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Abstract

Two commercial hydroxyapatites were treated in dry
ammonia at temperatures between 800 and 1300�C
for di�erent times up to 30 h. Nitrogen was incorpo-
rated with a maximum content of 3.7 wt% in pre-
sence of graphite. X-ray di�raction studies show no
important phase transformation by the incorporation
of nitrogen up to 1200�C. Treatments at tempera-
tures above 1200�C resulted in the formation of CaO
or Ca(OH)2.

31P NMR studies indicate no direct
bonding of nitrogen and phosphorous. Infrared spec-
tra show increasing intensities of four new bands at
3250, 2016, 1966 and 700 cmÿ1 with increasing
nitrogen contents, while the OH-bands at 3570 and
630 cmÿ1 vanish. Taking into account results of the
carbon content, XRD, NMR and IR spectra it is
suggested that nitrogen enters into the structure as
[CN2]

2ÿ ion, substituting [OH]ÿ groups, and
forming cyanamidapatite Ca10(PO4)6(CN2).
# 1999 Elsevier Science Limited. All rights reserved
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1 Introduction

Calcium hydroxyapatite has received considerable
attention for a number of years as an important
inorganic constituent of human bones and teeth.1

Further, it is known that these compounds present
a high adsorption power and catalytic activity, and
that they perform a series of cationic and anionic
exchange reactions.2

Hydroxyapatite Ca10(PO4)6(OH)2, (HA) is a mem-
ber of the apatite family of minerals which have the
general formula A10(BO4)6X2. The structure of
hydroxyapatites is essentially constituted by the ionic
crystals built up fromA2+, BO4

3ÿ andXÿ ions.3,4 The

arrangement of the BO4
3ÿ tetrahedra approximates

to a closed-packed hexagonal lattice, in which the
A2+ and Xÿ ions are located in the tetrahedric
sites. Hence, apatites belong to space-group P63/m
or P21/b. Most of A2+ ions form equilateral trian-
gles, which are separated by two larger triangles
formed by the O2ÿ ions of three di�erent phos-
phate tetrahedra. The plane of these triangles are
parallel to each other and the distance between
planes is about 6.5AÊ . This parallel arrangement of
the triangle planes composes channels along the
centres of the triangles perpendicular to the hex-
agonal axis. The gravity centres of the triangles are
in a staggered con®guration and the Xÿ ions are
contained into the channels formed by A2+ ions.
In the pseudo-hexagonal unit cell of hydro-
xyapatite, hydroxyl ions are located in the center of
triangles of Ca2+ ions and oriented with the
hydrogen atom pointing the direction of the c-
axis.5

The atomic arrangement of HA admits large
deviations from its theoretical composition, and
nonstoichiometric forms and ionic substitutions of
the Ca2+, PO4

3ÿ groups are common.6±8 The Ca2+

cations can be substituted by Na+, K+, Mg2+,
Sr2+, Pb2+ or Mn2+ and the PO4

3ÿ anions by
AsO4

3ÿ, SO4
2ÿ or CO3

2ÿ up to a certain amount
without destroying the apatitic structure.9±13

An exchange of the OHÿ ions for others of
similar size is also very frequent. The exchange
ability of the OHÿ groups derives from their loca-
tion in the apatite lattice. Several papers describe
good mobility for di�usion of hydroxyl groups
along this channels at high temperature.2,6±10 At
temperatures above 900�C hydroxyapatite inter-
changes OHÿ groups by Clÿ, O2ÿ and CO3

2ÿ ions
in a gas ¯ow of each of these molecules, a property
which is used for the preparation of chlor-, oxy-
and carbonated apatite.5,13±16 OHÿ ions can be
also exchanged by Fÿ ions at room temperature,
what contributes to caries inhibition of human
dental enamel.
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The aim of this work has been to prepare a nitrogen-
containing apatite by treatment of commercial
hydroxyapatite in a dry ammonia atmosphere at
high temperatures. This type of procedure has been
applied in phosphate glasses, to modify di�erent
properties, specially chemical and thermal ones.17,18

The nitrogen-containing groups will be character-
ized as well as those that are replaced in the
hydroxyapatite network during the nitridation
process. The nitridation kinetics and the structural
changes in the hydroxyapatite network provoked
by nitrogen incorporation will be also studied.

