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the surfaces of CaHPO4 particles through a topotactic reaction,
which hindered further dissolution.12–16 The logarithm of the
thermodynamic solubility (i.e., log Ksp) of CaHPO4 was reported by McDowell et al.16 to be 6.90 and 7.04 at 251 and
371C, respectively. For comparison purposes, log Ksp values at
251C for CaHPO4  2H2O (brushite), CaCO3, Ca10(PO4)6(OH)2
(hydroxyapatite, HA), b-Ca3(PO4)2 (whitlockite), and Ca9(HPO4)
(PO4)5(OH) (Ca-deﬁcient HA) are 6.60, 8.55, 117.1, 81.7,
and 85.1, respectively.17 These numbers simply relate to the
solubility of a given substance; for instance, Ca-deﬁcient HA
(85.1) is much less soluble than CaHPO4 (6.90). This is basically why some self-hardening CaP pastes contain, for instance,
about 25 wt% CaHPO43,4 in their powder components.
How CaHPO4 powders are produced? First of all, it is not
difﬁcult at all to convert CaHPO4  2H2O (brushite, dicalcium
phosphate dihydrate, DCPD) powders into single-phase
CaHPO4 by dehydration. Two methods of dehydration can be
envisaged and the previous literature provides ample examples
to those. The ﬁrst method of CaHPO4 synthesis, which used
brushite powders as the starting material, consisted of, for instance, dehydrating 400 g of brushite (CaHPO4  2H2O) in 4 L of
0.07M H3PO4 solution by boiling for 72 h, followed by ﬁltering
the resultant CaHPO4 powders.16,18 The second method of
dehydrating brushite powders to obtain CaHPO4 simply consisted of heating brushite in a static air atmosphere over the
temperature range of 2001–2501C.19–23 However, both of these
dehydration techniques would have the following disadvantage
in terms of ceramic powder science: it would be quite difﬁcult to
significantly alter the particle size and shape distribution present
in the initial brushite powders. Synthetic brushite powders
mostly exhibit large (i.e., 10–130 mm) tabular, needle-like, lathlike, or rectangular prismatic crystals, and at high salt concentrations large acicular crystals are also formed.24–27 This large
particle size (15–40 mm) is the main handicap of currently available commercial CaHPO4 powders. Because such an idiomorphic tabular or acicular crystal habit in brushite is very difﬁcult
to circumvent (if not impossible), monetite synthesis procedures
based on the dehydration of brushite will not be able to produce
submicrometer particles.28
Chenot29 provided solution preparation recipes for the dehydration of the crystals of brushite to monetite in aqueous slurries
heated from 851 to 981C, and observed the formation of large
monetite crystals with rhombohedral diamond, plate-like, rectangular or needle-like habits. Takagi et al.30 simultaneously and
slowly (in 5 h) added, dropwise, equimolar solutions of
Ca-chloride and Na2HPO4 (1 L each) into 1 L of water heated
to 951C, and thus obtained hexagonal prismatic crystals of
CaHPO4. Grifﬁth and McDaniel31 ﬁrst formed CaHPO4  2H2O
crystals by reacting an aqueous Ca(OH)2 slurry with H3PO4 solutions and then mostly converted those into CaHPO4 in 2 h by
increasing the temperature of the resultant suspension to about
951C. In a very similar study, Martin and Brown32 later reported
the precipitation of CaHPO4 at 851C from an acid–base reaction
of H3PO4 and Ca(OH)2, however, the aqueous slurry containing
the precipitates was continuously stirred for 16 h at 851C to ensure complete reaction between Ca(OH)2 and H3PO4. The high
temperatures (851–981C) used in the above-mentioned studies
made possible the dehydration of any brushite, which might
initially form, to monetite. Louati et al.,33 on the other hand,

A straightforward process was developed to synthesize monetite
(CaHPO4, dicalcium phosphate anhydrous) powders at room
temperature (211711C) in ethanol solutions. The process
reported here constitutes an alternative to well-publicized monetite synthesis procedures based on the dehydration of brushite
(CaHPO4 . 2H2O, dicalcium phosphate dihydrate) powders
either in acidic, hot (701–951C) aqueous solutions or in drying
ovens (2001–2251C). Submicrometer monetite powders were
synthesized in ethanol (ethyl alcohol) solutions containing small
aliquots of concentrated H3PO4 (orthophosphoric acid, 85%).
Precipitated CaCO3 (calcium carbonate, calcite form) powders
with submicrometer particles were simply stirred in the above
solutions in glass bottles for 3 h. The starting Ca/P molar ratio
in the synthesis bottles was 0.50. Monetite powders obtained
with a stacked-nanosheets particle texture did not contain any
unreacted CaCO3. Monetite powders were also found to have
the ability to completely transform into apatitic (apatite-like)
calcium phosphate powders when soaked in calcium-containing
saline solutions (i.e., 142 mM Na1, 5 mM K1, and 50 mM
Ca21 in water) for 6 days at 371C.
I. Introduction

