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Solubility isothe nns of hydroxyapatite, Ca5(PO.h OH (OHAp) , pre pa red by titrating a boiling aqueous 
suspe nsion of Ca(OHJ, with 0 .5 M H3PO., we re detennined in the te rnary system Ca(OHJ,-H3PO.-H20 at 5, 15, 
25, a nd 37 °C in the pH range 3 .7-6. 7 by equilibration with dilute H3PO. solutions. The solubility product K" 
dete rmi ned as a fun ct ion of te mpe rature by a gene ra lized least-squa res procedure from 4 1 ex pe rimenta l points, is 
given by the equation 

log K, = - 82 19.41/ l' - 1. 6657 - 0.0982 151'. 

The values of K s and it s dispersion at 25 a nd 37°C a re 3.04 (0.25) a nd 2.35 (0.27) X 10- 59. The re is a max imum in 
K s near 16°C, whic h may be d ue to the form of te mperature de pendence found earlier for the sta bilit y constants of 
the ion pa irs Ca H2POt a nd CaHPO~. 

The re lati ve pos itions of the isothe rms show that OHA p has a negati ve the rma l coeffi cient of solub ility. 
T hermodynam ic fun ctions for the di sso lution of the sa lt a re report ed . 

The so lubility data previous ly re pOl1ed by others for OHAp at 25°C were rev iewed . The solubility produc ts 
obta ined by three of these in vestigators were compara ble with our value of 3 .0 X 10- 59; thei r data were re­
eva luated by the method desc ri bed he re. We conclude that the best value for the so lubility p rod uct at 25 °c is 4.7 
(2 .0) X 10- 59. 

Key word s: Dissolution; hydroxyapatite; ion pa irs; sol ubility; so lu b ilit y isothe rms; so lu bility prod uct; the rmal 
coeffi c ient of solubilit y; thermodynamics; tooth mine ra l. 

1. Introduction 

Hydroxya patite, Cas(p04hO H, is an important com ponent 
of bones and tee th and of many industri a l products . Despite 
the profu sion of pape rs on the chemistry of hyd roxyapatite 
[I-SF the exact solubility of this salt is still q uestioned. Its 
ex istence as a compound with a fi xed crys talline form having 
a well-defined solubility product has been disputed [2 , 4]. 
This is due, in pa rt , to the fact that its preparations va ry in 
compos ition. Recently it has been found that this salt ex ists 
in two modifications , one monocl inic, the other (s tatistically) 
hexagonal [6]. Some of the difficulties encountered in solu­
bility measurements on hydroxyapatite and the experimental 
princ iples that can be used to overcome them are described 
in greater deta il elsewhere [7]. Much of the uncertainty 
regarding the solubility of the salt also stems from a combina­
tion of factors related to the difficulty of preparing pure 
samples and to the fac t that it usuall y precipitates in a very 
fin ely divided s tate so that contamination by adsorption and 
occlusion of impurities readil y occurs. Solubility measure­
ments on thi s salt are d ifficult because its relatively low 
solubility and its slow rate of equilibration from supersatura­
tion make the establishment of eq uilibrium uncertain. The 
solubility data previously reported on this salt have all been 
for 25°C. 

In making solubility measurements on hydroxyapatite 
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workers have used two app roaches . On the one hand , prec ip­
itates formed from aqueous solutions at low temperatures 
have been sepa rated and redispe rsed direc tly in an eq uili­
brating medium [I). On the other, the solubility measure­
ments have been made followi ng treatment of the prec ipitate 
by ex posure to e levated temperatures [5]. Both procedures 
have yielded apatites with a constant solubility prod uct ove r a 
wide range of aqueous compositions, although the two types 
of treatments give mate rials with somewhat diffe rent values 
for the solubility product. Here we report the results of 
solubility measurements at 5, 15, 25, 37 °C on a prec ipitate 
that was not heat treated (except for drying a t 110 0q. A 
prec ipita ted produc t was used because it should be more 
representative of the apatites found in biological and other 
natural systems. The data were used to calculate solubility 
products and thermodynamic functions for this salt taking 
into account ion pair formation. In addition to the work 
reported here, we have re-examined solubility data obta ined 
a t 25°C in other studies [8-10] of hydroxyapatites prepared 
in a manner similar to the one used he re. The adjustment 
procedure [5, 11-15] used in treating the data is unusually 
rigorous and provides a superior assessment of the re i iability 
of the de rived constants . 

2. Experimental Methods and Materials 

2.1 Preparation of Materials 

Hydroxyapatite was prepared by titrating a boiling aqueous 
suspension of Ca(OHh with 0 .5 M H3P04 • The Ca(OHh 
suspension was prepared by adding 194 g of CaO, made by 
calcination of CaC03 for 24 hours at 1000 °C, to seven liters 
of freshly boiled distilled water. The titra tion was carried out 
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in a 15 liter, Teflon-coated,2 stainless steel pot equipped with 
a gold plated stirrer, a reflux condenser protected from the 
atmosphere by a CO2-absorbing trap, and ports for introduc­
ing N2 and the titrant. The H3P04 solution was added to the 
stirred suspension at a rate of 1 mL/min until a Ca/P ratio of 
1. 70 was reached. After the titration was complete, boiling 
and stirring were continued for two days. The solid was then 
allowed to settle and the supernatant liquid was removed by 
siphoning. Five liters of freshly boiled distilled water were 
then added to the reaction vessel and the resulting suspen­
sion was boiled and stirred for two days to remove the 
Ca(OHh- The supernatant was then siphoned off and the 
washing process was repeated three times with distilled water 
and finally with 0.001 M H3P04. The slurry was then trans­
ferred to a three liter Erlenmeyer flask and dried in an oven at 
110°C under a stream of dry N2. 

Doubly crystallized phosphoric acid hemihydrate , 
2H3P04·H20 , and freshly boiled distilled water were used to 
prepare aIM stock solution. The H3P04 solutions used for 
the titration and equilibrations were prepared by diluting the 
stock solution with freshly boiled distilled water. 

Examination of the solid with a petrographic microscope 
gave a mean refractive index of 1.636; this agrees with the 
values usually found for precipitated Ca5(P04hOH [5]. The 
material was free of extraneous phases but the crystallites 
were too small to be resolved . The infrared spectrum of the 
material indicated that it was crystalline and essentially free 
of carbonate . The BET surface area3 of the solid was 16.7 
m2/g. Chemical analysis yielded: Ca, 39.25 percent and P , 
18.13 percent. (Theoretical: Ca, 39.89 percent and P, 18.50 
percent.) From the analytical results the molar Ca/P ratio of 
the solid was 1.673 with a standard error of 0.042. 

