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Transformation of tricalcium phosphate into
apatite by ammonia treatment
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Tricalcium phosphate, Caz(PQO,),, was treated in dry ammonia at temperatures between
1100°C and 1300°C for different times of up to 16 h. X-Ray diffraction and 3'P-NMR studies
showed a phase transformation into apatite when treated at temperatures between 1100
and 1200°C. Nitrogen was detected in the treated samples with a maximum content of 2.9
wt%. 3'P-NMR-analysis indicated no direct bonding of nitrogen to phosphorous. The
presence of graphite during ammonia treatment was required for nitrogen incorporation.
Infrared spectra showed increasing intensities of four new bands at 3250, 2016, 1966 and
700 cm~" attributed to the occurrence of cyanamide ions. Taking into account the results of
XRD, 3'P-NMR and FTIR spectrometry, it is concluded that tricalcium phosphate transforms
into calcium deficient cyanamidapatite by ammonia treatments according to the reaction:
3Ca3(P0O4); + H,CN, — Cag(PO4)5(HPO4)(HCN,). © 2001 Kluwer Academic Publishers

1. Introduction

Hydroxyapatite, HA, Ca;o(PO4)s(OH),, as the main
constituent of mammalian hard tissues is well known
for its highly variable composition [1]. In the pseudo-
hexagonal arrangement of POj-tetrahedra of hydrox-
yapatite, calcium and hydroxy ions can easily be sub-
stituted for ions of similar size and electric charge. In
the human body, the exchange of e.g. Ca?>* and OH™ by
Mgt and F~, respectively, is a common observation
in apatite crystals in the skeleton and teeth [1-4]. Via
synthesis a huge number of phosphate compounds with
apatitic structure has been produced containing Mn?™,
Pb?t, Sr2t, K+ or Na™ as cations and Cl~, O*~ and
CO? as anions [5-8].

Recently it was reported by the authors that heat
treatments of hydroxyapatite in dry ammonia result in
the formation of cyanamide apatite, Ca;o(PO4)c(CN>)
[9]. It was suggested that at temperatures above 900°C
cyanamide molecules, HyCNj, are formed in ammonia
atmosphere in the presence of graphite:

2NHj; + C — H,CN, + 2H, (1)

In a second step, H,CN; interchanges with OH™ -ions
in order to form cyanamidapatite according to the re-
action:

Ca;p(PO4)6(OH)2 + H2CNy
—> CalO(PO4)6CN2 + 2H20 (2)

* Author to whom all correspondence should be addressed.

Experiments with a calcium deficient hydroxyapatite,
CDHA, revealed also that the ammonia atmosphere sta-
bilizes the apatitic structure at high temperature [9].
Decomposition of CDHA was observed at higher tem-
perature when treated in ammonia compared to treat-
ments in air. Similar observations were made by several
authors for apatite heat treatments performed in mois-
ture [10, 11]. In water or moisture hydroxyapatite is
the thermodynamic favored crystalline phase of cal-
cium phosphate with a Ca/P ratio between 1.5 and 1.7.
Thus, several phosphate compounds transform into hy-
droxyapatite when exposed to an aqueous environment
[12, 13].

Tricalcium phosphates are of mayor interest for the
following study, since both, «- and S-TCP transform
into hydroxyapatite in aqueous solutions according to
the reaction [14-16]:

3Ca3(PO4)2 + HyO — Cag(PO4)s(HPO4)(OH) (3)

Due to the lower Ca to P ratio of TCP a calcium deficient
apatite of Ca/P = 1.5 is formed. The above reaction is
also considered to be responsible for the bioactivity and
ability of bioresorption of TCP when used as implant
material [16].

The above findings of the behavior of hydroxyapatite
in dry ammonia, motivated the study of reactions of
other phosphate compounds in dry ammonia at elevated
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temperatures. The present paper will report and discuss
the results obtained on TCP by means of the kinetics
and phase development.

