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Colubility motherme of h upatite, CagiPOLOH (OHAp), prepared by titrgting o boil;
alEpetidion ul!Ca[ﬂHj. with 0. EI:I* H;;PD were determined in ithe rt.er.rmr_i' e Cﬂ.l:ﬁH}ril,Pﬂi-H a3, ]5.
25, and 57 *C in the pH range 3. 7=5.7 by equilibration with dilute HoPO, solutions, Tha solubility pmdu.t:l Ka
detcrmined an o fupction of bemperwlume by s genermnlized least-sgs Jure [mm 41 srpenmental paints, is
given by the equation

o

g K, = — BZ|9.4]/ T — 16657 — N_9E2]5T.

The values of K, end its disperzion 81 25 and 37 *C are 20410, 25) amd 2.35 00,27 % 107™, There is » mazimum in
K, tear 567, which iy ber b tios Mt K of wesmperatinre depetidencr found sadier for the wability constants of
the: ion pairs CaHL P and CaHPOY.

The telative positions of the isathenns show that OHApP haw a2 negative thermnal coefficient of solubility.
Thermodynmmic Tunclions kr the dissolution of the sall are reponied.

The scolubility data previowsly reperted by olhers for OHAp a1 25 °C were raviewed, The aclubility products
obigioed by three of these mvestigiiors were comparable wish our value of 3.0 % 167 their dala were re-
eralwsted by e method deicnibed bere. We coorlude that the beal valoe foc the iuluhil'l.},l product at 25 CmdT
(2.0] %X 1079,

Key worde: Drssclution; hydroxyapatite; ion pairs; salubility; eclubility wotherms; solubilily product; thermal
cocflizient of salubility; theomodynamics; tocth mineral.

1. Introduction

Hydroayupatite, CagPOyW0H, s an Impodant component
of bones and teeth and of muny indusirial products. Despile
the profusion of papers on the chemistry of hydroxyapatite
[1-5]' the exact zolubility of thiz salt is still queationed. [ts
existence vg 2 compound with 2 fixed eryatalline lorm having
a well-defined solubility product has been dispuled [2, 4].
This is due, in part, to the fact that its preparations vary in
compesition. Recently it has been fﬂlllldpth.ﬂt this salt exiats
in two modifications, one monoclinic, the other (sratistically)
hexagonal [6]. Some of the difficulties encountersd in solu-
bilily measutermenls on hydioxyapalite and the expetimental
principles that can be used to overcome them are described
in greater detail elsewhere [7]. Much of the uncertainty
regarding the aolubility of the salt also stema from 2 combina-
tinh of factors relaled to the difficuly of preparing puwe
samples and to the fact thal it wsually precipiates in a very
finely divided staie 5o that coniamination by adsorption and
occlusion of impuriliee readily occurs. Selubility measure-
mentz o this sall are difficult becavse ite relalively low
mluhi]it}r and its slow rate of equilibration Erorn upersatura-
ton meke the establishment of equilibeivm uncedain, The
mluhlh‘% data previously reporied on thiz salt have all been
for 25
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workers huve uscd two appreaches. On Lthe one hand, precip-
itates formed from aqueous solulione at low temperatures
have been separated and redispersed directly in an equili-
brating wedium [1]. On the other, the solubility measure-
meente have been made following reatment of the precipitate
by exposure to elevaled temperatures [5). Both procedures
have yielded apatites with a constant solubility product over &
wide range of aqueous compesitionz, although the two types
of treatments give materials with somewhat different values
for the solubility produclt. Here we repmt the tmsults of
solubilily messurements ul 5, 15, 25, 37 °C on s prrem |tate
that was not heat ireated {emﬁur drying m 110 °
precipitated product was used becavse it zhould be mare
representative of Lthe apsiites found in biclagical and other
natural sysletns. The dats were used Lo caleolate solubility
producks and thermndynmic fumctione for this salt aking
inln account ion pair formation. [n addition 10 the work

hr:l‘e, we have we-examinad solubility dala ohitained
at 25 °C in other studies [§-10] of hydroxyapalites prepared
in a manner similar to the one used here. The adjustment
procedurs [5, 11-13] usad in ireaiing the daia is unusually
rigerous and provides a superior assessment of the reliabilhy
of the derived constanis.

2. Experimental Methods and Moterials
2.1 FPrepovation of Moterlols

Hydroxyapatile was prepared by titeating a boiling aqueous
suspension of CaiOH)y with 0.5 M HyP(,. The CaidH)
suspension was prepared by adding 194 g of Cal), made by
calcination of CalC0y for 24 heurs at 1003 *C, 1o seven lilers
of freshly boiled distilled water. The titration was carried out
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in & 15 liter, Teflon-coated,® stainleas sieel pol equipped with
a gold plaled sticrer, & reflux condenser protected from the
aimosphere by a Cz-absorbing trmp, and ports for iptroduc-
ing Ng and the tirant. The HzPOy sclution was added to the
sticted suapension at a psle of 1 mlfmin until a CafP vatio of
1.70 was reached. After the titnalicn was complele, boiling
and stirring were continued for two days. The solid was then
allowed to settle and the supematant liquid was removed by
siphoning. Five liters of freshly boiled distilled water were
then added to the reaction vessel and the Tesulling suspen-
gien was boiled and stired for two days to remove the
CafOH)z. The supematant was then siphoned off and the
washing process was repeated three times with distilled water
and finally with 0.001 & HyPO,. The slumy was Lthen trans-
ferved to & three liter Edenmeyer flask and doed in an oven at
110 °C under a stream of dry N;.

Doubly crystallized phosphoric  acid  hemihydrate,
Eﬂam"Hgﬂ, and fmh]}' boiled distillad water were used ta
prepare a 1 M stock solution. The H;P'(y solutions used for
the titration and equilibrations were by diluting the
stock solution with freshly boiled distilled water.