2 Experimental

2.1 Starting materials
Two commercial hydroxyapatites were used as
starting materials for nitridation: (a) a ®ne semi-
amorphous calcium defect hydroxyapatite by
Fluka, Buchs (CH), named CDHA, and (b) a well
crystallized hydroxyapatite with a Ca/P stoichio-
metric ratio by Betthys, Bettlach (CH), named
Ceros 80, frequently used in medicine for ®lling
bone defects.

2.2 Thermal treatments
Approximately 1 g of each type of hydroxyapatite
were subjected to di�erent thermal treatments in a
dry ¯owing ammonia atmosphere. The samples
were placed in an airtight furnace and nitrogen was
¯owed through to eliminate the air at the same
time that temperature was raised up. When tem-
perature was about 600�C the nitrogen ¯ow was
replaced by ammonia (500 cm3 minÿ1) and the
furnace temperature was raised up to the treatment
selected temperature between 800 and 1300�C. The
temperature and the ammonia ¯ow were kept con-
stant until the end of treatment, from 1 to 16 h.
Finally, the furnace was cooled down under
ammonia atmosphere. Alumina and graphite cru-
cibles were used as containers and in some cases
graphite powder was put aside the graphite and
alumina crucibles containing the sample.
Thermal treatments in Ar atmosphere were per-

formed under the same conditions of those in
ammonia in order to separate thermal e�ects from
nitridation e�ects on hydroxyapatite samples.

2.3 Characterization
Chemical analysis of calcium, phosphorus, sodium
and magnesium were made by inductive coupled
plasma, ICP, with a Jobin-Yvon sequential spec-
trometer, model JY-38 VHR. The speci®c surface
area was measured by the Brunauer±Emmet±Teller
method, BET, with an Quantachrome, model
Monosorb. Nitrogen analysis were performed by

inert gas fusion method using a Leco type di�er-
ential oxygen and nitrogen analyser, TC-436
model. Carbon analysis were made by the infrared
absorption method at 85Hz with a carbon and
sulphur Leco analyser C-200 model. All the sam-
ples were treated at 500�C for half an hour before
the analysis to eliminate the CO2 adsorbed on the
surface.
X-ray di�raction powder patterns (DRX), were

obtained on a Siemens di�ractometer with CuK�
radiation at 45 kV, 35mA, operating in the step
scanning mode. The step size was 0.025 (2�) and
the counting time per step was 3 s in a 2� range
from 25 to 67�. For the calculation of the unit cell
constants by least-square ®t only de®ned di�rac-
tion peaks with 2�>45� were selected.

31P magic angle spinning nuclear magnetic reso-
nance, (31P-MASS-NMR), spectra were acquired
on a Bruker MSL-400 spectrometer operating at
161.977Mhz. Magic angle sample spinning was
carried out with about 0.1 g samples, using spin-
ning speeds of 4 khz. Chemical shifts were mea-
sured with respect to an external reference of 85%
H3PO4 with an estimated deviation of 0.5 ppm.
Infrared spectra from 4000 to 400 cmÿ1 were

recorded on a Fourier transform infrared spectro-
photometer (FTIR) Perkin±Elmer model 1760-X
on disks of 300mg KBr adding 1.5mg of Ceros 80
or 0.5mg of CDHA, respectively. To eliminate
adsorbed water disks were dried at 100�C and
cooled down to room temperature in dry air before
measurements.

3 Results

3.1 Characterization of starting materials
CDHA hydroxyapatite shows a high speci®c sur-
face area of 62m2 gÿ1 and a Ca/P ratio of 1.52.
This Ca/P ratio is notably lower than the stoichio-
metric value of 1.67. The carbon content of this
hydroxyapatite, measured as CO2, is 0.15wt%.
Ceros 80 hydroxyapatite with a Ca/P stoichio-

metric ratio consists of agglomerates with two
grain size distributions between 0.7 and 1.4mm,
and 1.4 and 2.8mm, and constitutes a system of
closed macro- and micro pores occuping about
60% of the total volume. Its measured speci®c
surface area is as low as 0.07m2 gÿ1, and the car-
bon content is 0.05wt%.
The X-ray di�raction spectra of both hydro-

