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Calcium phosphate nanoparticles with calcium/phosphorus molar ratios ranging from 1.43 to 1.67 have
been synthesized by simultaneous combustion of calcium carboxylate and tributyl-phosphate based
precursors in a flame spray reactor. Fluoro-apatite and zinc or magnesium doped calcium phosphates
were obtained by adding trifluoroacetic acid or corresponding carboxylates into the fuel. Nanoparticle
morphology and the structure of sintered ceramics were studied using transmission and scanning electron
microscopy. Thermal evolution of calcium phosphate phases was investigated by powder X-ray diffraction,
Fourier transform infrared spectroscopy, and thermal analysis. A molar ratio of Ca/P< 1.5 in the precursor
promoted the formation of dicalcium pyrophosphate (Ca2P2O7). Phase pureâ-tricalcium phosphate was
obtained with a precursor Ca/P ratio of 1.52 after subsequent calcination at 900°C. The regular, open
structure with interconnecting micropores and the facile substitution of both anions and cations suggests
possible application as a biomaterial.

Introduction

Calcium phosphate biomaterials have attracted tremendous
interest in clinical medicine. Both hydroxyapatite (HAp,
Ca10(PO4)6(OH)2) and tricalcium phosphate (TCP, Ca3(PO4)2)
exhibit excellent biocompatibility and osteoconductivity.1-3

They are widely used for repair of bony or periodontal
defects, coating of metallic implants, and bone space fillers.
Traditional methods (precipitation, sol-gel synthesis, hy-
drothermal method, or solid-state reactions)1,4-6 give access
to a limited range of compositions with specific morphology.
Pureâ-tricalcium phosphate is traditionally prepared either
by solid-state reaction7 or by sintering calcium-deficient
apatite (Ca9(HPO4)(PO4)5(OH) f 3Ca3(PO4)2 + H2O) ob-
tained by precipitation.8 Liquid preparations require careful
control of synthesis parameters (pH and temperature) fol-

lowing time- and cost-intensive after-treatments such as
washing, drying, and calcination.

Solid-state reactions involve thorough mixing of precursor
powders followed by prolonged sintering and mostly result
in low specific surface area powders. Once implanted, these
rather dense materials can display a lack of microporosity
with reduced contact to the body fluid hindering resorption
in vivo. The sol-gel synthesis9 offers a production method
for very homogeneous materials which is attributed to the
intimate mixing of calcium and phosphorus precursors.
Unfortunately, reproducible preparation is restricted to hy-
droxyapatite. With growing demands for more complex
morphology or compositions, alternative preparation methods
such as plasma spraying10,11 and pulsed laser deposition12

have resulted in advantageous coatings on implant surfaces.
Amorphous calcium phosphates have shown to result in
improved resorption properties13,14and offer valuable materi-
als for self-setting cements.15 Beyond mere bioactivity and
resorption properties, bioceramics which allow stimulation
of cellular responses at the molecular level are in high
demand.16 Such tailored third-generation biomaterials contain
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additional ions which have been suggested for their bone-
growth inducing properties.

Flame spray pyrolysis17 has established itself as a suitable
method for the preparation of nanoparticles, most notably,
oxides containing main group and transition metals.18-21 It
has rapidly evolved into a scalable process for oxide
nanoparticles for possible applications in various fields.22 The
industrial-scale flame-aerosol synthesis today produces mega-
ton quantities of carbon, silica, and titania nanoparticles.

In the present study, we would like to extend the range of
accessible flame-made nanoparticles from metals or oxides
to metal salts. The method is illustrated for the preparation
of calcium phosphates and results inR-, â-, or amorphous
tricalcium phosphate, calcium pyrophosphate, and hydroxy-
or fluoro-apatite. Cation doping is illustrated by incorporation
of biologically important magnesium or zinc ions.

