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hydroxylapatite, Ca~,.IO(P04)6(OH) os the
‘ganic constituent of human bones and teeth,
jéérge famkly of isomorphous substances known
,:{féIt is capgble of undergoing several cationic
E*substitutions without disrupting the crystal
Tflsuch substitutions are of significance both
logical and physico-chemical points of view and
the basis for formation of solid solutions
'se isomorphs leading to the incorporation of
oxic ions into human skeletal system. Two among
rporations are replacement of calcium by lead
of phosphate by vanadate, both the replacing elements
j;%GXiGo Theipresent work was therefore intended to

‘?tigate the physico-chemical aspects of these

itutions.

A prerequisite for such a series of investigations

s to arrive at an optimum set of experimental conditions

'3‘epare samples of phosphate and vanadate apatites and
fgéries of their solid solutions spread over the entire
;:fpositional range and to characterize them through
sophisticated physico~chemical technigues, In spite of the
iict that phosphate and vanadate apatites of lead were
;fepared by earlier investigators the availability of an
;jdentical set of experimental conditions for the‘preparation

.

:}ﬁf both these samples has been lacking. It is evident that
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jféenditions suitable for the end-members

d to the preparatlon of their solid solut10ns.
7e physiology of bone and tooth is governed by

2 ion and resorption which are respectively the

ngén and deposition of calcium hydroxylapatite at

‘:/ body fluid and tooth / saliva interfaces. It

nt that any attempi in the direction of removal
W‘iﬁcorporated toxic ions is based on a knowledge of
fiubility phenomena of the samples under simulated

ical conditions., While the solubility of lead phosphate
z'terhas earlier been investigated that of léad vanadate
#;i%e.and its solid solutions with the former was not
~ftaken and”therefore motivated the present investigations.
?;s;ite’of the fact that studies on apatites are scattered
‘!§>severa1 disciplines, a physical chemist is considered
fﬁ‘fe better suited for invest@gating the aspects mentioned
%Eﬁge providing thereby an additional justification for
-{gertaking the present studies.

The thesis has been divided into three Sections,

. Section 1 hgs been an attempt at a judicious compilation

;ﬁ%f information about calcium hydroxylapatite based on the
;'Earlier investigations carried out in diverse branches of
f.research, the physico-chemical aspeet®s being naturally

given more emphasis., The experimental work carried out by

the author has been included in Sections 2 and 3, Each
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een presented in the conventional pattern

,;g publication, The preparation of lead

tite, lead vanadate apatite and their solid

i‘j»,leng with the confirmation of their homogeneity

fiémical, X-ray, electronmicrographic, infrared

ogravimetric analyses have been included in

2, Section 3 is constituted by the details of

ations on the solubility equilibria of samples,
A consolidated list of books and journals

ed has been given at the end of the thesis to

ate easy refdrence. References perﬁaining to each

ion have not been separately listed to avoid duplication.

s
-

;,ﬁush of the references, the originals of which could
ibe consulted due to non-availability, the‘particulars
ut their 'Chemical Abstracts' have also been givén.
.&jaurnals have been gbbreviated based oun the pattern
?;iewed in 'Chemical Titles' published by the American
ical Soeiety.
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FIONS

&g)é(oa)z, Calcium Hydroxylapatite
i or

Calcium Phosphate apatite

(po,) (on],, Lead phosphate apatite
(vo,) (0H),, Lead vanadate apatite

'?94)X(V04)6_X(OH)2 Solid solution of Lead phosphate
' apatite and Lead vanadate apatite.
(6>x>0)

e

¢ product of samples in their saturated solutions.

iwity sclubility product.

gadro's Number ( 6,023 x 1023).

fdensity : Weight of solute per unit volume of the

medium of dissolution (g/ml).

H t cell volume ( .&3 ).
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SECTION I

GENERAL INTRODUCTION




INTRODUCTION

lassification of Apatites

Calcium and phosphorus exist in human and animal
’T:and teethl. They also occur in nature principally as
apatite, Calo(PO4)6F2, which is a member of an isomorphous
of minerals named by Werner? as "Apatites" ("Deceivers"”
k). This name is justified because of the difficulties
3Ived in their identification due to their non-stoichiometric
h”see. Some of the important members of the seriess-ll

their lattice constants are given in Table 1-1.



members of Apatite series:

X

lecular formula and lattice constants of a few

Molecular formula

Lattice constants ()

a [
— '='f' »
,;;hgdroxy1~ Balo(?94)6(0H)2 10.19 7,70
,;5;- » cdw(P04)6(03)a 9,01 6.61
m " n Calo(?94)6(eﬂ)2 9,42 6.88
atite cam(m4)6 c1, 9,63 6.78
rite GalO(Asﬁ4)6 F, 9.75 6.92
atite caw(P®4)6 F, 79,37 6.88
. . ‘

Ei. Cale(V04)6 (OH)2 9.82 6.98

droxyl- _ '

PBIQ(P04)6(OH)2 9.90 7.29

* i .
te pbm(Ase4)6 C1, 10.36 7.52
. * : » _
phite Ple(P64)6 c1, 9.95 7.32
- . :

Boatito Srl®(904)6(03)2 9.76 7.28
Lfte pbm(vo4)6 c1, 10,47 7.43
}gtite culG(Po4)6 c1, 9.62 6,49
m arsenic ‘ _
patite Ca;0(As0,)g C1, 10.07 726

9.30 6.89

Apatite Mg10(904)6(oa)2

i:rted as members of Pyromorphite series.