M

ONETITE (CaHPO4, DCPA, dicalcium phosphate anhydrous) is one of the mildly acidic and soluble (at the
physiological pH) calcium phosphate (CaP) phases1,2 and currently ﬁnding a significant place to itself in the powder components of self-hardening CaP pastes used for skeletal repair.3–6
Moreover, it must hereby be noted that even the world’s very
ﬁrst patented CaP putty-like paste development study, by Driskell et al.7 back in 1974, involved CaHPO4 mixed with those of
self-hardening a–Ca3(PO4)2 powders.
CaHPO4 is also used in powder form in some toothpastes,
chewing gums and in food processing industry to act as acidity
regulator, anti-caking agent, dough modiﬁer, and emulsiﬁer
(food additive number: E341).8
CaHPO4 has a triclinic unit cell with the following lattice
parameters; a 5 6.910, b 5 6.627, c 5 6.998 Å, a 5 96.341,
b 5 103.821, and g 5 88.331,9,10 with a calculated density of
2.92 g/cm3. Its triclinic–pinacoidal structure consists of CaHPO4
chains held together by Ca–O bonds and three types of hydrogen bonds.11
The dissolution kinetics of CaHPO4 in water at 371C was investigated by Lebugle et al.12 This study showed that Ca21 and
HPO2
ions were initially released from CaHPO4 and com4
pletely stopped after 4 days in contact with water at 371C.12 The
Ca/P atomic ratio in water, in which these dissolution experiments were performed, also decreased with time and was 0.75
after 15 min of dissolution; it ﬁnally (after 4 days) reached a
value of 0.62. The dissolution of DCPA was found to be incongruent.12 This incongruency was explained by the formation of a
thin apatitic (apatite-like) calcium phosphate (Ap-CaP) layer on
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reported the synthesis of large crystals of CaHPO4 by slowly
evaporating an aqueous solution of the stoichiometric mixture
of Ca(NO3)2  4H2O and NH4H2PO4 at around 801C.
There were a number of attempts to develop new powder
synthesis methods, which would facilitate a reduction in the
mean particle size of CaHPO4. Chen et al.34 synthesized
CaHPO4 particles in oil-in-water (o/w) system and water-in-oil
(w/o) system with a novel membrane microdispersion mixing
technique. In this study, sodium dodecyl sulphate (SDS)-containing Ca-acetate aqueous solutions were used as the water
phase, whereas butanol–phosphoric acid mixture was the oil
phase. Chen et al.34 reported the synthesis of submicrometer
particles of CaHPO4. Tokuoka et al.35 were reacting two solutions at room temperature for 24 h; triethyl phosphate solution
in water and a solution of Ca-nitrate in water containing
cetyltrimethylammonium bromide (CTAB). However, their
CaHPO4 precipitates were not submicrometer and were heavily
agglomerated.
Kong et al.36 prepared reverse microemulsions by adding calcium chloride and sodium hydrogen
phosphate
aqueous solus
s
tions into a mixture of Span 80 , Tween 80 , and n-heptane to
get two kinds of emulsions. n-buranol was used to adjust the
emulsions to transparent state. Calcium phosphate was prepared by adding phosphate microemulsion to the calcium microemulsion. Kong et al.36 reported to synthesize micronsize
needles of CaHPO4. Wei et al.37 used reverse micelles solution of
water and cyclohexane containing either CTAB or polyoxyethylene-8-dodecyl ether (C12E8) surfactants and n-pentanol as
co-surfactant as organized reaction microenvironments for
monetite precipitation. Well-crystallized CaHPO4 nanoparticles
with various morphologies such as spheres, monodisperse nanoﬁbers, and bundles of nanowires were obtained in this study. Xu
et al.38 obtained CaHPO4 nanoparticles by spray-drying. Jinawath et al.39 used monocalcium phosphate monohydrate
(Ca(H2PO4)2  H2O) and Ca(OH)2 as the starting materials in
an autoclave operated between 1601–2001C to obtain plate-like
and large crystals of monetite. The high temperatures used in
such autoclave-based techniques cannot be economically compatible with synthesis procedures performed at room temperature (RT). Thomas and Dehbi40 formed CaHPO4 in the solid
state by ball milling Ca(H2PO4)2  H2O and Ca3(PO4)2 powders
together at room temperature. Ball milling of powder reactants
to push solid-state reactions to completion could typically be
more labor intensive and energy consuming than stirring a single
powder in a simple solution at RT.
Ma et al.41 synthesized CaHPO4 particles consisting of nanosheets, by a one-step microwave-assisted heating method at
951C using CaCl2  2H2O, NaH2PO4, and SDS in water/ethylene glycol (EG) mixed solvents. The synthesis procedure of this
study was quite remarkable that it resulted in spindle, ﬂower-, or
bundle-like CaHPO4 particles (3–5 mm in diameter) consisting of
stacked nanosheets. However, EG is not an environmentally
friendly solvent to use. Upon human ingestion, EG is oxidized
to glycolic acid, which is, in turn, oxidized to oxalic acid which is
toxic. Ingestion of sufﬁcient amounts can even be fatal.42
Aoki et al.43 studied the morphology of monetite crystals
formed when Ca(OH)2 or CaCO3 particles (ca. 20–100 mm in
particle size) were slowly added to concentrated (10%) aqueous
solutions of H3PO4 at 401C. As shown by this study,43 stirring
CaCO3 particles in phosphoric acid solutions does not allow one
to obtain submicrometer CaHPO4 powders. The pH of the mixtures was stabilized at around 3.5. Eshtiagh-Hosseini et al.44
slowly added a solution of H3PO4 diluted in methanol to a solution of Ca(NO3)2  4H2O dissolved in methanol, followed by
aging the mixed solutions from 24 h to 6 days in sealed glass
containers to obtain heavily agglomerated and CaCO3-containing CaHPO4 particles. Methanol is an extremely toxic solution.
The motivation of the current study was to develop a chemical synthesis method, which would
(1) allow the production of submicrometer CaHPO4
particles, which is not present in currently available monetite
powders,
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(2) not involve the use (or production) of any toxic or environmentally hazardous solvents (such as methanol, butanol,
cyclohexane, etc.), surfactants, or organic chemicals,
(3) be economical, time-saving, and performed at room
temperature.
To satisfy these, we have developed a simple and new technique, which only required precipitated calcite powders to be
stirred at room temperature (21711C) for 3 h in ethanol solutions containing small aliquots of phosphoric acid.

