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Barium Calcium Hydroxyapatite Solid Solutions 
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lstituto Chimico ' G. Ciamician ' dell'Universita di Bologna, via F. Selmi 2, 40126 Bologna, Italy 

The replacement of calcium by barium in the hydroxyapatite structure by solid-state reaction at 
different temperatures and by precipitation from an aqueous system has been investigated by X-ray 
diffraction and i.r. absorption analyses. The products obtained by solid-state reaction at 1 200 "C are 
solid solutions over the range of barium concentration 60-1 00 atom %. The lattice dimensions and 
the i.r. frequencies of the solid solutions vary linearly with the atom % of barium. Only small amounts 
of barium can be incorporated in hydroxyapatite by precipitation from the aqueous system. 

__ 

Biological as well as mineral apatites can be assumed to be 
calcium apatites associated with many other elements in both 
small and large amounts.'-' The incorporation of substituents 
in synthetic apatites often depends on apatite preparation ; 
remarkable differences have been observed between apatites 
prepared from aqueous and those prepared from non-aqueous 
systems.6 

Substitution of various cations for calcium in the calcium 
apatite are accompanied by changes in the apatite lattice 
parameters and these changes are related to the size of the 
ionic radius of the cation compared to that of calcium. 

Magnesium cannot substitute for calcium in the hydroxy- 
apatite structure and, in aqueous systems, it promotes the 
formation of tricalcium phosphate at the expense of  apatite.'^^ 

Calcium strontium fluoroapatites and hydroxyapatites and 
strontium barium fluoroapatites form continuous series of 
solid s01utions.~ '' Calcium barium fluoroapatites have a zone 
of immi~cibility,'~ whereas the calcium barium hydroxy- 
apatite system obtained from aqueous solution has been 
studied only over a limited range of ~0ncentration.l~ 

The aim of this work is to investigate the range of barium 
atom concentration in which barium and calcium hydroxy- 
apatites form solid solutions from aqueous and non-aqueous 
systems and to determine the dependence of the lattice par- 
ameters on  barium atom concentration. 

Experimental 
Calcium hydroxyapatite was prepared by neutralization of a 
Ca(0H)' solution with H3P04 with stirring at 37 "C. The 
product was stored for 1 week in contact with the mother 
solution, then filtered off, washed with distilled water and dried 
at 100 ' C .  The products were heat treated at 1 OOO "C for 15 h 
to eliminate any C032- present. 

Synthetic barium hydroxyapatite was prepared by heating 
Ba(OH), and (NH,),HPO, together in a molar ratio of 1.67 : 1. 
After heating at 700 "C for 15 h, the material was mixed and 
reheated at I OOO 'C for 15 h. 

Barium calcium hydroxyapatites were prepared following 
two different methods. 

Method 4 .  Mixtures of calcium hydroxyapatite and barium 
hydroxyapatite with barium ranging from 0 to 100 atom % 
were heat treated at different temperatures up to 1 200 "C. 
Every heat treatment was carried out for 15 h. 

Method 5. A solution of calcium and barium acetate was 
added dropwise to a stirring sodium monohydrogenphos- 
phate solution maintained at I00 "C for 5 h. The barium con- 
centration in the solution was in the range 0-100 atom %. 
The total cation concentration in the acetate solution was 
0.005 mol dm-3 while the phosphate solution concentration 
was 0.003 mol dm-3. The precipitate was stored in contact with 

the mother solution overnight, then filtered off, washed with 
distilled water, and dried at  100 "C. 

X-Ray diffraction analysis was carried out using a Philips 
powder diffractometer with Ni-filtered Cu-K radiation. The 
lattice constants were determined from diffractometer data. 
The 28 diffraction range covered was 10-65" at a scanning 
speed of 0.5" min-'. 

For i.r. absorption analysis, ca. 1 mg of the powdered 
samples was mixed intimately with 300 mg of KBr (i.r. grade) 
and pelleted under vacuum. The pellets were analysed using a 
Perkin-Elmer 390 IR grating spectrophotometer, range 
4 000--400 cm-', normal slit, and scanning speed of 72 cm-' 
min-'. 

Barium content was determined using an atomic absorption 
spectrophotometer (Perkin-Elmer 373). 

Results 
The X-ray diffraction patterns of calcium hydroxyapatite, 
Ca5(OH)(P04)3, and barium hydroxyapat ite, hs(oH)(P04),, 
after heat treatment at 1 OOO "C, show a high degree of crys- 
tallinity of both synthetic apatites. The lattice parameters 
determined by X-ray diffraction maxima are as given below. 