.;r of the series can undergo a series of

fénd anionic isomorphous substitutions leading
ation of the corresponding isomorphs. A
ally important example of such a substitution

ided by the replacement of F~ by OH™ on

@tite resulting in the formation of hydroxylapatite,
1,12

f;é(GH)z. This compound is shown to be the
i%;inorganic constituent of both human and animal
teeth and has, therefore, been the subjeect of

;e physico-chemical and biological investigations,

fly a knowledge of its location and its role

bones and teeth described below, is a pre reguisite

‘taking a meaningful series of investigations on

:;tien and Role Played in Bones and Teeth:

t& dense, hard and highly specialised tissue

fﬁg of organic and inorganic constituents, The former,
- to about 30 per cent by weight, is made up of

n, a cement substance and a cellular component.

5; is a complex interwoven net-work of a fibrous

"sd constitutes an extra cellular matrix of bone,

he cement substance consists of a few hexoses linked

‘protein, The cellular component, in turn, consists

lgesignated as osteoblasts, osteoclasts and osteocytes



lﬁencerned respectively with dissolution,

:;and nourishment of bone. The inorganic part
18 consists of an amorphous and a crystalline
ﬁiermer being tricalcium phosphate while the

i

8 hydroxylapatite, The amorphous phase is
= in younger bone and gets partially transformed
frystalline phase with age., About 40 per cent by
;¥§n adult human bone was found to be hydroxylapatite
7 s of which are oriented in the collagen fibres
long axes parallel to the fibre direction,

”7haé been confirmed recently by Ascenzi.A,

3 et.algqthrough x-ray diffraction studies

‘gge an earlier findinglg showing their presence

. Intimate morphological and chemical relationships
¥een collagen and these crystals, the former being
;{,ng agent for the precipitation of the 1atter.r5
f?sgle X-ray scattering studies by Engstrom and Finean16
,{é the average length and breadth of these crystals
f;%t 200 and 65 &reSpectivelyg In addition fto the
iting elements of hydroxylapatite, sodium, Potassium,
, chloride, carbonate, fluoride and trace amounts
‘;:cepper, maﬁganese and zinc are the usual inorganic
ent in the above and were shown17 to be located
hydration layer at the bonme-body fluid interface,
;ion, bone contains about 20 per cent of water by

, present mostly in the organic matrix and in

W;; hydroxylapatite crystals,



i a significant role in the metabolism and storage

By, phosphorus and other inorganic ions present in

s : : ; 13
fstem, In addition, its mineral phase was shown

seat of action for the removal of several toxic

jfas lead, cadmium, barium and arsenic from the body
”Qg strength and rigidity of all higher forms of
e attributed to the individual bones and their

ch together constitute the skeletal system,

:;sists of an outer part known as crown, a neck Which
fisded by gum and one or more roots or fangs fitting into
B the Jaw-bone, The main dental tissues are
}fgntine,and cementum, The crown is = ceated by enamel
ts on dentine and the latter occupies the bulk

fef tooth, Cementum helps in the fixation of booth
| cket of the jaw-bone. A8 in the case of bone, the
ssuées are made up of inorganic and organic constituents.
:@atite admixéd principally with ions such as magnesium
ate was shewnl to be the inorganic constituent. The

r cents, of it in enamel, dentine and cementum were
" be about 95, 75 and 35 respectively, The crystals
©xylapatite of bone, dentine and cementum were found
ilar in size according to their morphological
;@ieS, while those of enamel were found to be bigger

rjged at right angles to the tooth surface, Recent

raction studiesl8 on powdered enamel samples



Tithat the formation of crystals of hydroxylapatite
1glocated on human deciduous teeth was less perfect
»;ﬁf the permanent teeth., Unlike other calcified
'i ich are in equilibrium with the internal fluids,
gquilibrates with saliva and is thus a seat of

£ locally administered prophylactic agents of dental

a tooth decay caused by acidogenic bacteria,

(1ity ranges of calcium salts of ortho phosphorie

id - Cao~P205— HzO Phase Diagram

S on (i) inorganic constituents of human bones,21

ilisation of phosphatic minerals by plant kingdom22
i) geological aSpeetSZB of several naturally
ng phosphates contributed to our present knowledge of

hosphates of calcium, Preliminary studies intended to

B 2% iye conditions of existence of phosphates

eium were restricted to the solid phase reactions

e binary system, CaeLon It was not, however,

50

mised that an imperceptible inclusion of traces of

L

;félevates this binary system to a ternary one,
5%65-H209 Earlier investigations on this ternary
n were restricted eX¥clusively to chemical analysis,

fsﬁlts being unreliable due to absence of a proof of

fseity of the phases, The amorphous nature of the



existence of homogeneous phases separated by sharp
S. Fulfilment of these conditions in the Cao~

;Esystem were found to be complicated due to the

,painmént of equilibrium28’29 and the amorphous

of the precipitates formed,

,;iion of attainment of egquilibrium in a precipitation

,ﬁh is the availability of identical results both from

éés of supersaturation and undersaturation. In addition,
éses are characterised by a high degree of reactivity
ﬁtheir large surface areas., Further, they exist as