Experimental Section

Materials Preparation. Calcium phosphate was prepared by
flame spray pyrolysis17 using calcium oxide (99.9%, Aldrich)
dissolved in 2-ethylhexanoic acid (purum.,g98%, Fluka) and
tributyl phosphate (puriss.,g99%, Fluka) as precursors.23,24 The
calcium content of the Ca-precursor was determined by complex-
ometry with ethylenediaminetetraacetic acid disodium salt dihydrate
(g 99%, Fluka) to be 0.768 mol/kg. Starting from a parent solution
(38 mL per run) with a calcium to phosphorus molar ratio (Ca/P)
of 1.5, the various mixtures ranging from 1.43e Ca/Pe 1.67 have
been obtained by adding corresponding amounts of either calcium
2-ethylhexanoate or tributyl phosphate. For the half- (Ca10(PO4)6-
(OH)F) and fully- (Ca10(PO4)6F2) fluoro-substituted hydroxyapatites,
trifluoroacetic acid (99%, Riedel deHaen) has been correspondingly
mixed with precursors having a molar ratio of Ca/P) 1.67 (apatite
stoichiometry). Magnesium or zinc containing tricalcium phosphate
(nominal content 0.24 wt % Mg or 0.41 wt % Zn) and hydroxy-
apatite (0.29 wt % Mg or 0.51 wt % Zn) have been prepared by
admixing corresponding amounts of magnesium oxide (g98%,
Fluka) dissolved in 2-ethylhexanoic acid or zinc naphthenate (e50%
in mineral spirits, Aldrich) to the precursor. Throughout all the
experiments, the concentration of the precursor solutions was kept
constant (0.667 mol/L) by adding xylene (96%, Riedel deHaen).

The liquid mixtures were fed through a capillary (diameter 0.4
mm) into a methane/oxygen flame at a rate of 5 mL/min. Oxygen
(5 L/min, 99.8%, Pan Gas) was used to disperse the liquid leaving
the capillary. The pressure drop at the capillary tip (1.5 bar) was
kept constant by adjusting the orifice gap area at the nozzle. A
stable combustion was achieved by applying a sheath gas (oxygen,

230 L/h, 99.8%, Pan Gas) through a concentric sinter metal ring.
Calibrated mass flow controllers (Bronkhorst) were used to monitor
all gas flows. The as-formed particles were collected on a glass
fiber filter (Whatmann GF/A, 25.7-cm diameter), placed on a
cylinder mounted above the flame, by the aid of a vacuum pump
(Vaccubrand). Thermal treatment (30 min at specified temperature)
was conducted in a preheated laboratory furnace (Thermolyne Type
48000) followed by quenching in air at ambient conditions.

Characterization. The specific surface area of the powders was
measured on a Tristar (Micromeritics Instruments) instrument by
nitrogen adsorption at 77 K using the Brunauer-Emmett-Teller
(BET) method. All samples were outgassed at 150°C for 1 h.
Thermal effects were detected by means of differential scanning
calorimetry (DSC) on a Netzsch STA 409 simultaneous thermal
analyzer connected to a mass spectrometer (Balzers QMG 420).
X-ray powder diffraction (XRD) patterns were collected on a Bruker
D 8 Advance diffractometer from 20° to 40° at a step size of 0.12°
and a scan speed of 2.4°/min at ambient condition. For Fourier
transform infrared (FTIR) spectroscopy, pellets of 200 mg of KBr
(g99.5%, Fluka) and 0.5 mg of sample were prepared and
dehydrated in a drying furnace at 80°C/<10 mbar for at least 8 h
before examination (4000 cm-1 < λ < 400 cm-1) on a Perkin-
Elmer Spectrum BX (4 scans) with 4 cm-1 resolution. Elemental
analysis was performed by laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS).25 Samples were pressed into
plates and irradiated with an excimer laser (Lambda Physik Compex
110 I; ArF, 193 nm, pulse energy 150 mJ, frequency 10 Hz). The
vaporized material was carried by a helium stream to an ICP mass
spectrometer (Perkin-Elmer Elan 6100) and analyzed for calcium
(42Ca, 43Ca, 44Ca), phosphorus (31P), magnesium (24Mg, 25Mg,
26Mg), and zinc (64Zn, 66Zn, 67Zn). External calibration was carried
out using the Reference 610 from NIST and a fluoroapatite
(Durango). In all cases the Ca signal was used as an internal
standard quantification. The transmission electron microscopy
(TEM) pictures were recorded on a CM30 ST (Philips, LaB6