Ezamination of the solid with a pelrgraphic microscope
gove a mesn refraciive index of 1.636; this agrees with the
valuee usually found for precipilated CaglPOJyCH [5]. The
material waz free of extrancous p but the cryeallites
were 1oo small 10 be resolved. The infraved spectrom of the
material indicated that it was erystalline and ezsentially free
of carbonale. The BET surface srea® of the solid wes 16.7
m¥/g. Chemical analysis vielded: Ca, 39.25 percent and P.
18.13 percent. (Theozetical: Ca, 3%.89 percent and P, 18.50
pereent.) From the analylical resulls the molar CafP ratis of
the golid was 1.67; with & atandard eoor of 0.042.

2.2. Eguilibration Experiments

To each of a series of glass-stoppered bonles, 3 p of
hydroxyapatite were sdded and washed several limes with
apnall volumes of the HePL), solulion with which the salt was
la be equilibrated. Absut 125 mL of this acid were then
added and the botile was sealed with paraffin wax and rotaied
end-over-erl at T rpm in a themmostatied water bath held 10
within 0.1 °C of the selected tempersture. In preliminary
cxperiments Janting wp to 21 days, it was shown Lhat equilib-
rum wa3 ahained within 7 days. Thereafter, solutions equili-
brated for at least 7 days were filtered, using & syringe
equipped with a millipere filter, and the pH values and
calciurn and phosghorus concentrations of 1he flirales were
determined.

23. Analysss

Calcium, phosphotus, and pH were delermined using the
meihods and instruments described in earlier publications
[11, 15]. The estimated errore for Ca (1.5%), P {1.0%], and
pH (. 015} guided the assignment of weights (zec. 5).
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3. Caolculations

Details of the methed used for the caleulation of solubility
rmduchi and ion pair association constaniz by geoeralized
east BQUATER have been reported previpusly [11]. The spe-
cific equationa and conditions needed to describe equilib-
rum systems containing solid Cag{POy);0H are given here,
Curly brackets will be used ta dencte equation, section and
table numbers used in Reference [11]. The purpose of these
caleulations wae to chisin the solubility product, K,, of
Cag{POy);00H as 5 {unction of lemperature, allowing for the
presence of fon pairs, and o compute the adjusted values of
the obeervations. The values used for Lhe ssspcialion con-
stantz of 1he ion pairs CaHFO] ard CaH PO are those given
in 1able {12}*. In 30 systems {out of 41 reperied here) the
weighted sum of squares of residuals of four observations per
sﬁem {cotcentration of total caleioe, Ca: and tolal phos-
phorus, P; initial phosphotic acid concentration, Py; and pH}
wae minimized subject to lhee condition funclions: salum-
tion with respect bo Cag{PO)p0H, electronenirality, and con-
gruent dissolution (see. 5.2) of the salt. In the remaining 11
systema {3 a1 5 ", 5 at 157C, and 3 at 37 °C} the condition of
ongrient dissoluunn was omitled and Lhe variable Py was
sccordingly not edjusted for these systems {see discussion}.
The solubilily product Ky wus compuled by the least squares
estimaiton of the coeffclemsﬂj in the expression InK,=4,f
T + Az + AsT, where T is the temperature in Kelvins {eg

{16}}.
4.1. EBaolonce Egquations, Solubility Produst, and
Activity Coefflclonts

The equations of mass balance are given by eqs {1} 1o {4}.
Aclivity coeflicients (Debye-Huckel} and ivnie strength are
delined in eqs {ll}} and {1 1&} (All quanhugs were calculaiad
on the molar besia.) The ionic activity product is defined for
all Cag{POy);00H as

Kna = (Ca* PPOTHOH™) (1)
where the firsl lactor (aclivily of onic culcium] and the
second {activity of orthophosphare ion) are defined as follows:

{Ca®*) = (Ca = 1)/gca
(FO3") = (F = ik /{H*IV,

{2a)
{2k}

The quantitiez grg, k3, and ¥ are defined in the equations of

[11] alresdy ceferred 1o; {H} = 10771, and + is the sam of

lan pmr concemrations, eq {8}, The apparent solubility prod-

uct K'u, was calculaled taking 7 to be zem.

3.2. Conditian Funclions, Paramsters, and Slondard
Daviation

The condition functions imposed on the systems reporied
here have been enumerated above. The electromenirality
condition is given by eq {14}. The sther twe conditiens are
defined here as:

{1} Saturation with reepect to CaglPO)y0H

'mhpﬁﬁlﬂ};md-thnn_fdndfurp“ﬁl
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{Cat* PO PIOH) — K, = O, f3) TamLe 1. Solnfiticy q,fﬁ.j-dredquu; &t 5 0 Enadiuaisd guenticier

ailial Compegilicn of squil. aolos
where the aclivilies are g:hr:n h:.r eqs (2a) and {2b}, and h}l' ﬁ;‘ld c m Pf_‘__ap x'%g xv"&‘“
-1 = - : ; a1 =P | ™1 x 1
E::;[t:r:.l ke J(HY), where k, i the disgociation constant of N xulﬂ‘ pH | o xnlt‘? % 1P
' 0846 591 0430 1.19, L8] 3T AIT7
1, |s.BI; 4R 145, 1.82 03 26
3.2 5. 20, 240 4.715 1.57 280 214
6,22 X - 4. 45 8.88 1.68 328 A -
210 I digsclul [ Cas{PD Hi 12, 4. 7%, 7.45 14,6, 1.o% agT .32
(2) Congruent dizsolulion of CagP0,)0 gﬁ-ﬂ ot TS gé:a 1o ) 232
- - _ [i%i] L 1B.7 7 LTE T.11 202
Ca/lP —Po} ~E =0, @ 260 |aam | 187 36,9 172 | ss8 220
where R is the expected value of the ratio, 5f3. 'D.ﬂg 2% ) 0-% ﬂ-m “%5-233{ i'%-g 1&
Since the ioh pair aseecialion conslants were nol subject 1o - ‘ - . - -
adjustment in these caleulations, the number of constanis is A0 |6.29 297 582 | (2.4 e 347

just one {K,); the number of adjustable parameters |p) is one ! ¥elua inconaisient with congruen dissclution.