;{1 suspensions causing additional complication in
filtration, The preliminary experimental data on the
fitions of existence of calcium phosphates became repetitive,
drganised and contradictory since the factors mentioned

e were not given proper considerations. Cameron?o and

E;tSI independently carried out investigations on the
jgability of Phase Rule to Cao-P

0 Hzo system and

2Vs5"

results obtained at 25°C are incorporated in the phase



given in Fig.1.1 The abscissa and the ordinate
flpoint on the phase diagram represent the weight
%ﬁf phosphorus pentoxide and calcium oxide

'51y, the rest being water, The possible solid
flthe system are:-

?ﬂrous monocalcium phosphate, Ca(H2P04)2

ocalcium phosphate monohydrate, Ca(H2P04)2.H 0

2
,ggdrous dicalcium phosphate, CaliP0 ,

402H20 and

%g—ray diffraction pattern similar to that of an
;;iteo

All iﬁese phases could be identified through their
{ZX-réy diffraction patterns supplemented by their

: analyses. The blank regions of the phase diagram
the solution phase while the solid phases are

ﬂ;g by areas marked by cohvergent lines., Anhydrous
lcium phosphate and its monohydrate exist as well-
éjerystals in acidic regions of the phase diagram
ﬁereSpond evidently to the compositional ranges

{# high proportion of phosphorus pentoxide; they can

» obtained33 by cooling solutions of such compositions,
ic region is also found teo be favourable for the

7;3 of dicalcium phOSphate.33 The agueous acidic



Phase Diagram of CaD-PZDB—HZD

System at 25°C.




Mole ratio Ca:P=2:1 -
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are to be heated to an optimum temperature
-%recipitatian of dicalcium phosphate as it follows
':ade solubility. Dicalcium phosphate dihydrate
B¥er o linited range of experimental conditions

%ts isolation Qifficult. Since a crystalline

_;hte of variable composition exhibiting the X-ray
ijion patternvof naturally occurring apétites

!&tes one of the phases of the diagram the region
_ﬁxistence is indicated by an elliptical area. This
Eirgiven the formula, CalO(PO4)6(OH)2’ and represented
Ff1-1 as Cag(P0,),0H, neglecting its variable

ition and water content,

Most of the investigations done on the calcium
;ﬁtes deal with the hydroxylapatite phase which is
.%erised by a variable composition and constitutes
%tesrof calcium having a g atom ravlsio%3l ranging from
;;4/2; the limiting ratios correspond respectively to
Icium phosphate (TCP), Can(P0,),, and tetracalcium
hate, Cag(P04)25CaO, as shown in the phase diagram.
fevident from the diagram that in the alkaline region
.Z;S charaegy¥erised by a higher proportion of calcium

8y the only solid phase capable of existence is that of

Xylapatite. The phases stable in the acidic region

ransformed into hydroxylapatite for compositional
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:ﬁndicated by an upward arrow in the diagram.
,:fthese conclusions could be confirmed by Seuter34
jiasis of studies on this phase diagram at

patures higher than 800°C.

. The existence of an additional solid phase
;}ctacaicium phosphate (OCP), CaS(PO4)2.CaHPO4,
'%eutral region of the ternary system was suggested
B . °° 06r could be demarasted from hydroxyl-
fﬁihrough its X-ray diffraction pattern and electron
_Eéhsg However, OCP has not been indicated in the
dagram as’a separate phase, Formation of OCP could
Bantiated by Chaikina®® et.al; on the basis of

%wndies’gn this phase diagram at 25°%,

Pparative Technigques Based on Conditions of Formation

" It was shown in the phase diagram of Ca0-P,0-~H,0

2
;hat for a wide range of compositions calcium

‘if can be shown to be hydroxylapatites based on
iffraction patterns which are similar to those of

¥ occurring apatites, Since such a phase is shown
able over a wide area in the phase diagram, the

’ﬂ@ing g atom ratio, Ca/P was found to range fronm

B0. These results facilitate the establishment
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ntal parameters optimum for the formation
. i i oviaent®T tnat hydroxylapatite
: t of the different calciunm phosphates in
lic, neutral and basic media. Consequently,
_it other calcium phosphates leads to the

hydroxylapatite.

?Q;setzs reported the precipitation of

atite from solutions of calcium oxide and

;;erah t.a1,28 investigated the time~dependence
iﬂﬁio, Ca/P, of the compounds, calcium monophosphate,
75fca1cium diphosphate, CaHPO4, calcium

};e, C32P207, and TCP, CaS(P04)2,«when treated
f;hydroxide solution. They found that the ratio
?;stancy equal to that of naturally cccurring

ithin about 50 hours substantiating the statement
fysis of calcium phosphates leads to the formation
B . sculcede ot.a1.26 obtatned similar
refluxing TCP with a dilute solution of

gdroxide for about 7 hours.

Isolation of hydroxylapatite from bones and teeth
be complicated, the techniques adopted

J 2 change on the sample. Synthetic samples which
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1i§red with a high degree of purity are better
r purposes of physicochemical investigations.

different methods of férmation of hydroxyl-

-
i

mdicates that very few of them are suited for
“Etion, Synthesis of apatites can be brought

wet, dry and hydrothermal methods.