cathode, operated at 300 kV, point resolution∼2 Å). Particles were
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Figure 1. (a) Sketch of the experimental setup for the preparation of flame-
made nanoparticles.17 The precursor mixture is dispersed by oxygen (center)
and fed into the methane/oxygen supporting flame. (b) The burning spray
of a calcium phosphate producing flame synthesis unit shows the typical
orange emission light of calcium. Nanoparticles leave the flame at the top
where they are collected on a filter.
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deposited onto a carbon foil supported on a copper grid. Scanning
electron microscopy (SEM) investigations were performed with a
Leo 1530 Gemini (Zeiss) operated at 1 kV.

Results and Discussion

Calcium phosphate nanoparticles of various Ca/P molar
ratios were prepared by flame spray pyrolysis. Experimen-
tally, the flame spray reactor (Figure 1a) consists of a
capillary surrounded by a narrow, adjustable orifice. The
precursor liquid is dispersed at the tip resulting in a well-
defined spray. A surrounding methane/oxygen supporting
flame ignites the spray (Figure 1b) and the flame converts
the precursor mixture to the corresponding materials. Spheri-
cal, highly agglomerated particles of 10-30-nm diameter
(inset in Figure 2a) were collected after synthesis. Elemental
analysis confirmed that the composition of the precursor
mixture was preserved in the product powder (Table 1).

Textural properties, thermal stability, and evolution of
different crystal phases were followed by nitrogen adsorption
(BET), X-ray diffraction (XRD), and differential scanning
calorimetry (DSC) coupled with mass spectrometry (MS).
As-prepared nanoparticles typically exhibit about 90 m2/g
(BET equivalent diameter 20 nm). Calcination results in a
steep decrease of specific surface area around 600°C
indicating the onset of strong sintering and crystallization
(Figure 2a). While a slight excess of phosphorus (Ca/P)
1.49) had no significant influence on the thermal stability,
hydroxyapatite (Ca/P) 1.67) is considerably more stable
and maintains a surface area above 15 m2/g at 900°C.

The histological behavior of biomaterials in vivo is
strongly determined by morphology and phase composition.
Macropores (diameter>100µm) provide a scaffold for bone-
cell colonization and therefore favor bone ingrowth.26,27The
content of micropores (diameter< 10 µm) is given by the

preparation method and the sintering temperature and dura-
tion. Interconnective microporosity guarantees body fluid
circulation and is even believed to be responsible for the
observed osteoinductive properties of certain bioceramics.28,29

Electron microscopy images of Ca/P) 1.5 nanoparticles after
calcination at 700°C (Figure 3a and b) reveal that the
material has fused together, building clearly visible sinter
necks. It preserves a high porosity with a primary particle
size of about 100 nm. Sintering at 900°C (Figure 3c and d)
results in much larger primary particles of approximately
0.5-µm diameter. The highly regular structure with intercon-
necting micropores is favorable for resorption properties and
the induction of bone formation in vivo.

As-prepared calcium phosphate consists of amorphous
nanoparticles indicating that the fast cooling after the
formation in the flame did not allow the material to
crystallize. The presence of a glassy, amorphous structure
was confirmed by XRD and thermal analysis. Coupled with
mass spectrometry (TA-MS), it allowed simultaneous detec-
tion of desorbing water and carbon dioxide (Figure 4).
Combining DSC curves and XRD patterns (Figure 5a and
b) provides information about crystallization and phase
transformations. The exothermic peak around 600°C cor-
relates to the crystallization of the amorphous material. The
sample Ca/P) 1.52 (Ca/P) 1.5+ 1 at. % Ca), amorphous
at 500 °C (Figure 5, trace 1), crystallizes to meta-stable
R-TCP,30 often referred to asR’-TCP (Figure 5, trace 2).
Above 850°C R’-TCP transforms into the thermodynami-
cally favoredâ-TCP (Figure 5, trace 3), which is stable up
to 1150°C, where it transforms endothermically back into
the high-temperature polymorphR-TCP. Changing the stoi-
chiometry toward lower Ca/P ratios provokes the formation
of pyrophosphate Ca2P2O7. Crystallization ofR-dicalcium
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Figure 2. (a) Dependence of BET surface area on calcination temperature (duration 30 min in air) of different calcium phosphate materials and fluoride-
substituted hydroxyapatite. Sintering is indicated by a pronounced drop at 600°C showing the onset of crystallization. Inset: Transmission electron microscopy
image of as-prepared nanoparticles. (b) A transmission electron microscopy image of fluoride-substituted hydroxyapatite (Ca10(PO4)6(OH)F) after synthesis
shows distinct crystal planes and regular particles.