2.2. Equilibration Experiments 

To each of a series of glass-stoppered bottles, 4 g of 
hydroxyapatite were added and washed several times with 
small volumes of the H3P04 solution with which the salt was 
to be equilibrated. About 125 mL of this acid were then 
added and the bottle was sealed with paraffin wax and rotated 
end-over-end at 7 rpm in a thermostatted water bath held to 
within 0.1 °C of the selected temperature. In preliminary 
experiments lasting up to 21 days, it was shown that equilib­
rium was attained within 7 days. Thereafter, solutions equili­
brated for at least 7 days were filtered, using a syringe 
equipped with a millipore filter, and the pH values and 
calcium and phosphorus concentrations of the filtrates were 
determined. 

2.3. Analyses 

Calcium, phosphorus, and pH were determined using the 
methods and instruments described in earlier publications 
[11, 15]. The estimated errors for Ca (1.5%) , P (1.0%), and 
pH (0.015) guided the assignment of weights (sec. 5). 

2 In order to adequately describe materials and. experimental procedures, it was occas ionally 
necessary to identify commercial products by manufacturer's name orJabel. In no instances does such 
identification imply endorsement by the National Bureau of Standards, nor does it imply thai the 
particular product or equipment is necessarily the best available for the pul"JX>Sc. 

3 The surface area measurement was made by Dr. W. V. Loebenstein, Dental & Medical Materials 
Section, NBS. 

3. Calculations 

Details of the method used for the calculation of solubility 
products and ion pair association constants by generalized 
least squares have been reported previously [11]. The spe­
c ific equations and conditions needed to describe equilib­
rium systems containing solid Ca5(P04hOH are given here. 
Curly brackets will be used to denote equation, sec tion and 
table numbers used in Reference [11]. The purpose of these 
calculations was to obtain the solubility product, Ks, of 
Ca5(P04hOH as a fun ction of temperature, allowing for the 
presence of ion pairs, and to compute the adjusted values of 
the observations. The values used for the association con­
stants of the ion pairs CaHPO~ and CaH 2POt are those given 
in table {12}4. In 30 systems (out of 41 reported here) the 
weighted sum of squares of res iduals of four observations per 
system (concentration of total calcium, Ca; and total phos­
phorus, P; initial phosphoric acid concentration, Po; and pH) 
was minimized subjec t to three condition functions: satura­
tion with respect to Ca5(P04hOH , e lectroneutrality, and con­
grue nt dissolution (sec. 5 .2) of the salt. In the remaining 11 
systems (3 at 5°C,S at 15°C, and 3 at 37 0c) the condition of 
congruent dissolution was omitted and the variable Po was 
accordingly not adjusted for these systems (see discussion) . 
The solubility product Ks was computed by the least squares 
estimation of the coefficients A j in the expression In K s = A 1/ 
T + A2 + A3T, where T is the temperature in Kelvins (eq 
{16}). 

3.1-. Balance Equations, Solubility Product, and 
Activity Coefficients 

The equations of mass balance are given by eqs {I} to {4}. 
Activity coefficients (Debye-Htlckel) and ionic stt·ength are 
defin ed in eqs {1O} and {11a}. (All quantities were calculated 
on the molar basis.) The ionic activity product is defin ed for 
all Ca5(P04hOH as 

(1) 

where the first fac tor (activity of ionic calcium) and the 
second (activity of orthophosphate ion) are defin ed as follows: 

(Ca2+) = (Ca - T) /gca 

(PO~-) = (P - T)k3/(H+)N. 

(2a) 

(2b) 

The quantities gCa, k3 , and N are defined in the eq uations of 
[11] already referred to; (H+) = lO- PH, and T is the sum of 
ion pair concentrations, eq {8}. The apparent solubility prod­
uct K' HA was calculated taking T to be zero. 

3.2. Condition Functions, Parameters, and Standard 
Deviation 

The condition fun ctions imposed on the systems reported 
here have been enumerated above. The electroneutrality 
condition is given by eq {14}. The other two conditions are 
defined here as: 

(1) Saturation with respect to Ca5(P04hOH 

4 The ion pair CaPO ; need not be considered for pH < 8. 
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(3) 

where the act ivities are given by eqs (2a) and (2b), and by 
(OH- ) = kw/(H+), where kw is the dissoc iation constant of 
water; 

(2) Congruent dissolution of Ca5(P04hOH 

Ca/{P - Po) - R = 0, (4) 

where R is the expected value of the ratio, 5/3. 
Since the ion pair association constants we re not subj ect to 

adjustment in these calcu lations, the numbe r of constants is 
just one (Ks); the number of adjustable parameters (P) is one 
or three correspond ing to separate (in Ks = Az,l or combined 
(in Ks = A t/T + A2 + A3T) data adjustments, respectiv el~ 
(see sec . {3.5b}). The standard dev iation is given by eq {22} 
with the denominator (degrees of freedom) in that equation 
replaced by 2. t(2N / + 3M /) - p. Here N / and M t denote the 
number of syste ms at temperature t constrained by 2 and 3 
conditions, respectively. 

4. Results 

4 .1. Solubility and Solubility Product 

The compos itions of saturated Ca;(P04hOH solutions at 5, 
15, 25, and 37°C are presented in tabl es 1 through 4 . At all 
tempe ratures exce pt 25 °C the re were one or more systems 
whose di ssolution ratios (col. 5) were incons istent with con­
gruent disso luti on (expected value = 5/3). These data , how­
ever, yielded va lues (eq (1» of the apparent solubility prod­
uct, K' HA (col. 6) which clea rly belonged to the popula­
tion being sampl ed . These points were the refore included in 
the analys is (see sec. 5.4). The values of K HA computed with 
the data shown in these tabl es and with the assumption of ion 
pairs are shown in the last column of the tables as K~A' It is 
noteworthy that in the more acid solutions, values of K' HA 

that might be suspected to represent outlie rs on the high s ide 
are better behaved when ion pairs are taken into account. 