Suggested by Havek and Stadlmann39 is widely
,fe“purpcse because of the simplicity of
_fl operations, the accompanying high yield and

;ﬁh samples, This method is based on the following

6(NH4)2HP04 + 8NH,OH = Ca10(904)6(on)2 & 6‘H20

+ 20 NH4N03 ® % 3 o o o (1"'1)9

-

itant stirring into 1200 ml of a solution coentaining

ealcium nitrate, Ca(N03)2°4H20, also maintained
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fé‘the same pH. The amounts of the reactants
jlntended to give an yield of about 100 g of
:;%n the basis of the above equation. Based
;“iciation40—42 of phosphoric acid, it can be
j"enly the orthophosphate ions are predominant
gaintained and thus likely complications due
dpitation of acid phosphates can be avoided.
panying volatile ammonium salts were sublimed
gfing the filtered product to about 250°¢ .,

ng ménor alterations 0' Shea et.al.*® made use

hod to prepare samples of hydroxylapatite

te modifications, this method could be extended

'ans with appropriate ligands. This method was
53 modified by Eollin4gnd Narasaraju44, important
‘{edifications being the replacement of ammonium
by ethylene~diamine., The consumption of a large
monium hydroxide to attain a high alkalinity
the precipitation as well as its unpleasant

hus be avoided. A mention may be made of

37,47

method preposed by Rathje known as

pic precipitation” which is based on the following
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6KH, PO, + 14NaOH = CalG(PO (0H}2 + 6 KNO

4)6 3
+ 14NaNOy + 12H,0 sl B-2)
?Qiolnmes of solutions of calcium nitrate dnd
dihydrogen phosphate containing the reactants
Zfertions suggested by the above eguation were
>~ily dropped into boiling water., The mediunm
ained pink to phenolphthalein by the addition
fion of sodium hydroxide. By a judicious

{éf appropriate dilutions and rates of mixing
iyatiens, crystals upto about 50 j in length
jEtained.

¥3y another wet method hydroxylapatite of a

of purity could be obtained by Arnold48

'ﬁa simultaneous addition of ammoniacal

»fbf calcium acetate and of ammonium phosphate
59 litees of a mechanically stirred ammonium
3§1ution also maintained alkaline, These methods
?slve the precipitation of hydroxylapatite at
”:tions have low yields and hence are unsuitable
W;fid preparationzgppreciable guantities of the
t-Kani et.a1.49 could prepare samples of

Qigatite similar to human dental enamel in

ition of the above methods.

m277{
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E: . . 50 g '
@arasaraju and Rai ¢ cbtained hydroxylapatites

PEs and arsenate and a series of their solid

: 2 O, s ; :
s media at 37 °C introducing appropriate
fonis of the method suggested by Hayek and
; ; . 51,52
During the recent past several investigators
he wet methods mentioned abhove with minor
msS to prepare samples of hydroxylapatiies intended
pfic purposes., An interesting recent wel method

e - 53
By Maver et.al, was based on the use of a

between solid calcium sulphate and highly
olutions of sodium phesphate, This method could
B 54 = ¥ :

led recently for the preparation of calciunm

patite and of its solid solutions with hydroxyl-

-y Methods

vIt is an established fact that an intimate
feous mixture of appropriate solid ingredients
t;éd to an optimum temperature gan lead to the
of a desired lattice through solid state

Jn of the constituent: ions, Trdme1°° 50

investigated
imum conditions for the formation of hydroxylapatite
]fé solid state reaction between TCP and tetracalciun

ite, Ca3(PO4)ZCaO, or calcium oxide solid mixtures of
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(€a P 0, + H,0 = CalO(Peé)é{QH)Z cuwane - =)

investigated through X-ray, i.r.,, electron
L;andﬁchemical analyses, In addition, fusion

@ of dicalcium phosphate, CaHPO4,and calcium

;r alternatively heating of a sample of finely
?urally occurring fluorapatitesg at about

?r a stream of moist air resulted in the formation

ylapatite: -
gt 8 Cacog =2 Cayo(PO,) g (0H), + 8CO, + 4H,0... (1-5)
() Fo + 2H,0 = Ca,o(PO,) (OH), + 2HF cenvns (1=6)

Sion of the above methods to prepare chlorapatite

?ies of its solid solutions with hydroxylapatite

ﬁht about by Narasaraju and Raasg as shown below:-
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e O
E : 770-1040 ¢ .
3 a3(904)2 + 3CaCl, 7 N 30a3(P04)200ac12
4 CalO(PO4)6 Gl . 2¢aCL, 0 o Vouwsal =T)

spodiosite

?;aIO(PO4)6(OH)2 + n CaCl, —3 2CaIG(Po4)6(o§ : c1n)»+

- nCa(OH)2...... (1-8)

where n ranges from O to 2,

Ca(oH), —> Ca0 + H,0 (Vapour)......... (1-9)

'1.4.3 Hydrothermal Methods

Hydrothermal methodség, as the name implies,
kﬂeal with thergpplication of high temperatures to agueous
;solutions to facilitate the precipitation of crystals of
kéimensions bigger than those attainable using ordinary
"wet methods, Since an agueous precipitating medium at
jﬁtmospheric pressure has its boiling point as the upper
‘1imiting temperature, heating under high pressure enables
this limit to be exceeded. In an autoclave the desired
;}igh pressure is produced by the vapour of the solvent

Iﬁf the precipitating medium since the system is subjected
5{0 a high temperature in a sealed enclosure. The principal
ladvantage of such methods has been to enhance considerably
}the crystallinity and purity of the product. Such sets of