Table 1. Ca/P Ratio of As-Prepared Samples

sample
Ca/P ratio
(nominal)

Ca/P ratioa

(measured)

Ca/P) 1.5 1.500 1.50
Ca/P) 1.52 1.515 1.52
Ca/P) 1.67 1.667 1.64

a Error: (0.02.
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pyrophosphate results in a second peak around 690°C,
slightly above the crystallization of tricalcium phosphate
(Figure 5, trace 4). A very small pyrophosphate crystalliza-
tion peak indicates minute amounts of pyrophosphate are
present in the stoichiometric sample (Ca/P) 1.5), but they
fully vanish with a slight calcium excess (Ca/P) 1.52).
Therefore, both pure and calcium phosphate mixtures are
accessible by flame synthesis. The sample Ca/P) 1.67
crystallizes to hydroxyapatite above 600°C (Figure 4a) and
no further phase transformation or decomposition could be
detected up to 1250°C.

For all samples, a change in mass attributed to absorbed
water on the high-surface materials was detected by ther-
mogravimetry (TG) below 500°C. Unlike calcium phos-

phates prepared by wet-phase chemistry, the weight loss of
flame-made ceramics did not exceed 3%. A second weight
loss (2%) present in the sample with apatite stoichiometry
(Ca/P ) 1.67) between 500 and 950°C correlates to the
release of CO2 (Figure 4b). It was previously attributed to
the decomposition of carbonate-containing apatite.31 The
presence of carbonate is further evidenced by Fourier
transform infrared (FTIR) spectroscopy32 (Figure 6a) and
results in absorption peaks between 1490 and 1420 cm-1

(31) Peters, F.; Schwarz, K.; Epple, M.Thermochim. Acta2000, 361, 131-
138.

(32) Emerson, W. H.; Fischer, E. E.Arch. Oral Biol. 1962, 7, 671-683.

Figure 3. Transmission electron microscopy (left) and scanning electron microscopy (right) images of calcium phosphate. MetastableR-tricalcium phosphate
resulting from calcination (30 min) at 700°C (a and b).â-tricalcium phosphate is formed after calcination at 900°C (c and d). The highly regular, open
structure of flame-made calcium phosphate results from sintering the low-density aerosol. Interconnecting pores facilitate liquid circulation through the
samples.

Figure 4. Crystallization and carbon dioxide release properties of Ca/P)
1.67 (apatite stoichiometry). (a) Differential scanning calorimetry (DSC)
reveals a clear exothermic peak around 600°C showing the crystallization
of the sample to hydroxyapatite. The weight loss (thermogravimetric curve,
TG) during heating is attributed to desorbing water and carbon dioxide from
carbonated hydroxyapatite. (b) Water and CO2 traces as detected by mass
spectrometry.

Figure 5. (a) Differential scanning calorimetric measurements of calcium
phosphates with decreasing Ca/P ratio. (b) X-ray diffraction pattern of
selected samples after a thermal treatment. Samples are amorphous after
preparation (trace 1), crystallize toR′-tricalcium phosphate (trace 2) around
600°C, and undergo a phase transformation toâ-tricalcium phosphate (trace
3) around 900°C. Excess phosphorus results in the formation of pyrophos-
phate (trace 4) with the appearance of two distinct crystallization events
between 600 and 700°C.
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and around 870 cm-1. The as-prepared Ca/P) 1.5 sample
does not show any of these absorptions. Broad unresolved
absorption bands of phosphate around 1060 and 580 cm-1

corroborate the amorphous structure of the materials after
preparation. Narrow, pronounced absorption peaks were
obtained after crystallization corresponding to hydroxyapa-
tite33 for Ca/P) 1.67 and toR’-TCP34 for Ca/P) 1.5. Weak
water absorption bands are found around 3400 and 1660
cm-1 with varying intensity. The crystallized hydroxyapatite
still shows minor absorption bands from carbonate32 between
1550 and 1400 cm-1. From the TG and quantified MS curves
(Figure 4) the carbonate content was calculated to be 3.9 wt
% CO3