II. Experimental Procedure
Calcium carbonate of the calcite form (CaCO3, Fisher Scientiﬁc,
Fair Lawn, NJ, Catalog No: C63, precipitated), orthophosphoric acid solution (H3PO4: Merck KGaA, Darmstadt, Germany,
Catalog No: 100573, 85%), and absolute ethanol (Merck
KGaA, Catalog No: 100983, >99.9%) were used to synthesize
monetite (CaHPO4) powders of this study.
In a successful synthesis run to yield only single-phase
CaHPO4, 100 smL of ethanol was ﬁrst placed into a 100 mL
capacity Pyrex media bottles (Fisher Scientiﬁc, Catalog No: 06423-3B) containing a Teflon -coated magnetic stir bar. 2.96 g of
CaCO3 powder ( 5 0.0296 mol Ca) was added into ethanol and
the formed opaque suspension was magnetically stirred at RT
(RT: 21711C) for 5 min. Finally, 4 mL of H3PO4 ( 5 0.0592 mol
P) was added into this calcite suspension, the glass bottle was
tightly capped and the bottle contents were stirred at RT for 3 h.
At the end of 3 h, the bottle was opened; the precipitates were
ﬁltered (Whatman No. 42 paper), washed with 25 mL of ethanol, the ﬁlter paper having the precipitates was ﬁnally dried
overnight at 371C in a static air oven. During this study, the
starting Ca/P molar ratios in the CaHPO4 synthesis bottles were
tested over the range of 0.5–1.0, whereas the stirring times at RT
were studied from 30 min to 4 h.
To test the transforming ability of the single-phase CaHPO4
powders of this study into apatite-like calcium phosphate
(Ap-CaP), a calcium-containing saline solution with a starting
pH of 10 was prepared and the CaHPO4 powders were aged at
371C in this solution for 6 days. This saline solution was prepared as follows. 0.1118 g of KCl (Merck, Catalog No: 104933)
and 2.49 g of NaCl (Merck, Catalog No: 106404) were ﬁrst dissolved, respectively, in 300 mL of distilled water. The solution
thus contained 5 mM K1 and 142 mM Na1, identical with the
K1 and Na1 concentrations of human blood plasma. 2.205 g of
CaCl2  2H2O (Merck, Catalog No: 102382), corresponding to
50 mM Ca21, was then dissolved in this solution at RT. This
solution was a calcium-containing saline solution and had an
initial pH of 6.170.1 at RT. Its pH was raised to around 10 by
adding a 0.01 mL aliquot of concentrated NH4OH (Merck,
Catalog No: 105423). 250 mL portions of the solution were
placed into 250 mL capacity glass media bottles together with
0.5 g of the single-phase CaHPO4 powders as synthesized above,
the bottles were tightly capped, placed into a 371C oven and
kept undisturbed over the 6-day aging period. The only exception to this was the quick replenishment of the mother liquors
(ca. 250 mL) at every 24 h. At the end of 6 days of aging at 371C,
the recovered powders were ﬁltered (Whatman No. 42 paper)
and washed with 750 mL of distilled water, followed by drying
at 371C in a static air oven for 24 h.
Samples were characterized by powder X-ray diffraction
(XRD; D8- Advance, Bruker AXS GmbH, Karlsruhe, Germany), scanning electron microscopy (SEM; S-4700, Hitachi,
Tokyo, Japan), and Fourier-transform infrared spectroscopy
(FTIR; Nicolet 550, Thermo-Nicolet, Woburn, MA). Powder
samples for the XRD analyses were ﬁrst ground in an agate
mortar by using an agate pestle and then sprinkled onto ethanoldamped single-crystal quartz sample holders to form a thin
layer, followed by tapping to remove the excess of powder. The
X-ray diffractometer was operated at 40 kV and 30 mA by using
monochromated CuKa radiation. XRD data (over the typical
range of 101–501 2y) were collected with a step size of 0.021 and a
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preset time of 1 second at each step. FTIR samples were ﬁrst
ground in a mortar, in a manner similar to that described for the
preparation of XRD samples, then mixed with pure and moisture-free KBr powders in a ratio of 1:100, followed by forming a
1-cm-diameter thin pellet by using a uniaxial cold press. One
hundred and twenty-eight scans were performed at a resolution
of 3 cm1. As obtained (i.e., without any grinding in mortars)
powders examined with the SEM were sputter-coated with a
thin Au–Pd layer before imaging, to impart surface conductivity
to the samples.