61

}results were achieved by Hayek et.al, and by Perloff and

i?osﬁeréz as substantiatedby formation of Homogeneous
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gEhis purpose 2 g of precipitated hydroxylapatite
;?t 380° in an autoclave for 24 hours with
1189éium hydroxide solutien, The X-ray diffraction
Lthe sample was characterised by sharp peaks as
fPom its crystal dimensions. Young and Sudarsanamé3
E{imilar method to prepare a sample of strontium
;itite for crystallographic studies, Perloff aﬁd
f;tained hydroxylapatite by the hydrolysis of

Pphosphate and the probable reactions involved

+ - -
g * 4H + 4H,PO, ceeea{1=10)

£ L 24 -
2H,,0 m:&alo(pcé)é(ea)g + 4Ga” " + BH,PO, ees{l=11)

" This process was brought about by heating 0,1g of
f phosphate with 10 ml of water at 300% for 10 days
1{num—lined_hydrotherma1 bomb and the product was

'be in the form of prismatic crystals,

& Another suitable method for the preparation of
®ystals of hydroxylapatite for purposes of X-ray,
diffraction and thermodynamic investigaltions was

. 64
by Elliot and Young ~, A crystal sphere of 0,1 mm
eter of synthetic chlorapatite when heated electrically

jece of platinum foil at about 1300° under steam at
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?ﬁpheric pressure for 2 weeks formed a‘sing}e crystal
,fdroxylapatite of a high order of purity. A further
_fnsion of hydrothermal methods for preparation of

{oxylapatite was brought about independently by Aoki

ijidekiés and Kazov et.al.éé

Chemical Analvsis

Quantitative separation of calcium and phosphate,

ich is a prerequisite for an accurate chemical analysis of

£ails of which have been worked out by Washburn and
.:r§7°
Gravimetricé7, complexometr1068 and spectro-

‘;iemetricég techniques are usually employed for the

gompanying determinations of these separated ions,

metal ion concentration in apatites without a quantitative

'%?ation was brought about by Hivo et.a1.7o

§ Structural Aspects

That animal bones and teeth contain hydroxylapatite

71

an ingredient was proved by the ideﬁ?ity of X=vray

iraction patterns of the former with those of the naturally

@rring hydroxylapatites as shown in Fig. 1-2(a). In addition,



Fig. ‘l.z€a}:
' (i)
(ii)

(iii)

1.2 (b)
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X-ray Diffraction Patterns of
Crystalline Synthetic Hydroxylapatite
Amorphous Synthetic Hydr@xylapatite

Hydroxylapatite Obtained from Bone

A Representative Debye-Scherrer Powder
Pattern of Crystalline Synthetic

Hydroxylapatite.
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;ﬂive Debye-Scherrer powder pattern of synthetic
gfite is given in Fig. 1-2(b), since it serves

Ble means of characterizing the synthetic samples.,

Hydroxylapatites, both of biological and synthetic
?Qstallise in hexagonal PéB/m space group with
qstants; ’af and Te¢', equal to 9,42 % and 6.88 %
;-y, Nary~Szabe72 and Mehmel73 studied independently
'; of the crystal sfructure of apatites and their
T?re subsequently confirmed by Hendricks et°a1.24
wers and Mc Intyr674 modified the structure
?arlier and a few more refinements were subsequently
fsner et.al, >

| 2 3~ -
§ The ions, Ca™", PO,  and OH (also sometimes

io as the corresponding atoms or group of atoms)
the lattice of hydroxylapatite, their spacingls
Bt cell being indicated in Fig. 1-3, The ions are
€d in two planes, one over the other, such that
'{isra mirror image of the other., It is evident that
;? volume of the unit cell is closely packed with the
ment ions and only for purposes of clarification of
eiative positions, they are represented wide apart
another in the figure, Out of a total of fourteen

;?ions, six are located within the unit cell and thus

'to it entirely and the remainimg eight peripheral



Fig.

1.3

The Unit Cell Perspective of

Hydroxylapatite.
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'{ons are shared by adjecent unit cells such ~that there is

‘an allocation of four per each. Simdlarly, it can bhe shown
*that out of ten phosphate grouns, two situated inside and
;eight at the periphery, only six belong to each unit oell,
xthese being the two situated inside and the four out of the
,;eight peripheral ions, Likewise two out of eight hydroxyl
;groups represented in the figure belong to the unit cell,
»The number of ions present per unit cell of hydroxylapatite

- can thus be correlated with its moleeular formula accounting

f]tharehy for the basic chemical repeat unit in the three

. dimensional symmetry pattern,

Fig. 1-4(A) and (B) represent crossnéections of
hydroxylapatite lattice parallel to the ec—axis and provide
a further clarificaticn24 of the relative lattice-positions
of the atoms, It can be shown from the figure that 0-Ca~0
chains exist rgnning parallel to the pmaxis° The chains -
are joined by phosphorus atonms constituting the inner Iining
of an elongated cavity which runs parallel to the c¢c-axis
and accommcdaies the F"/OH™ ions., It is evident that
depending upon ionic size and charge, other ions can replace
F~ dions. In addition, every phosphorus atom is surrounded by
‘_four oXygen atoms forming a tetrahedron. The existence of
cavities in the crystal structure accounts for the porosity
and hence the surface activity of apatites, X-ray line-

broadening eXperimentsl4 using low angle scattering revealed



1.4(a)

"1.4(b)

A Cross-Section of the Apatite

Lattice Parallel to the E—axis.