Ba,(OH)(PO,), : a = 1.0191(3), c = 0.7747(3) nm 
Ca,(OH)(PO,), : a = 0.9413(1), c = 0.6872(1) nm 

The i.r. absorption spectra of Ca,(OH)(P04)3 and Ba5(OH)- 
(P04)3 after heat treatment at 1 OOO "C show no appreciable 
differences from those reported by Fowler for the products 
prepared by a hydrothermal method similar to those used by 
Klement l6 and Klement and Dihn." 

The i.r. spectra of CaS(OH)(P04)3 heat treated at temper- 
atures less than 1 OOO "C show absorption bands characteristic 
of C032-.  These bands are no longer present in the spectrum 
recorded after heat treatment of the apatite at 1 0o0 "C. 

Mechanical mixtures of calcium hydroxyapatite and barium 
hydroxyapatite with barium atom % ranging from 0 to 100 
have been prepared. The X-ray diffraction analysis reveals 
that solid-state reactions of these mixtures a t  1 200 "C form 
solid solutions only in the range of barium atom concentration 
6@-100%. Hydroxyapatite, j3-tricalcium phosphate, and 
barium-substituted tricalcium phosphate are the crystalline 
products obtained by heat treatment at 1 200 "C of the mix- 
tures containing 0-60 barium atom %. 

The Ca5(OH)(P04)3 and Ba,(OH)(PO,), mixtures with 60- 
100 atom % barium heat treated at  different temperatures 
ranging from 700 to 1 200 "C allow the formation of the solid 
solutions to be followed. The X-ray diffraction maxima of 
BaS(OH)(P0J3 present in the patterns of these mixtures 
treated up to 900 "C do not change appreciably with respect 
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Figure 1. Plot of lattice constants of calcium barium hydroxy- 
apatite solid solutions against atom % of barium: data for solid 
solutions obtained from method A (0) and from method B (0) 

to those of pure Ba5(OH)(P0J3. After heat treatment at 
higher temperatures a shoulder at higher values of 28 appears 
associated with every BaS(OH)(PO& diffraction maximum. 
These shoulders become more and more sharp and identifiable 
as the diffraction maxima of calcium-substituted BaS(OH)- 
(PO&, while the diffraction maxima of Ba5(OH)(POJ3 reduce 
in intensity until they disappear as the heat treatment temper- 
ature increases. 

The cell parameters a and c of the apatitic phase obtained 
by solid-state reaction at 1200 "C are plotted in Figure 1 
against barium concentration. The parameters vary linearly 
with the composition, within experimental error, according 
to the following equations obtained by least-squares fit; x 

a = (0.9412 + O.OO0 789x) nm, with o(a) = 2.5 x 10.' nm 
c = (0.6883 + O.OO0 872x) nm, with ~ ( c )  -= 2.5 :i lo-' nm 

is  the barium concentration expressed as barium atom % and 
o values are the standard deviations. The c/a ratio and the cell 
volume ( V )  vary with the composition according to the 
equations below; these are consistent with the linear behaviour 
of the cell parameters. 

c/a = 0.073 13 + 0.O00029 Ix, with o(c/a) 3.13 2: 10 
V = (52.69 + 0.170~) nm3, with o( V )  = 0.03 nm3 

The i.r. frequencies of the P043- and OH-  internal modes 
of the different solutions, plotted against the barium atom 
concentration in Figure 2, reveal that the frequencies of the 
vibrational modes of barium hydroxyapatite shift towards 
the frequencies of the corresponding vibrational modes of 
calcium hydroxyapatite as the barium atom concentration of 
the solid solution decreases. Except for the frequency of the 
O H -  stretching mode, which increases with increase of 
barium atom concentration, all the other i.r. frequencies de- 
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Figure 2. Infrared frequencies of the vibrational modes of calcium 
barium hydroxyapatite solid solutions against atom % of barium 

crease nearly linearly with increasing barium content. Further- 
more, the i.r. absorption spectra show that the band areas of 
the hydroxyl modes decrease as the barium atom concen- 
tration increases. 

At variance to the behaviour of the products obtained from 
the Ca5(OH)(P04)3 and Ba5(OH)(P04)3 mixtures, the precipi- 
tates obtained at 100 "C by dropwise addition of calcium and 
barium acetate solutions into a stirring phosphate solution 
are constituted by solid solutions only in the range of barium 
concentration in solution from 0 to 25 atom %. Amorphous 
precipitates were obtained from solutions containing a barium 
concentration of 25-60 atom %. At higher barium concen- 
tration, tribarium phosphate was obtained. 

The apatitic phase obtained in the range of barium concen- 
tration 0-25  atom % has been recognised by X-ray diffrac- 
tion analysis as calcium hydroxyapatite with expanded cell 
parameters. The cell parameters and the barium content 
(expressed as barium atom %) of the samples obtained from 
solutions with barium concentration up to  10 atom % and 
heat treated at 100 "C are reported in the Table. The cell 
parameters of the samples obtained from solutions containing 
a barium concentration > 10 atom % are not reported since 
their measurement is difficult. In fact, on increasing barium 
concentration a broadening of the X-ray diffraction maxima 
and a reduction in their intensity have been observed. The 
variation of the cell parameters as a function of barium con- 
tent follows a linear relationship very close to  that found for 
the products prepared using Method A, as can be seen in 
Figure 1. 