2. Experimental
2.1. Starting material and sample
treatments
Spheroidal beads of tricalcium phosphate, TCP, from
Fluka, Buchs (Switzerland) with diameters from 0.08
to 0.2 mm were used for treatment. Approximately 1 g
of TCP was subjected to several thermal treatments in
a dry flowing ammonia atmosphere. After the samples
were placed in an airtight horizontal tube furnace, heat-
ing was started and the chamber of the furnace was
flushed with nitrogen to eliminate air [17]. At a tem-
perature of about 600°C, the gas supply was switched
to ammonia adjusting a flow rate of about 500 cm?/min.
Ammonia heat-treatments of 1 to 30 h were performed
in a temperature range between 1100 and 1300°C. The
furnace was cooled down in ammonia atmosphere. Alu-
mina and graphite crucibles were used. For particular
experiments graphite powder was added to the alumina
crucibles containing the sample.

2.2. Methods of characterization

Chemical analysis of calcium and phosphorous were
made by inductive coupled plasma analysis, ICP,
with a Jobin-Yvon sequential spectrometer, Model
JY-38 VHR. The specific surface area was measured
by the B.E.T. method with an Quantachrome, model
Monosorb. Nitrogen analysis were performed by inert
gas fusion method using a LECO type differential
oxygen and nitrogen analyzer, TC-436 model. X-ray
diffraction powder patterns were obtained on a Siemens
diffractometer with Cu K, radiation at 45kV, 35 mA.
The step size was 0.025° (2@) and the counting time
per step was 3 seconds in a 2® range from 25° to 67°.
3IP-MASS-NMR spectra were acquired on a Bruker
MSL-400 spectrometer operating at 161.977 MHz.
Magic angle sample spinning was carried out with about
0.1g of the sample, using spinning speeds of 4 kHz.
Chemical shifts were measured with respect to an ex-
ternal reference of 85% H3;PO,4 with an estimated devia-
tion of 0.5 ppm. Infrared spectra from 4000 to 400 cm !
were recorded on a Fourier transformed infrared spec-
trophotometer (FTIR) from Perkin Elmer model 1760-
X on disks of 300 mg KBr adding 1.5 mg of the sample.
To eliminate adsorbed water, disks were dried at 100°C
and cooled down to room temperature in dry air before
measurement.

3. Results

3.1. Characterization of starting materials
Spheroidal beads of tricalcium phosphate, TCP, used as
starting material, have a surface area of 2.3 m?/g ™!, with
a Ca/P ratio of 1.55, slightly above the stoichiometric
value of 1.5.

The XRD pattern of TCP, as received, is shown in
Fig. 1, curve a. The diffractogram matches JCPDS-file:
9-169 of B-tricalcium phosphate phase, which is the
predominant phase. Few additional reflections of low
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Figure I XRD patterns of TCP (a) as received, (b) treated at
1100°C/20 h, 2.9 wt% nitrogen, (c) treated at 1200°C/10 h, 2.7 wt%
nitrogen and (d) treated at 1300°C/7 h, 0.4 wt% nitrogen. Phases
are assigned as: CaO =+, Ca(OH), = %, apatite = ¥, graphite =¥,
B-TCP=@.

intensity were detected and could be attributed to o-
TCP[15, 16].

Fig. 2, curve a, shows the 3'P-MAS NMR spectrum
of the starting materials. According to the literature
[18] the recorded spectrum is characteristic for a mix-
ture of a- and B-TCP. 8-TCP shows an intensive signal
around —0.5 ppm and two shoulders at 0.5 and 4.3 ppm.
o-TCP exhibits NMR-signals at 1.1, 2.3 and 3.5 ppm.
The mixture of both compounds in the starting material
resulted in an intensive signal at 0.07 ppm followed by
three shoulders at 1.3, 3.5 and 4.3 ppm. Since the NMR
lines of both TCP phases overlap, a quantitative distinc-
tion between «- and B8-TCP was not possible. Fig. 3,
curve a, shows the FTIR spectrum of TCP as received.
The infrared spectrum of the untreated sample shows
intensive bands at 1121, 1083, 1045,973 and 946 cm ™!,
corresponding to the characteristic stretching modes of
tetrahedral [PO4]3~ groups of B-TCP. Further, bands at
588 and 554 cm™~! are attributed to the bending modes
of [PO4]?~ groups of B-TCP. IR-bands at 1010, 602
and 541 cm™! for B-TCP as reported in the literature
[19, 20] were not detected, which is attributed to the low
intensity and sharpness of these bands. However, using
FTIR analysis it is difficult to distinguish between both
crystalline phases of TCP, since both «- and 8-TCP ex-
hibit bands at similar wave numbers [19, 20]. Due to the
pronounced shape of the FTIR-bands, high crystallinity
of the starting product is assumed.
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Figure 2 3'P-MAS-NMR spectra of TCP (a) as received and (b) treated
at 1200°C/7 h containing 2.7 wt% nitrogen.
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Figure 3 FTIR spectra of TCP (a) as received, (b) treated at 1100°C/7 h,
1.6 wt% nitrogen, (c) treated at 1100°C/11 h, 2.1 wt% nitrogen and (d)
treated at 1200°C/4 h, 2.7 wt% nitrogen.