or three rorresponding 1o separate [fn K, = Ag} or combined
TaBLE 2. Solubifity of hydroxyepelite ot 15 % Unadaoied guontities

{in K, = AT + Az + A,T) data adjustments, respectivel
{see sec. {3.5h}. The standard deviation is given by e {22?

with the denominater l;}&grees of freedom]) in that equation  boiial | Composition of equil.selos.
replaced by Z42%; + 3M ) — p. Here ¥, and M, denote the Acid Lo | K K°HA
number of syslems at lemperature § congtrained by 2 and 3, 3-1:“10' pPH |4 E“‘w, " fm, P=F © %1 b

condilions, respectively,
L4, [570; [ ©.751 1.47 .73 | 525 | 4.7
189 Soddy 1.31 .50 1.RT 512z 461
4. Rasulis 835 |49, | 136 .62 18 | 478 | L7
04 (467, | T2 L4 6, 174 | 433 | 310
g 5.9 4.3l | 180 3.1 L7 Sod 3.07
4.1. Solubility and Selubillty Product e 23 | 183 63 L7 | Eoe %20
N . 2EG 430 | 1RG 367 L7z | 584 | 332
The compositians of saluraled Ca (PO 0H solutions = 5,

15, 25, and 37 °C are presented in tables 1 through 3. At all 0112 65 | 0111 07T | (247 0 347 1.z
temperatures excepl 25 °C there were one or mare systems ﬁg g‘?g: ﬁ ‘:?g' Eg?g::: ;ﬁ g_g
wheae dissolution ratios (col. 5) were inconzistent with con- 433 |e.s, g 21 | w251 | 3a
gructil distolulion fexpected value = 5f3). These data, how- 85T | 5.80, 5aa 1, | (23m | 3.4s 314

ever, yielded values (e (1} of the apparent solubility prod-
uct, 'ya icol. 6) which clearly belonged 1o the popula-
tions being sampled. These points were therelore included in Tapiz 3. Sefubifity of hydrozyapatite @ 25 °C Unadiusied quantities

the anulysis {see sec. 5.4}, The values of Ky, computed wilh

the dats shown in these tahles and with the assumption of ion [:::;1 Composition of cquil.soins. X "
pairs are shown in the last column of the tables as K. It is Ps fa P % 1 | o
noteworthy that in the more acid sclutions, values of K'ya M = 100 P | o | e

s

thal might be suspecied 1o represent cutliors on the high side 0.130 6406, | ©.117 e

1.60 \

are better behaved when jon pairs are taken into account. Al |59 s S| Les | 241 | 244
The data adjustments as found for the combined data are 5-‘;‘-1“ 1355;: 3-2295 %gl }E ;g ;.ﬂ
summarized in tables 5 through 8. Values of the ionie o8 |45z TH 155, 13 | smo | S0
sirength, i, shown in column 5, indicate the broad range of oy 125 | 1aE 0.3 173 | 515 | 248
sclulion cumpositions included in the investigalion, The dala =9 426, | 14.5 205 169 | 4.5) .08
segrageied in the lower porlien of the tables were adjusted — 53.0 3.9, | 360 3.6 1.95 | 635 | 314
530 3.9 | 355 2.4 1.83 &0 .84

without the congroent dissslution condition {eq {4)) and

hence the initial acid concentration., Py, of these systems was
ignored in the adjusiment. The ratios CafiP — Py) for the

olher sysleme [:ﬂtl'lpl.lted wilh Lhe witiuncated .E.I:IJI.‘ElEd flats Tamg 4, Sﬂiﬂﬁfﬁ}' ﬁfkmm = 3T Uﬂﬂﬁm‘ltd muu

and subsequently rounded to & digits are wniformly equal ko = == -
1.66667. gimila.rl}r. the adfusted values of Ky, at lempera- ]:‘;";] Compeuition of equilsolns. X e
ture T in the last columna are identical {to Five digits or P, s P ﬁi w1 | w e
better) 1o Lhe value of the least-squarcs constant Ky, which is o > 108 PH w100 | = 10
given to sufficient accuracy by eq I5) 0994 [543, | 0686 | La0, | 168 | 302 | 281
1.92 5.14, 135 269 1.78 4.07 .80
log K, = — 8219.41/ T — 1.6657 — 0.0082157. (5} 1o |510;] 188 | 275 | Ter | 221 | 2
.8y 435 1.5 156y 1.59 2.44 192
9 4. 10 14.7 .8 1.65 3.0l Z11
. . O 3.7 L] 39 1.70 330 1
Values of the solubility product, its lagarlhm, and Lhe 5 Ml 3 ™
aseociated standard errors {eq {25)) at the four remperatures 040 |64k | 009E0 | GI7R | (LA | 286 7.69
are Hsled in table 9. {The standard ervor of the adjusimen, s, -433 | 5.0d, 245 AT | (45 ] 213 2.
PRI o {5_1‘] ! L8 sz |atey| zws | see | 09w | 292 | 256
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TABLE 5.  Sodufelity of hydroxyapatibe of 5 °C Adjusted quontities