xyapatites used as starting products are showed in
Fig. 1. It is observed a great di�erence between the
crystallization grade of both materials that reveals
the semiamorphous character of hydroxyapatite
CDHA.Only peaks corresponding to hydroxyapatite
phase can be detected in both di�raction patterns.
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3.2 Nitridation kinetics
The kinetics of nitrogen incorporation into hydro-
xyapatite was studied by measurements of the
nitrogen content as a function of the temperature
and time of the thermal treatment. For the studied
temperature and time ranges nitrogen incorporation
can be only detected when using graphite crucibles
or when graphite powder was placed side by side to
the alumina crucibles. When alumina crucibles were
used in absence of graphite, no or insigni®cant
amounts of nitrogen could be incorporated.
The nitridation kinetics was studied as a function

of temperature for a constant time of 7 h, in the
range of 800 to 1300�C. Figure 2 shows the nitrogen
content of CDHA and Ceros 80 hydroxyapatites as
a function of the treatment temperature in ammo-
nia atmosphere. The nitrogen content incorporated
into hydroxyapatite CDHA, treated during 7 h at
di�erent temperatures, is about 1wt% at treatment
temperatures below 900�C and increases sharply
between 900 and 950�C up to about 2.7wt%. Heat
treatments above 1000�C cause a slower increase of
nitrogen content, which reaches a maximun of
3.7wt% for temperatures about 1200�C. Treat-
ments at higher temperatures resulted in lower
amounts of nitrogen.
Hydroxyapatite Ceros 80 do not incorporate any

noticeable quantity of nitrogen at temperatures
below 1050�C. From this temperature, the nitrogen
content incorporated into the samples increases
with raising temperatures up to a maximum value
of 2.1wt% of N2 at 1200

�C for 7 h.
The kinetics as a function of treatment time was

studied at a constant temperature of 1200�C, corre-
sponding to the highest nitrogen values incorporated

for a thermal treatment time of 7 h. Figure 3 shows
the dependence of the nitrogen content with the
duration of ammonia treatments at 1200�C. Nitro-
gen content incorporated into CDHA increases
very sharply reaching values from 3 to 3.5wt% for
times from 1 to 7 h, while Ceros 80 nitrogen con-
centration reaches a maximun value of 1.5±
2.1wt% in 7 h of thermal treatment. Thermal
treatments at 1200�C for times longer that 7 h
yielded in both hydroxyapatites a sharp drop of the
nitrogen content and elementary phosphorus could
be observed on the wall furnace.

Fig. 1. XRD di�raction spectra of the hydroxyapatites used
as starting materials.

Fig. 2. Nitrogen content of CDHA and Ceros 80 hydro-
xyapatites after ammonia treatment of 7 h as a function of

temperature.

Fig. 3. Nitrogen content of CDHA and Ceros 80 hydro-
xyapatites as a function of time of thermal treatment at a ®xed

temperature of 1200�C.
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3.3 XRD analysis
Figures 4 and 5 show the XRD patterns of samples
before and after ammonia treatments in the 2�-
range of 25 to 67�.
Untreated samples of CDHA show di�use pat-

terns indicating a semi-amorphous structure, with
small diameters of the crystals (Fig. 4).The increase
of the nitrogen content from 1 to 3.7wt% causes a
progressive sharpening of the X-ray patterns as the
crystallinity of samples increases. The XRD pat-
terns of CDHA treated at temperatures below
1200�C do not change signi®cantly by the intro-
duction of nitrogen, the prevailing phase being
hydroxyapatite. Only small peaks at 2�=30.3 and
30.9 indicate the formation of � and �-tricalcium
phosphate, �-TCP and �-TCP, respectively, which
proportions have been evaluated to be less than
5wt%.
Treatments of CDHA hydroxyapatite at tem-

peratures above 1200�C lead to destruction of the
hydroxyapatite network. XRD patterns of CDHA
treated for 7 h at 1300�C in dry ammonia, and
containing a 1wt% N2, show that calcium hydro-
xide and graphite are the crystalline phases only
present. The graphite content of these samples
could arise from the crucible contamination during
the thermal treatment.
The XRD pattern of untreated Ceros 80 corre-

sponds to a high crystalline apatite. After ammonia

treatments up to 1200�C, with nitrogen incorpora-
tion up to 2.1wt%, patterns do not change sig-
ni®cantly and the apatite phase is stable and
dominant (Fig. 5). Only the peak at 2�=38�,
indicating CaO, di�ers from the original hydro-
xyapatite spectrum. As in CDHA, treatments at
1200�C for 16 h result in a total phase transforma-
tion of Ceros 80. XRD patterns of Ca(OH)2
appear and no peak corresponding to apatitic
phase can be identi®ed.
The calculated lattice parameters of the start-

ing materials and the nitrogen containing apa-
tites are presented in Table 1. In comparison

Fig. 4. XRD patterns of CDHA hydroxyapatite before and
after di�erent thermal treatments in ammonia atmosphere.