III. Results and Discussion
(1) Starting Powder
Calcite (CaCO3) powders used in this study were selected on the
basis of their mean particle size (i.e., being submicrometer) and
morphology. It should be emphasized that the resultant
CaHPO4 particle size and nanotextured morphology observed
in this study could not be obtained if we were using other calcite
powders which have much larger rectangular prismatic or rhombohedral particles.
The precipitated calcite (CaCO3) powders used in this study
were characterized by the XRD, FTIR and SEM data given in
Fig. 1. The FTIR data of calcite powders given in Fig. 1 showed
a weak band at around 3643 cm1, which was indicating that
these commercial powders were actually produced from the
aqueous carbonation of a slurry of ﬁne particles of
Ca(OH)2.45 The remaining IR bands were characteristic of the
calcite phase.46,47 The XRD trace of the ﬁrst inset of Fig. 1 also
depicted that these powders were single-phase calcite. The SEM
photomicrograph of the second inset depicted the particle size
and shape distribution of these powders. These powders comprised spindle-like particles, 1–1.5 mm in length and 0.5 mm in
width. Although these spindles were sometimes forming hard
agglomerates, they had uniform dimensions throughout.

Fig. 2. Fourier-transform infrared spectroscopy and Scanning electron
microscopic data of product powders obtained after reacting 2.96 g
CaCO3 and 2 mL of H3PO4 in 100 mL EtOH for 4 h at room temperature.

The synthesis recipe described in Section II did only differ
from the above recipe in terms of doubling the H3PO4 concentration in the solution, bringing the Ca/P molar ratio in the
synthesis vessel to 0.50. Figure 3(a) showed the FTIR and XRD
traces obtained for the sample described in Section II. The FTIR

(2) CaHPO4 Synthesis
When the Ca/P molar ratios in ethanol (EtOH) solutions were
made equal to 1.0 (i.e., 100 mL EtOH12.96 g CaCO312 mL
conc. H3PO4), the resultant powders, even after 4 h of stirring at
RT, were not single-phase CaHPO4. The SEM photomicrograph of the inset of Fig. 2 showed that the CaCO3 spindles of
the starting powder were mostly intact, but occasional ﬂowerlike nanosheets of CaHPO4 were observed to form. As expected,
the FTIR trace of these samples (of Fig. 2) exhibited a biphasic
material, i.e., calcite and CaHPO4.

Fig. 1. Fourier-transform infrared spectroscopy, X-ray diffraction, and
scanning electron microscopy data of precipitated CaCO3 powders.

Fig. 3. (a) Fourier-transform infrared spectroscopy and X-ray diffraction spectra of single-phase CaHPO4 powders produced by reacting
2.96 g CaCO3 and 4 mL of H3PO4 in 100 mL EtOH at room temperature for 3 h. (b) SEM photomicrographs of CaHPO4 powders of (a).
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trace of Fig. 3(a) showed only the characteristic IR bands of
CaHPO4.48–50 The IR bands observed in Fig. 3(a) were matching very well with those reported in the previous literature.48–50
The XRD trace shown in Fig. 3(a) conformed to all the diffraction peaks of CaHPO4 listed in ICDD PDF 70-360 over the 2y
range of 101–501.51 These samples were produced by stirring at
RT for only 3 h, stirring for 4 h did not produce any noticeable
changes in the data of Fig. 3(a). This meant that stirring the
CaHPO4 suspension in absolute ethanol beyond 3 h was not
necessary. At the end of 3 h of stirring at RT, the pH of the
mother liquors (before the ﬁltration of the CaHPO4 particles)
were found to be constant at around 3.2570.2.
The SEM photomicrographs of Fig. 3(b) displayed the particle morphology of CaHPO4 powders produced in 100 mL absolute EtOH at RT by using 0.0296 mol of precipitated CaCO3
powder and 0.0592 mol H3PO4 (85% solution) as the starting
materials. Especially, the inset of Fig. 3(b) clearly exhibited the
nanosheets of CaHPO4 stacked together to form the ellipsoidal
particles. The average particle size in these samples was measured by using the linear intercept method. The ellipsoidal
CaHPO4 particles were found to have lengths of 1.3070.10 mm
and widths of 0.770.15 mm. The rather narrow size and shape
distribution were visible from the SEM micrographs.

(3) Effect of H3PO4 Volume
The XRD traces given in Fig. 4(a) depicted the inﬂuence of different volumes of H3PO4 added to the suspensions created by
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mixing, in each case, 2.96 g of precipitated CaCO3 and 100 mL
EtOH, following 3 h of stirring at RT after the addition of
H3PO4. It was thus apparent that when the Ca/P molar ratio in
the reaction vessels at the start of stirring was made equal to 0.50
(i.e., 4 mL H3PO4 addition), single-phase CaHPO4 powders
were obtained at the end of 3 h. Lesser volumes of H3PO4 additions resulted in the observation of unreacted CaCO3
(Fig. 4(a)), identiﬁed by the most intense diffraction peak of
the calcite phase (ICDD PDF 5-586) observed at 29.4151 2y.
Orthophosphoric acid is soluble in ethanol. For example, Bradford Reagent (used in the determination of the concentration of
proteins in solution) is prepared by mixing 50 mL of ethanol and
100 mL of H3PO4.52 Therefore, dissolving small amounts (i.e.,
2–4 mL) of H3PO4 in 100 mL of ethanol in the current study
poses no solubility concerns.