Indtiml Compasitian of equil.soing
Acid pox R La Kua % 100
P. H CH F [}
M X )P P M ox LR M x 1P
0.834 (T | S.BGB(T} | D.6415 LRI 1M .04 | =La7 .97
L0231 5,806 {T} LTS 1495912} 2x3 1.67 2.02
3.255 (260 2203 4TH| 2.3EHIH 40505 38) 6. 96 L&T 202
G201 (500 | 501947 | 4.40%36) | B.OOKT 12.%4 LG7 A
1026 (B} 4. 814 {7} | T.40HEG | 14.TH1Z 2004 1.67 262
26.02 (21} 4,455 47) | 156415 | 37.20(300 30.26 1.67 Z.92
2592 {21) 4,457 {7} | 183815 EIRIpE ] 3010 L&7 292
2599 (2} 44567 | 1IB6XI5 | I7.1630 50.21 L.67 2,07
ea 6,272 (8] | 03014 54 Th 0530 | * 292
* 5276 (B 200(4) 0.5411Th gaz | 4 202
. 628348 | 2983 | 053D 920 | + 2.92

* Machine vakie = 52 to seven siguilicant 0 .
" Standand ermor in the La digliic) calnulaied by og {26}
* Py not adjusiad.

Tareg 6. Solabilicy of hydroryapatite a¢ 15 °C Adjusied qoowtiries

l.m.ual Compoaition of aquil solne,
I‘Ed l:'-& P [ L3 10. 'p%; EHJ; X !.l.'l“
Mo 100 pH M0 | Mx P
1.029 (8} 5,608 (6} | o770/ 1.491(12) 2.33 167 #23
LB43 {15 | 5406 i6) | 1.35411) | Z2.656i21) 4,05 L&7 3.23
o, 141 (50 48683 o) | 4.451{35) B.81N7L} 1297 L&T .23
10.32 (8) aseoin | T.aose | 1aTely | 2130 | 187 3.23
25,68 [21) 4912 (6) | 1a.2ansy | 366450 51,13 L&67 3.23
25,17 121) 4.311 (Ah | 18.25{15} 36 TR0 2l.M L5637 32
25.91 {21} 4.500 (6) | 189415 | 369735 51.56 167 a7
v 6665 (B) | o.1101) 01782 0. 356 * 3.73
. 6. 210 (T 2553 65005 . ] * 3223
. 6201 (73] 2603 4T56) Als - LRk
» 6.158 () | .2matm 5107 883 * 3
. s805(T)| 5TOT 1. 10014} L.Té . 1.23
Taauz 7. Saluhifity of hydroryapetite @t 25 °C Adpoped quantities
Insitial Acid Composition of agquil, solne. s o x
P.. Ca F ux lﬂ" P-F Ha
¥ x 10t pit MAIB | M .
2. 13071 1) 6, 4754{6) 0, [ LToHE) LR ] L3RG 167 i
A00HSH) | 50586) | SI6%2) | 0.6007(40) udsl 167 [ 34
2.54116) iy ] 141411} 2.20 1.&7 i
5.074441) 2,83216) | 3.64526) 7.261(58) 10,77 | 167 3.4
10,835 4.51646) 1. 16d6) ]5.-!&[12; 2252 1.a7 3.04
20.75(17) 4.0506) | 14.02012) | 2958024 4206 | Le7 |
20,791 7) 4. 25846) | 14 TSI 20.65(24) 4225 14T 304
52 AddZ) 1.913i6) | 3680029 T4 ABG0) 1013 167 | 3.4
S2.0T42) 3.91606) | 36572 T4.0260) LM T 1.67 3.0
Tame 8. Sodubility of fiydroryapaiize m 37 0 Adfusied guantisien
Initial Acid Compaosition of cquil. solna. ol € -
Py fex L Kpy = 1
LSy pH .H'E.lll}’ u:arm’ L
0.97718; SALNE) | 0. 718(0) LA0B1Y) | 216 | L&7 2,35
L9011 5) 2. 11148 L37H]11) 2. 125(22) 411 147 235
L.O1115) S 10G0E) | Lamelly | 2 74Lem 213 | 167 2.35
10,585 436608 1 7706 | issudm | 2257 | 167 235
20.91{17) 41077 | 147317 | 2o 15i04) 47 41 1.67 2.35
524043} 3.765{71 | 360.442%) T4.38460) 1014 1.67 2.35
* 650w | ooy | ot o8| =+ > 35
* 5. 025{0) 24TE) AEBIG) 0,764 . 2,35
* 4. TRNE) | Z2.83%35) 565570} a4l + 2.35




Tamz 9. Tamprrapure depoadres: of the rolubility prodit
log K, = —8219.41/7 = Lo657 —=0.0082 L5 T [« {3]]

C log by + 59 K, = o=
5 {4656 2.9%
.04 00, 300
15 . 5000 azn
K033 ) {0.25)
25 UIR55 A
(0,036} {025}
a7 03716 235
LIRS .27}

* Mapulsed e

Figure 1 illusirates the temperalure dependence of the
enlubility product. The stoolh curve represends eq (5} (955%
confidenee inlervals come (o table %), The preliminoy
values of K, from separale sdjuslments at the lour tempeca-
tures (1akle 12} are shown for compansan. The values pleted
in the figure as experimental points aze those listed in column
T of tables 1 thrwough 4.

5% T T

by indepamdeai i
earrad, syl1)

By x 10"

1 5 10 1B M 2B n 33 40 45
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Ficurr 1. Fariation it the sefubilicy prodicet of hydrocjapaie ar a

Themmmeqﬂﬂdu%meuﬂduu-uuhwhhﬂ:?.

Sﬂ-]l.lbllltj’ isotherms for Cag(P0J00H ace ploth:d in
re 2 in terms of log {total Ca concentration) against pH.