Fig. 5. XRD patterns of Ceros 80 hydroxyapatite as received
and after di�erent thermal treatments in ammonia atmo-

sphere.

Table 1. Lattice parameters of CDHA and Ceros 80 nitrogen
containing apatites

Sample Parameter a
(AÊ)

Parameter c
(AÊ)

Standard
deviation

Ceros 80, as received 9.383 6.862 0.991
Ceros 80 0.9wt% N2

(1100�C, 7 h)
9.420 6.849 0.995

Ceros 80 2.1wt% N2

(1200�C, 7 h)
9.419 6.842 0.994

CDHA 2.9wt% N2

(1100�C, 7 h)
9.421 6.844 1.002

CDHA 3.7wt% N2

(1200�C, 7 h)
9.424 6.852 0.983
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with hydroxyapatite from JCPDS No. 9-432, a
small decrease of 0.02AÊ is observed for the c-axis
while the a-parameter increases (0.04AÊ ) by nitro-
gen incorporation.
X-ray pattern of Ceros 80 hydroxyapatite treated

up to 1200�C in an argon atmosphere shows the
characteristic peak of the apatite phase indicating
that no changes other than dehydroxilation have
occurred. On the contrary, XRD pattern of the
amorphous CDHA hydroxyapatite shows the for-
mation of �-Ca3(PO4)2.

3.4 31P-MASS-NMR studies
Figure 6 shows the 31P-MASS-NMR spectra of
CDHA before and after ammonia treatment. The
spectrum of the untreated sample shows a single
peak at 2.8056 ppm characteristic of monophase
apatite.19 In the spectrum of a sample treated at
1100�C for 7 h and containing 2.8wt% of nitrogen,
only the single peak could be detected, indicating
no changes in the phosphorus bonding state by
nitrogen incorporation. The spectrum shows a
sharpening of the peak after heat treatment, which
is attributed to higher crystallinity.
Figure 7 shows the 31P-MASS-NMR spectrum

of untreated Ceros 80 compared to the spectrum of
Ceros 80 with 1.5wt% of nitrogen treated at
1200�C for 7 h. The characteristic single peak cor-
responding to [PO4]

3ÿ isolated tetrahedra of apa-
tites remains after ammonia treatment and
nitrogen incorporation.

3.5 FTIR studies
Figures 8(a)±(d) and 9(a)±(e) show the infrared
spectra of hydroxyapatites CDHA and Ceros 80
before and after di�erent thermal treatments in
ammonia atmosphere. The infrared spectra of

Fig. 6. 31P NMR spectra of untreated CDHA hydroxyapatite
and after treatment at 1100�C for 7 h.

Fig. 7. 31P NMR spectra of untreated Ceros 80 hydro-
xyapatite and after treatment at 1200�C for 7 h.

Fig. 8. (a)-(d) IR absorption spectra of CDHA hydro-
xyapatites, as received and treated at di�erent temperatures

and times in ammonia atmosphere.
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CDHA and Ceros 80 [Figs 8(a) and 9(a)] show
bands corresponding to the characteristic vibra-
tional modes of tetraedral [PO4]