3.2. Nitridation kinetics

The kinetics of the nitrogen uptake of the samples were
studied by measuring the nitrogen content as a function
of temperature and time of thermal treatment. Nitrogen
incorporation was only detected within the studied tem-
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Figure 4 Nitrogen content of the samples after ammonia treatment for
7 h as a function of temperature.

perature and time ranges when graphite crucibles were
used or graphite powder was placed side by side to the
alumina crucibles. Using alumina crucibles in absence
of graphite resulted in no or insignificant amounts of
nitrogen.

Fig. 4 shows the nitrogen content of TCP after treat-
ments in dry ammonia atmosphere for 7 hours as a func-
tion of the treatment temperature. The nitrogen content
incorporated into TCP is about 1.5 wt% at treatment
temperatures of 1100°C, and increases sharply to val-
ues of up to 2.7 wt% at 1200°C. Heat treatments at
temperatures above 1200°C resulted in lower amounts
of nitrogen. At 1300°C about 0.4 wt% of nitrogen was
detected.

The kinetics as a function of treatment time was stud-
ied at a constant temperature of 1200°C, corresponding
to the highest nitrogen values incorporated for a thermal
treatment time of 7 hours, and is shown in Fig. 5. After
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Figure 5 Nitrogen content of the samples after ammonia treatment at
1200°C as a function of time.
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one hour of treatment in dry ammonia, a nitrogen con-
tent of about 2 wt% was analyzed. Longer treatments
resulted in a slight increase of the amount of nitrogen.
After 4 h of ammonia treatments a broad maximum
of about 2.7 wt% of nitrogen is reached continuing to
treatments for up to 10 h. Treatments at 1200°C for
times exceeding 10 h resulted in a sharp drop of the
nitrogen content. At the same time, red phosphorous
depositing on the furnace chamber was observed.

3.3. XRD analysis

Fig. 1 shows the XRD patterns of samples before and
after ammonia treatment in the 2®-range of 10° to 70°.
Untreated samples show the XRD pattern character-
istic for B-TCP (JCPDS-file: 9-169). After ammonia
treatments phase transformations were observed. Ap-
atite appears as the dominant crystalline phase in sam-
ples treated at temperatures between 1100 and 1200°C.
Best matches with the JCPDS-files were obtained for
hydroxyapatite (JCPDS-file: 9-432). The XRD patterns
of the samples treated at 1100 and 1200°C containing
2.9 and 2.65 wt% respectively do not differ significantly
by the introduction of nitrogen. Thus, the prevailing
phase is apatite. A small peak at 26 =38° indicates
the formation of CaO when treated for a longer period
(20 h) at 1100°C.

Treatments of samples at temperatures at 1300°C
caused the decomposition of hydroxyapatite. XRD pat-
terns of samples treated for 7 h at 1300°C in dry ammo-
nia, containing about 0.4 wt% of nitrogen, show that
calcium hydroxide and graphite are the only present
crystalline phases. At this temperature and above, the
surface of the graphite crucibles and partly the samples
were found to be covered by a fine carbon powder.

3.4. 3'P-MASS-NMR studies

Fig. 2a shows the 3'P-MASS-NMR spectrum of un-
treated TCP, compared to a spectrum of a sample treated
at 1200°C for 7 h containing 2.7 wt% of nitrogen
(Fig. 2b). An evident shift in the NMR-signals is ob-
served indicating a phase transformation. After ammo-
nia treatment and nitrogen incorporation a single signal
at 2.67 ppm was detected which is characteristic for the
occurrence of isolated [PO4]*~ tetrahedra of apatites
[9, 21].