The data adjustments as found for the combined data are 
summarized in tables 5 through 8. Values of the ionic 
strength, /L , shown in column 5, indicate the broad range of 
solution compositions included in the inve,tigation. The data 
segregated in the lower portion of the tables were adjusted 
without the co ngruent dissolution condition (eq (4)) and 
he nce the initial acid concentration , Po, of these systems was 
ignored in the adjustment. The ratios Ca/(P - Po) for the 
other systems computed with the untruncated adjusted data 
and subsequently rounded to 6 digits are uniformly equal to 
1.66667. Sim il arly, the adjusted values of KHA at tempera­
ture T in the las t co lumns are identical (to five digits or 
be tter) to the value of the least-sq uares constant Ks, which is 
given to sufficient accuracy by eq (5): 

log Ks = - 8219.41 / T - 1.6657 - 0.098215 T. (5) 

Values of the solubility product, its logarithm, and the 
associated standard errors (eq {25}) at the four temperatures 
are listed in table 9. (The standard error of the adjustment, s, 
is discussed in sec. 5.1 .) 

TABLE 1. Solubility of hydroxyapatite at 5 °C Unadjusted quantities 

Initial Composition of equil. solns 
Acid Ca K'HA K OHA 

p. 
pH Ca P P- Po X ]0'. X 10-'· 

M X 1(1' M X 1(1' M X H1' 

0.846 5.91, 0.630 1.195 1.81 3 .73 3. 17 
1.04. 5. 81 3 .748 1.455 1.82 3. 03 2.56 
3.22 5.26" 2.40 4.75 1.57 2.80 2.14 
6.22 5.02, 4.46 8.88 1.68 4 .28 2.92 

10.2. 4.798 7.45 14.6,; 1.69 3.87 2.32 
26.0 4.45. 18.6 37.3 1.65 7.64 3.10 
26.0 4.45. 18.7 36.7 1.75 7.11 2.92 
26.0 4.44. 18.7 36.9 1.72 5.58 2.29 

0.410 6.295 0.307 0.544 "(2.29) 5.18 4.48 
.410 6.29. .302 .540 (2.32) 4.66 4.04 
.410 6.29. .297 .532 (2.44) 3.88 3.37 

a Value inconsistent with congruent dissolution. 

TABLE 2. Solubility oj hydroxyapatite at J 5 °C Unadjusted quantities 

Initial Compos ition of equil. solns. 
Ac id Ca K'uA KOHA 

p. 
pH 

Ca P P-Po X 10'· 1059 

M X 10" M X 10-' M X lO' 

1.04. 5.702 0.751 1.477 1.73 5.25 4.75 
1.89 5·440 L3l 2.59 1.87 5.22 4 .6\ 
6.25 4.90. 4.36 8.62 1.84 4.78 3.76 

10.4. 4.67, 7.32 14.6, 1.74 4.33 3. 10 
25.9 4.31. 18.0 36. 1 1. 76 5.53 3.07 
25.9 4.31. 18.3 36.3 1.76 5.94 3.29 
25.9 4.307 18.6 36.7 1.72 5.84 3.22 

0.132 6.66;. O. I 11 0.177 (2.47) 3.47 3.25 
.433 6.203 .259 .460 (9.59) 3.27 3. <M-
.433 6.19, .262 .472 (6.72) 3.04 2.83 
.433 6.16, .281 .521 (3. 19) 3.57 3.31 
.857 5.802 .583 1.10. (2.36) 3.45 3 .16 

TABLE 3. Solubility oj hydroxyapatite at 25°C Unadjusted quantities 

Initial Composition of equil. solns. 
Acid Ca K'HA KOHA 

Po pH Ca P P- Po X 10" X 10'· 
M X 10" M X 10" M X 10" 

0.130 6.46,; 0. 117 0.203 1.60 2.77 2.63 
.414 5.96. .306 .599 1.65 2.81 2.65 
.994 5.53. .695 1.39, 1. 75 1.72 1.61 

5.11 4.84. 3.52 7.30 1.61 3.68 3.11 
10·80 4. 523 7.53 15.S. 1.63 4.01 3.07 
20.9 4.27, 14. 5 29.3 1. 73 5.15 3.45 
20.9 4.26, 14.5 29.5 1.69 4.61 3. 08 
53.0 3.922 36.0 73.6 1. 75 6.35 3. 14 
53.0 3.92, 35.5 72.4 1.83 5.70 2.84 

TABLE 4 . Solubility of hydroxyapatite at 37°C Unadjusted quantities 

Initial Composition of equil. solns. 
Acid Ca K'HA KOHA 

Po pH Ca P P- Po X 10" X 10'· 
M X 10" M X 10" M X 10" 

0 .994 5.43. 0.686 1.403 1.68 3. 02 2.81 
1.92 5.12. 1.35 2.69 1. 75 3. 07 2.80 
1.92 5.107 1.34 2.75 1.61 2 .21 2.02 

10·80 4.357 7.56 15.6, 1.59 2.44 1.92 
20.9 4.10, 14.7 29.8 1.65 3. 01 2.11 
52.9 3.75. 35.6 73.9 1.70 3.30 1.78 

0.140 6.40. 0.0980 0.178 (1.32) 2.86 2.69 
.433 5.94" .245 .471 (6.45) 3.13 2.94 

4.21 4.79. 2.83 5.66 (1.95) 2.92 2.56 
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TABLE 5. Solubility of hydroxyapatite at 5 °C Adjusted quantities 

Initial Composition of equil. solns. 
Acid 

Po Ca P /L X 10" 

M X 10" pH M X 10" M X 10" 

0.834 (7)b 5.898 (7) 0.641(5) 1.219(10) 1.94 
1.023 (8) 5.806 (7) .777(6) 1.489(12) 2.33 
3.255 (26) 5.293 (7) 2.385(19) 4.686(38) 6.98 
6.201 (50) 5.019 (7) 4.499(36) 8.900(72) 12.94 

10.26 (8) 4.814 (7) 7.404(59) 14.70(12) 20.94 
26.02 (21) 4.455 (7) 18.64(15) 37.20(30) 50.26 
25.93 (21) 4.457 (7) 18.58(15) 37.07(30) 50.10 
25.99 (21) 4.456 (7) 18.62(15) 37.16(30) 50.21 

c* 6.272 (8) 0.301(4) 0.546(7) 0.939 
* 6.276 (8) .299(4) 0.541(7) .932 
* 6.283 (8) .295(3) 0.533(7) .920 

a Machine value = 5/3 to seven significant figures. 
b Standard error in the last digit(s) calculated by eq {26}. 
c Po not adjusted. 

