaturation with regard to aragonite
(Garagonite=1.75), had a significant impact on the aragonite seeded
crystal growth rate (Table 2). The rate of crystal growth of aragonite
was reduced by almost 95% in the presence of 7 uM of orthophosphate
(Fig. 3). The inhibition percentage in the presence of orthophosphate

Table 2

Experimental conditions and results for the crystallization of aragonite on aragonite seed
crystals (induction time, T, and crystal growth rate, R,) in the presence of orthopho-
sphates in aqueous solutions at constant supersaturation (Ggragonite=1.75): pH 7.80 +
0.10, T=37.0 £ 0.1 °C, ionic strength: 0.15 M in NaCl.

[Cehosphatel Induction time, © gap Ry (x10°mol min™' m3?)
(uM) T(s)

0.00 - - 23.0
0.25 - 1.02 20.9
0.50 - 1.55 17.6
1.00 — 2.22 14.4
2.00 25 3.05 7.9
2.50 30 3.36 5.8
3.00 35 3.63 3.6
5.00 920 4.40 2.1
7.00 240 5.14 1.2

10.00 © 5.92 -




100+

Q Q

I
—
~N o

80 1

% Inhibition

025 05 1 2 25 3 5 7
Phosphate Concentration (uM)

Fig. 3. Percentage of inhibition of the rates of crystal growth of aragonite on aragonite
seed crystals as a function of the orthophosphate concentration in solution for two
different supersaturations (aragonite=1.5 and Oaragonite=1.75) at pH 7.8, 37 °C and 0.15 M
NaCl.

was calculated according to Eq. (9):

R, =R,
Inhibition (%) = —*2 51 % 100

Rqo (C)]

where Ry o, Ry, ; are the measured crystal growth rates in the absence
and in the presence of orthophosphate in the supersaturated solution
respectively. The degree of inhibition as a function of the orthopho-
sphate concentration in the supersaturated solutions is shown in Fig. 3
for two different supersaturations (Garagonite=1.5 and Garagonite=1.75).
Aragonite crystallization inhibition in the presence of orthophosphate
was found not influenced by the relative supersaturation in the range of
1.5-1.75.

It is interesting to note that when orthophosphate concentration in
the calcium carbonate supersaturated solution exceed 2.0 pM, measur-
able induction time periods were observed, preceding the onset of
crystal growth of the aragonite seed crystals (Table 2). Since the
solution supersaturation with respect to aragonite was not affected in
the range of orthophosphate concentrations tested, it may be suggested
that the presence of orthophosphate ions acted as both a nucleation
and crystal growth inhibitor. The induction times, measured before the
initiation of crystal growth, are considered to reflect the time needed
for the formation of the critical nucleus and its increase to critical size.
It should be noted that despite the fact that the solutions were
supersaturated with respect to hydroxyapatite (Cas(PO4);OH, HAP,
see Table 2), this solid was not found in the precipitates. Longer
induction times corresponded to solutions with the highest super-
saturation with respect to HAP. The variation of the induction times
versus the orthophosphate concentration in the supersaturated solu-
tions is shown in Fig. 4.

It may be suggested that the inhibition of the crystal growth of
aragonite is mainly due to the blockage of the active sites on the surface
of aragonite. Atomistic studies have shown that there is specific
selectivity for the adsorption of HPO,4>~ ions, prevalent at the pH of
the solutions of the present work (7.8), for the {10-10} face of aragonite
because of stereochemical control [32]. Solid state NMR measurements
in corals grown in the presence of orthophosphate have also shown the
uptake of phosphate ions present in defects and in apatitic inclusions,
which were not found in the present work probably because of the
relatively short time of contact between aragonite with the orthopho-
sphate ions [33]. The presence of orthophosphate adsorbed onto the
growing aragonite crystals was identified. The examination of the
infrared spectra of the solids obtained from the crystallization of
aragonite on the aragonite seed crystals at conditions of constant
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Fig. 4. Crystal growth of aragonite on aragonite seed crystals. Induction times, T,
preceding the initiation of crystal growth as a function of the orthophosphate concentra-
tion in solution (pH 7.80+0.10, T=37.0 +0.1 °C, ionic strength: 0.15M in NaCl,
Garagonite=1.75).

supersaturation in the absence and presence of orthophosphate ions
showed the presence of the characteristic bands of aragonite without
the presence of additional bands characteristic to orthophosphate
adsorption i.e v, at 856 em™}, vy at 713 em™! and v at 1490 cm ™!
[34]. Considering the observation of adsorption, the lack of character-
istic orthophosphate bands may be attributed to the fact that the
amount adsorbed was low and under the detection limit of the
technique. It also served as proof that no calcium phosphate was
precipitated on the surface of aragonite. The adsorption of orthopho-
sphate on the aragonite seed crystals was investigated independently of
the crystal growth experiments through the construction of the
respective adsorption isotherms.