3ÿ, [CO3]
2ÿ and

[OH]ÿ groups.20±22

Theoretically, there are four vibrational modes
for phosphate ions, �1, �2, �3 and �4 that are
Raman and infrared active.21,22 Bands in the
region of 1190 to 976 cmÿ1 are due to �3 vibra-
tional mode of phosphate group. Phosphate �1
band is present at near 960 cmÿ1 and can be
observed in all spectra of hydroxyapatite and car-
bonated apatites. Phosphate �4 band is present in
the region of 600 and 560 cmÿ1. Two sites appear
in the case of carbonated apatites, centered at 603
and 567 cmÿ1, and three sites are observed in
hydroxyapatites at 633, 603 and 565 cmÿ1. Phos-
phate vibration �2 is normally observed as weak
bands in the 475 and 440 cmÿ1 region. In Ceros 80
and CDHA hydroxyapatites infrared spectra, only
one peak appears at 472 cmÿ1.
The OH vibrations at 3570 and 630 cmÿ1 are well

de®ned in Ceros 80. In CDHA these bands are
partly overlapped by adsorbed water bands and
not so well pronounced because of the low crystal-
linity of this material.
Bands at 1450, 1425 and 879 cmÿ1 in CDHA are

attributed to a substitution of phosphate by car-
bonate ions13,23,24 although band at 876 cmÿ1 has
also been assigned to O±H bond of HPO4 group.

After ammonia treatment and incorporation of
nitrogen several new bands appear. Bands at 1120,
1010, 982 and 951 cmÿ1 in CDHA [Fig. 8(c)] can be
assigned to �-TCP.24 The band at 3643 cmÿ1 indi-
cates the formation of Ca(OH)2 in Ceros 80
[Fig. 9(b)±(d)].25 However, the bands at 3250, 2016,
1966 and 700 cmÿ1 cannot be attributed to any
calcium phosphate formed by phase transforma-
tion during heat treatments. These bands only
appear in samples containing nitrogen. The bands
at 2016 and 700 cmÿ1 are very sharp and intensive
and even appear for nitrogen contents as low as
0.5wt% [Fig. 9(b)]. The 3250 and 1966 cmÿ1 bands
are weaker and can only be detected at nitrogen
contents higher than 0.5wt%. The intensities of
these four bands increase with the amount of
nitrogen, maintaining a constant ratio among
them. On the other hand, the OH- bands decrease
and ®nally disappear for a nitrogen content of
2.6wt% [Fig. 8(c)].

3.6 Carbon analysis
The carbon content of particular samples was also
analysed and the results are represented in Table 2
in relation to nitrogen content.

4 Discussion

The studies of the behaviour of two commercial
hydroxyapatites in dry ammonia at high tempera-
ture have shown that both hydroxyapatites incor-
porate nitrogen. Nitrogen incorporation was only
observed when graphite crucibles were used for the
ammonia treatments or in presence of graphite
when alumina crucibles were used. This fact sug-
gests that graphite participates in the nitridation
reaction by producing a highly reducing atmo-
sphere, acting as a catalyst for the nitridation
reaction or incorporating into the apatitic phase as
a kind of nitrogen compound. Hydroxyapatite is a
special case of material with an open structure that
contains ions with a very high mobility as part of
the crystalline network. It could accommodate
some quantities of nitrogenous molecules if the are
thermally stable in ammonia atmosphere. The
kinetics studies have shown that the amount of
nitrogen introduced increases with time and tem-
perature, reaches a maximum after treatments at

Fig. 9. (a)±(e) IR absorption spectra of Ceros 80 hydro-
xyapatites, as received and treated at di�erent temperatures

and times in ammonia atmosphere.

Table 2. Carbon content of CDHA nitrided apatite

Sample Carbon content
wt%

C/N relation

CDHA as received 0.15 Ð
CDHA 2.8wt% N2 1.31 0.46
CDHA 3.2wt% N2 1.27 0.40
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1200�C for 7 h and ®nally decreases for treatments
at higher temperature and/or for longer times.
It is shown from literature26 that stoichiometric

hydroxyapatite dehydrates during heating at tem-
peratures between 900 and 1200�C due to the
reaction:

Ca10 PO4� �6 OH� �2! Ca10 PO4� �6O�H2O �1�

One mole of water is lost for each mole of hydro-
xyapatite to turn into oxyapatite. The XRD pat-
tern of oxyapatite is very similar to that of
hydroxyapatite. The loss of water, however, can be
observed by the decrease in the IR bands intensity
assigned to OH vibrations at 3570 and 630 cmÿ1.26

Further heating at temperatures above 1450�C
causes thermal decomposition of the oxyapatite
into tricalciumphosphate, �-Ca3(PO4)2, and tetra-
calciumphosphate, Ca4P2O9.

