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Effect of K™ on the Stoichiometry of Carbonated Hydroxyapatite Obtained by the
Hydrolysis of Monetite

Erna A. P. De Maeyer, Ronald M. H. Verbeeck,* and llse Y. Pieters

Laboratory for Analytical Chemistry, University of Ghent, Krijgslaan 281-S12, B-9000 Ghent, Belgium
Receied July 27, 1998

This study investigates the stoichiometry and the thermal stability'efalkd CQ?~-containing apatites (KCAp's)
obtained by the hydrolysis of monetite. The analysis results of the samples after drying reveal that the KCAp's
start to lose carbonate at temperature400 °C. The predominant substitution mechanisms for the &nd

CO4?™ incorporation in calcium hydroxyapatite are fCat POg3~ + OH™ < VCa 4 CO2~ + VOH] and [C&*

+ PO#~ < Kt + COs27], where V¥ stands for a vacancy in the X-sublattice. Moreover, a small part of the
CO4?~ ions are presumably incorporated according te?fCa 2PQ3~ < V@4 2C0O27]. A comparison of the
contributions of these fundamental mechanisms with the results for precipitatedMhCQ2-containing apatites
shows that no intrinsic coupling whatsoever exists between these mechanisms.

Introduction ca&" + PO +OH < V®+co? +Vvo" ()

It is well-known that calcium hydroxyapatite, (6P 0y)s- cat +PQ* <~ M"+Co>” (1)
(OH), (HAp), can accommodate a large number of different

ions in its lattice. Of these, G is generally considered the where M represents the alkali metal, i.e.Nand \X stands

most important, as it is the most abundant minor component ¢, 5 yacancy on a regular apatite lattice site occupied by X. In
found in apatite minerals such as francolite and dahllite as well 5crdance with our previous studies, these mechanisms are

as in the calcified tissues of higher vertebrates. The incorpora-ggpectively referred to as mechanisms | and4il. Although
tion of CO?~ has considerable influence on the physical and jngications were found that there is no complete coupling
chemical as well as physicochemical properties of the solid and petween these mechanisms for NCAp, a partial coupling could
hence on the mineralization, demineralization, and remineral- hot be excluded. In order to further explore such coupling,
ization processes of these mineré#sThe importance of such  the relative driving forces for the fundamental substitution
an effect becomes clear when one considers the fact that themechanisms should be varied.
inorganic part of calcified tissues such as bone and teeth is |n the presence of K instead of N&, K*- and CQ? -
presumed to be entirely composed of an apatite miferal. containing apatites (KCAp’s) are precipitated which contain less
Despite numerous investigations, however, the mechanism(s)carbonate and considerably less alkali metal in comparison with
by which carbonate is incorporated in the apatite lattice is (are) NCAp.289 Although it has been showhthat mechanism IlI
not yet known or resolved in detdil. also can occur for M = K, it is not known whether the

It is generally accepted that GO can replace OH as well carbonate incorporation into precipitated KCAp's also involves
as PQ3 ions in the apatite lattice, resulting respectively in so- mechanisms I and lll. If these mechanisms also would account
called A-type and B-type carbonated apatteSVhereas the  for the stoichiometry of precipitated KCAp's, then their relative
mechanism of the A-type carbonate incorporation has been wellcontributions to the stoichiometry and hence the respective
established,the B-type incorporation apparently can involve driving forces must be quite dlffere_nt as compar(_ad to those for
different mechanism&:# In the presence of sodium ions, the NCAp. For this reason, the chemical and physical character-
carbonate incorporation into precipitated apatites on B-type sitesiStics of KCAp's prepared by the hydrolysis of monetite in

is considerably enhancéd. This could be related to the results  K2COsz solutions were determined and an attempt was made to
of recent studies’ where it was found that the incorporation of deduce the fundamental substitution mechanisms which deter-

B-type CQ?" into precipitated N& and CQ2- containing ~ Mine their stoichiometry.
apatite (NCAp) obtained by the hydrolysis of monetite

(CaHPQ) in N&CO;s solutions is the result of two simulta-

neously occurring mechanisms represented by Pn_aparation of _KCAp. The KCAp’_s were prepared in a PTFE _
reaction vessel using the method previously described for the synthesis

of NCAp.4#*1 According to this method, 0.75 g of monetite (Baker

Experimental Section
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Table 1. Chemical Composition (Weight Percent) and Total Mass Yo
Balance) % of the Precipitates Obtained by the Hydrolysis of
Monetite in Solutions Containing M K,CO; and Dried at 25C