]ﬁ: smoath curves were generated as descobed in reference
[21]. The experimental points are from tables 1 through 4
The adjusted values of the obacrvatione {not indicated in Lhe
figure} lie on the curves. The relalive positions of the curves
and corresponding dala sets indicate that the soluhility of
hydroxyapatile decreases with increasing temperature even
though it can be seen from figure 1 that the solubility produa
does not decrease monotonically with temperaiure. This type
of behavior has been previously estsblished for
CaHPO,-2H0 [11), CaHPO, [15]. and 8-Cag(FOu)k [13].
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Ficuee 2. Sofobday irothermy 1 [ ConceRiTanion veras pi)
ide in 1 sysem CalOH)}-H,P0,-Ha0 a 5, 15, 25,.1..&3?@?
4.2. lon Paws

The concentrations of the ion pairs CaHPOS and CaH PO}
in eaturated solutions of CagiPOy0H at 25 °C are given in
table 10. These values® were computed in the adjusimen
procedure, making uze of the known values [11] of the
corresponding stability conslanls. The percentage of bound
calcium (zum of ion pair conc. X IW{toral Ca cone.) shown
in colutan 4 is seen 1o increase matkedly in the more acid
solutiotiz due to the rapid increase in the concemration of the
ion CeHyP0F {eal. 3) with decreusing pH. The cotresponding
effect on the walues of the “chserved™ solubility product,
columna 6 znd 7 of tables 1 through 4. iz quite evident.
(Values of the ion pair concentrations ai the other tempera-
tures are similar to those shown in 1able 10.)

TaeiE 1. Concentrarion gf ian peirs and boend caloipre ar 25 °C

CaHP(} Catl P>

pH [.H P 15:] M X u;"} 100 rfCa
6,375 0,000 <17 G000 < 1) 0.7
5958 23 < 1) 000 < 1) S9H])
5.561 M 1) AN T L. L&)
4832 RO 5 AT 2.80(2)
4 514 BT 2B25) 4.6Li3)
4,259 476} S 130 7.06(d)
4.258 TG B2 14 7.07(4)
3.mAa AR 12 3 ) 12,511
396 JDBOE 17 3436 12.41)

9 r o umaof oo pﬂir poreeet bl
b error in the laat digitia). See sec. 4.2,

'T‘h!Mfﬂr;f&lﬂ_lﬁmtﬁmtw:mhuﬂ:mﬁm‘rddﬁ
i Mt {ny Ll waber reslioom and 1he sppreprinie derivetires of nquaisns.
il—ﬂ'hhﬁh!.-lh_plrmm—-m
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4.3. Tharmodynamic Quenilties
The dissolution of Cas{P0z0H may be described by the

reaction

Cag(POL0OH = 5Ca* + 3P0 + OH. (6}
The quantilies AG®, AH®, and AS® associated with the
disaclution reaclion were cvalewlaled o eq 15) for log K,
fullowing the procedure of eqs {27-29}. The results, along
with their stacdand errors, are set awt in table 11,

Tameg 1L, Thermadynamic quantiies
o & Ll N
kcal'mol kcalfmad calP frmol K
5 4.5 2.4 -258
¢ {0,106 12.3) m
15 iT.1 0.3 —2a7
(R 7] (L2} 4
5 LB -2.3 =ZT6
05 [1.1h 4
ar Bz -5.6 —28h
{0.07) 29 i)
"ol = 4184 ].
U Stanwdard ervor.

5. Discussion

3.1. Stondard Deviaten, Weights ond Geodness of Fir

Table 12 summarizes the resuls of preliminary adjusi-
ments thal were carried ow to examine the temperalure
deperdence of Ky, and 10 test for uniformity of variance 52,
eq {22}) amung the four lemperlure sett, The varuness
listed there were homogenecus by Bartlett's 1est [16]. These
resulis in 1able 12 were obtained with the following assign-
ment of errors: Ca, 2.0 percent; P, 1.5 percent; Py, 1.0
pereent; pH, 0.020 (sbsslute). The corrceponding weights
feq {12}, with 54 = 1 X L0~%) were then utilized in the final
adjusiment of the comhined data. The overall variance was
found to be s = 1,13 x 107", based on 109 degrees of
freedom, f (sec. 3.2). The critical values of Yo (95%), 82.0
and 139.8, nicely bracket the value of £, thus corficming the
adequacy of the weights used and establiching the goodness
of fit of the adjustment. The atandard deviation is then 1.06
% 1074, and the QEP-en:em confidence interval for s is (0.94
< g 122 X 107%.

Tamk 12, Resulis of prelimingry palchlapions
Mumber of Mumber of

\ . Varianee
T (mctions poimis r i Ky 5 1M
ir} N gxl
3 3 B 9 .69 .85
o H
15 3 7 30 1.13 3.46
4 5
25 3 o - 1.43 FR
a7 1 & 2% 1.10 2.4]
z 3

* Saluration, electronewtality, and congruent dissolutien.
* Saturstion and elsctronewtrality.
* Dagrecs of freedam = ENr — L

5.2. Solubility hotharmm

The data reported in Lables 1 through 4 were abtained from
phosphoric acid solutions of widely varying initizl concentra-
tion (less than | to over 50 mM) equilibrated with pure sclid
Cay{POy)0H. 1t iz evident from the plots in figare 2 that the
experimental points at each lemperamure are well reprezented
by the corresponding calculaved corves. The latter cesulled
from the adjustment procedure which for all points assumes
(i) equilibrium (zaturation) and §ii) electronewrality (i.e., all
species known and sccounled lor, including lon peus). In
addilinn a Lhird h!r{uii‘:l‘ncnl, that ol vongrdent dissolulion
[ne extrarecus solid phases are formed), was impased on 30
out of the total of 41 systems. Since the remaining 11
systems, adjusied with only conditions (i) 2nd (i), are not
distinguishalile in figure 2 lom these subbjecled Lo all e
conditions, it appears that the smaller set of systems was
indeed saturated with respect to CagPOJs0H. The question
of stoichiometry will be dealt with in more delail below (sec,
541 It enffices to emphasize hete tha fuilure 1o exhibin
congruenl! dissolution is not in itsell a sufficient reason o
dwﬁ:ulhe anzinment of the equilihnium siate.