Ca 
P-Po 

a1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 

* 
* 
* 

TABLE 6. Solubility of hydroxyapatite at 15 °C Adjusted quantities 

Initial Composition of equil.so lns. 
Acid Ca 

Po Ca P /L X 10" P-Po 
M X 10" pH 

M X 10" M X 10" 

1.029 (8) 5.668 (6) 0.770(6) 1.491(12) 2.33 1.67 
1.843 (15) 5.406 (6) 1. 354(1l) 2.656(21) 4 .05 1.67 
6.141 (50) 4.883 (6) 4.431(35) 8.810(71) 12.97 1.67 

10.32 (8) 4.669 (6) 7.400(59) 14.76(12) 21.39 1.67 
25.68 (21) 4.312 (6) 18.28(15) 36.64(30) 51.13 1.67 
25.77 (21) 4.311 (6) 18.35(15) 36.78(30) 51.30 1.67 
25.91 (21) 4.309 (6) 18.44(15) 36.97(30) 51.56 1.67 

* 6.665 (8) 0.1l0(1) 0.178(2) 0.366 * 
* 6.210 (7) .255(3) .465(6) .802 * 
* 6.201 (7) .260(3) .475(6) .816 * 
* 6.158 (7) .283(3) .519(7) .883 * 
* 5.805 (7) .579(7) 1.109(14) 1.76 * 

KHA X 10'· 

2.92 
2.92 
2.92 
2.92 
2.92 
2.92 
2.92 
2.92 

2.92 
2.92 
2.92 

KHA X 10'9 

3.23 
3.23 
3.23 
3.23 
3.23 
3.23 
3.23 

3.23 
3.23 
3.23 
3.23 
3.23 

TABLE 7. Solubility of hydroxyapatite at 25°C Adjusted quantities 

Initial Acid Composition of equil. solns. 
Ca KHA X 

Po Ca P /L X 103 
P - Po 10'9 

M X 103 pH M X 103 M X 103 

0.1307(11) 6.475(6) 0.1l79(8) 0.2014(16) 0.385 1.67 3 .04 
.4094(34) 5.958(6) .3189(24) 0.6007(48) .986 1.67 3.04 
.978(8) 5.561(6) .726(6) 1.414(1l) 2 .20 1.67 3.04 

5.074(41) 4.832(6) 3.645(29) 7.261(58) 10.77 1.67 3.04 
10.83(9) 4.516(6) 7.726(6) 15.46(12) 22.52 1.67 3.04 
20.75(17) 4.259(6) 14.72(12) 29.58(24) 42.16 1.67 3.04 
20.79(17) 4 .258(6) 14.75(12) 29.65(24) 42.25 1.67 3.04 
52.40(42) 3.913(6) 36.80(29) 74.48(60) 101.3 1.67 3.04 
52.07(42) 3.916(6) 36.57(29) 74.02(60) 100.7 1.67 3.04 

T ABLE 8. Solubility of hydroxyapatite at 37°C Adjusted quantities 

Initial Acid Composition of equil. solns. 
Ca 

Po Ca P /L X 103 
P - Po 

KH A X 10'· 
M X 103 pH M X 103 M X 103 

0.977(8) 5.411(8) 0.718(6) 1.408(11) 2. 16 1.67 2.35 
1.900(15) 5.111(8) l.375(1l) 2.725(22) 4. 11 1.67 2.35 
1. 911(15) 5.109(8) l.383(1l) 2.741(22) 4 .13 1.67 2.35 

10.88(9) 4.365(8) 7.719(62) 15.51(13) 22.57 1.67 2.35 
20.91(17) 4.107(7) 14.73(12) 29. 75(24) 42.41 1.67 2.35 
52.49(43) 3 .765(7) 36.42(29) 74.34(60) 101.4 1.67 2.35 

* 6.390(9) 0.101(1) 0.175(2) 0.325 * 2.35 
* 5.925(9) .247(3) .468(6) 0 .764 * 2.35 
* 4.789(8) 2.835(35) 5.655(70) 8.41 * 2.35 
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TABLE 9. Temperature deperuLellce of the solubility product 

log Ks = - 821 9 .41(r - 1.6657 - 0 .098215 T [e<1 (5)1 

°C log Ks + 59 K .• X IOS9 

5 0 .4656 2. 92 
(0 .0441' (0. 30 ) 

15 0.5090 3 .23 
(0.033) (0.25) 

25 0.4835 3.04 
(0.036) (0.25) 

37 0.3716 2.35 
(0.049) (0.27) 

a Standard error. 

Figure 1 illustrates the temperature dependence of the 
solubility product. The smooth curve represents eq (S) (9S0/0 
confidence inte rvals come from tabl e 9). The preliminary 
values of Ks from separate adjustments at the four tempe ra­
tures (table 12) a re shown for comparison. The values plotted 
in the fi gure as e xperimental points are those li sted in co lumn 
7 of tables 1 throu gh 4. 
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FIG URE 1. Variation in the soLubility product of hydroxyapatite as a 
function of temperature. 

The c urve represents e q (5) ; the 9 5 percent confide nce int ervals come from table 9. 

The solubility isothe rms for Ca5(P04hOH are plotted in 
figure 2 in terms of log (total Ca concentration) against pH. 
The smooth cunes were ge nerated as desc ribed in refe rence 
[21). The expe rimental points a re from tabl es 1 through 4. 
The adjusted values of the obsenrations (not indicated in the 
figure) lie on the curves . The relative pos itions of the curves 
and corresponding data sets indicate that the solubility of 
hydroxyapatite dec reases with increas ing temperature e ven 
though it can be seen from fi gure 1 that the solubility product 
does not decrease monotonically with temperature. This type 
of behavior has been previous ly established for 
CaHP04·2H20 [11), CaHP04 [IS], and ~-Ca3(P04h [13). 
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FIGURE 2. SolubiLily isotherms (log calcium concentralion versus pH) for 
hydroxyapatite in the system Ca(OH).-H3PO.-H20 at 5, 15, 25, and 37°C. 

4.2. Ion Pairs 

The concentrations of the ion pairs CaHPO~ and CaHzPOt 
in saturated solutions of Ca5(P04hOH at 2S °C a re given in 
table 10. These values5 were computed in the adjustment 
procedure, making use of the known values [11) of the 
corresponding stability constants. The pe rcentage of bound 
cal c ium (sum of ion pa ir conc. X 100/total Ca conc .) shown 
in column 4 is seen to inc rease markedly in the more ac id 
solutions due to the rapid increase in the concentration of the 
ion CaH 2POt (col. 3) with dec reas ing pH. The corresponding 
effect on the values of the "observed" solubi lity product, 
columns 6 and 7 of tables 1 through 4 , is quite evident. 
(Values of the ion pair concentrations at the othe r tempera­
tures are similar to those shown in tabl e 10.) 