(4) Effect of Stirring Time
The XRD traces shown in Fig. 4(b) showed the effect of stirring
time on the phase development. All of the samples of Fig. 4(b)
were produced according to the synthesis recipe of ‘‘100 mL
EtOH12.96 g CaCO314 mL H3PO4.’’ The stirring times employed were 0.5, 1, 2, and 3 h, respectively. The experimental
XRD peaks of the monocalcium phosphate monohydrate
(MCPM, Ca(H2PO4)2  H2O) phase shown in Fig. 4(b) matched
well with those of ICDD PDF 75-1521 for MCPM.
Therefore, synthesis of monetite in ethanol containing small
amounts of phosphoric acid at RT, as described in this study,
took place according to the below reactions in two distinct steps:
CaCO3 ðsÞ þ 2H3 PO4 ðaqÞ ! CaðH2 PO4 Þ2  H2 OðsÞ
þ CO2 ðgÞ

(1)

CaðH2 PO4 Þ2  H2 OðsÞ ! CaHPO4 ðsÞ þ HPO2
4 ðaqÞ
þ 3Hþ ðaqÞ þ OH ðaqÞ

(2)

According to the XRD data of Fig. 4(b), Reactionwas taking
place immediately after adding small aliquots of H3PO4 solution
into the CaCO3–EtOH suspension. However, at the end of 0.5 h
of stirring at RT the resultant solids were biphasic (Fig. 4(b)),
i.e., consisting of about 70% MCPM and 30% CaHPO4. This
meant that Reactionwas also taking place within the ﬁrst 30
min. By the end of 2 h of stirring, the material formed was again
biphasic, but this time comprising 70% CaHPO4 and 30%
MCPM. Three hours of stirring was obviously enough to convert all MCPM into CaHPO4.
The synthesis procedure described here is, therefore, not depositing CaHPO4 crystals on top of calcite particles. A comparative examination of the SEM pictures of Figs. 1, 2, and 3(b)
would reveal that within few hours of stirring at RT in H3PO4containing ethanol solutions, the initially present calcite agglomerates totally disappeared. Precipitated calcite particles were not
stable in phosphate-containing ethanol solutions of pH around
3.2. H2PO2
4 ions initially present in these solutions rapidly reacted with CaCO3 to form transient MCPM (see Reactionand
Fig. 4(b)) crystals. Highly acidic MCPM, on the other hand,
would not in turn be stable in such ethanol solutions, and they
had to transform into CaHPO4. The use of ethanol solutions
prevented the formation of brushite, CaHPO4  2H2O, in accord
with the purpose of this study.

Fig. 4. (a)X-ray diffraction (XRD) traces showing phase development
in 2.96 g CaCO3 and 100 mL EtOH mixtures containing different
aliquots of H3PO4 (room temperature (RT), 3 h stirring each; calcite
peak). (b) XRD traces showing phase development in 2.96 g CaCO3 and
4 mL H3PO4 in 100 mL EtOH mixtures as a function of increasing stirring time at RT (1MCPM peaks).

(5) Conversion of CaHPO4 into Ap-CaP
The comparative FTIR and XRD traces of Fig. 5(a) showed the
transformation of CaHPO4 into Ap-CaP within 6 days of ageing
at 371C in the calcium-containing saline solution of this study.
The symmetric and anti-symmetric stretching of the PO3
4 group
were observed at 1090, 1025, 958, 602, and 560 cm1. The weak
shoulder at around 1297–1300 cm1 was attributed to the
53,54
smaller presence of HPO2
HPO2
4 ions.
4 ions do also have
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Ap-CaP powders free of any ionic impurities, such as NO2
3 ,
NH1
4 , etc.
It should be remembered that CaHPO4 powders can be
readily converted into those of carbonated Ap-CaP (some call
the end-product as ‘‘hydroxyapatite’’ although it was not stoichiometric at all) if they were hydrolyzed in hot solutions, such as
NaHCO3, Na2CO3, (NH4)2CO3, or NaOH solutions at temperatures between 751 and 1001C.55–62 In the current study, we have
deliberately chosen our hydrolysis temperature as 371C, which is
the physiological temperature. Again in this study, we preferred
to develop a hydrolysis solution (for monetite) to be as benign as
possible so that in the follow-up studies, for instance, one could
easily add certain proteins or growth factors to such hydrolysis
solutions of nanotextured monetite (as shown here) to form
biomimetic Ap-CaP powders.

IV. Conclusions
(1) CaHPO4 (monetite, DCPA) powders with submicrometer particles and a nanosheet microtexture were synthesized, in
3 h, at room temperature by stirring precipitated CaCO3 powders in ethanol solutions containing small aliquots of phosphoric acid.
(2) CaHPO4 powders of this study were fully converted at
371C, in 6 days, into nanoapatite powders in a solution comprising 142 mM Na1, 5 mM K1 and 50 mM Ca21.
Notes: Certain commercial equipment, instruments or materials
are identiﬁed in this paper to foster understanding. Such identiﬁcation does not imply recommendation or endorsement by
the author, nor does it imply that the equipment or materials
identiﬁed are necessarily the best available for the purpose.

References
1

Fig. 5. (a) Comparative Fourier-transform infrared spectroscopy spectra of single-phase CaHPO4 powders synthesized in EtOH (trace-1) and
those of Ap-CaP powders synthesized in Ca-containing saline solution at
371C for 6 days of soaking of CaHPO4 (trace 2); X-ray diffraction spectrum of Ap-CaP powders synthesized by soaking CaHPO4 powders in
Ca-containing saline solution at 371C for 6 days was shown in the inset.
(b) Scanning electron photomicrographs of Ap-CaP powders synthesized by soaking CaHPO4 powders in Ca-containing saline solution at
371C for 6 days.