The success of the adjustment procedure applied to these
data iz further illusiraled by reference to tables 5 through 8.
The slandard emmors (in parentheses) are generally within 1
percent of the adjusted ohservations. The individually com-
puled solubility producis, Ky feq (1)), shewt in ealumn 7,
uzing the adjusted obeervalions, are identical to the corre-
spunding least-squares value of K, [eq (5); 1able 9. Both the
dissol ution Tatio, column & (where applicable] and the elec-
tronevtrality condition inot shown) were salisfied to belter
than 1 ppm. Additional insight as te the validity of the
adjustment under the given conditions may be gained from
the [ollowing resulta {not reported). The magnitudes of the
lavgest pelalive adjustments (residvalfvbeerved) were: Ca,
0,046 at 37 °C: P, 00025, and By, 00023 at 15°C. The size of
the maximum residual in pH was 0.036 a1 15 °C. The sizes of
the comresponding standardized residuals iresidual/5.E. of
residual) were 2.4, 1.8, 5.3, and 1.8,

Effact of Temparature on the Solubility of Ca (PO, ),0H

The relalive poaitions of the solubility isotherms depicted
in figure 2 indicate, as mentioned in section 4, that the
solubility of this preparation of hydroxyapatite has & negative
lerpersliine coelficient. L is of interest tu examine Lhig
behavior under the condition of unifarm imitial acid concen-
ralicn. Since at each of the four temperatures there were
values of the adjusied initial acid [Py, tables 5 threugh B)
near | mAM end 10 mM, it was leazible Lo compute the
conditional values [17] of Ca, P, and pH, and the corre-
sponding concentrations of the jon pairs, al these two
rounded values of Py, The resulis are given in the following
1able:

“ Fa=1mM Fa = 10 mM
Ca P pH Ca F rH
3 1761 1,457 5.82 1.22 1433 4,82
13 _Ta0 1.450 5.68 KN ¥i 14340 468
25 A IR 1 3.53 14 14.248 4,53
£ 1) iy %2 144} 5.8 140 1426 4.40
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Although the concentration differences between temperatures
are small, on the order of the standard ervors, the tend s
consistenlly toward lowsr cancentration wilh increasing tem-
pertiuce. The percentage of bound caleium, 1000/Ca (nod
listed), shows a marked reduction of aver 30 percent between
Sand 37 °C;fom 2.7 1o 1.2 {F; = 1 mM), and from 8.6 1n 3.9
(Pa = 10 mM).

53. Solubillty Prnduﬂ;::;iemluu Depandence and
als

Equalion {5) for log K, derived by the least squares adjusi-
ment possesses 4 maximum near 16 C, as seen in figure 1.
Mazima have alao been shown to oceur in the vicinity of 26:°C
for the solubility products of CaHPO,2H.0 [11] and
CasiPOy [13]. In the case of CaHPO,2H,0 il was argued
that the maximum is a possible consequence of the thermody-
namic preperties of the solid. In the prezent werk 1he influ-
ence of the ion pair aseunyption on the nature of Lhe teopers-
ture dependence of the soluhilily producl of CagiPD,)0H
was investigated. A least squares adjusiment was aceordingly
carried out without the assumption of the presence of 1on
pairs. The equation corresponding to eqg (5} gave the following
values of K, al thr: four experimenial ternperulures: 4.2, 4.0,
3.6, and 2.9 = 10—, The standard deviation of the adjusi-
ment was 1.OS X 1071, with a slightly wider confidence
interval than was reponted in section 3.1 for the model with
ion pairs included. [t is evident that the maximum in K, for
CagF{lw(H con be arcribed, sl lesst in part, 1o 1he nature
of the temperatore dependence of the jon pair siahility con-
slants as reported in [11].

54. Stoichiomeiry. Potential Dicgrams

Equilibrium belween g solid calciom phesphate and an
squcous solution, and the stoichiometry of the saturating
solid, may be demonstraled by a “potential diagra.m" [18], in
which the coordinates ave deflined as —log{{Ca?? JJOH7F] and
—log[{H*¥*{P(I7)] These are lineacly related to the chemi-
cal patentizls of the solution compenenis CalOHj and
H;F(y. The saturation eondition in such a diagram is delined
by & straight line. whose slope is the negative of the CafP
ralie in Lhe solid. Figures 3 arel 4 show Lhe duls of 1ables 1
through 4, ss well as resolts at 25 °C reparted by some other
warkers, plotted in thiz manner. The lines in figure 3 were
fitted by Jeast squares to the data of tablea 1 through 4 only.
The slopes at 5, 15, 25, and 37 °C are —1.643, —1.666,
—1.682, and —1.645, respectively. When the filting wes
done wilh a forced common slope, the value abtained was
=1.6560. The standard error of the slope in all cases iz less
than .01} These values compare lavorably with the values
for the CafF ratio, 1.67;, found by analyeis of the solid {ear.
2.1} and the theoretical velue for Cag(POra0H, 1.667 [5/3).
It ix evident thal the subaet of 11 systeme 1hat failed 10 show
congruent dissolution (sec. 5.2) cannoi be distinguished in
these plots from thoese thal did satisly thal condition; thus all
of the data represent solulivns saluraled with respect 1o a
solid of very nearly the thecretical sioichiometry of 5/3. The
resulls of the other workers shown n the figures are discussed
in the following section.