23

Ca10 PO4� �6O! 2Ca3 PO4� �2�Ca4P2O9 �2�

Calcium de®cient hydroxyapatites decompose at
lower temperatures to stoichiometric hydroxy-
apatite and tricalcium phosphate, TCP, according
to its degree of de®ciency27

Ca10ÿx PO4� �6ÿx HPO4� �x HO� �2ÿx!
1ÿ x� �Ca10 PO4� �6 OH� �2�3xCa3 PO4� �2�xH2O

�3�

In the present study, heat treatments of calcium
de®cient hydroxyapatite, CDHA, in air or in argon
atmospheres resulted in a decomposition at tem-
peratures above 900�C due to reaction 3. However,
in dry ammonia CDHA was stable up to tempera-
tures of 1200�C. Thus, the ammonia atmosphere
stabilizes the apatitic structure, con®rming the role
of nitrogen and excluding the possibility that
changes are only produced by thermal e�ect.
After ammonia treatments and introduction of

nitrogen up to the maximum contents, the XRD
patterns of both stoichiometric and calcium de®cient
hydroxyapatites correspond to calcium phosphate
apatite of space group P21/b (JCPDS-®le 9-432). No
other peaks have been found, which could indicate a
change of symmetry as in the chlor-13 or carbonated
apatite.5 Neither other peak has been detected indi-
cating the presence of any known crystalline
nitrogen-containing phase. The formation of a
nitrogen-containing glassy phase can be excluded, since
the crystallinity of semi-amorphous hydroxyapatite
CDHA increases with nitrogen incorporation. The
XRD patterns (Figs 4 and 5) show that after
treatments at temperatures of 1300�C for 7 h or at
1200�C for 16 h, Ca(OH)2 and graphite are present.
That is a consequence of the thermal decomposi-
tion of hydroxyapatite with phosphate reduction to

elemental red phosphorus, P4, provoking the
destruction of the crystalline network.
Calculation of the lattice parameter shows that

the introduction of nitrogen has not any signi®cant
e�ect on the unit cell dimensions. The comparison
with hydroxyapatite lattice parameters from
JCPDS-®le-9-432 (a � 9�41800AÊ , c � 6�88400AÊ )
shows a small shortening of the c-axis while the a-
axis becomes longer by about 0.04AÊ . This change
may be compared with that produced by other sub-
stitutions. For example, Clÿ interchange for OHÿ

ions causes a change from a � 9�4214AÊ ,
c � 6�8814AÊ to a � 9�628AÊ , c � 6�764AÊ 5,11 and
Sr2+ substitution for Ca2+ causes a lengthening of
the a- and c-axes to a � 9�76AÊ , c � 7�27AÊ .11 The
changes in the lattice parameters must be indicative
of the type of substitution occurring. More impor-
tant changes occur when a network ion is replaced
and it frequently provokes changes in IR spectra.
An interesting example is that of the hydroxyl or
phosphate substitution by carbonate.5 When the
phosphate tetrahedron is replaced by carbonate a
shortening of the a parameter occurs from 9.42 to
9.30AÊ for 22wt% of carbonate content. At the
same time the IR band of the PO4

3ÿ group at
630 cmÿ1 becomes wider and the intensity of that
at 1050 cmÿ1 decreases and even disappears. Only a
little change in network parameters will be expec-
ted when the ions replaced are these located along
the channels of the hydroxyapatite network. If
hydroxyapatite is treated at high temperature in a
dry CO2 atmosphere hydroxyl groups are replaced
by carbonate ions. This event causes a lengthening
of the a parameter from 9.42 to 9.58AÊ for a car-
bonate content of 6wt% and the IR spectra are
similar to those of natural hydroxyapatites franco-
lite and dahllite.5

The small changes observed in hydroxyapatite
network parameters by nitrogen incorporation
would indicate that the introduced ions do not
disturb strongly the apatitic lattice and thus the
exchanged ions should be of similar size, charge
and electronegativity.27 Likewise, these facts sug-
gest that the OHÿ ions, more than the phosphate
groups, are substituted during the thermal treat-
ments.