a band at 870 cm1. The stretching mode of the O–H group was
observed in Fig. 5(a) at 3570 cm1.
The XRD data of the inset of Fig. 5(a), on the other hand,
depicted a poorly crystallized (or nanocrystalline) Ap-CaP pattern, contradicting what was previously reported by Lebugle et
al.12 Because the XRD data shown in Fig. 5(a) were generated
from ground powders, it negated the assertion (by Lebugle et
al.12) that the CaHPO4 particles will be covered by a thin external layer of apatitic CaP in water at 371C and thus it will
hinder the further transformation of monetite. This was certainly not observed in the present study.
The rather smooth conversion of CaHPO4 into Ap-CaP was
quite an expected result because CaHPO4 is one of the very interesting compounds of the calcium phosphate family which is
not thermodynamically stable in solutions with pH values 45.5.
This was why CaHPO4 has been one of the indispensable compounds used in self-hardening orthopedic and maxillofacial cement development.3–6
The pH values of the aging solutions (at the end of every 24 h,
just before full replenishment of the used solutions with fresh
solutions) were recorded as 5.770.1 at 361–371C.
The SEM photomicrographs of Fig. 5(b) depicted the nanosize particles of the Ap-CaP obtained from the starting powders
of CaHPO4 of this study. The entire process reported in this
study can also be regarded as a low-cost method of producing

K. L. Elmore and T. D. Farr, ‘‘Equilibrium in the System Calcium OxidePhosphorus Pentoxide-Water,’’ Ind. Eng. Chem., 32 [4] 580–6 (1940).
2
S. S. Feng and T. J. Rockett, ‘‘The System CaO–P2O5–H2O at 2001C,’’ J. Am.
Ceram. Soc., 62 [11–12] 619–20 (1979).
3
E. M. Ooms, J. G. C. Wolke, M. T. Van de Heuvel, B. Jeschke, and J. A.
Jansen, ‘‘Histological Evaluation of the Bone Response to Calcium Phosphate
Cement Implanted in Cortical Bone,’’ Biomaterials, 24, 989–1000 (2003).
4
A. C. Tas, ‘‘Preparation of Porous Apatite Granules from Calcium Phosphate
Cement,’’ J. Mater. Sci. Mater. M., 19, 2231–9 (2008).
5
L. C. Chow and S. Takagi, ‘‘A Natural Bone Cement—A Laboratory Novelty
Led to the Development of Revolutionary New Biomaterials,’’ J. Res. Natl. Inst.
Stand. Technol., 106, 1029–33 (2001).
6
H. H. K. Xu and C. G. Simon, ‘‘Self-hardening Calcium Phosphate Cement—
Mesh Composite: Reinforcement, Macropores and Cell Response,’’ J. Biomed.
Mater. Res., 69A, 267–78 (2004).
7
T. D. Driskell, A. L. Heller, and J. F. Koenigs, ‘‘Dental Treatments’’; U.S.
Patent No. 3,913,229 October 21, 1975.
8
The European Food Information Council (EUFIC), Rue Guimard No. 19,
Brussels 1040, Belgium. Available at: http://www.euﬁc.org/upl/1/default/doc/enumbers_euﬁc.pdf (accessed August 21, 2009)
9
B. Dickens, W. E. Brown, and J. S. Bowen, ‘‘Reﬁnement of Crystal Structure of
CaHPO4 (Synthetic Monetite),’’ Acta Cryst., B28, 797–806 (1972).
10
M. Catti, G. Ferraris, and A. Filhol, ‘‘Hydrogen Bonding in the Crystalline
State. CaHPO4 (Monetite), P–1 or P1? A Novel Neutron Diffraction Study,’’ Acta
Cryst., B33, 1223–9 (1977).
11
L. Tortet, J. R. Gavarri, G. Nihoul, and A. J. Dianoux, ‘‘Study of Protonic
Mobility in CaHPO4  2H2O (Brushite) and CaHPO4 (Monetite) by Infrared Spectroscopy and Neutron Scattering,’’ J. Sol. State Chem., 132, 6–16 (1997).
12
A. Lebugle, B. Sallek, and A. T. Tai, ‘‘Surface Modiﬁcation of Monetite in
Water at 371C: Characterisation by XPS,’’ J. Mater. Chem., 9, 2511–5 (1999).
13
M. H. P. da Silva, J. H. C. Lima, G. A. Soares, C. N. Elias, M. C. De Andrade, S. M. Best, and I. R. Gibson, ‘‘Transformation of Monetite to Hydroxyapatite in Bioactive Coatings on Titanium,’’ Surf. Coat. Tech., 137, 270–6 (2001).
14
M. T. Fulmer, R. I. Martin, and P. W. Brown, ‘‘Formation of Calcium-deﬁcient Hydroxyapatite at Near-Physiological Temperature,’’ J. Mater. Sci. Mater.
M., 3, 299–305 (1992).
15
K. Ishikawa and E. D. Eanes, ‘‘The Hydrolysis of Anhydrous Dicalcium
Phosphate into Hydroxyapatite,’’ J. Dent. Res., 72, 474–80 (1993).
16
H. McDowell, W. E. Brown, and J. R. Sutter, ‘‘Solubility Study of Calcium
Hydrogen Phosphate: Ion Pair Formation,’’ Inorg. Chem., 10, 1638–43 (1971).
17
F. C. M. Driessens and R. M. H. Verbeeck, Biominerals, pp. 37–59. CRC
Press, Boca Raton, FL, 1990.
18
T. Kawasaki and W. Kobayashi, ‘‘Apatite Chromatography Column System’’; U.S. Patent No. 4,874,511 October 17, 1989.
19
M. A. Boulle, ‘‘Sur la Deshydratation du Phosphate Bicalcique,’’ Compt.
Rend., 226, 1617–9 (1948).