3.5, Comparison With Reported Doty

Avnimelech, Morenc, and Brown [¥] repurted colubility

q=

E
m-st 4
am.af ¥ 1
2a.5+
.ot
28.5 ¢

+08 .0 ¢

[} }!{Fn a-]

~Log [H

IB-Dp

il

5.0

245 F

.

Paa T

2';"-';' 21‘-“
~Lag [Ca*)oR"F
Ficupre 3. “Potensiaf plot™ { H,FO0 uﬂn:g mersus -log CwlOHe

g N
activity} for Apdrozyaparite @ 5, 13, 23, end 37 0. Solid lines are fegat-
squae f5s of dotn in tablar 14,

measuremsente at 25 “C on & sample of hydroxyapatite pre-
pared by a method very similar to the one deacribed in this
paper. Their dala (20 points), included in figure 3, very
closely patallel our results a1 this lemperalure excepl that
stotchiometric dissolution {i.e., o CafF rutio of 5/3) was the
exeeption. This is nol surprising because the objestive of
Ltheit roscarch was bo show that the surface Ca and P contrib-
ute signilicantly to the apparent stoichiometry of the overall
dissolurion reaction even though the swichicmetry of the final
equilibrium reaction was shown 1o have the stoichiomeiry 5/3
{see theit fig. 3). They reported & Kyis of 6,32 (2.1) X 10-%
{arithmetic mean) and a value of —1.66 {02} for the slope of
the ling {not shown in our fig. 3); the CafP ralio of theit solid
was 1.6% We have recalcufaled the solubility product using
the adjustment procedure described in this report; the result-
ing value of K, i3 5.23 (0.41} x 10754,

Chucng [10] repotted a seoes of 1B measurements on the
four component systern CalOR)—HPOy,—HzO0—HCI at 25
“C 1o ascertain the effect of varving the solid-to-sclulicn ratio;
hie salid was a portion of the same preparation that was uased
in the present study. His resulis, shown in figure 3, cover
only a narrow range of the potential diagram, but are seen te
be conaistent wilh the daia of Avnimelech et al. There was &
clight trend in Ky with increasing HC?! concentration {muean
values were 6.2, 5.4 and 5.0 X% 1079 at HO1 concentrations
of 0.70, 1.0 and 10.0 mmol/L, respectively}, but no trend
was obsrrved at Mixed acid concentration with solid-10-golu-
tion ratios varying from 0.2 10 2.0 gf100 mL. An gverall
eslimaie of the solubility product was not reponied; we have
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computed a least-squares valve of 5.36 (0,19} X 10-* from
his data,

Wier, Chien, and Black [8] have reported an extensive
series of hydroxyapatite solubility measurements (112 equili-
brations al 25 °C} in which the mbic of salid-ta-solution variad
from (1 to 10.0 gf 100 mL, They reported their solubility
constanis as pKygs bazed on the formula Caye{PO I OH),
which we have cunverted inilo Kz, values based om the
furmula Cag{PO,)yH, The hydroxyapatite used in their
equilibralions was a commersial uct. [n Bve of their six
meties of eguilibrarions, this hydroxyapatite had been boiled
in water for 24 hours; in the zixth series, Lhe hydroxyagalite
had been treated with 1 ¥ NH.Cl solution at 120 *L in an
auloclave for 30 days, replacing the NH,C] solution every 4
Lo & days. The purpose of the latter treatrment was to further
stabilize the hydroxyapatite and thereby tu demonstraie the
existetics of & form of hydroxyapalite Lhal is leas soluble Lthan
the malerisl used in their fist five seres of experiments. The
first five series included 44 equilibrations with sclid-to-
solution ratios between 0.5 and 10.0. This el of poinls is
iocluded in figure 3 {Wier). Although there is considerable
scatter, these points ave comparable wilh the others at 25 *C
in the figure, Wier el al. reporied a solubility produet equal
to 5.0 X 107 for 32 aysteme of this set {solid-to-solulion
ratio of 1.0 2f100 ml). Making use of their measurements on
all 4';&1 systems, we derive a vaiue of K, equal (o 6. 18 (G. 700 =
1073,

In addition to the above values, Moreno et al. [5] reported
two values for K, at 25 °C, one for a preparation healed in
steam at 1000 °C, 3.7 (0.5) > 1078, and one heated in air al
the zame lemperature, 2.5 (0.4} ¥ 10733, The laber is four
oiders of magnilude larger than Lhe value reported here and
reflects chenges in the structure induced by heating in air a1
1000 °C. Hydeoxyapatite is unstable when heated in air at
100G °C and tends to disproporticnale into Cay(POy)k and
Cay{POy e}, Moreno et al. reported evidence for the presence
of BCay(Pl,) in the air-hesled sample, For this resson, very
little ]weig}lt should be given 1o the K; of the air-heated
sample.

vdroxyapatite is believed to be the siable phase when
heated a1 1000 °C in a steam atmosphere, As noled below,
the K, fer the steam-healed sample is significantly higher
thar the value reported here; thus, the sieam-heat treatment
may have altered the structure of the hydroxyapatite in zome

way.

Elﬂl‘k [1] has reported 2 value of similar magniude, 20 X
107%, for a =ample of hydvoxyapatite peepared by precipita-
tian al B *C.