3.5. FTIR spectra

Fig. 3 shows the infrared spectra of the samples be-
fore and after various thermal treatments in ammonia
atmosphere. Ammonia thermal treatments and nitrogen
uptake of the samples result in mayor changes of the
infrared spectra. Four sharp bands at 3250, 2016, 1966
and 700 cm™~! appear which cannot be the attributed to
any calcium phosphate or calcium oxide compounds.
As shown in an earlier paper [9] these bands originate
from cyanamide groups. The observed new bands are
attributed to CN%‘— and HCN;, -groups of cyanamida-
patite, Ca;o(PO4)sCNj; and calcium deficient cyanami-
dapatite Cajy (PO4)s(HPO4)HCN,, respectively. Fur-
ther, in the samples treated at 1100°C for 7 and 11 h an
additional band at about 3643 cm~! is observed. Ac-
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cording to the literature this band is attributed to the
occurrence of Ca(OH), [22].

The IR-bands of the phosphate groups exhibit only
minor changes after ammonia treatments. However, the
characteristic band of B-TCP at 1121 cm~!, which dis-
tinguishes tricalcium phosphates from apatite, is miss-
ing. Comparing the other IR-bands attributed to POy-
groups, the formation of apatite is indicated, however,
not evident by the FTIR analysis solely. IR-bands in the
area of 3570 and 630 cm~! characteristic for the OH-
groups of hydroxyapatite [19] have not been observed
in any of the ammonia treated samples. Further, a band
appearing at 946 cm~! may indicate the presence of a-
or 8-TCP [16, 23].

4. Discussion

All applied methods, e.g. XRD, *'P-NMR and FTIR,
showed that treatments of TCP in dry ammonia at tem-
peratures between 1100 and 1200°C result in a phase
transformation into apatite. The phase transformation
is accompanied by an incorporation of nitrogen. In ac-
cordance with ammonia treatments of hydroxyapatite,
nitrogen incorporation only occurred if graphite was
present during treatments [9]. The infrared analysis re-
vealed that cyanamide ions have been incorporated into
the apatite structure. Since no evidence of the formation
of hydroxyapatite or any other type of apatite is given,
a direct transformation of TCP into cyanamidapatite
is suggested. Hence, the following reaction sequence
for the formation of cyanamidapatite from tricalcium
phosphate is proposed:

ONH; + C — H,CN, + 2H, (1)

3Ca3(PO4)2 + HyCNy — Cag(PO4)s(HPO4)(HCN»)
4

In a first step, ammonia reacts with graphite to form
cyanamide as suggested earlier [9]. These molecules
react with tricalcium phosphate to transform into
cyanamide apatite; comparable to the hydroxyapatite
formation of tricalcium phosphate in water or vapor as
described above [14—-16]. In the case of hydroxyapatite
a calcium deficient apatite is formed from TCP. In ac-
cordance, the formation of a calcium deficient cyanami-
dapatite by ammonia treatments of TCP is suggested.

As reported earlier [9], during long term treatments
at 1200°C and particularly during treatments at 1300°C
and above, strong reduction of the PO4 groups occurs.
These reduction first increases the Ca/P ratio towards
a more stoichiometric calcium phosphate apatite. To
what extent the stoichiometric ratio of 1.6 is achieved,
is subject to further studies. As the reduction continues
cyanamidapatite significantly loses phosphate groups
and decomposes to calcium oxide and phosphorous.
The apatite lattice collapses and the cyanamide ions lose
their site in the crystal. As a consequence the nitrogen
content decreases as shown in Figs 4 and 5.

5. Conclusions

Through dry ammonia treatments at temperatures
between 1100°C and 1200°C tricalcium phosphate
transforms into cyanamidapatite. It is suggested that



cyanamide is formed in presence of graphite and reacts
at temperatures above 1100°C with tricalcium phos-
phate. Cyanamidapatite is formed. Due to a strong re-
duction of phosphate groups at temperatures around
1200°C the apatite lattice breaks down completely. The
sites of the cyanamide ions get lost and the nitrogen con-
tent decreases. An analogy to the apatite formation from
tricalcium phosphates exposed to vapor can be drawn
and, thus, further calcium phosphate compounds, e.g.
tetracalcium phosphate and dicalcium phosphate, are
expected to transform into cyanamidapatite when ex-
posed to dry ammonia at high temperature in the pres-
ence of carbon.
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