2912
20

Journal of the American Ceramic Society—Tas

J. Lecomte, M. A. Boulle, and M. M. Dupont, ‘‘Etude par Spectroscopie Infrarouge de la Deshydratation et de la Rehydratation du Phosphate Bicalcique,’’
Compt. Rend., 241, 1927–9 (1955).
21
J. G. Rabatin, R. H. Gale, and A. E. Newkirk, ‘‘The Mechanism and Kinetics
of the Dehydration of Calcium Hydrogen Phosphate Dihydrate,’’ J. Phys. Chem.,
64, 491–3 (1960).
22
M. C. Ball and M. J. Casson, ‘‘Dehydration of Calcium Hydrogen Phosphate
Dihydrate,’’ J. Chem. Soc., 1, 34–7 (1973).
23
M. Landin, R. C. Rowe, and P. York, ‘‘Structural Changes During the Dehydration of Dicalcium Phosphate Dihydrate,’’ Eur. J. Pharma. Sci., 2, 245–52
(1994).
24
F. Abbona, F. Christensson, M. F. Angela, and H. E. L. Madsen, ‘‘Crystal
Habit and Growth Conditions of Brushite, CaHPO4  2H2O,’’ J. Cryst. Growth,
131, 331–46 (1993).
25
J. C. Heughebaert, J. F. de Rooij, and G. H. Nancollas, ‘‘The Growth of
Dicalcium Phosphate Dihydrate on Octacalcium Phosphate at 251C,’’ J. Cryst.
Growth, 77, 192–8 (1986).
26
H. L. Furedi-Milhofer, L. Brecevic, and B. Purgaric, ‘‘Crystal Growth and
Phase Transformation in the Precipitation of Calcium Phosphates,’’ Faraday Discuss., 61, 184–93 (1976).
27
R. Tang, C. A. Orme, and G. H. Nancollas, ‘‘A New Understanding of
Demineralization: The Dynamics of Brushite Dissolution,’’ J. Phys. Chem. B, 107,
10653–7 (2003).
28
A. C. Tas and S. B. Bhaduri, ‘‘Chemical Processing of CaHPO4  2H2O: Its
Conversion to Hydroxyapatite,’’ J. Am. Ceram. Soc., 87, 2195–200 (2004).
29
C. F. Chenot, ‘‘Method of Converting Brushite to Monetite Crystals with
Controlled Variation in Crystal Habit’’; U. S. Patent No. 3,927,180 December 16,
1975.
30
O. Takagi, K. Azumo, and T. Iwamura, ‘‘Process for Producing Hydroxylapatites’’; U. S. Patent No. 5,073,357 December 17, 1991.
31
E. J. Grifﬁth and W. C. McDaniel, ‘‘Calcium Phosphates’’; U. S. Patent No:
4,721,615 January 26, 1988.
32
R. I. Martin and P. W. Brown, ‘‘Effects of Sodium Fluoride, Potassium Fluoride and Ammonium Fluoride Solutions on the Hydrolysis of CaHPO4 at 371C,’’
J. Cryst. Growth, 183, 417–26 (1998).
33
B. Louati, F. Hlel, K. Guidara, and M. Gargouri, ‘‘Analysis of the Effects of
Thermal Treatments on CaHPO4 by 31P NMR Spectroscopy,’’ J. Alloy Compd.,
394, 13–8 (2005).
34
G. G. Chen, G. S. Luo, L. M. Yang, J. H. Xu, Y. Sun, and J. D. Wang,
‘‘Synthesis and Size Control of CaHPO4 Particles in a Two-Liquid Phase MicroMixing Process,’’ J. Cryst. Growth, 279, 501–7 (2005).
35
Y. Tokuoka, Y. Ito, K. Kitahara, Y. Niikura, A. Ochiai, and N. Kawashima,
‘‘Preparation of Monetite (CaHPO4) with Hexagonally Packed Mesoporous
Structure by a Sol–Gel Method using Cationic Surfactant Aggregates as a Template,’’ Chem. Lett., 35, 1220–1 (2001).
36
X. D. Kong, X. D. Sun, J. B. Lu, and F. Z. Cui, ‘‘Mineralization of Calcium
Phosphate in Reverse Microemulsion,’’ Curr. Appl. Phys., 5, 519–21 (2005).
37
K. Wei, C. Lai, and Y. Wang, ‘‘Formation of Monetite Nanoparticles and
Nanoﬁbers in Reverse Micelles,’’ J. Mater. Sci., 42, 5340–6 (2007).
38
H. H. K. Xu, L. Sun, M. D. Weir, J. M. Antonucci, S. Takagi, L. C. Chow,
and M. Peltz, ‘‘Nano DCPA-Whisker Composites with High Strength and Ca and
PO4 Release,’’ J. Dent. Res., 85, 722–7 (2006).
39
S. Jinawath, D. Pungkao, W. Suchanek, and M. Yoshimura, ‘‘Hydrothermal
Synthesis of Monetite and Hydroxyapatite from Monocalcium Phosphate Monohydrate,’’ Int. J. Inorg. Mater., 3, 997–1001 (2001).
40
G. Thomas and H. Dehbi, ‘‘Effect of Water on Monetite Synthesis in the Solid
State,’’ Mater. Chem. Phys., 15, 1–13 (1986).
41
M. G. Ma, Y. J. Zhu, and J. Chang, ‘‘Monetite Formed in Mixed Solvents of
Water and Ethylene Glycol and its Transformation to Hydroxyapatite,’’ J. Phys.
Chem. B., 110, 14226–30 (2006).