1001 H\ T100
sample ¢ %Ca %P %CE %K %O0H >% -
K4 0.0100 37.42 1562 7.5 0.362 1.950.12 95.10+0.16 981 T98
K5 0.0114 37.27 15.44 8.1 0.390 1.#90.12 94.87+0.16 MM
K6  0.0114 37.28 1546 8.1 0.380 1.#/0.12 94.89+ 0.16

96 1 196

K7 0.0250 37.30 15.00 9.5 0.66 1.850.13 95.30+0.17

K8 0.0284 3690 1479 99 070 1.6840.14 94.50+0.17 ‘/‘\A\A

K9 0.0568 36.66 14.35 11.3 1.01 1.490.15 94.49+0.17 94 T94
K10 0.0568 36.68 14.40 11.3 1.02 1430.15 94.61+0.17
K11 0.0852 36.30 14.10 11.8 1.25 1460.15 94.00+ 0.18 92+

- +92
K12 0.1136 36.14 13.88 124 1.37 135.16 93.86t0.18 ] @ ]
K13 0.1420 3597 13.86 126 1.52 1210.16 93.80+ 0.18

K14 0.1420 36.03 13.86 12.6 1.53 1.260.16 93.93+0.18 ' ’ '
0.00 0.04 0.08 0.12 0.16 A 25°C
a concentratiort,. ranging from 0.010 to 0.150 M. The suspension Cke ¥ 110°C
was continuously and thoroughl_y stl_rred for 24 h, and precautions were Ca/P CO,/Ca ® 400°C
taken to prevent a COcontamination from the atmosphere. In a 205 0.35

previous study,it was found that under these conditions a complete
hydrolysis of monetite occurs at pe 10 with the formation of a single-
phase CAp. The precipitates were then filtered off, thoroughly washed 2.00- T0.30
with hot distilled water £95 °C), and finally dried under vacuum at
25 °C until a constant weight was obtained, which usually took about
2 weeks.

Chemical Analysis. The calcium content of the precipitates was
determined by a complexometric titration with ethylenediamine- 1.90 T0.20
tetraacetic acid? and the phosphorus content was determined spec- -_—
trophotometrically as the orthophosphate by using a slight modification 4 g5 1 Lo.1s
of the method of Brabsoet al!* The potassium and sodium contents
of the samples were determined by atomic absorption spectrophotom-
etry. The method of Godinat al** was adapted for the determination ’ ’ "
of the carbonate content. This method consists of a gas chromato- 0.00 0.04 0.08 0.12 0.16
graphic determination of the carbon dioxide evolved from an acidified Cke

aqueous solution of the apatite. The relative uncertainties in the Figure 1. (A) Total mass balancg% and (B) molar Ca/P and GO
amounts of Ca, P, COand K analyzed were determined as 0.2, 0.2, 3 ratios as a function af. (M) for some representative KCAp's dried
2, and 2%, respectively. at 25, 110, and 406C.

Physical Analysis. X-ray powder diffraction patterns of the samples

were recorded by step-scanning using a microprocessor-controlled
diffractometer system (Philips PW 1830). Ni-filtered coppea. K
radiation was used with an automatic divergence slit PW1836 and a
graphite monochromator. The dimensiangnd c of the hexagonal

unit cell of the apatites were calculated from the position of the most (O/OF))\/'po4

intense and sharp reflections (usuafly> 19) using a least-squares z% = %Ca+ v + %CQ; + %K + %O0H (1)
refinement program. The experimental errora Bndc were estimated P

as 0.0006 and 0.0002 nm, respectively. IR spectra of the samples

dispersed in CsBr tablets were recorded using a Mattson Galaxy 6030with My the atomic or ionic mass of X. The errors in %OH

1.95T T0.25

using the electroneutrality condition and the total mass balance
> % is then obtained from the equation

FTIR spectrophotometer. and Y% were estimated by means of the error propagation
theory. According to Table 1, the Ca, P, and OH contents of
Results the precipitates decrease whereas the K andg Cantents
increase as the 4C0O; concentration in the solution increases.
Chemical Composition. The chemical composition of the The values ofy % in Table 1 indicate that the KCAp's still

