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A new apatite, phosphocalcium cyanamide-apatite Ca,,(PO,), CN1 0, is obtained by treatment under 
low pressure at high temperature (900-IOOOYZ) of a mixture of the corresponding hydroxyapatite and 
calcium cyanamide. In this apatite, one CN:- ion associated with a vacancy replaces two hydroxyl 
ions in the channels. The formation of a cyanamide-containing apatite also occurs by treatment of an 
A-type carbonated apatite by ammonia at 600-9OO’C: in the latter case, the reaction seems more 
difficult and more limited than in the former. The cyanamid0 apatite is decomposed by heating in air, 
and it gives rise first to an A-type carbonated apatite, with release of both ammonia and nitrogen oxide 
and second to hydroxyapatite by hydrolysis of the A-type carbonated apatite. 

Introduction 

In the last decade, considerable attention 
has been paid to the formation and reactiv- 
ity of apatites. The increasing effort in this 
field is due to the importance of apatitic 
compounds either in the study of calcified 
tissues or in the beneficiation of natural 
phosphates. So a better insight of apatites’ 
cristallochemical properties has been ob- 
tained; and, besides, a lot of rather unusual 
new apatites have been discovered: these 
latter apatites refer to compounds in which 
unusual substitutions occur either on cat- 
ionic or anionic sites of the lattice, with 
respect to the well-known calcium phos- 
phate hydroxyapatite or fluorapatite. Some 
examples of such substitutions are: 

(a) the X0:- sites of apatites can be 
occupied by ReOi- (I ) 

* Author to whom correspondence is to be ad- 
dressed. 

(b) the cationic sites of lead apatites 
can be partially ftlled by NH,+ groups (2, 3). 
This substitution occurs when glycine in 
the form of zwitter ion, NH: CH,-COO- 
enters the apatitic lattice: the NH: part is 
located on a cationic site of the channel 
surrounding, while the anionic part lies in 
the channel. 

(c) the hydroxyl sites (or channel sites) 
have been recently shown to be occupied 
either partially or completely by N3- ions 
(4, 5): the balance charge is then com- 
pensated by the coupled substitution 
Ca2++ Me3+. 

Besides the presence of molecular oxy- 
gen has been lirst postulated by Simpson 
(6), and confirmed in our laboratory: our 
results show the simultaneous presence of 
oxygen in different oxidation states in the 
channels of oxygenated apatites (7-9). 

Another unusual kind of substitution has 
been studied in great detail in our labora- 
tory: it is relative to the replacement of two 
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hydroxyl ions of hydroxyapatite (Hap) by a 
bivalent ion associated with a vacancy in 
order to maintain the balance charge. This 
kind of substitution has been the subject of 
many controversies all the last century: 
particularly the existence of so-called oxy- 
apatites (Oxap) and A-type carbonated apa- 
tites (ACap)’ has been claimed and then 
contradicted (10). However, in the last 30 
years, evidence has been afforded for the 
formation in very special conditions of A 
Cap (1145) or Oxap. (16-18). 

Moreover, in the same time, other apa- 
tites containing bivalent ions associated 
with vacancies have been discovered: for 
instance, peroxiapatites (I 9, 20) or sulfide 
apatites (21). As will be discussed, the for- 
mation of such apatites can be understood 
by considering the very high reactivity of 
Oxap. 

In this paper the formation of a new apa- 
tite, of the same kind, phosphocalcium 
cyanamid0 apatite (CN,ap), Ca,,,(FO& 
CN2, will be discussed. The reactivity of 
this apatite will be considered as well. 

Materials and Methods 

The starting products hydroxyapatite 
(Hap) or A-type carbonated apatite (ACap) 
were prepared as described elsewhere 
(13, 17). Calcium cyanamide was obtained 
by treatment of calcite by a stream of am- 
monia between 500 and 850°C (22). The 
temperature was progressively increased 
step by step, each step lasted 2 hr. 

CaC03 + 2 NH3 S CaCN, + 3 H,O. 