TABLE 10. Concentration oj ion pairs and bound calcium at 25°C 

pH 

6.475 
5.958 
5.561 
4.832 
4.516 
4.259 
4.258 
3.913 
3.916 

[CaHPO.O] 
M X 10" 

0.0008«1)" 
.0022«1) 
.0045(1) 
.0166(2) 
.0294(4) 
.0473(6) 
.0473(6) 
.0900(12) 
.0896(12) 

0.0001«1) 
.0008«1) 
.0039(1) 
.077(1) 
.282(5) 
.820(13) 
.823(14) 

3.46(6) 
3.43(6) 

a T is sum of ion pair concentrations. 
b Standard error in the last digit(s). See sec. 4 .2. 

100 i' ICa 

0.79(1) 
.93(1) 

l. 18( I) 
2.80(2) 
4.61 (3) 
7.06(4) 
7.07(4) 

12. 5(1) 
12.4(1) 

:; The standard errors li sted in the table were computed for each system with the aid of the 
covariance matri x (eq {A- l a}) of the adjus ted observations and the nl)propri atc derivatives of e<lu<o tions 
{8-9} whic h define T and the ion pair concentrntions. 
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4.3. Thermodynamic Quantities 

The dissolution of Ca5(p04bOH may be described by the 
reaction 

The quantities !1Go, !1Ho, and !1So associated with the 
dissolution reaction were calculated from eq (5) for log Ks 
following the procedure of eqs {27-29}. The results, along 
with the ir standard e rrors, are set out in table 11. 

TABLE II. Thermodynamic q!Lantities 

tJ.Go tJ.H 0 llSo 
°c kcal/ mol kcal/mol cal" / mol·K 

5 74.5 
b (0.06) 

15 77. 1 
(0.04) 

25 79.8 
(0.05) 

37 83.2 
(0.07) 

a 1 cal = 4.1840 J. 
b Standard e rror. 

2.8 -258 
(2.5) (lO) 

0. 3 -267 
(1.2) (4) 

- 2.3 -276 
(Ll) (4) 

-5.6 - 286 
(2.9) (9) 

s. Discussion 

5.1. Standard Deviation, Weights and Goodness of Fit 

Table 12 summarizes the results of pre liminary adjust­
ments that were carried out to examine the tempe rature 
dependence of KHA and to test for uniformity of variance (S2, 

eq {22}) among the four temperature sets. The variances 
listed the re were homogeneous by Bartlett's test [16]. These 
results in tabl e 12 were obtained with the following assign­
ment of errors: Ca, 2.0 pe rcent; P, 1.5 pe rcent; Po, 1.0 
percent; pH, 0.020 (absolute). The corresponding weights 
(eq {12}, with So = 1 X 10- 4) were then utilized in the fin a l 
adjustment of the combined data. The overall variance was 
found to be S2 = 1.13 X 10- 8 , based on 109 degrees of 
freedom,f(sec . 3.2). The critical values of XI09 (95%), 82.0 
and 139.8, nicely bracket the value off, thus confirming the 
adequacy of the weights used and establishing the goodness 
of fit of the adjustme nt. The standard deviation is then 1.06 
X 10- 4, and the 95 percent confidence interval for s is (0.94 
< s < 1.22 X 10- 4). 

TABLE 12. Results oj preliminary calcuLatiorLs 

Number of Number of 
Variance °c functions points J" s2 X lOS K , x lOS9 

(r) (N) 

5 3a 8 29 0 .89 2.85 
2b 3 

15 3 7 30 1.13 3.46 
2 5 

25 3 9 26 1.43 2.84 

37 3 6 23 1.lO 2.41 
2 3 

a Saturation, e lectroneutrality, and congruent disso lution. 
b Saturation and e lectroneutrality. 
C Degrees of freedom = ~r - 1. 

5.2. Solubility Isotherms 

The data reported in tabl es 1 through 4 were obtained from 
phosphoric ac id solutions of widely varying initial concentra­
tion (less than 1 to over 50 mM) equilibrated with pure solid 
Ca5(P04bOH. It is ev ident from the plots in figure 2 that the 
experimental points at each temperature are well represented 
by the corresponding calculated curves. The latter resulted 
from the adjustment procedure which for a ll points assumes 
(i) equilibrium (saturation) and (ii) e lectroneutrality (i. e., all 
spec ies known and accounted for, including ion pairs) . In 
addition a third req uireme nt, that of congruent dissolution 
(no extraneous solid phases are formed), was imposed on 30 
out of the total of 41 systems. Since the remaining 11 
systems, adjusted with only conditions (i) and (ii), a re not 
distinguishable in fi gure 2 from those subjected to a ll three 
conditions , it appears that the smalle r set of syste ms was 
indeed saturated with respect to Ca5(P04bOH . The question 
of stoichiometry will be dea lt with in more de tail below (sec. 
5.4). It suffices to emphas ize here that failure to exhibit 
congruent dissolution is not in itse lf a suffic ient reason to 
doubt the attainment of the eq uilibrium state . 

The success of the adjustment procedure applied to these 
data is furth er illustrated by refe rence to tables 5 through 8. 
The standard e lTors (in parentheses) a re generally within 1 
pe rcent of the adjus ted observations. The individually com­
puted solubility produc ts, KH A (eq (l)) , shown in column 7, 
using the adjusted observations, are identical to the corre­
sponding least-squares value of Ks (eq (5); table 9) . Both the 
dissolution ratio , column 6 (where applicable) and the elec­
troneutrality condition (not shown) were satisfied to be tte r 
than 1 ppm. Add itional ins ight as to the validity of the 
adjustment under the given conditions may be gai ned from 
the followin g results (not repol1:ed). The magnitudes of the 
largest re lative adjustments (residual/observed) were: Ca, 
0 .046 at 37°C; P, 0.025, and Po, 0.023 at 15°C. The s ize of 
the max imum residua l in pH was 0.036 at 15 °C . The sizes of 
the cO'Tesponding standardized res iduals (res idua l/S. E. of 
res idual) were 2.4, 1.8, 3 .3, and 1.8. 