precipitates after drying at 25C is summarized in Table 1.  contain 5-6 wt % water after drying under vacuum at 25.
The sodium content of the samples ranges from 0.004 to 0.008In view of our previous experience with precipitated NCAp,
wt % independently ofy. and can be neglected. The HPO an attempt was made to remove this water. Some representative
content was checked for some representative samples (i.e. K5precipitates (i.e. K4, K7, K9, and K13) were dried at 1°[D
K8, K10, K11, and K14) according to the method described by and subsequently at 40C until a constant weight was obtained,
Meyer and Fowlet®> The results show that the KCAp’s do not  which required about 3 weeks at each temperature. When the
contain HPQ?~ within experimental error, indicating that at  total mass balance is calculated from the chemical composition
most 0.2% of the total amount of phosphorus determined would determined at each drying temperatiirét is seen from Figure
be present as HP® and hence can be neglected. On this basis, 1A that more HO is lost from the samples &&is increased.
the hydroxide content of the samples (%OH) can be calculated 5% approaches 100 wt % after drying at 400. However,
the stoichiometry of the samples is significantly affected by the
(12) Flaschka,d H-I éggagﬁ& £- ;haITitif?gIOQﬁeVr;iit; EV?/ISAO r?ng rflateol heating process. An analysis of variance (ANOY)n the
\C/\c/)iggﬁ,ug. 3V Eds.;pEIsevier Publisyktling Co.: Amr’s){[erdam,' 19.60.;’V0|. basis of a_ two-factor design (i.e. the tempera}tﬂirand the
IB. concentratiorty) shows that the molar GfCa ratio as well as
(13) ErallDbSJonAJ. A, 8#n2, R. Lc':;hEﬁESSEﬁ';Sngﬁman' W. M.; Jacobs, the molar CQ/P ratio of the solids significantly depends on
(14) Godindt, Csliolgbnel; G?;n'?brres, L.; hEAiath’ieu,I\J.icrochem. J.1984 both¢,c andT (p < 0.001) and th"’.‘tkc andT do not interact§
29, 92. > 0.7). A Neumarn-Keuls multiple-range test at the 95%
(15) Meyer, J. L.; Fowler, B. Olnorg. Chem.1982 21, 3029. confidence level further reveals that gOa and CQP are
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Figure 2. Lattice parametera andc (nm) of the KCAp’s as a function
of the carbonate content (wt %) after drying at 25

significantly lower at 400C as compared to the respective ratios
at 25 and 110C, which do not differ. This can be illustrated
with Figure 1B where the molar G{ICa and Ca/P ratios of the
precipitates are plotted versag as a function of the drying
temperature. The ANOVA further shows that the molar Ca/P
ratio of the solids is independent @f, but is significantly
affected bycy as could be expected (see also Figure 1B). These
results indicate that the KCAp's lose GO upon heating at
400 °C and corroborate the absence of HPQ which upon
pyrolysis should result in the formation of,®*~ with a
concomitant apparent decrease of the Ca/P tafib.

Physical Analysis. The peaks in the X-ray diffraction
patterns of the samples dried at 25 are relatively sharp and
well resolved, characteristic for a relatively high crystallinity
of the precipitated KCAp's. Extraneous peaks attributable to
phases other than apatite could not be detected in the diffrac-
tograms. All reflections can be attributed to the hexagonal
crystal form of hydroxyapatit®® A weighted regression analysis
indicates that at the 95% significance level the hexagonal lattice
dimensions of the KCAp’s vary linearly with the carbonate
content according to

a=(0.9428+ 0.0013)— (5.2+ 1.2) x 10 (%CQ) (2)

and
c=(0.6871+ 0.0012)+ (3.1+ 1.2) x 10_4(%CQ) 3)

which is illustrated in Figure 2, where the full lines correspond
to egs 2 and 3. Equations 2 and 3 indicate thatatendc
dimensions for %C@= 0 equal the values for pure HAp within
experimental errol? Moreover, thea dimension systematically
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Figure 3. Lattice parametera andc (nm) as a function of the drying
temperature for some representative KCAp’s.
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Figure 4. IR spectra of some representative KCAp's dried at’@5
(% transmittance versus wavenumber).

850 900 2900 3300 3700

Newman-Keuls multiple-range test at the 95% confidence level,
the a andc dimensions after drying at 28C are significantly
greater than those found after drying at 110 and 4D0which
do not differ (see also Figure 3). Consequently, heating at
higher temperatures apparently results in a distinct contraction
of the unit cell of the KCAp’s.