The so-obtained calcium cyanamide is in 
fact a mixture of lime and CaCN,. Carbon 
and nitrogen analyses of this material re- 
veal that it contains between 50 and 75 wt% 
of CaCN2, according to the preparation. 

IA-type carbonated apatite means an apatite, in 
which carbonate ions substitute for hydroxyl ions 
along the channels, in opposition to B-type carbonated 
apatites where carbonate ions replace phosphate ions. 

The reaction of ACap with a dry ammo- 
nia gas stream was performed in a similar 
way to the reaction of formation of CaCN2. 
The temperature of ACap was gradually in- 
creased from 600 to 900°C by step of 50°C: 
each step lasted approximately 6 hr. 

For the reaction of Hap and CaCN,, a 
mixture of these components was quickly 
realized by grinding in an agate mortar: a 
long grinding was avoided in order to pre- 
vent the CaCN, hydrolysis by atmospheric 
moisture (22). The proportions of Hap and 
CaCN, in the mixture were such that there 
was a large excess of CaCN, with respect to 
Hap, considering the reaction of 1 mole 
CaCN, with 1 mole Hap. The mixture was 
then pumped off under low pressure (IO” 
Tort) at room temperature, and then heated 
at 900°C during at least 5 hr under the same 
pressure. Some experiments were also per- 
formed under dry helium, instead of low 
pressure. The cooling was realized under 
low pressure or dry helium. 

After cooling the resulting products were 
studied by X-ray diffraction and infrared 
analyses. Attempts to determine the C and 
N content on these products were first per- 
formed with a CHN apparatus, but a 
specific method had to be elaborated. 

Results and Discussion 

I. Treatment of ACap by Ammonia 

The effect of ammonia on ACap at high 
temperature is particularly evidenced by in- 
frared spectrometry (Fig. 1). It clearly ap- 
pears that this treatment causes a decrease 
of the intensity of carbonate bands at 880, 
1468, and 1532 cm-’ (Fig. 1, spectrum l), 
while new bands are increasing at 695, 
1960, and 2010 cm-’ (Fig. 1, spectra 2 and 
3). The positions of these new bands are in 
the frequency field of the CN,2- ion (23). 

Infrared observations are corroborated 
by X-ray investigations: a single phase with 
an apatitic structure is observed after treat- 
ment, and its lattice dimensions are quite 
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FIG. 1. Infrared spectra: (1) A Cap; (2) and (3) A Cap 
treated with NH,. 

different from that of the starting ACap. 
There are a marked decrease of the a pa- 
rameter from a = 9& A to a = 9. 458 8, and 
a slight increase of the c parameter from c 
= 6.8& to 6.879 A. These observations are 
in agreement with the replacement in the 
apatite channels, of carbonate ions by 
smaller ions. So it seems that the treatment 
of ACap by ammonia leads to a new apatite 
containing a carbon-nitrogen specie along 
the channels. 

However, some reservations must be 
noted about this treatment: 

(a) The treated products are generally 
gray-colored, and examination under mi- 
croscope revealed that this coloration is un- 
homogeneous. This gray color has been at- 
tributed to carbon particles mixed with the 
apatitic phase. The formation of such car- 
bon particles might be due to a partial de- 
carbonatation of the ACap, and to ox- 
ydoreduction process of the so-released 
COB molecules with ammonia at high tem- 
perature. It should be noted that this obser- 
vation has not been realized during the for- 
mation of calcium cyanamide. So it is likely 
that the apatite crystallites play some cata- 
lytic effect on the reaction of COz with am- 
monia: indeed apatites are known to 
present catalytic properties (24). Our at- 

tempts to avoid the formation of carbon 
particles, were unsuccessful. 

(b) The partial decarbonatation, which 
can occur, gives rise to 02- ions, and it is 
known that these latter ions react very eas- 
ily with water traces to give hydroxyl ions 
(17): in fact a low amount of hydroxyl ions 
was observed by infrared spectrometry on 
some of the treated samples. 

In view of these difficulties in obtaining a 
pure “carbon-nitrogen” specie containing 
apatite another method of preparation has 
been researched. 