Effect of Temperature on the Solubility of Ca5(P04hOH 

The relative positions of the solubility isothe rms depic ted 
in fi gure 2 indicate, as mentioned in section 4, that the 
solubility of this preparation of hydroxya patite has a negative 
temperature coeffic ient. It is of interest to examine this 
behavior under the condition of uniform initial acid concen­
tration. Since at each of the four temperatures there were 
values of the adjusted initial acid (Po, tables 5 through 8) 
near 1 mM and 10 mM, it was feasible to compute the 
conditional values [17] of Ca, P, and pH , and the corre­
sponding concentrations of the ion pairs, at these two 
rounded values of Po. The results are given in the followin g 
table: 

Po = 1 mM Po = 10 mM 
°c 

Ca P pH Ca P pH 

5 0.761 1.457 5.82 7.22 14.33 4.82 
15 .750 1.450 5.68 7.17 14.30 4 .68 
25 .742 1.445 5.55 7.14 14.28 4 .55 
37 .734 1.440 5 .40 7. 10 14.26 4.40 
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Although the concentration diffe rences be tween temperatures 
are small , on the orde r of the standard e rrors, the trend is 
consistentl y towa rd lower concentration with inc reas ing tem­
perature. The percentage of bound calc ium , IOOT/Ca (not 
listed), shows a ma rk ed reduction of over 50 pe rcent between 
5 and 37°C; fom 2.7 to 1.2 (Po = 1 mM), and from B.6 to 3.9 
(Po = 10 mM). 

5.3. Solubility Product Temperature Dependence and 
Models 

Equa tion (5) for log Ks derived by the least squares adjust­
ment possesses a maximum near 16°C, as seen in fi gure 1. 
Maxima have also been shown to occur in the vic ini ty of 20°C 
for the solubility products of CaHP04'2 H20 [11] and 
Ca3{P04h [13]. In the case of CaHP04'2H20 it was a rgued 
that the maximum is a poss ible consequence of the the rmody­
nami c prope rti es of the so lid . In the present work the influ­
ence of the ion pair ass umption on the nature of the tempera­
ture dependence of the solubility product of Ca5(P04hO H 
was investi gated. A leas t squares adjustment was acco rdingly 
carri ed ou t without the assu mption of the presence of ion 
pairs. The eq ua ti on co rresponding to eq (5) ga ve the foll owing 
va lues of Ks at the four experimenta l temperatures: 4.2, 4.0 , 
3.6, and 2 .9 X 10- 59 . The standa rd dev iati on of the adj ust­
me nt was 1.08 X 10- \ with a slightl y wider confide nce 
inte r-va l th an was reported in section 5. 1 for the model with 
ion pairs inc luded. It is evident that the maximum in Ks for 
Ca5(P04hO H can be asc ribed, at least in part, to the nature 
of the tempe rature dependence of the ion pa ir stability con­
s tants as repor·ted in [11] . 

5.4. Stoichiometry. Potential Diagrams 

Eq uilibrium between a solid ca lc ium phosphate and an 
aqueous solution, and the stoichiometr'y of the satura ting 
so l id , may be demonstrated by a "potenti al diagram" [l B], in 
which the coo rdinates a re defin ed as - log[{Ca2+)(OH- )2] and 
- log[(H +)3(PO~-)]. These are linea rl y related to the che mi­
cal potentials of the solution components Ca(OHh and 
H3P04. The sa tura tion condition in such a diagram is defined 
by a straight line, whose s lope is the negati ve of the Ca/P 
ratio in the solid. Figures 3 and 4 show the da ta of tabl es 1 
through 4, as well as results at 25 °C reported by some othe r 
workers, plotted in this manner. The lines in figure 3 were 
fitted by least squares to the data of tables 1 through 4 only. 
The slopes at 5, 15, 25, and 37°C are - 1.643, -1.666, 
-1.6B2, and - 1.645, respec tively. When the fitting was 
done with a forced common slope, the value obtained was 
- 1.660. (The standard e rror of the s lope in a ll cases is less 
than 0 .01). These va lues compare favorably with the values 
for the Ca/P rati o, 1.673 , found by analysis of the solid (sec. 
2 .1) and the theore tical value for Ca5(P04hOH, 1.667 (5/3) . 
It is evident tha t the subset of 11 systems that fail ed to show 
congruent dissolution (sec. 5.2) cannot be distinguished in 
these plots from those tha t did sati sfy tha t condition; thus all 
of the data represe nt solutions saturated with respect to a 
solid of very nearl y the theoretical stoichiometry of 5/3. The 
results of the other workers shown in the figures are disc ussed 
in the following section. 

5.5. Comparison With Reported Data 

Avnimelech, Moreno, and Brown [9] reported solubility 
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FIGURE 3. "Potential plot" (. Iog H3P04 activity versus .log Ca(OH), 
activity) fo r hydroxyapatite at 5, J 5, 25, and 37°C. Solid lines are least· 
square .Ius of d,ua in tables 1-4 . 

measurements at 25 uC on a sample of hydroxyapatite pre­
pared by a me thod ve ry s imilar to the one desc ribed in thi s 
pape r. Their da ta (20 poi nts), included in fi gure 3, very 
close ly paralle l our res ults at this tempe ra tu re except that 
stoichiometri c di sso lution (i. e ., a Ca/P ratio of 5/3) was the 
exception. This is not surpri s ing because the objective of 
the ir research was to show that the surface Ca and P contrib­
ute s ignifican tly to the appare nt stoichiometry of the overall 
dissolution reacti on even though the s toichiometry of the fina l 
eq uilibrium reaction was shown to have the s toichiometry 5/3 
(see the ir fi g. 3). They reported a K HA of 6.32 (2.1) X 10- 59 
(arithmeti c mean) and a value of -1.66 (.02) for the slope of 
the line (not s hown in our fig. 3); the Ca/P ratio of the ir solid 
was 1.69. We have recalculated the solubility product using 
the adj ustment procedure desc ribed in this report; the result­
ing va lue of Ks is 5.23 (0.41) X 10- 59. 