31P NMR spectra of both hydroxyapatites before
and after ammonia treatment con®rm that no
changes in phosphate groups structure result as a
consequence of ammonia treatment. High-resolution
31P NMR of solid calcium phosphates, including
stoichiometric and nonstoichiometric hydroxy-
apatites, exhibit a single signal belonging to iso-
lated phosphate groups.19,28,29 This single signal is
clearly di�erent from those of tricalcium, tetracalcium
and the other hydrated and protonated phos-
phates.28 After treatment at 1100�C for 7 h and
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nitrogen incorporation up to 2.8wt%, the single
peak at 2.8056 ppm for original CDHA hydro-
xyapatite appears at 2.7484 ppm. The peak is very
narrow and symmetrical and no second peak is
found, indicating that there is no change in the
PO4

3ÿ bonding state of apatite. Hence, no direct
bonding between phosphorous and nitrogen is
formed, like in the case of nitrided phosphate glas-
ses and ceramics. The 31P NMR spectra of Ceros
80 con®rms the absence of P±N or P�N linkages in
nitrogen containing apatite.29 The single peak at
2.97 ppm for Ceros 80 hydroxyapatite containing
1.3wt% of nitrogen, clearly indicates that phos-
phorous ions are forming linkages with only one
kind of atoms, corresponding to the oxygen ion of
the phosphate group. No second type of bonding
can be detected.
It has been indicated30 that thermal decomposi-

tion reaction of hydroxyapatite into �- and �-tri-
calciumphosphate is a reversible reaction and
hydroxyaptite can be formed again by an annealing
treatment. Only the formation of an amorphous �-
tricalcium phosphate phase is an irreversible pro-
cess but this phase is easily recognized in the NMR
spectra. This fact explains the increase in the crys-
talline grade of hydroxyapatite by the thermal
treatment in ammonia atmosphere.
The small changes produced in the lattice para-

meters of hydroxyapatite by nitrogen incorpora-
tion and the scarce modi®cations observed in XRD
and 31P NMR spectra suggest that hydroxyl
groups, rather than phosphate groups, are sub-
stituted by nitrogen-containing ones. FTIR spectra
are useful to consider the possibility of nitrogen
incorporation by substitution of the hydroxyl ions
of apatite. The FTIR-spectra of nitrogen contain-
ing CDHA (Fig. 8) and Ceros 80 apatites (Fig. 9)
show four new bands at 3250, 2016, 1966 and
700 cmÿ1 which cannot be attributed to any cal-
cium phosphate phase formed by phase transfor-
mation during heat treatments. These bands
increase with nitrogen content and the relation
between their intensities remains constant and
must be attributed to only one nitrogen containing
group. At the same time these bands increase, the
OH bands of HA at 3570 and 630 cmÿ1 decrease
and cannot be detected for nitrogen contents
higher than 2.6wt% [see Fig. 8(c)]. These results
suggest that nitrogen-containing groups substitute
the hydroxyl ions of HA during the ammonia
treatments.
IR spectra of various nitrogen compounds

groups have been compared to determine the
entering groups. Amino and imino ions, [NH2]

ÿ,
[NH]2ÿ, were the ®rst considered groups, because
of their similar size and structure to hydroxyl ions.
However, their IR spectra hardly ®t the data of this

work31 (Table 3). In particular, the sharp IR-band
of nitrogen-containing apatite at 2016 cmÿ1 can
not be explained by amino ions as incorporated
substituents. The only good agreement found for
the unassigned IR-bands of nitrogen-containing
apatite were the IR-spectra of cyanamide [CN2]

2ÿ

compounds.32 In Fig. 10, the infrared spectrum of
CaCN2 from Merck, Darmstadt (Germany) is
compared to those of CDHA and Ceros 80 hydro-
xyapatites containing 3.7 and 2.1wt% of nitrogen,
respectively. The [CN2]

2ÿ-ion is linear and has
only two IR active modi, which are the asymme-
trical stretching modus �3, between 2130 and
1855 cmÿ1, and the bending modus �2 at about
650 cmÿ1. In cyanamide compounds like e.g.
CaCN2, bands between 3400 and 3200 cmÿ1

Fig. 10. IR absorption spectra of CDHA and Ceros 80
hydroxyapatites containing 3.7 and 2.1wt% of N2 respec-

tively, compared to one of CaCN2.