Apatite Lattice Viewed from
the Plane 001
as Reported by

Beevers and Mc Intyre.
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Ehe apatites to be thin tabular hexagons elomngated in the

direction of the c-axis,

As mentioned earlier, Posner et.al.75 suggested
refinement of the crystal structure of hydroxylapatite
j?ased on three dimensional X-ray diffraction studies on
%ingle—crystalsa In addition, determination of the bond-
;lengths and the atomic'positions was made with an accuracy
‘higher than that attained earlier., It was shown that the
TphOSQhatemtetrahedra have P-0 distances shorter than those
ireported earlier.  Further, the calcium atoms situated around
;the hexagonal screw-axis were shown té be co-ordinated to the
- bydroxyl ions and oxXygen atoms of the phOSQhate-tetrahedra.

- The calcium atoms among themselves were found to constitute

» On the basis of these refinements, the arrangement of the
. constituent atoms of hydroxylapatite as projected upon the

. basal plane of its structure is shown in Fig, 1-3

2

Kay et.a1.76 used neutron and X=-ray diffraction
techniques to determine the orientation of hydroxyl groups
in the crystal structure of hydroxylapatite, Their studies
revealed that the hydroxylgroups occcur in columns paralled
to the c-axis as reported by earlier WQrkers72’74’75 nd
that these columms8 pass through the centres of the calcium

triangles. The x, y and z co-ordinates of the constituents

. triangles, one over the other, in the direction of the c-axis,
E g ’ ’



1:5

Arrangement of the Constituent Atoms
of Hydroxylapatite as Projected upon

the Basal Plane of its Structure.(The

-Number in each circle represents the

c-axis parameter perpendicular to the

basal plane).
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of the hydroxylapatite lattice are given in Table 1-2,
On the basis of their relative positions in the unit ceill
of hydroxylapatite, the calcium and oXygen atoms are

designated through the Subseripts given to their symbols,

Table 1-2,

Listing of Position-P arameters for the Constituent Atoms

of Hydroxylapatite.76

: Position meters
No. of atoms 0 on Para

Atom per unit cell X A § &
Cai 4 0,333 0,667 0,001
Cali 6 0.246 : 0,993 0.250
P 6 0,400 0.369 0,250
Gi 6 0.329 0,484 0,250

ii 6 0,589 0,466 0,250
Oiii 12 0,348 0,259 0,073
OH 2 0,000 v 0,000 0,250

Young and his co-workers’ '—80 carried out extensive

work on the crystal structure of apatites during the recent
past, the samples used being obtained exélusively by thermal

methods, As mentioned earlier, apatites are normally expected



29

#to be hexagonal belonging to the space group P6 /m.

’was pseudohexagonal belonging to the monoclinic space

L group, le/b with 'a' and 'c' being respectively 9,628 &
}and 6,764 R . It is evident that for a moneclinic system
ilattice parameter 'b' is equal to 2a. While the monoclinic
‘iand heXagonal structures are very similar, the former is
ifcharacterised by an ordered arrangement of the C1~ ions
'rin chlorapatite resulting in the transformation of the

: mirror plane of the hexagonal structure to a glide plane
in the monoclinic structure with an accompanying doubling
-of one of the cell dimensions, >Subsequent structural
analysis of single-crystals of hydroxylapatite by these

. workers confirmed the analogy between this compound and
chlorapatite regarding the monoclinic structure, the
corresponding lattice parameters being 9,4214 ﬁ,and
66,8814 X‘. The single-crystal of hydroxylapatite used
for these investigations was obtained by the conversion
of that of chlorapatite by heating in steam at 1200°C.
However, the significance of the monoclinic Epace group
for biological considerations is yét to be proved, In
addition, the optimum range of temperatures required for
the phase transformation from monoclinic to hexagonal

form is yet to be investigated to know whether the

;They could establish that a synthetic sample of chloraﬂat1te
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moclinic form exists under in vivo conditions. It will

,;of interest to investigate the role of trace-~impurities

E i " o
B <, c1”, coj

fase transformation. Recdntly Elliot, Bonel and Tré’mbes1

24+ . : "
and Mg ions in bringing about such a

mbstantiated the findings of Young by reporting that a
ample, Calo(?04}6 Co,, termed as carbonateapatite, exhibits
fbseudohexagonal symmetry with monoclinic space grnup,?b,

n

Mith lattice parameters ®a' and 'c' being equal 9,557 A

hd 6.872 R and b approximately equal to 2a,

el

or purposes of characterisaﬁion of samples of
Bynthetic apatites such refinements in the structure brought
thut hy precise X-ray diffraction studies may not be of great
ielevanceq In éﬁdition, as these structural refinements were
1;arried out using samples obtained by dry methods, the
?ivergence, if any, shown by precipitated samples of apatites

irom the hexagonal structure is not yet established,

The conclusions drawn from X-ray diffraction studies

-Qomogeneity of the samples by proving the absence of
‘extranecous phases, In addition, they provide information
Eregarding the geometry and dimensions of its individual

icrystals° Though X-ray diffraction patterns of bone help in
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jhoving the presence of hydroxylapatite and determining
fis lattice constants, théy do not permit one to see the
fhapé of bone crystals or to visualise directly the
Felationship these crystals hold to the other ingredients
ééf bone. These aspects can be fulfilled by electron
,;icrOSGOpic investigations of bone, the corresponding