The IR spectra of the samples are typical for carbonated

decreases and the dimension increases with an increasing hydroxyapatite$:* Apart from the characteristic R® absorp-
carbonate content. The variation of the lattice dimensions with tions in the ranges 9661100 and 578610 cnTl, the spectra
the carbonate content according to egs 2 and 3 corresponds welbf the samples dried at 25C (see Figure 4) display broad
with that found for precipitated NCAp’s in a previous study. absorptions around 3400 and 1630 ¢mwhich can be assigned
As argued beforésuch variation of andc with the carbonate  to H,O. Absorptions of HPGS~ ions” could not be detected,
content is typical for Cg#~ substituting for PG#~ in the apatite corroborating the results of the chemical analysis that the
lattice (so-called B-type C§£). phosphorus is presumably completely present agPid the
Heating the solids at 110 and 40Q induces no additional  apatite lattice. Whereas the stretching vibration of the"OH
reflections or apparent peak broadening in the X-ray diffrac- ion in the apatite lattice can be clearly observeda672 cnr?,
tograms of the solids. However, a two-way ANOVA shows the libration mode at-630 cnt! can not be detected. Typical
that thea andc lattice dimensions are both significantly & absorption bands for Cf" are observed at+873 and~1420
0.001) affected by the drying temperatdre According to the cm™! and between 1450 and 1500 chnas is illustrated by
Figure 4. The absorptions at 873 and 1420 ¢rare caused
by the vibrations of CG~ on PQ2~ lattice sites (B-type
C0s%7).2410 Whereas the KCAp's with a high carbonate content
display only one band around 1475 cinthis band apparently
is composed of two absorptions situated near 1455 and 1500

(16) Meloun, M.; Miliky, J.; Forina, M.Chemometrics for analytical
chemistry Ellis Horwood Ltd.: New York, 1992; Vol. |, p 197.

(17) Berry, E. EJ. Inorg. Nucl. Chem1967, 29, 317.

(18) ASTM Powder Diffraction File No. 9-432.

(19) Young, R. A.; Holcomb, D. WCalcif. Tissue Int1982 34, S17.
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K4. For the samples with a low carbonate content, the relative
— intensity of the 1456 cmt band remains constant with respect
to the 1420 cm! absorption, but that of the 1500 ctn
absorption increases upon heating above A@0 Moreover,
an additional absorption becomes visible around 1470cm
especially for the samples with a low carbonate content (see
Figure 6). In the spectra of the latter, a weak shoulder also
K13 appears around 1545 cf These changes could not be
: observed in the spectra of the samples with a high carbonate

content. The increase of the relative intensity and the broaden-
ing toward higher wavenumbers of the band centered around

AT s . 1500 cnt?, however, could indicate that similar changes also
850 900 1400 1500 1600 2900 3300 3700 occur upon heating these samples. The additionak?CO
7 em™) absorptions which appear after heating the samples above 110
°C can be attributed to vibrations of A-type ¢0.210

%T

e

Figure 5. IR spectra of some representative KCAp's dried at 1C0
(% transmittance versus wavenumber).

Discussion

On the basis of the chemical and physical analyses, the
precipitated KCAp’s prepared in this study can be considered
as B-type carbonate-containing hydroxyapatites which contain
an appreciable amount of water that cannot be removed by
drying under vacuum at 25C. Moreover, the results of the
chemical and physical analyses clearly demonstrate that these
precipitated KCAp's display some drastic constitutional changes
upon heating. After the samples are dried at AI) a
significant amount of Cg¥~ is lost from the crystal lattice

L (Figure 1B). Moreover, this loss is apparently accompanied
850 900 1400 1500 1600 2900 3300 3700 by the appearance of an IR absorption band around 880 and
P (ecm™) 1550 cnt! (Figure 6). The appearance of these A-types€0O
Figure 6. IR spectra of some representative KCAp’s dried at 400 bandjs can be accounted for by the mechanism of carbonate loss
(% transmittance versus wavenumber). as originally proposed by Holcomb and Yodhipr the thermal
decomposition of tooth enamel, which is substantiated by other
cm! for the samples with a low carbonate content (compare investigators for tooth enantélas well as for synthetic Ni-
the spectra of samples K4 and K13 in Figure 4). This evolution and CQ?"-containing apatite$22® According to this mecha-
is merely due to a distinct broadening of the absorption peaks nism, part of the B-type C§€~ migrates upon heating the apatite
and a concomitant increase of the relative intensity of the band to an A-type site before leaving the crystal lattice, with &3
around 1500 cm® with respect to the band near 1455 ©m an intermediate. This intermediate with a typical absorption at
with increasing carbonate content. In a previous sfiidhe 2340 cnt? could not be detected in the IR spectra of the present
latter absorption was found to be due to a B-types€0 samples. However, the heating period was considerably longer
vibration. Absorptions at 880 and 1550 thwhich are the in the present study as compared to that used in other
most characteristic for C£ ions substituting for OH ions in investigationg%-23 The fact that the presence of ¢@ the
the lattice (so-called A-type C£),21% could not be detected lattice of the KCAp's could not be detected most probably
in the IR spectra of the precipitated KCAp’s after drying at 25 indicates that the B-type to A-type GO migration and the
°C (see also Figure 4). COs?" loss were probably completed after the prolonged drying