Table 3. IR wavenumbers (cmÿ1) of amino- and cyanamide
ions compared to nitrogen containing apatite

Nitrogen containing
apatite unassigned
IR-bands

NH2
ÿ/NH2ÿ

(mode)
CaCN2

(mode)

3250 3500Ð3100
(�1,�3)

3341, 3240
(�1, �3 H±NCN)

2016 1650Ð1520
(�4)

2056
(�3)

1966 Ð Ð
700 900Ð600

(�2)
669
(�2)
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attributed to H±NCN bonds are normally
observed. Table 3 shows that three of the four
unassigned bands of the nitrogen-containing apa-
tites could clearly be attributed to the vibration
modes of [CN2]

2ÿ and [CN2H]ÿ-ions. It is suggested
that the weak IR band at 3250 cmÿ1 corresponds to
a stretching mode (�1 or �3) of [H±NCN]ÿ ions. The
intensive band at 2016 cmÿ1 could be attributed to
the �3-mode and that at 700 cmÿ1 to the �2-mode of
[N±C-N]2ÿ ions. The attribution of the IR-band at
1966 cmÿ1 is not evident. Its wave number is
characteristic of a stretching mode of [CN2]

2ÿ

groups, too. Its small deviation towards lower fre-
quency and its low intensity provide the evidence
for attribution to a 13C-satellite of the �3-mode of
[CN2]

2ÿ.
Taking into account the XRD and 31P NMR

data and the agreement between IR spectra of
nitrogen-containing apatite and calciumcyana-
mide, it is suggested a mechanism of substitution of
OH-ions by [CN2]

2ÿ ions that could also explain
the role of graphite in the nitridation process.
First, ammonia reacts with carbon to form cya-

namide molecules (H2CN2):

2NH3 � C! H2CN2 � 2H2 �4�

Later, these molecules interchange with hydroxyl
ions of apatite:

Ca10 PO4� �6 OH� �2�H2CN2 !
Ca10 PO4� �6CN2 � 2H2O

�5�

Carbon analysis of nitrogen-containing samples
con®rm the proposed mechanism. As shown in
Table 2, the carbon±nitrogen relation ®ts, within
the error of the measurement and the inhomogenity
of the samples, to the C/N-ratio in [CN2]

2ÿ of 0.43.
Also, the fact that no nitrogen was introduced in
absence of graphite during ammonia treatment
supports the model of formation of cyanamide
ions, which are introduced into apatite structure
substituting OH ions. A similar reaction is known
for the synthesis of calciumcyanamide from cal-
ciumoxide.

CaO� 2NH3 � 2C! CaCN2 � CO� 3H2 �6�

After ammonia treatments at temperatures above
1200�C a decrease in nitrogen content and a strong
phase transformation are observed (Figs 2 and 3).
XRD patterns (Figs 4 and 5) show that after
treatments at T � 1300�C for 7 h and T � 1200�C
for 16 h, apatite disappears, whereas Ca(OH)2,
CaO and graphite appear. This phase transforma-
tion is attributed to a reduction of phosphate to
elemental phosphorus. From ammonia treatments

of phosphate glasses and ceramics at similar tem-
peratures, it is known that phosphate groups are
reduced to elemental phosphorus or even to phos-
phine in the highly reducing atmosphere of carbon
and ammonia.17,18,29 In agreement with the obser-
vation of red phosphorus in the exit tube after high
temperature treatments and the disappearance of
phosphorous compounds in the XRD spectra, a
strong reduction of phosphate tetraedra of apatite
is suggested. The phosphate reduction destroys the
apatite lattice. Thus, the sites of the [CN2]

2ÿ groups
disappear and the nitrogen content decreases. The
chemical and physical properties of this new syn-
thetic apatite will be further studied, taking into
account possible applications as gas sensors.

5 Conclusions

Nitrogen has been incorporated into hydro-
xyapatite by dry ammonia treatments at tempera-
tures between 900 and 1200�C in presence of
graphite. Ammonia reacts with graphite during
heat treatment forming CN2

2ÿ-ions. 31P NMR, IR,
and XRD data indicate that these cyanamide ions
interchange with the moveable OHÿ ions situated
on the six-fold screw axis of apatite and cyanami-
dapatite, Ca10(PO4)6CN2, is synthesized.
Treatments at temperatures above 1200�C or

long term treatments destroy the apatite lattice
completely through phosphate reduction, the cya-
namide ions loose their sites in the apatite lattice,
and the nitrogen content decreases.
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