N o  attempt to correlate the i.r. frequencies of Pod3- and 
O H -  with barium atom concentration of the products ob- 
tained from aqueous solutions was made because the bands 
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Table. Unit-cell parameters of barium calcium hydroxyapatites 
obtained from method B, with estimated standard deviations in 
parentheses 

Atom % Ba 
in the solid Atom 01, Ba 

in solution phase a axis (nm) c axis (nm) 
0 0 0.9427(2) 0.6875(3) 

10 2.8(1) 0.9461(4) 0.6901(4) 
i 1.9(1) 0.9432(3) 0.6886(3) 

are broader than those of the samples obtained from Method 
A and the frequency variations are slight in the explored range 
of concentration. 

It should be noted that the apatitic precipitates from aque- 
ous solutions after heat treatment at 1 200 "C reveal a com- 
plete conversion into a crystalline phase corresponding to 
a- tricalci urn phosphate. 

Discussion 
We have investigated by X-ray diffraction and i.r. absorption 
analyses the replacement of calcium by barium in the hydroxy- 
apatite structure prepared by solid-state reaction at different 
temperatures and by precipitation from aqueous systems. The 
results of the X-ray diffraction analysis carried out on the 
products obtained by solid-state reaction of Cas(OH)(P04)3 
and Ba5(OH)(P04)3 mixtures with 60-100 atom % barium 
show the formation of calcium-substituted barium hydroxy- 
apatite just after heat treatment at temperatures above 
900 "C. This phase is a solid solution which exhibits lattice 
parameters which vary linearly with the barium atom con- 
centration. Furthermore, in spite of the presence of a zone of 
immiscibility. the a- and c-axis dimensions expand according 
to the l a m  of Vegard. The cell volume increases with the 
barium atom 7; as expected because of the larger size of the 
barium ion compared with calcium. On heating up to 1 200 
"C Ca5(OH)( PO,), and Ba5(OH)(PO& mixtures containing 
0-60 barium atom ?A, products are formed containing 
different amounts of calcium hydroxyapatite, J3-tricalcium 
phosphate. and barium-substituted tricalcium phosphate 
depending on the composition of the reaction mixture. 

The frequencies of the vibrational modes of calcium barium 
hydroxyapatite solid solutions assume values lying on the 
straight line joining the characteristic frequencies of pure 
calcium and barium hydroxyapatites. The decrease of the 
magnitude of the O H  bands with the increase of barium atom 
concentration is in agreement with the results obtained on 
calcium, strontium, and barium apatites by Fowler Is who 
attributed the differences in OH band intensity to  differences 
in OH bonding. 

Barium-substituted calcium hydroxyapatite has been pre- 
pared also b! reaction of calcium and barium acetates with 
aqueous phosphate solution in the barium concentration 
range 0 to ca. 25 atom 0;. An expansion of the a- and c-axis 
dimensions. which follow the same law observed for solid 
solutions prepared by solid reaction, has been observed by 
increasing the barium concentration in solution up to 10 atom 

%. Similar increase of the lattice parameters has been ob- 
served by Le Geros et al.14 for barium calcium hydroxy- 
apatites obtained from aqueous solutions containing 5 and 
10 atom % of barium. However, a comparison with our data 
is not possible because Le Geros et al. did not indicate the 
amount of barium incorporated from aqueous solution. In  
fact, our analytical data show that the concentration of 
barium in the solid solution is always less than the concen- 
tration in aqueous solution, as is shown in the Table. A 
further barium incorporation in the calcium hydroxyapatite 
produces a broadening in the X-ray diffraction peaks and a 
reduction in the intensity of these peaks. These effects, which 
indicate a reduction in crystallite size and/or an increase of 
the disorder of the crystal, are accompanied by a thermal 
instability of the apatite phase, which is transformed in a- 
tricalcium phosphate on heating at 1 200 "C. 

In conclusion, homogeneous solid solutions cannot be 
formed in all proportions between Ca5(OH)(P04)3 and 
Ba5(0H)(P0&, similarly to that observed for the calcium 
barium fluoroapatite system, which shows a zone of immisci- 
bility between 6 and 64 atom % of barium.', However, a 
large substitution of barium for calcium in the hydroxyapa- 
tite structure has been obtained only by solid-state reaction, 
while small amounts of barium can be incorporated in Ca5- 
(OH)(PO& by precipitation from an aqueous system. 
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