Upon heating, the broad water absorption bands gradually at 400°C, thus leaving no C®
decrease as can be seen from Figures 5 and 6. This results in |t js remarkable that, whereas the €0loss occurs between
an enhanced detectability of the 3572 €ratretching absorption 110 and 400°C, the minor contraction of the apatite lattice
of the OH" ions. From Figure 6 it can be clearly seen that the occurs between room temperature and 1@0 As there is no
intensity of this absorption decreases with increasing carbonateevidence for a loss of C#  upon heating between room
content, corroborating the chemical analyses (see Table 1) agemperature and 11%C, this indicates that the lattice contraction
well as the trend observed in Figure 4 and indicating that the most probably is correlated with the loss of (structural) water
OH™ ions might be involved in the substitution mechanism(s) between these temperatures as indicated by the increg%]g
reSponSible for the carbonate incorporation. Whereas the (Figure ]_A) and by the decreasing water absorption bands in
phosphate bands are not markedly affected by the heatingthe IR spectra (Figures 4 and 5). The constitutional changes
process and additional absorptions, e.g. fra@#", could not  that occur in the KCAp’s between 110 and 41D as seen in

be detected, the G bands are changed to some extent by the IR spectra obviously are not accompanied by a change of
this process. A comparison of Figures @ shows that, upon  the mean lattice dimensions.

heating of the samples above 12@Q, the 873 cm! band

acquires a shoulder around 878 crwhich apparently is MOT€ " (20) Holcomb, D. W.; Young, R. ACalcif. Tissue Int198Q 31, 189.
distinct at the lower carbonate contents. In the 130000 cnm (21) Mayer, I.; Schneider, S.; Sydney-Zax, M.; Deutsch{Rlcif. Tissue
region, the position of the most intense absorption band is shifted Int. 199Q 46, 254. o

from ~1421 cn1? to a lower wavenumber after heating above (22) Vianoles, M. Bonel, G.; Young, R. ACalcif. Tissue Int1987 40,

110°C. This shift apparently increases with decreasingsCO (23) vignoles, M.; Bonel, G.; Holcomb, D. W.: Young, R. Balcif. Tissue
content of the samples and amounts~d cnt? for sample Int. 1988 43, 33.

%T
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Table 2. Unit Cell Composition of KCAp’s Obtained by Hydrolysis of CaHP@ Solutions Containing. M K,CO; and Dried at 25C As
Calculated from the Data in Table 1 by Means of Egs 6 and 12

sample Cke Nca np Nco, Nk NoH Nyca NyoH Oca

K4 0.01 8.91+0.04 4.81+0.02 1.19+0.02 0.088:0.002 1.09+0.07 1.01+0.04 0.91£0.07 10.10+0.03
K5 0.0114 8.8H0.04 4.72£0.02 1.28+0.02 0.095-0.002 1.00+0.07 1.09+0.04 1.01+0.07 10.09+0.03
K6 0.0114 8.81H0.04 4.73£0.02 1.27£0.02 0.092+0.002 0.98-0.07 1.10+0.04 1.02+0.07 10.08t 0.03
K7 0.0250 8.69£0.05 4.52+0.02 1.48+0.02 0.158+-0.003 1.02-0.08 1.15+0.05 0.98+0.08 10.17+0.03
K8 0.0284 8.6G£ 0.05 4.46+0.02 1.54+0.02 0.16A40.004 0.90+0.08 1.24+0.05 1.10+0.08 10.14+0.03
K9 0.0568 8.42-0.05 4.26+-0.03 1.74+-0.03 0.238-0.005 0.81+0.09 1.35+0.05 1.19+0.09 10.15:0.03
K10 0.0568 8.4G:0.05 4.27+0.03 1.73+0.03 0.23%£0.005 0.7740.09 1.36+£0.05 1.23£0.09 10.13+0.03
K11 0.0852 8.35:0.05 4.19+0.03 1.81+0.03 0.295+0.006 0.79£0.09 1.36+£0.06 1.21+0.09 10.1%-0.03
K12 0.1136 8.26:t0.06 4.10+0.03 1.90+£0.03 0.321+0.007 0.73:0.09 1.42+£0.06 1.27-0.09 10.15+-0.03
K13 0.1420 8.19:+0.06 4.08+0.03 1.92+0.03 0.355+0.008 0.65-0.09 1.46+0.06 1.35+0.09 10.114+0.03
K14 0.1420 8.20:0.06 4.08+£0.03 1.92+-0.03 0.357+0.008 0.68+-0.09 1.44+0.06 1.32+-0.09 10.12£0.03