2. Treatment of Hap by CaCN2 

The product obtained after treatment is 
colorless. Its X-ray examination indicates 
the presence of three distinct phases: (a) an 
apatite, (b) unreacted CaCN,, and (c) lime. 
The presence of unreacted CaCN2 can be 
due to the fact that a large excess of this 
component is used, with respect to Eq. (2), 
while that of lime can be attributed both to 
the starting CaCN,, which is impure, and to 
the reaction itself: 

Ca,,(FO&(OH), + CaCN2 + 
Hz0 + CaO + Ca,,(PO,),CN,. (2) 

In opposition with the carbon particles 
previously observed, the supplementary 
phases, CaCN, and CaO, can be eliminated 
easily by treatment of the mixture by am- 
monium citrate (25), followed by washing 
with distilated water and drying in an oven 
at 100°C. 

After the latter treatment the product 
corresponds to a single phase, with an 
apatitic structure (spatial group P6Jm). 
The observed interplanar distances and 
their respective intensities are listed on 
Table I. 

The unit cell dimensions of the so-ob- 
tained product are quite different of that of 
the starting Hap (Table II): an important 
increase of the a parameter is observed, 
while the c parameter is only slightly 
changed. The observations are consistent 
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FIG. 2. Infrared spectra: (1) Hap; (2) Hap treated by 
CaCNz under low pressure; (3) Hap treated by CaCN, 
under dry helium. 

with the replacement in the apatitic chan- 
nels of an ion by a bulkier one (26). 

These differences between the starting 
Hap and the treated product are also evi- 
denced by infrared spectrometry (Fig. 2). 
The hydroxyl bands of Hap at 633 and 3566 
cm-l (Fig. 2, spectrum 1) have quite disap- 
peared for the preparation carried under 

TABLE I 

POWDER DIFFRACTION DATA OF CYANAMIDE 
APATITE” 

hkl d III0 hkl d III, 

100 8.2, 16 112 2.063 
101 5.2, 5 203 2.00, 
110 4.7, 3 222 1.950 
200 4.10 15 312 1.89, 
111 3.90 10 320 1.88, 
201 3.5, 5 213 1.84 
002 3.4, 37 321 1.81, 
102 3.1, 7 410 1.790 
210 3.10 20 402 1.76, 
211 2.82e 100 004 1.719 
112 2.78, 67 104 1.68, 
300 2.73, 73 322 1.651 
202 2.635 24 
301 2.54, 7 
212 2.30, 12 
310 2.275 34 
311 2.16, 14 
302 2.14 7 

11 
9 

51 
22 
11 
52 
29 
21 
20 
27 

4 
12 

‘a = 9.470A, c = 6.87, A; CoKa = 1.78892 A. 

low pressure (Fig. 2, spectrum 2) while new 
bands are exhibited at 695, 1120, 1960, 
2010, and 3230. Among these new bands, 
the following ones 695, 1960, 2010, and 
3230 cm-’ can be attributed to a CN,2- ion. 
In fact some of these bands are reported at 
620, 2170 cm-’ (23), but they lie at 660, 
1935, 2040 and 3220 cm-’ for the CaCN, we 
prepared. The shift of position between the 
CaCNz lines described in the literature and 
those we observed is not understood. 

However, it remains that the CNg- fre- 
quencies, of the apatitic phase and those of 
the calcium cyanamide are different, and 
this shift may be related to the introduction 
of the cyanamide ion in the apatite lattice. 

An interpretation of the band observed at 
1120 cm-l can now be given: in fact some 
modifications of the infrared spectrum of 
apatites and more particularly such a band 
are observed every time the apatites chan- 
nels are filled with a bivalent ion associated 
with a vacancy (I 7, 27). This band is in the 
field frequency of the POf vibrations, cor- 
responding to the V, internal mode of the 
free POf- (28). The fundamental mode u3 of 
the free POf- ion is triply degenerate. The 
introduction of the PO:- ion in the apatitic 
structure allows a removal of the degener- 
acy of the formerly degenerate mode of the 
free ion (29). However, either by consider- 
ing a site-group or a factor-group analysis, 
the selection rules for the spatial group 
P&/m allow only three components ob- 
servable in i&a-red for the stretching 
mode V, (17, 30). With the appearance of a 
band at 1120 cm-’ and its attribution to this 
mode, four bands are observed in the fre- 
quency field 1000-l 120 cm-’ corresponding 
to v3. 