2- which is similar to the content (3-8 wt % CO3
2-)

in human bone.35 The beneficial influence of carbonate in
hydroxyapatite has been studied intensively with agreeing
conclusions that its incorporation results in higher solubility
and enhanced biodegradation.36,37

The presence of calcium pyrophosphate, a major impurity
in commercial TCP,38 can be accurately followed by FTIR

spectroscopy resulting in absorption peaks at 1215 cm-1 to
1140 cm-1, at 727 and 496 cm-1 (Figure 6b). Excess
phosphorus (Ca/P< 1.5) in tricalcium phosphate is accom-
modated in the form ofâ-calcium pyrophosphate (â-
Ca2P2O7).39 A continuous decrease of absorption for corre-
sponding peaks follows the decreasing phosphorus content.
This gradual decrease of pyrophosphate is further in agree-
ment with thermal analysis measurements (Figure 5). Con-
sequently, the suppression or promotion of calcium pyro-
phosphate is determined by the Ca/P ratio in the precursor.
No calcium pyrophosphate was detected in sample Ca/P)
1.52, where the infrared spectrum matches well with the one
of pureâ-TCP.34

Recent studies about alternative calcium phosphate-based
materials have focused on fluoride-substituted hydroxyapatite
(Ca10(PO4)6(OH)(2-x)Fx, where 0< x < 2) and fluoro-apatite
(x ) 2). Fluoride, being essential in nutrition, is believed to
be required for normal dental and skeletal growth40 and is
thought to increase bone formation by stimulating osteoblast
proliferation.41 The incorporation of fluoride in hydroxy-
apatite results in enhanced mechanical properties42 and(33) Fowler, B. O.Inorg. Chem.1974, 13, 194-207.
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Figure 6. (a) Fourier transform infrared spectra of as-prepared amorphous calcium phosphates (Ca/P) 1.67 and Ca/P) 1.5) results in broad IR bands.
After crystallization, the spectra show the typical peak pattern of hydroxyapatite andR′-tricalcium phosphate, respectively. (b) Spectroscopy of different
calcium phosphate samples revealed the presence of pyrophosphates as indicated by calorimetry and X-ray diffraction. (c) The spectra of fluorinated
hydroxyapatite showed a pattern distinctly different from that of unsubstituted hydroxyapatite. The disappearance of the hydroxyl signal (3572 cm-1) and
distinct changes in absorption between 600 and 800 cm-1 correlate to the fluoride incorporation. (d) Cation-substituted calcium phosphates show no extra
absorption bands of magnesium or zinc compounds. Zn and Mg contents are given as measured by laser ablation inductively coupled plasma mass spectrometry.
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decreased dissolution.43,44 This effect is used to strengthen
teeth and protecting enamel against caries by adding fluoride
to toothpaste and mouth rinse. Flame spray synthesis of
fluoride-substituted hydroxyapatite (FHAp) resulted in ag-
glomerated, mainly polyhedral-shaped nanoparticles, display-
ing crystal planes (Figure 2b). The presence of fluoride may
afford crystallization despite the fast cooling process in the
flame. Both Ca10(PO4)6(OH)F and Ca10(PO4)6F2 show similar
morphology and an increased thermal stability at 700°C if
compared to hydroxyapatite (Figure 2a). While as-prepared
Ca/P) 1.67 (apatite stoichiometry) shows a rather amor-
phous XRD pattern, the fluorine-containing samples display
broad but distinct peaks (Figure 7a). After calcination at 700
°C, substituted and pure hydroxyapatite have crystallized.
The shift of the peak around 32° for fluoride-substituted
samples toward higher 2θ values compared to that of pure

Ca/P ) 1.67 is attributed to altered lattice parameters as
characteristic for FHAp.45 Together with the absence of
additional peaks, this suggests that the fluoride present in
the sample is fully incorporated and replaces the lattice
hydroxyl.