The effects of the heating process on the constitution of the between these quantities at the 95% confidence level is given
KCAp's clearly indicate that these carbonated apatites are lessby eq 7. From the intercept of eq 7 it can be seen that, within
stable than analogously prepared NCAp'sWhereas the
KCAp's lose a considerable amount of €0 upon heating Nc, = (10.024 0.11)— (0.935+ 0.068)¢, @)
at 400°C, the NCAp’s only display some barely detectable

constitutional changes. experimental error, a carbonate-free apatite(= 0) contains

The precipitated samples dried at 2& still contain a 10 C&* ions per unit cell. The slope of eq 7 then suggests
considerable amount of water. Analogous to that of NCAP'S hat the substitution of a P& ion by a CQZ ion is

prepared in a similar manner, this water is most probably partly accompanied by the loss of approximately oné'dan. This

structural and partly nonstructurél.Consequently, it is not ingicates that, from the four fundamental mechanisms for B-type

possible to obtain a reliable estimate of the unit cell contents COs2~ incorporatior? substitution mechanisms I and 111 should
on the basis of the analyses of the samples obtained afterdrylngmaimy be considered for the carbonate incorporation in

at 25°C# Moreover, the chemical analysis suggests (see Figure precipitated KCAp’s. According to Table 2o, andn are

1B) that a heating temperature of at least 4G0s required to positively correlated, butico, 3 Nk and nyes ~ nyow. These

remove all the water from the KCAp's. However, because there oseryations then clearly indicate that mechanisms | and 1l both

is thermal decomposition at the higher temperatures and sinCeqonribute to the carbonate incorporation, resulting in a stoi-

the exact mechanism of the decarbonation is not known, the chiometry of the KCAp's as given by (8), wheve and y

exact composition of the unit cell of the precipitated KCAp's

can not be calculated on the basis of the chemical and physical

analyses of samples heated at 400 Ca0-5yK (PO (CORr(OH)z ®
On the other hand, in a previous stddlywas found that the

phosphate sublattice for precipitated NCAp's is always fully

occupied, i.e.

represent their respective contributions per unit cell to the
stoichiometry. This was also found for precipitated NCA}p’s.

In view of the fact thatyca~ nyon, an individual alkali metal
Ne + Mg co, = 6 (4) incorporatiod according to mechanism IV is rather unlikely to

+ - Mt OH
with ny the number of X atoms or ions per unit cell. Provided Cd'" + OH M™+V (V)

that the carbonated apatite does not contain A-typg?G@q

” .
4 equals eq 5 wheraco, corresponds to the total number of occur for K. Moreover, on the basis of eq 8 one should expect

that
No+ N =6 5
PO ®) Oca= Nca+ Ngo, = 10 (9)
COs?" ions per unit cell. As the precipitated KCAp's dried at
25 °C in the present study can be considered as pure B-typeHowever, as is seen from Table Zca is slightly, but
carbonated hydroxyapatites within the limits of the physical Significantly, greater than 10 for the individual KCAp's. This
analyses, eq 5 forms a basis for estimating the number of eachcan hardly be explained when substitution mechanism IV would
ion X per unit cell from the analytical composition given in occur, as this results in a negative deviationGef from 10.
Table 1 according to Consequently, whereas for precipitated NCAp’s an individual
alkali metal incorporation according to mechanism IV occurs,
_ %X 6 (©6) this is not the case for the precipitated KCAp’s. This is hardly
My opp  %CO, surprising, since even for Na with a higher affinity for
Mo + M incorporation into apatite, mechanism IV contributes only to a
P COs very small extent to the stoichiometry of the precipitated NCAp.
The fact that K is not incorporated individually in HAp is
substantiated by the results of Christoffersenal,?* who
repared HAp in K-containing agueous solutions containing
no CO2- and found that K was not incorporated into the
apatite lattice.
The finding thatOca = 10 could be explained by the
occurrence of a small carbonate incorporation according to

where %X represents the content of X (wt %) angd its atomic
orionic mass. The results of these calculations are summarize
in Table 2. nyca and nyow, respectively, give the number of
vacancies on Ca and OH lattice sites as derived from the
difference between the calculated site occupancigsand the
HAp stoichiometry. The errors were estimated by means of
error propagation theory.