This apparent contradiction is reflecting 
the fact that the true unit-cell symmetry 
must be lower than I%.Jm (17). It is 
obvious that some symmetry elements 
(63, - . .) of the unit-cell are lost, when two 
hydroxyl groups are substituted by a bi- 
valent ion associated with a vacancy. How- 
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ever, if there is a random arrangement of 
bivalent ions and vacancies along the c 
axis, the spatial symmetry P6Jm can be 
observed statistically for long distances. It 
is then observable by X-ray diffraction and 
no surstructure peaks appear. 

In fact lowering of the unit-cell symmetry 
of bivalent ions containing apatites have 
been observed by X-ray diffraction, in a 
few cases, and only for stoichiometric com- 
pounds: oxypyromorphite (31), strontium 
phosphate ACap (32) and recently cal- 
cium-phosphate ACap (33). 

So in some cases infrared appears more 
sensitive than X-rays to some modifications 
of the unit-cell symmetry, because infrared 
observations reflect the single unit-cell 
symmetry, while X-ray studies show the 
symmetry over long distances, in compari- 
son with unit-cell dimensions. 

In the light of these previous observa- 
tions, the appearance of a band at 1120 
cm-’ (Fig. 2, spectrum 2) lends further sup- 
port to the presence in the apatites channels 
of bivalent ions associated with vacancies, 
in order to maintain the charge balance. 

The presence of CNg- ions along the 
channels was also checked by the following 
experiment. Indeed, it is well known that 
fluorapatite constitutes the most stable apa- 

tite, and that if Hap can be converted in 
chlorapatite and vice versa (34), fluoride 
ions are not easily displaced from the apa- 
tite structure (35). Therefore a mixture of 
cyanamide-apatite (CNzap, and calcium 
fluoride was realized, and this mixture was 
treated under low pressure (10” Tort) at 
900°C for 5 hr. After treatment X-ray exam- 
ination indicates the presence of two 
phases: (a) a fluorapatite which was charac- 
terized by its unit-cell dimensions (a = 
9.37, A; c = 6.88&), (b) pure calcium cyan- 
amide. 

So it clearly appears that the apatite we 
prepared by reaction of Hap and CaCNz is a 
cyanamid0 apatite, in which the CNf- ions 
associated with vacancies are located in the 
channels . 

The problem is then: is this apatite stoi- 
chiometric and corresponding to the for- 
mula Ca,0(FQ4)&N20? In fact as reported 
on Table II and Fig. 2 there is some differ- 
ence between CN,ap obtained either under 
low pressure or under dry helium. In the 
latter case very weak hydroxyl vibrations 
are still observed (Fig. 2, spectrum 3), 
while they are not in the former (Fig. 2, 
spectrum 2). This observation, as well as 
the difference of unit-cell dimensions of 
these two products is not sufficient to indi- 

TABLE II 

TREATMENT OF Hap BY CaCNz 

Unit-cell 
dimensions: 
(*o.O02A) 

Carbon and nitrogen percentage by weight 

Method a Method b 
Method c 

a C C N C N N 

Starting Hap 9.42, 6.88, 

Samples prepared 
under low pressure 9.46, 6.87, 1.09 1.2, 2.56 
( 1O-5 Torr) 9.470 6.87, 0.1, 0.2, 1.0, 1.3, 2.6, 

Samples prepared 9.45, 6.87@ O.Ss 0.9, 2.10 
under dry He 9.46, 6.87, 0.18 0.2, 1.0, 0.8, 2.4, 

Theoritical, stoichiometric CN, ap l.l,, 2.7, 1.18 2.7, 2.7, 
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cate that the product obtained under low 
pressure is stoichiometric. 