The comparison of FTIR spectra from sintered HAp (Ca/P
) 1.67) and FHAps (Ca10(PO4)6(OH)F, Ca10(PO4)6F2) gives
information about the vibrational changes resulting from the
incorporation of fluorine (Figure 6c): the broad absorption
in the range of 1000 cm-1 to 1200 cm-1 and the peaks at
962, 602, and 572 cm-1, assigned to the several modes of
phosphate (PO43-), are obviously not affected by the OH/F
substitution. Sample Ca/P) 1.67 shows a sharp O-H
stretching band at 3572 cm-1. Substitution of hydroxyl entails
a slight shift to lower wavenumbers (3538 cm-1 for both
FHAps) and a clear reduction in absorption, indicating the
ongoing replacement of OH-groups by fluoride. The Ca3-
OH vibrational mode, observed at 632 cm-1 in HAp, vanishes
and new faint absorption peaks evolve for Ca10(PO4)6(OH)F
(650, 678, and 740 cm-1) and Ca10(PO4)6F2 (648 cm-1). From
the detected hydroxyl vibrations and assuming a pure
substitution of F for OH, the fluorine content can be
estimated46 to lie between 40 and 50 at. % for Ca10(PO4)6-
(OH)F and above 90 at. % for Ca10(PO4)6F2. These results
clearly show that complex materials such as fluoro-apatite
can be accessible by the one-step flame synthesis.

The cation substitution in tricalcium phosphate and hy-
droxyapatite has been investigated using physiologically
important zinc or magnesium. Zinc-containing calcium
phosphates (0.32 wt % Zn) have been reported to stimulate
osteogenesis in vivo47 by slowly releasing zinc ions during
the resorption process of the bioceramics. Such materials
exhibit the possibility to accelerate post-operative healing
and therefore shorten the recovery time of the patient. A
constant cation release rate is required to avoid any uncon-
trolled over-concentration in the vicinity of the implantation
site. Therefore, the zinc cation must be homogeneously
incorporated in the crystal lattice. The infrared absorption
of doped materials (Figure 6d) coincides with the spectrum
of TCP or HAp, respectively. The XRD patterns obtained
after corresponding calcination confirm the homogeneous
incorporation and display no additional phases of zinc- or
magnesium-containing compounds (Figure 7b).

Conclusion

The extension of flame spray pyrolysis to complex salt
nanoparticles was demonstrated for the preparation of
different calcium phosphates. The synthesis of amorphous
calcium phosphate with a broad range of compositions and
optional doping with additional metals resulted in salt
nanoparticles of 10-50-nm size. Phase-pureR- or â-trical-
cium phosphate was obtained after calcination of the
amorphous particles for a precursor calcium to phosphorus
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Figure 7. X-ray diffraction pattern of anion- and cation-substituted calcium
phosphates. (a) Samples are shown as-prepared (bottom) and after calcination
at 700 °C (top). While the unsubstituted apatite (Ca/P) 1.67) only
crystallizes after the heat treatment, the as-prepared fluorinated apatite shows
a pattern with distinct peaks underlining the crystallinity of the particles as
further evidenced by the TEM image. (b) X-ray diffraction patterns of
magnesium- and zinc-containing samples showing distinct peaks for TCP
and HAp, respectively.
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molar ratio of 1.52. Excess phosphorus (Ca/P< 1.5)
promoted the formation of dicalcium pyrophosphate. Hy-
droxyapatite is formed from corresponding calcium-rich
precursors. As-prepared amorphous apatite (Ca/P) 1.67)
contained 3.9 wt % carbonate CO3

2- and crystallizes above
600 °C. Fluoro-apatite nanoparticles resulted from the
addition of fluoride to the precursor mixture. After sintering,
such materials exhibit a highly regular open structure with
interconnecting pores. Facile substitution of anions (F-) and

cations (Mg2+ or Zn2+) in calcium phosphate combined with
a high degree of flexibility in morphology, crystallinity, and
phase composition offer a versatile production tool to
biomaterials engineering.
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