'in vitro studies being carried out by Hayek et.alags

Extensive in vivo electron microscopic studies carried out by
T'Robinson13 could throw light on the uniformity in size of
;,the inorganic crystalline component and the spatial

" relationship existing between the Collagen fibres, cement

- substance and calcium hydroxylapatite in bone,

L. 7 ISOmorpH%S Substitution of Biological Significance

By the term isomorphous substitution is meant a
replacement of one ion by another in a crystal lattice
ﬁithout disrupting the geometry of the crystal, This can
be classified as isocionic and heteéroionic substitutions,
While isocionic substitution is defined as a process by
which ions from a Scolution phase exchange with identical
ijons of a sclid phase in contact with it, the composition
of the two phases being unaltered, heterocionic substitution
involves a replacement by a different ion present in a

solution in contact with the solid phase, changing thereby
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)esition ef beth the phases, Hydroxylapatite is

that it can underge a series of ise-and heteroioenic

ﬁfienséz invelving both catiens and aniens, the criteria

,inilarity in charge and size of the ions cencerned.
. and Zureda®® showed that metal ions with ionmic radii
t 1.0 ) can form apatites, the most important among

ing Ca2+ * Sr2+ ; Bg?* p pb2+ and Gdz+ with ionie

Isoionic substitutions of calcium and phosphate

een investigated extensively on synthetic hydroxylapatite,

» o Such studies are not only signifiecant
yiding an explanation for the skeletal fixation of

t‘and phosphorus but also threw light om the phenomenon

Sor; tion, a process by which portions of bone during growth
‘?seived and returned to blood stream., Such substitutions
ﬁ'testigated by tracer techniqu% in which a slice of the

{;d tissue is placed in contact with a photographic film

functions as a radiation detector.

~ Heteroionic Substitutions

Among heteroionic substitutions the following are

dered relevant by virtue of extensive biolegical
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!(a) Ca2+ = sr2t s (b) Ca2+2;2 Balt
(c) cat o pb3* (d) cet S s zn>*

i - - 3~ 3-
jie) F~ — oH and (f) PO, .2 A0,

- and merit a mention in the present context.

) ca®t - 9%t substitution.

Caz+ - Sr2+ substitution on hydroxylapatite is one

" of the most important heteroionic substitutions since it
zexplains the mechanism of incorporgtion in the human skeletal
- system of 33-aetive Sr-90 produced in atemic explosions. This

- can be represented as follows:-

1@318(P04)6(0H)2 +’nSr2+';f_Srn cale—n(P04)6(0H)2 + n6a9+....(1—12)
80lid solution of hydrexylapatite

of calcium and strontium
:}In-corporation of Sr-90 can prove fatal, beeause of its long
:;half-life period (about 20 years),even when it is present in

- traces. Hence studies on this substitution reaction are
:suppesed to be helpful in suggesting a possibility of removal

. of the incorporated strontium. Knappwost and Ehret®®
‘{investigated the kinetics of this substitution using @-active
?Sr—&? as a tracer. Synthetic samples of hydroxylapatite of

iéifferent surflace areas were equilibrated with solutions of

;'strantinm nitrate labelled with Sr-89. Adsorption of strontium
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and their subsequent diffusion into the erystal

jor accompanied by a simultaneous recrystallisation
j equilibrated hydroxylapatite were shown to be the

rs governing such a substitution,

87

Collin showed through coprecipitation that a

of homogeneous solid solutions of hydrexylapatite of

gorphous substitution between these ions. These results
¢ subsequently confirmed by Narasaraju et.al.Bé’&9

X-ray diffraction studies by Khudolozhkinm et.al.”®

,iiuprave that for replacement of calcium by strontium
?L~£un on thé apatite lattice, sites of Ca(II) are
_iirred to those of Ca (I). A substantiation of these
iﬁts was provided by Trombe et ar.?3 using i.r.
gétreseepy and thermoanalytical studies, Based on in vive
ydies on isomorphous substitutions on apatite crystals,
4a°* could show that the dimensions of the unit-cell were
&;dent on the chemical composition; the alteration in the

.\,rr offefs an evidence for the occurrence of substitution.

. ca’t - Ba’t Substitution

Because of the toxic effeets of elemental barium
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and its soluble salts, replaceﬁent of Cazf by Ba>t on
hydroxylapatite is another heteroionic substitutions7 of
importance. As in the case of stromtium, @Lactive Ba-140
(half-life, 12,8 days), a product of atomic explosions,
gets incorporated in the human skeletal system based on the

following equation:-

e : 2+ : . 2+
c.m(P64)6(OH)2 + nBa®" —= BanC‘ale_n(PO‘!)‘(OH)z + nCa“"...(1-13)

Solid solution of hydroxylapatite
of calcium and barium.