The values of K, that we derived from the data of the above
mentioned investigators are summarized in toble 13 olong
with the value obtained from owr data. Clearly the values of
Clark ann? of Moreno at al. are substantially different from the
other four values. When the average of the later four values
im taken with weighta inversely proporional 1o the squares of
the given standard emrors, we derve a valoe of 4.7 (0.1) =
1075 s the mosl prohable value for the solubility product
constanl st 25 *C of hydroxyapatite that has not received
thermal treatment. ko view of the spread of theee four values,
an estimate of 2.0 ® 107" iz a reasonable value of the
wheerainty lo be assigned to the derved K,

Wier et al. gave two values for the X g of the autoclaved
hydroxyapatite, one oltained with (L1 g of solid per 100 mL
of solution, 5.6 X 167 {15 points} and the other with 1.0 g
of eolid per 100 mi, 2.2 X 107 (22 poinls). These dala arc

displayed in the potential plot of figore % our cesults at 25 °C
are again shown for comparison. Because there appear to be
substanlial differences among the three sets, we hove re-
evalusied the dara of Wier et al. for the sixth series with the
procedures and constants used by us so us Lo pul all the data
in figure 4 on a comparable basis. {Some uncertzinty was
encountered in catimating the ionic arenglh; unapecified
amounts of HCI had been added to the equilibrating solu-

TABLE |3, Summery of adiusted wadues gcm solubility product of

Cug{POJLOH wt 25
Investigaior Ref. K, » LOM Comments
Morena ei al. [=] 37.45.)" Heated in aleam ot
1000 .
Clark (11 20M3, Previpitited wi
oL,
Wiar ot al. Bl GIEOT0 05 b 100 gy 100
ml-
Chuang [10] S.560009 0.2 o 2.0 prof 10D
b
Awmimelech et al. ] 5.230.41)
This work - 3040 25)

" Estimated standard crmor of Ko
* Antilog of Y times the mean of 27 values in table | of el [1]. Mo
allownnce mads for jon pairs]-
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Ficune 4. “Pobeneial ploe” for Fydroxrepatize at 25 °C comparing our
data mith thase of Chien o of. [8] far the “eutaciued™ savple,
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lions. We used the apparent electraneutralily imbalance,
alwaye posilive in thege solutions, ag a measure of chlovide
concenirstion.] We obtained K, values of (o446 {0.14) and
1.95 (0.48) % 107", respectively, for the autoclaved sam-
ples. Ninety-five percent confidence intervale for the zolubil-
iy pmducts of the 0.1 snd 1.0+ %14’1()0 mi 343 are, respec-
tlveg 017K, << h75 % 1P and 097 < K, <293 ®

It may be remarked that a value of 1 X 107
mrrespnnds te & subsiantially lower Gibbs energy, about 2
keal per mol, in the autoclaved sample as compared to the
sample used by us and Lhe one used by them in their fivst [ive
serien of equilibtations,

We concur with the principal conclusion of Wier et al.,
that hydroxyapatite may have a variable solubility produm.
Vanahbility in the solubility of hydroxyapalite is indicated by
the study of Mareno et al. [5), on synthetic hydroxyapatite,
the studies of Paiel et al. [19]), on enamel, and that of
Maitamal and Brown [20], on bone. Furthermore, it 38 known
thal hydeoxyapatites have vaviable indices of vefraction, wnit-
cell dimensions, impurity contents, depress of disorder in the
OH positiona, and may possibly vary in their Ca and OH
contents, Thus, there is ample basis for ascribing variable
solubility 1o hydroxyapatites. The question then ariges as to
whether the low values reporied by Wier et al. for the
auloclaved sample represent solubility products for more
completely annealed and stebilized hydroxyapatite or are &
consequence of experimental errors. This warrants examina-
tion of the experimental technique which produred these
resulte,

Wier al al. [E] used un equi]i]:rr&liun apparalus consisting
of wo chambers separated by a cellulose acerzie dizlysis
membrane. The same initial equilibration solution was pres-
ent in both chambers, but the eolid was preaent in only one
and the solution fir analyeic was Laken fron the uther. Thiss,
for the solution in the semple chember to be in equilibrium
with the solid, 11 is necessary for the sclulion in the first
chamber 1o be saturated with respect 10 the zolid, and for the
two sclutivns 10 be i equilibdom across the membrane,
Equilibrium acmss the membrane requires that the chemical
potentials {or aclivities} of both Ca{QH) and H M), must be
the same in the two solutions. The uee of 2 membrane
undoubtedly slows the approach to equilibrium., particularly
il the membrane posscagcs some permselectivity. In the
presenmt cose one mighl anticipate that the membrane would
be somewhat permselective 10 cations in accord with the
usual character of cellulose acetate membranes; ihe data for
the auloclaved sample do provide an indication of 1his. The
ACafAF rating in many of the squilibrotions [all in o mnpe
much higher than the theoretical value, 1.67, thus imdicating
that the phosphate ions paseed through the membrane less
readily than the caleium ions and that rans-membrane aqui-
librivm with respect Lo the component HgPO, may pol have
been attained. [F 5o, thiz may sccount for the relstively lange
variation in iheir solubility products. We helieve 1his is the
main reason for the difference in the velues 0,046 {0014}

and 0,195 ({D.048) % 107% for K, oblained with the twe solid-
to-solution rlios, 0.1 and 1.0, respmctively. Mo such varia-
tion with salid-tosolution mtic was obheetved by Chuong.
Furthermore, the lower velue for Ky, ohisined by them with
the emaller golid-te-zolution ratio would be in accord with the
view that these equilibraticos had not reached saturation.
The Lue minimum value for the solubility product of
hydroxyapalite continues to be of considerable interest he-
cause il would represent the mest appropriate standard atate
for thia solid, and it would be the siructural condition Loward
which bislogical and. other hydroxyopatites would tend o
convert. [t remains 10 be seen if a hydroxyapatite with Kya
significantly lower than the mean value reporied here, 4.7 X

1075 pan exist.
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