So in order to answer that question we 
did try to analyse some samples for carbon 
and nitrogen. 

First analyses were performed with a 
CHN automatic apparatus (Perkin-Elmer- 
CHN 240) and they gave the results re- 
ported in Table II (method a). Indeed both 
carbon and nitrogen are observed, but their 
percentages are very low in comparison 
with the expected results. An interpretation 
of this discrepancy was found by examina- 
tion of the solid product after analysis: this 
product still evidenced CNg--, as shown 
particularly by infrared analysis. But more- 
over the infrared spectrum of the analyzed 
product revealed new weak bands at 1250 
and 2195 cm-l, the interpretation of which 
will be given later. 

That means that during the analysis with 
the automatic apparatus, the CN,ap is not 
completely decomposed: in fact a run, with 
such an apparatus lasts a few minutes, and 
the product is only heated for 2 or 3 min at 
1000°C. 

So another method was used to study the 
thermal behavior of the CN,ap in air. The 
thermogram is represented in Fig. 3. An 
increase of weight is first noticed from 700 
to 870°C and then a loss of weight occurs 
from 870 to 1000°C. After cooling, the final 

FIG. 3. Thermogravimetric curve of the heating of 
CN,ap (air, 3WC/hr). 

product appears to be Hap, according to its 
X-ray and infrared examination. 

In another experiment, the heating was 
stopped at the maximum of weight in- 
crease: the resulting product is now mainly 
ACap. On the basis of these observations, 
an interpretation of the thermal behaviour 
of CN,ap can be proposed: 
-the first step (weight increase) would be 
represented by 

2 N&(g) + ~~loGQAC03 0. (3) 

-the second step (weight loss) would cor- 
respond to the hydrolysis of the so-formed 
ACap: 

CWd + Qd~4)~OH)2. (4) 

Taking in account these observations, we 
did realize a special apparatus for the simul- 
taneous determination of NH3 and COz. In 
opposition with the previous automatic ap- 
paratus, long runs of heating up to 1100°C 
are allowed with this apparatus. 

The CN,ap was heated in a flow of nitro- 
gen, free Ii-om Cot, but charged with water 
vapor (pH20 = 20 Tot-r). The released am- 
monia was uptaken in hydrochloric acid so- 
lution, while the released CO2 passed 
through the HCI solution and was adsorbed 
by soda asbestos in a weighing tube. 
Results of these analyses are given on Ta- 
ble II (method b). 

The observed carbonate percentage is 
close to the expected one for a stoichiome- 
tric product, but the experimental nitrogen 
percentage is always too low. 

An interpretation of the latter difference 
has been found by considering the follow- 
ing remarks: 

(a) the bands previously observed at 
1260 and 2195 cm-l for the CN,ap submit- 
ted to a short heating (CHN apparatus) are 
respectively in the frequency field of nitrite 
and cyanate ions, in fact such ions NO, and 
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NCO- have been previously observed, 
trapped in the apatitic lattice (36, 37). 

(b) the presence of NO; ions in the 
hydrochloric solution has been ascertained 
by chemical tests. 

These observations indicate that the de- 
composition of the CNZ- ion introduced in 
the apatitic lattice, differs from that of the 
same ion in CaCN,. In the case of apatite, 
all the nitrogen atoms are not released as 
NH,, according to Eq. (3), but part of the 
nitrogen is oxidized. 

So, in order to get the total amount of 
nitrogen, of the synthesized CN,ap, an- 
other method of analysis has been used: it 
consisted in a mineralization method gener- 
ally used for CaCNz (38). This last method 
gave for the nitrogen the results reported in 
Table II (method c). 

The so-observed values are now in a 
good agreement with the existence in the 
lattice of a CNZ- ion (the C/N atomic ratio 
is close to 4). 

Moreover, on the basis of these results, 
the CN,ap obtained under low pressure ap- 
pears to be close to the stoichiometry: in 
fact it contains 0.9, CNP ion per unit cell. 