3.3. Adsorption experiments

To investigate deeper the effect of orthophosphate ions in the
concentration range 0.25-10 uM, adsorption experiments were per-
formed on aragonite seeds. The surface concentration of the adsorbed
phosphate, I’ (measured as total phosphate), was calculated from Eq.
(10):

_ (C() - Ceq)v
- mS (10)

where cg, c.q are the initial and equilibrium concentrations, respec-
tively, V the volume of suspension, m the mass of the suspended
crystals of aragonite and S their specific surface area.

The measured adsorption data are reported in Fig. 5.

As may be seen from Fig. 5, there is no dependence of the
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Fig. 5. Adsorption isotherm of orthophosphate on aragonite seed crystals at different
ionic strength values; initial pH=8.2, 37 °C.
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and () at 25 °C [16].
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Fig. 7. XPS spectra of aragonite crystals equilibrated with orthophosphate solutions. (a)
blank (b) 1.3 pmol m~2 (c) 6.6 pmol m~2 (d) 13.6 pmol m~2 (e) 21.6 pmol m~2,

0.10
L
[ ]
)
o
Q
o
5 005-
© .
Q
IS
L
<
0.00
T T T
0 10 20
T (umol.m™)

Fig. 8. Plot of the P/Ca atomic ratio evaluated from XPS data of aragonite seed crystals
following adsorption of orthophosphate at 25 °C, 0.15 M NaCl, initial pH 8.2.

adsorption behavior on the ionic strength over the examined concen-
tration range, a fact suggesting that the contribution of electrostatic
forces on adsorption is relatively low, in agreement to suggestions by
Reddy [17]. Assuming that the total surface area of a PO4 group is
27.53 A% [35] and the projection of one face of the PO, tetrahedron on
a plane, using bond lengths to estimate the area, it was calculated that
0.28 umol of orthophosphate are needed for a monolayer covering the
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Fig. 9. Plot according to Eq. (14) for the crystal growth of aragonite on aragonite seed
crystals in the presence of inorganic orthophosphate as a function of the equilibrium
concentration of orthophosphate ions in the supersaturated solutions (pH 7.8, 37 °C).

aragonite seeds. In contrast with this calculation, the data plotted in
Fig. 5 suggest that adsorption exceeded this amount by far. The
excessive adsorption of orthophosphate ions on the aragonite surfaces
may be responsible for the slow conversion of calcium carbonates into
calcium phosphates by diffusion and substitution into the crystal
matrix of the substrate [36], or by a dissolution-precipitation mechan-
ism [37]. However extension of the ionic strength to that correspond-
ing to seawater (~0.6 M) presented in the literature showed suppres-
sion of the adsorption, as may be seen in Fig. 6. The literature data
have been replotted and expressed per unit surface area. The lower
phosphate adsorption has been attributed by Millero et al. [16] to the
competition of bicarbonate ions for adsorption onto aragonite. As may
be seen in Fig. 6, our results are in agreement with the literature in
which it is suggested that in seawater (high ionic strength) phosphate
adsorption is suppressed even in the absence of magnesium and other
ions forming strong complexes with the orthophosphate ions.

The solid residues of aragonite were washed repeatedly with a
solution saturated with respect to aragonite and were dried overnight
at 40 °C. The dry crystals were examined by powder X-ray diffraction
and by FTIR spectroscopy. There was no evidence of adsorbed species
or of any mineral phase, which would be indicated by the presence of
additional reflections in the XRD patterns and/or bands on the FTIR
spectra. Further analysis of the aragonite surfaces equilibrated with
orthophosphate was done using XPS in order to analyze the very first
surface layers of the aragonite crystals. The results of the XPS analyses
are shown in Fig. 7.