42

Vol. 92, No. 12

R. D. Cox and W. J. Phillips, ‘‘Ethylene Glycol Toxicity,’’ Mil. Med., 169,
660–3 (2004).
43
H. Aoki, O. Fuji, and A. Ito, ‘‘Production of Monetite’’; Japanese Patent No.
1,037,409 February 1989.
44
H. Eshtiagh-Hosseini, M. R. Houssaindokht, M. Chahkandhi, and A. Yousseﬁ, ‘‘Preparation of Anhydrous Dicalcium Phosphate, DCPA, Through Sol–Gel
Process, Identiﬁcation and Phase Transformation Evaluation,’’ J. Non-Cryst. Solids, 354, 3854–7 (2008).
45
G. Montes-Hernandez, F. Renard, N. Geoffroy, L. Charlet, and J. Pironon,
‘‘Calcite Precipitation from CO2–H2O–Ca(OH)2 Slurry Under High Pressure of
CO2,’’ J. Cryst. Growth, 308, 228–36 (2007).
46
F. A. Andersen and D. Kralj, ‘‘Determination of the Composition of CalciteVaterite Mixtures by Infrared Spectrophotometry,’’ Appl. Spectrosc., 45, 1748–51
(1991).
47
S. F. Chen, S. H. Yu, J. Jiang, F. Li, and Y. Liu, ‘‘Polymorph Discrimination
of CaCO3 Mineral in an Ethanol/Water Solution: Formation of Complex Vaterite
Superstructures and Aragonite Rods,’’ Chem. Mater., 18, 115–22 (2006).
48
L. Tortet, J. R. Gavarri, G. Nihoul, and A. J. Dianoux, ‘‘Study of
Protonic Mobility in CaHPO4  2H2O (Brushite) and CaHPO4 (Monetite) by Infrared Spectroscopy and Neutron Scattering,’’ J. Solid State Chem., 132, 6–16
(1997).
49
J. Xu, I. S. Butler, and D. F. R. Gilson, ‘‘FT-Raman and High-Pressure Infrared Spectroscopic Studies of Dicalcium Phosphate Dihydrate (CaHPO4  2H2O)
and Anhydrous Dicalcium Phosphate (CaHPO4),’’ Spectrochim. Acta A., 55,
2801–9 (1999).
50
S. Jinawath and P. Sujaridworakun, ‘‘Fabrication of Porous Calcium Phosphates,’’ Mater. Sci. Eng. C, 22, 41–6 (2002).
51
. ICDD PDF: International Centre for Diffraction Data, Powder Diffraction
File, Newtown Square, Pennsylvania, USA.
52
M. M. Bradford, ‘‘A Rapid and Sensitive Method for the Quantitation of
Microgram Quantities of Protein Utilizing the Principle of Protein-Dye Binding,’’
Anal. Biochem., 72, 248–54 (1976).
53
L. C. Chow and S. Takagi, ‘‘Self-Setting Calcium Phosphate Cements and
Methods for Preparing and Using Them’’; U. S. Patent No: 5,525,148 June 11,
1996.
54
E. D. Spoerke and S. I. Stupp, ‘‘Synthesis of a Poly(L-Lysine)-Calcium Phosphate Hybrid on Titanium Surfaces for Enhanced Bioactivity,’’ Biomaterials, 26,
5120–9 (2005).
55
R. Z. LeGeros, ‘‘Crystallography Studies of the Carbonate Substitution in the
Apatite Structure’’; Ph.D. Thesis, New York University, New York, NY, 1967.
56
R. M. Wilson, S. E. P. Dowker, and J. C. Elliott, ‘‘Rietveld Reﬁnements and
Spectroscopic Structural studies of a Na-free Carbonate Apatite made by Hydrolysis of Monetite,’’ Biomaterials, 27, 4682–92 (2006).
57
R. P. Shellis, A. R. Lee, and R. M. Wilson, ‘‘Observations on the Apparent
Solubility of Carbonate-Apatites,’’ J. Coll. Interf. Sci., 218, 351–8 (1999).
58
E. A. P. de Maeyer, R. M. H. Verbeeck, and D. E. Naessens, ‘‘Stoichiometry
of Na1- and CO2
3 –Containing Apatites obtained by Hydrolysis of Monetite,’’
Inorg. Chem., 32, 5709–14 (1993).
59
E. A. P. de Maeyer, R. M. H. Verbeeck, and D. E. Naessens, ‘‘Optimalization
of the Preparation of Na1- and CO2
3 –containing Hydroxyapatite by the Hydrolysis of Monetite,’’ J. Cryst. Growth, 135, 539–47 (1994).
60
R. Rohanizadeh, R. Z. LeGeros, M. Harsono, and A. Bendavid, ‘‘Adherent
Apatite Coating on Titanium Substrate using Chemical Deposition,’’ J. Biomed.
Mater. Res., 72A, 428–38 (2005).
61
L. G. Galea, M. Bohner, J. Lemaitre, T. Kohler, and R. Mueller, ‘‘Bone Substitute: Transforming b–Tricalcium Phosphate Porous Scaffolds into Monetite,’’
Biomaterials, 29, 3400–7 (2008).
62
F. Tamimi, J. Torres, C. Kathan, R. Baca, C. Clemente, L. Blanco, and E. L.
Cabarcos, ‘‘Bone Regeneration in Rabbit Calvaria with Novel Monetite Granules,’’ J. Biomed. Mater. Res., 87A, 980–5 (2008).
&