Chuong [10] reported a series of IB measurements on the 
four compone nt system Ca(OHh- H3P04- H20 - HCI at 25 
°C to ascertain the effect of varying the so lid-to-solution ratio; 
his solid was a portion of the same preparation that was used 
in the present study. His results, shown in figure 3, cover 
only a narrow range of the potential diagram, but are seen to 
be consistent with the data of Avnime lech et al. There was a 
slight trend in KHA with increasing HCI concentration (mean 
values were 6.2 , 5.4 and 5.0 X 10- 59 at HCI concentrations 
of 0.70, 1.0 and 10.0 mmol/L, respective ly), but no trend 
was observed at fixed acid concentration with solid-to-solu­
tion ratios varying from 0.2 to 2 .0 g/100 mL. An overall 
estimate of the solubility produc t was not reported; we have 
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computed a least-squares value of 5.36 (0.19) X 10- 59 from 
his data. 

Wier, Chien, and Black [8] have reported an extensive 
series of hydroxyapatite solubility measurements (112 equili­
brations at 25°C) in which the ratio of solid-to-solution varied 
from 0.1 to 10.0 g/lOO mL. They reported their solubility 
constants as pKHA based on the formula CalO(P04)6(OHh 
which we have converted into K HA values based on the 
formula Ca5(P04bOH. The hydroxyapatite used in their 
equilibrations was a commercial product. In five of their six 
series of equilibrations, this hydroxyapatite had been boiled 
in water for 24 hours; in the sixth series, the hydroxyapatite 
had been treated with 1 N NH4Cl solution at 120°C in an 
autoclave for 50 days, replac ing the NH4Cl solution every 4 
to 6 days. The purpose of the latter treatment was to further 
stabilize the hydroxyapatite and thereby to demonstrate the 
existence of a form of hydroxyapatite that is less soluble than 
the material used in their first five series of experiments . The 
first five series included 44 equilibrations with solid-to­
solution ratios between 0.5 and 10.0. This set of points is 
included in figure 3 (Wier). Although there is considerable 
scatter, these points are comparable with the others at 25°C 
in the figure . Wier et a1. reported a solubility product equal 
to 5.0 X 10- 59 for 32 systems of this set (solid-to-solution 
ratio of 1.0 g/100 mL). Making use of their measurements on 
all 44 systems, we derive a value of Ks equal to 6.18 (0.70) X 
10- 59 • 

In addition to the above values, Moreno et a!. [5] reported 
two values for Ks at 25°C, one for a preparation heated in 
steam at 1000 °C, 3.7 (0.5) X 10- 58 , and one heated in air at 
the same temperature, 2.5 (0.4) X 10- 55 . The latter is four 
orders of magnitude larger than the value rep0l1ed he re and 
re flects changes in the structure induced by heating in air at 
1000 0c. Hydroxyapatite is unstable when heated in air at 
1000 °C and tends to disproportionate into Ca3(P04h and 
Ca4(P04hO. Moreno et a1. reported evidence for the presence 
of .8-Ca3(P04h in the air-heated sample. For this reason, very 
little weight should be given to the Ks of the air-heated 
sample. 

Hydroxyapatite is believed to be the stable phase when 
heated at 1000 °C in a steam atmosphere. As noted below, 
the Ks for the steam-heated sample is significantly higher 
than the value reported here ; thus , the steam-heat treatment 
may have altered the structure of the hydroxyapatite in some 
way. 

Clark [1] has reported a value of similar magnitude, 20 X 
10- 59 , for a sample of hydroxyapatite prepared by precipita­
tion at 90°C. 

The values of Ks that we de rived from the data of the above 
mentioned investigators are summarized in table 13 along 
with the value obtained from our data . Clearly the values of 
Clark and of Moreno et al. are substantially different from the 
other four values. When the average of the latte r four values 
is taken with weights inversely proportional to the squares of 
the given standard errors, we derive a value of 4.7 (0.1) X 

10- 59 as the most probable value for the solubility product 
constant at 25°C of hydroxyapatite that has not received 
thermal treatment. In view of the spread of these four values, 
an estimate of 2.0 X 10- 59 is a reasonable value of the 
uncertainty to be assigned to the d erived Ks. 

Wier et a1. gave two values for the K HA of the autoclaved 
hydroxyapatite, one obtained with 0.1 g of sol id per 100 mL 
of solution, 5.6 X 10- 61 (15 points) and the other with 1.0 g 
of solid per 100 mL, 2.2 X 10- 60 (22 points). These data are 

displayed in the potential plot of figure 4; our results at 25°C 
are again shown for comparison. Because there appear to be 
substantial differences among the three sets , we have re­
evaluated the data of Wier et al. for the sixth series with the 
procedures and constants used by us so as to put all the data 
in figure 4 on a comparable basis. (Some uncertainty was 
encountered in estimating the ionic strength; unspec ified 
amounts of HCl had been added to the equilibrating solu-

TABLE 13. Summary oj adjusted values oj the solubility product oj 
Ca5(pO,bOH at 25 cC. 

Investigator Ref. K, x IOS9 Comments 

Moreno et al. [5] 37.(5.)3 Heated in steam at 
1000 °C. 

Clark [I] 20."(3.) Prec ipitated at 
90°C. 

Wier et al. [8] 6.18(0.70) 0.5 to 10.0 gm/IOO 
mL. 

Chuang [10] 5.36{0. 19) 0.2 to 2.0 gm/IOO 
mL. 

A vnimelech et a l. [9] 5.23(0.41) 

This work 3.04(0.25) 

a Estimated standard error of K s. 
b Antilog of 1/2 times the mean of 27 values in tabl e I of ref. [I]. (No 

allowance made for ion pairs). 
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tions. We used the apparent electroneutrality imbalance, 
always positive in these solutions, as a measure of chloride 
concentration.) We obtained Ks values of 0.46 (0 .14) and 
1.95 (0.48) X 10- 6°, respectively, for the autoclaved sam­
ples. Ninety-five pe rcent confidence intervals for the solubil­
ity products of the 0.1 and 1.0 gm/lOO mL sets are , respec­
tively, 0.17 < Ks < 0.75 X 10- 6°, and 0.97 < Ks < 2.93 X 

10- 6°. It may be remarked that a value of 1 X 10- 60 

corresponds to a substantially lower Gibbs energy, about 2 
kcal per mol, in the autoclaved sample as compared to the 
sample used by us and the one used by them in the ir first five 
series of equilibrations. 