In order to ascertain this observation, 
calcium and phosphorus have been ana- 
lyzed for some samples. The obtained 
atomic Ca/P ratio is l.&, which is close 
from the theoretical value of 1.6,. The slight 
difference may be due either to the analyses 
accuracy or to a calcium excess. This latter 
factor is explainable by considering the 
preparation method: the removal of the cal- 
cium excess, by the Silverman’s solution, is 
perhaps not quite complete. 

The preparations carried under dry he- 
lium are generally less stoichiometric, con- 
cerning their CN,2- content, than those ob- 
tained under low pressure, but they still 
contain, as mentioned above, some hy- 
droxyl ions. 

The slight departure from the stoichiome- 
try of the CN,ap, we obtained, may be re- 
sponsible to the fact that no lowering of the 

symmetry is observable by X-ray difiac- 
tion: in fact it is known, that lowering of the 
apatites symmetry is only observable by 
this technique for stoichiometric, or very 
near from the stoichiometry, compounds 
(32, 33, 39-41). 

Conclusions 

The formation of a cyanamide containing 
apatite can be realized in two ways: 

(a) the treatment of ACap by ammonia 
at high temperature. The reaction is then 
difficult and generally incomplete. That 
may be due to the relative small size of the 
apatitic channels (2.5 to 3.5 A) and then to 
the difficulty of ammonia to diffuse in these 
channels, without removing carbon dioxide 
at the same time. 

(b) the treatment of Hap by CaCN, at 
high temperature under low pressure. 

An interpretation of this last reaction can 
be given in the following way. 

As previously shown (17), low pressure 
(10m5 Torr) heating of Hap results in the 
following equilibrium: 

~alo(~36(0H)2 &= 
2 

Ca,,(Po,),O,(OH),-,,o, + x &O. (5) 

The dehydration of Hap (way 1) is only 
complete at 800-900°C under low pressure 
but the so formed oxyapatite (x = 1, 
Eq. (5)) will undergo a partial rehydration 
during cooling, even under low pressure. 

The extreme reactivity of oxyapatite or 
of oxyhydroxyapatites is particularly evi- 
denced by this last rehydration, but it is 
also revealed by the formation of other 
apatites such as ACap or peroxi-apatite 
(17). 

In a dry CO, or O2 flow at 800-lOOOC, 
the dehydration of Hap will occur Eq. (5). 
But in this case, the CO, or O2 molecules 
will diffuse along the channels, and be upta- 
ken by the formed 02- ions to give respec- 
tively rise to CO:- or Of- ions, which stabi- 
lize the lattice. 
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In a similar way, we have previously 
shown that the treatment at 1000’C under 
low pressure, of a mixture of Hap and CaS 
resulted in the formation of a sulfide apatite 
mixed with lime (17). The involved reaction 
is then a solid-state exchange between the 
02- ions of oxyapatite or oxyhydrox- 
yapatite, and the S2- ions of CaS. 

The formation of CN,ap appears to be 
similar to that of sulfide apatite: an ion ex- 
change must take place between the 02- 
ions of apatite and the CNf- ions of calcium 
cyanamide. 

This possibility of exchange at high tem- 
perature between two solid phases may be 
related to the following observations: 

-the presence in the apatite structure of 
channel-like ways running all along the 
crystallites’ length, and constituting easy 
pathways for diffusion phenomena; 

-the high reactivity or instability of 
Oxap, which may be due to the small size of 
02- ions (1.40 A) (42) and to the fact that 
each 02- ion is associated to a vacancy. 

The substitution of 02- ions by bulkier 
ones, S2- and CNq-, will probably maintain 
the structure better than do 02- ions. 

The decomposition of CN2ap appears to 
be different from that of CaCN,. First 
CN,ap is not hydrolyzed at room tempera- 
ture as CaCN, is, its hydrolysis begin only 
at 700°C in air. Secondly during the hydrol- 
ysis of CN,ap, NH3 is not the only nitrogen 
species formed, but a dismutation of nitro- 
gen must take place, giving rise to ammonia 
and nitrogen oxide. 
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