From Tat_)le 2,itis seen thatc, de?reases with ianeaSing (24) Christoffersen, J.; Christoffersen, M. R. Cryst. Growth1978 43,
Nco,. A weighted regression analysis shows that the relation 501.
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Table 3. Contributions of Mechanisms k), Il (y), and Il () to X
the Stoichiometry of the Unit Cell of KCAp's Calculated by Means 1.60
of Egs 16-18 on the Basis of Table 2 ’
sample X y w 1.40-
K4 0.91+ 0.07 0.088+ 0.002 0.10+ 0.03 1
K5 1.01+ 0.07 0.095+ 0.002 0.08+ 0.03 1.20
K6 1.02+ 0.07 0.092+ 0.002 0.08t 0.03
K7 0.98+ 0.08 0.158+ 0.003 0.17+£ 0.03 1.00-
K8 1.10+ 0.08 0.167+ 0.004 0.14+ 0.03 ' . ° NCAp
K9 1.194 0.09 0.238t 0.005 0.16+ 0.03 1 * KCAp
K10 1.23+0.09 0.239%+ 0.005 0.13+ 0.03 0.80
K11 1.21+ 0.09 0.295+ 0.006 0.15+ 0.03
K12 1.27+ 0.09 0.321+ 0.007 0.15+ 0.03 0.60 R i —
K13 1.354+0.09 0.355+ 0.008 0.11+ 0.03 0.00 0.05 0.10 0.15 0.20 0.25
K14 1.32+ 0.09 0.357+ 0.008 0.12+ 0.03
¢ (M,CO,)
the fundamental substitution mechanism Il o Mn view of Figure 7. Contribution per unit cell of mechanism k)(to the
stoichiometry of the NCAp%and of the KCAp's of this study as a
cad + 2P0l Vet ZCQZ_ (I function of the carbonate concentration in the hydrolysis solution
24
c(M2CO3) (M).
PO < CO;” + OH™ (v) y
) _ _ 1.60
the results of Beshagt al2> mechanism V is not very likely to
occur. Moreover, OH ions situated on P§ lattice sites as
a result of mechanism V have a completely different lattice 1.207
environment as compared to Okbns in their normal sites on
the hexagonal apatite axis. Consequently, one can expect that 0.80
they absorb at different wavenumbers in the IR spectra. If next
to mechanisms | and Ill, mechanism V would account for the
stoichiometry of the KCAp’s, it can be calculated that, depend- 0.40 7
ing on the carbonate content,-2R0% of all OH" lattice ions
would be situated on P& lattice sites according to mechanism 0.00 . ‘ , I
V. However no additional absorptions around the Gt&ands 0.00 0.05 0.10 0.15 0.20 0.25
near 633 and 3572 cm could be observed. ¢ (M,CO,)

On this basis, mechanism Il most probably accounts for the

deviation 0fOca from 10. Consequently, the stoichiometry of stoichiometry of the NCAp%and of the KCAp’s of this study as a

the KCAp's of this study WO_UId be given by (10) reflecting th_e function of the carbonate concentration in the hydrolysis solution
occurrence of the mechanisms |, lll, and Il. The respective ¢v,co,) (m).

contributions of these mechanisms, ix.y, andw, to the
stoichiometry of the unit cell can then be calculated according porderline value of~1.35. On the other hand, contributign
to eqs 1+13. The results are given in Table 3. The errors f mechanism Il for the coupled Mand CQ? incorporation
(Figure 8) is much smaller for the KCAp's than for the NCAp's.
Caypxy-wKy (PO —x—y-2i{CO3)xsy+2n(OH),— (10) This reflects the difference in affinity between Nand K" for
incorporation into HAF® Apparently, the enhanced incorpora-

Figure 8. Contribution per unit cell of mechanism IllyY to the

X= Myon (11) tion of carbonate into the apatite lattice in the presence of Na
. as reported by several investigafdtds mainly due to the
Y= (12) considerably more pronounced occurrence of mechanism Ill.
_ Another striking difference between NCAp and KCAp is that a
W= Tyea ™ Nyon (13) minor part of the N& incorporation in the former is accounted

for by mechanism IV, whereas a minor part of the £0in
KCAp's is incorporated according to mechanism II.

In view of the different mechanisms (1, Il, and IlI) by which
B-type CQ?~ can be incorporated into the apatite lattice and
their relative contributions to the unit cell stoichiometry, the
rather complex IR spectra of the resulting carbonated apatites
(see Figure 4 and ref 4) are hardly surprising. The different
absorptions between 1300 and 1600 énm the spectra of the

the aqueous solution. For comparison, the corresponding datad<CAP'S prepared in this study and dried at 25 most probably

for the precipitated NCAp's obtained in a previous studge ~ 21S€ from the vibrations of B-type GO in different lattice
also given. From Table 3 and Figure 7, it can be seen that environments resulting from the different substitution mecha-