As may be seen in Fig. 7, the P 2p spectra show a peak
corresponding to the emission energy of adsorbed orthophosphate
ions [38]. The broad band shown in the blank specimen is in the level
of noise and it was taken as background. From the spectra the
estimated P concentration on the surface showed a trend that was in
agreement with the determinations from the adsorption isotherm. As
may be seen in Fig. 8, the calculated P/Ca atomic ratio from the XPS
data, corrected for the background spectrum showed a trend similar to
the adsorption isotherm (Fig. 5), suggesting that there could be a
limiting value for orthophosphate uptake on the surface of the
aragonite seed crystals.

The calculation of orthophosphate uptake data, shown in Fig. 5,
with one of the established thermodynamic models can only be done
provided that adsorption is reversible. Phosphate analysis after the end
of the reversibility of adsorption experiment showed that, in all cases,
10-12% of the adsorbed orthophosphate was desorbed. This extent of
desorption is in agreement with literature results [39]. The adsorption
data were fitted according to the Langmuir model:



Fig. 10. SEM micrographs of aragonite crystals grown on aragonite seed crystals in the presence of orthophosphate (pH 7.8, 0.15 M NaCl, 37 °C) or equilibrated with orthophosphate
ions (pH 8.2, 0.15 M NaCl, 25 °C): a,b: Aragonite seed crystals; c,d: Aragonite grown on aragonite seed crystals in the presence of 1 and 8 uM orthophosphate, respectively; e,f: Aragonite
seed crystals after equilibration with 30 uM and 100 pM of orthophosphate solution, respectively.

Ceq_ 1 +Ceq
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where T, is the orthophosphate concentration corresponding to
monolayer coverage and K,,, is a parameter related to the energy of
adsorption. From the plot according to Eq. (10) and from the linear fit
of the data (r?=0.96), a value of 29 umol m~2 was calculated for the
monolayer coverage. This value is fourfold higher than the value
calculated from simple calculations based on the assumption of the
dimensions of each PO, tetrahedral unit. This finding seems quite
reasonable given the various modes of adsorption of tetrahedral
orthophosphate on the aragonite surface.

Another way to consider phosphate uptake on aragonite crystal
surface is based on the hypothesis of an ionic exchange carbonate/
hydrogenphosphate. This phenomenon has been demonstrated in the
case of carbonate uptake on calcium phosphate apatite [40]. In the
present work, we could consider the exchange of carbonate ions from
the aragonite crystals with the hydrogen phosphate from the solution
following the chemical reaction:

CO%&rag.) + HPOAZ&(_SOI) < HPO%(_arag.) + CO%(_sol) (12)

Examination of both the XPS spectra and the adsorption isotherm
data, showed that orthophosphate ions adsorb onto the aragonite
crystal surfaces, thus blocking the active growth sites. Considering that
0, the fraction of the active sites occupied by the orthophosphate ions is
expressed as Eq. (13),

0=—

I, (13)
the rate of crystal growth, in the presence of orthophosphate, R, ;, is
expected to be lower than in its absence by a factor proportional to the
surface coverage (Eq. (14)):

Rg,i = gvo—e(l—b)RgYO (14)

where b is a necessary constant (0<b<1) necessary to account for the
fact that the rate is not fully suppressed even at coverages of the surface
of the seeds equal or greater to those corresponding to monolayer
coverage. The combination of Egs. (10, 11 and 13) yields an expression
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Fig. 11. Calcium phosphate grown on aragonite seed crystals under the conditions of 0=1.75 with respect to aragonite in the presence of 0.5 mM phosphate, 37 °C, 0.15 M NaCl, pH
7.8. a: SEM micrograph of the calcium phosphate precipitated (center of picture). b: EDX spectrum of the sample. c: Line scan showing the domain of calcium phosphate formation

(SEM micrograph combined with EDX analysis).

correlating the rates of crystal growth in the absence and in the
presence of inorganic orthophosphate ions with the equilibrium
concentration [41]:

Reo 1 1 1

= + —
Reo—Rgi 1—-b (1-b)Ky Cpy (15)

In Eq. (15) Kqgris a constant indicative of the affinity between the
adsorbate and the adsorbent. In the ideal Langmuir type behavior
(b=0), full coverage with a monolayer (0=1) is expected to entirely
inhibit the rate of crystal growth. If the intercept of the line described
by Eq. (15), is > 1, the inhibitor is unable to suppress crystal growth
rates even at surface coverage equal to and/or greater than the
corresponding to monolayer coverage. If the intercept is < 1, complete
suppression of the crystal growth rates may be achieved below
monolayer coverage of the surface of the growing crystals [42]. The
plot according to Eq. (15) and a linear fit of the data is shown in Fig. 9.