We concur with the principal conclusion of Wier et aI., 
that hydroxyapatite may have a variable solubility product. 
Variability in the solubility of hydroxyapatite is indicated by 
the study of Moreno et a1. [5], on sy nthetic hydroxyapatite, 
the studies of Patel et al. [19] , on enamel, and that of 
Mattamal and Brown [20], on bone. Furthermore, it is known 
that hydroxyapatites have variable indices of refrac tion, unit­
cell dimensions, impurity con tents, degrees of disorder in the 
OH positions, a nd may possibly vary in the ir Ca and OH 
contents. Thus, there is ample basis for ascribing variable 
solubility to hydroxyapatites . The question then arises as to 
whether the low values repOited by Wie r et al. for the 
autoclaved sample represent solubility products for more 
completely annealed and stabilized hydroxyapatite or are a 
consequence of expe rimen tal errors. This warrants examina­
tion of the experimental tec hnique which produced these 
results. 

Wier et al. [8] used an equilibration apparatus consisting 
of two chambers separated by a cellulose acetate dialysis 
membrane. The same initial eq uilibration solution was pres­
ent in both chambers, but the solid was present in on ly one 
and the solution for analysis was taken from the other. Thus, 
for the solut ion in the sample chamber to be in equilibrium 
with the solid , it is necessary for the solution in the first 
chamber to be saturated with respect to the solid , and for the 
two solutions to be in equilibrium across the membrane. 
Equilibrium across the membrane requires that the chemical 
potentials (or activities) of both Ca(OHh and H3P04 must be 
the same in the two solutions. The use of a membrane 
undoubtedly slows the approach to eq uilibrium, particulru'ly 
if the membrane possesses some permselectivity. In the 
present case one might anticipate that the membrane would 
be somewhat permselective to cations in accord with the 
usual character of cellulose acetate membranes; the data for 
the autoclaved sample do provide an indication of this. The 
!:1Ca/!:1P ratios in many of the equilibrations fall in a range 
much higher than the theoretical value, 1.67, thus indicating 
that the phosphate ions passed through the membrane less 
readily than the calc ium ions and that trans-membrane equi­
librium with respect to the component H3P04 may not have 
been attained. If so, this may accoun t for the relatively large 
variation in the ir solubility products. We believe this is the 
main reason for the difference in the values 0.046 (0.014) 

and 0.195 (0.048) X 10- 59 for K s obtained with the two solid­
to-solution ratios, 0.1 and 1.0, respectively. No such varia­
tion with solid-to-solution ratio was observed by Chuong. 
Furthe rmore, the lower value for K HA obtained by them with 
the smaller solid-to-solution ratio would be in accord with the 
view that these equilibrations had not reached saturation. 

The true minimum value for the solubility produc t of 
hydroxyapatite continues to be of considerable interest be­
cause it would represent the most appropriate standard state 
for this solid, and it would be the structural condition toward 
which biological and· other hydroxyapatites would tend to 
convert. It remains to be seen if a hydroxyapatite with K HA 

significantly lower than the mean value reported here, 4.7 X 

10- 59 , can exist. 

6. References 

[1] Clark , J . 5., Can. J. Chern. 33, 1696 (1955). 
[2] Neuman, W. F., and Neuman, M. W., The Chemical Dynamics of 

Bone Mineral. p. 30 (U niversity of Chicago Press, Chicago, Ill., 
1958). 

13] Rootare, H. M. , Deitz, V. R., and Carpenter, F. C., J. Colloid Sci. 
17, 179 (1962). 

[4] laMer, V. K., J . Phys. Chern. 66,973 (1962). 
[5] Moreno, E. c., Gregory, T. M. , and Brown, W. E., 1. Res. Nat. Bur. 

Stand. (U.S.), 72A (Phys. and Chern.) , No. 6, 773-782 (Nov.-Dec. 
1968). 

[6] Elliott, J. C., Mackie, P. E., and Young, R. A., Science 180, 1055 
(1973). 

[7] Brown, W. E. , p. 203 in Environmental Phosphorus Handbook (John 
Wiley and Sons, New York , N. Y. , 1973) . 

[8] Wier, D. R. , Chien, S. H. , and Black, C. A., Soil Sci . Ill, 107 
(1971). 

[91 Avnimelech, Y., Moreno, E. c., and Brown, W. E., J. Res. Nal. Bur. 
Stand . (U.S.), 77A (Phys. and Chern.) , No.1, 149-155 (Jan.-Feb. 
1973). 

[10] Chuong, R., J. Denl. Res. Supplement to No.5, 52,911 (1973). 
[11] Gregory, T. M. , Moreno , E. C., and Brown, W. E., J. Res. Nat. Bur. 

Stand. (U.S.), 74A (phys. and Chern.), No.4, 461-475 (July-Aug. 
1970) . 

[12] Patel, P. R. , Moreno, E. c., and Gregory, T. M. , J. Res. Nat. Bur. 
Stand. (U.S.), 73A (Phys. and Chern.), No.1 , 43-49 (Jan.-Feb. 
1969). 

[13] Gregory, T. M. , Moreno, E. c., Patel, 1. M., and Brown, W. E., J. 
Res. Nal. Bur. Stand. (U.S.), 78A (Phys. and Chern.), No.6, 667-
674 (Nov.-Dec. 1974) . 

[14] Patel, P. R., Gregory, T. M., and Brown, W. E., J. Res. Nat. Bur. 
Stand. (U.S.), 78A, (Phys. and Chern .), No.6, 675-681 (Nov.­
Dec. 1974). 

[1 5] McDowell, H. , Brown, W. E., and Sutter, 1. R., Inorg. Chern. 10, 
1638 (1971). 

[16] Dixon, W. J., and Massey, F. ]. , Jr. , Introduction to Statistical 
Analysi s, 2nd Ed., p. 179 (McGraw-HiU Book Company, New 
York , N. Y. , 1957). 

[17] Anderson, T. W. , Introduction to Multivariate Statistical Analysis, p. 
27 (John Wiley and Sons, New York, N. Y., 1958). 

[18] Moreno, E. C., Lindsay, W. L., and Osborn, G. , Soil Sci. 90, 59 
(1960). 

[19] Patel , P. R., and Brown, W. E., J. Denl. Res. 54,728 (1975). 
[20] Mattamal , G. J., and Brown, W. E. (Abstract), Internat. Assoc. Dent. 

Res., 53rd General Meeting, London, England (1975). 
[21] Manuscript in preparation. 

(Paper 81A2&3-930) 

281 


	jresv81An2-3p_273
	jresv81An2-3p_274
	jresv81An2-3p_275
	jresv81An2-3p_276
	jresv81An2-3p_277
	jresv81An2-3p_278
	jresv81An2-3p_279
	jresv81An2-3p_280
	jresv81An2-3p_281
	jresv81An2-3p_282