mechanism | is the predominant mechanism for pure B-type nisms. In this respect, it can be noted that some authors attribute
COg?~ incorporation. Moreover, the dependenciesai the the absorpzti_ogls at-1500 cn to A-type CO{_ distorted by
M,COs concentration in the aqueous solution seem to be the BYPe CQ, ) ;Nh'le, undistorted A-type C&~ would absorb
same for NCAp's and KCAp's, and reaches the same N€ar 1550 cmt.?2 This assumption could explain the increase

were estimated by means of the error propagation theory.
Table 3 shows that contribution of mechanism 1l hardly
changes with the carbonate concentration in the aqueous
solution, whereas contributionsandy of mechanisms | and
Il increase with increasingy.. The latter is more clearly
illustrated by Figures 7 and 8, which represent the respective
contributionsx andy of the fundamental substitution mecha-
nisms | and Ill as a function of the concentration o§®0Os in

(25) Beshah, K.; Rey, C.; Glimcher, M. J.; Shimizu, M.; Griffin, R. &. (26) Rey, C.; Renugopalakrishnan, V.; Shimizu, M.; Collins, B.; Glimcher,
Solid State Chen199Q 84, 71. M. J. Calcif. Tissue Int1991, 49, 259.
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of the band near 1500 crhafter heating at 400C, when some
of the B-type C@ " is turned over into A-type C&~, whereas mechanism for B-type C§&~ incorporation (mechanism ) and
the majority of the C@~ ions remain on B-type sites. the borderline of the solid solubility of the corresponding
However, the fact that the samples with a high carbonate contentcomponent seem to be hardly influenced by the alkali metal.
after drying at 25C display a relative intense absorption around Probably, the stability of this mechanism is so high that its
1500 cnt but do not show the most characteristic absorption contribution is much less influenced by the stability of the other
of A-type CQ?" near 880 cm' renders the attribution of this  mechanisms. These results then indicate unambiguously that
band to this type of C&~ less likely. The absorption near there is no intrinsic coupling whatsoever between fundamental
1500 cn1* most probably arises from a B-type @O with a8 mechanisms I and Ill. This means that the contributions of these
lattice environment different from the one giving rise to an  mechanisms are only determined by the respective driving forces

On the other hand, the contribution of the predominant

absorption at lower wavenumb&t? The increased visibility

of these absorptions with increasing drying temperature might
then be due to a stabilization of the €O ions in the lattice
upon heatind,which increases the resolution of the entire band.
On the same basis, the shift of the absorption near 1422 cm
can be attributed either to a stabilization of the B-types€0O
ions or to the disappearance of a component of this band,
corresponding to the B-type G& which migrates to A-type
lattice sites.

Conclusion

KCAp’s obtained by hydrolysis of monetite are much less
stable upon heating than analogously prepared NCAp's. Ap- HAp
parently, the N& incorporation in HAp causes a stabilization cap
of the solid solution as compared to the Kicorporation. This NCAp
is corroborated by the fact that, at the same concentration of xcap
M,CQ;s in the aqueous solution, thetKincorporation is much
smaller than the Naincorporation. Moreover, Kis incorpo-
rated exclusively coupled with G& (mechanism Ill), whereas S%
Na' can be incorporated individually as well (mechanism IV).

Mechanism Il obviously has a low relative stability since it My
does not contribute to the stoichiometry of the NCAp’s.
However it seems that, as a consequence of the lower stability
of the K* incorporation, mechanism Il becomes competitive ~*
and hence contributes to the B-type £0Oincorporation in
KCAp’s. The strained configuration resulting from the carbon-
ate incorporation according to eq 13 could possibly be respon-* ¥:
sible for the reduced thermal stability of KCAp when compared
to NCAp.

VX
w

of the individual components and not by a fixed combination
of some fundamental mechanisi&his corroborates in a more
definite way our assumptidrthat coupled substitution mecha-
nisms as reported in literature should probably be ascribed to
casual results.
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Appendix. List of Symbols

Cawo(POy)s(OH),; calcium hydroxyapatite

COs?"-containing calcium hydroxyapatite

Na"™- and CQ? -containing calcium hydroxyapatite

K*- and CQ? -containing calcium hydroxyapatite

K2CO; concentration in the solution during the hydrolysis
of monetite

total mass balance of the samples calculated on the basis
of the chemical analysis results

atomic or ionic mass of X
number of X atoms or ions per apatite unit cell

sum of the number of Ca and CQ?" ions per apatite
unit cell

vacancy on a regular apatite lattice site occupied by X

contributions per apatite unit cell of the substitution
mechanisms |, Ill, and Il, respectively.
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