From the slope of the line of best fit to the experimental data, a
value of K,z=4x10° Lmol ' was calculated, which is in good agree-
ment with literature values for calcium carbonate, suggesting a strong
interaction between aragonite and orthophosphate ions [43]. The value
of the intercept of the linear plot was 0.31, suggesting complete
inhibition of the crystal growth at a surface coverage below that
corresponding to the formation of a monolayer of orthophosphate.

The morphology of the crystals grown in the absence and in the
presence of orthophosphate in the supersaturated solutions is shown in
the SEM micrographs (Fig. 10). As may be seen, there were no changes
in the morphology of the crystals and the particle size was affected to
the extent that crystal growth took place. Since growth was seeded,
growth took place exclusively on the inoculating seed crystals.

3.4. Influence of the presence of higher concentrations of
orthophosphate ions on the crystallization of aragonite

As may be seen in Fig. 10, the presence of orthophosphate did not
affect the morphology of the aragonite crystals either grown at

conditions of constant supersaturation (Fig. 10c and d) or in saturated
solutions in the presence of suspended aragonite seed crystals (adsorp-
tion experiments, Fig. 10e and f). Raising the concentration of
orthophosphate in the supersaturated solutions to levels as high as
0.5 mM and 1 mM (i.e. closer to that in blood plasma) resulted in the
co-precipitation of calcium phosphate with aragonite as may be seen in
Fig. 11, which shows the morphology of the crystals formed (Fig. 11a
and c) and the corresponding microanalysis results (Fig. 11b and c).
However, the precipitation at these concentration levels was rather
non-specific and did not take place at constant supersaturation, which
is the reason why the influence of such a high orthophosphate
concentration was not further studied.

The calcium phosphate phase may be seen in the in the central part
of Fig. 11a and the overall EDX spectrum of the sample clearly shows
the presence of calcium phosphate. It should be noted that in the
presence of a total orthophosphate concentration below 50 uM in the
supersaturated solutions, no phosphate peak was observed. At con-
centrations higher than 0.5 mM of phosphate, the solution was super-
saturated with respect to all calcium phosphate phases and the driving
force was sufficiently high to overcome the barrier for the formation of
calcium phosphate.

4. Conclusions

We report for the first time the crystal growth of aragonite at
constant solution supersaturation and pH and temperature close to
physiological conditions. The presence of orthophosphate ions, in the
range between 1-8 uM, in solutions supersaturated with respect to all
calcium carbonate phases was found to reduce the rate of crystal
growth of aragonite at pH 7.8 and 37 °C. The rates of crystal growth
were measured with the seeded growth technique under conditions of
constant supersaturation. For phosphate concentrations in solution in
the range of 2-7 uM, induction times were measured, suggesting that
in this range of concentrations nucleation was inhibited as well. At
concentration levels exceeding 8 uM the presence of orthophosphate



completely suppressed the crystal growth of aragonite. The results of
the kinetics measurements suggested that the inhibition of aragonite
crystal growth is due to the adsorption of orthophosphate onto the
active growth sites of the seed crystals. Adsorption studies showed that
electrostatic interactions at ionic strength values <0.15M play a
rather minor role in the uptake mechanism and the adsorption data
were fitted satisfactorily to the Langmuir model. XPS analyses con-
firmed the presence of inorganic orthophosphate on aragonite without
the formation of surface crystalline layers of calcium phosphates or in
quantities too low to be detected by other characterization means
(EDX, FTIR spectroscopy). Finally, the presence of orthophosphate in
solutions (up to 0.5 mM) either at equilibrium with aragonite or in
supersaturated solutions (up to 8 uM) did not affect the morphology of
the aragonite crystals. At 0.5 mM of orthophosphate and above,
calcium phosphate precipitated, thus rendering it impossible to main-
tain a constant composition in the solution.

These fundamental results obtained in vitro contribute to the
understanding of the role of orthophosphate in biological fluids can
have on the behavior of aragonite-based biomaterials once implanted
in vivo. In particular, for calcium carbonate-based bone cements, their
in vivo setting reaction, evolution and resorption behavior will most
probably be impacted by the presence of orthophosphate ions.
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