It is evident that radiation damage caased by Ba-140 is much
less than that . by Sr-90 consequent upon the relatively
smaller half-life period of the former. Unlike strontium,
the non-active Barium is toxic and so the studies on such

a Substitution are of importance to explore a possibility of
57

elimination of the incorporated barium. Narasaraju etal,
made investigations in detail, &n the various aspects of

Caz+ = Ba2+

substitution. Samples of hydroxylapatites of
calecium and barium and a series of their solid solutions were
prepared by a thermal method over the entire compositional

- range. The samples could be characterised by chemieal, i.r,
X—-ray diffraction and electronmicroscopic analyses, It could
be shown though tracer technique by Samachson et al.95 that
there is a preferential uptake of Ba-133 over Ca-47 and

Sr-85 on human bones, 1In addition, it was shown by Samachson
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96 2+

Schmitz that traces of Zn when present in the

uilibrating solution increase the uptake of Sr-85 and
—133. These results were explained on the basis of the

gpposition that Zn2+ distorts the surface of hydroexylapatite

icilitating a replacement of caz* by larger alkaline earth
'_"

B ¢’ — pb3* substitution

Inhalation of lead in the form of dust or its
adsorption through skin leads to "lead-poisoning"®’ (also

known as "plumbism”)., The mechanism of this process can be

2+

attributed to isomorphous substitution of Ca2' by Pb2* on

bone. As envisaged by Klement98 lead-poisoning occurs due to
formation of solid solutions of hydroxylapatites of calcium
and lead on bones., Formation of such a series of solid

' solutions over the entire compositional range by coprecipita~
~ tionm in aqueous media was reported by uiller® and later

: substantiated by Narasaraju et al.44 and also by Rao and

) chickernrgg. The chemical reaction involved may be represented

- as followssg=

24+ 2

% . 'v + =
Cam(P04)6(0H)2 + nPb = ancalg_n(P04)6(0H)2 + nCa ...(1-14)

Solid solution of hydrexylapatites
of calcium and lead.

A famous recent example of lead-peisoning has been the toxic
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effect of lead present in the coating of pottery im Mexico,
‘the damage being termed as "Problem of lead in Mexican
,gottery“l®@ Consequent upon the contemporary significance
;ef this exchange a few more aspects of the latter constituted

' the subject matter of the investigations reported in the

- present work,

(d) ca®t - za®* Ssubstitution

Samachseon etkal.l@l-lﬁs made extensive: investigations

on the replacement of Ga2+ by.an+ on the hydroxylapatite of
bones. Based on detailed radio-chemical studies on this
exchange using solutions labelled with Zn-65 it could be

Ch by calcium hydroxylapatite

confirmed that the uptake of Zn
could be 100 per cent.within five minutes. Further, this
process was found to be considerably reduced by chalating
agents like E,D.T.A, Proof for the occurrence of exchange
was provided by estimation of the amount of extra calcium
which entered the sébution daring equilibration resulting

5 by Zn2+ present

in an ion to ion replacement qf lattice=Ca
in the equilibrating solution, The exchange which was found
~to be rapid initially was dependent on a subsequent diffusion

of Zn’" 1ons inte the erystal lattiee.

(e) F - OH Substitution

Through neutron - and X-ray diffraction studies,
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Kay et 2l P rggiila confirm the earlier findings that the }
:QH- groups are located in the caviiies running parallel teo
- the C-axis of the apatite lattice, Based on the dimensions
of these cavities, it can be shown that, ameng others, ions ;
~ of the type F~ , OH and C1~ with ienic radii 1.32, 1.68 and ‘
- 1.81 ] respectively fit into them. Further, F~ ion due to f
its spherical symmetry is better suited for the purpese than k
~ OH ion. A replacement of OH by F~ brings about a contraction
‘ ef the unit cell of hydrekylapatite as expected from such a

3,5,104

spherical symmetry, The OH - F~ exchange is of

significance in explaining the occurrence of dental caries

which involves the attack of the apatitic inorganic phase of
enamel by acidogenic bacteria existing in the vicinity of the
enamel surface. Various aspects of this substitution and the

role of F~ ion as a prophylactic in the occurrence of dental
caries have been extensively investigated by KnappWoSl?’20’105'106
He proved that the tooth surface enriched with F ions was

more resistant to caries. Through experimental investigatiens

-he could suggest a convineing mechanism of the caries -
prophylactiec aétion of fluorine. An oral dose of 1-5 mg of
fluorine taken daily was found to accelerate.the deposition

. of fluorapatite layers on the tooth surface resulting,

inter alia, in the accompanying alteration in the viscosity

of saliva. Such a deposition which was found to be favoured
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m the effected regions of the tooth surface could retard
further corrosion by acidogenic bacteria, fluorapatite

being less soluble than hydroxylapatite. These conclusions

could be drawn from the kinetic studies of this substitution

which can be represented as follows:=—

Solid solution of hydroxylapatite
and fluorapatite,

i?alé?o4)6 (0H)2 + XF :::Calg(P04)é (oH

The product of this substitution is a solid solution of

hydroxylapatite and fluorapatite known as fluorhydroxylapatite,
' 107 108 99

" Liang and Higuchi y Stearns and Berndt and Higuchi et al.

- investigated the interference caused by the co-precipitation

- of calcium fluoride during the progress of this substitutien

reaction, Based om the results of the kinetiec studies of

this substitution, the most important measure suggested for

the prevention of the dental caries has been the application

of F~ ions in some suitable form to the dental tissue, This

process known as fluoridationl has been in vogue since a few

decades,

1 ppm of fluoeride in drinking water was found

to be an optimgl level for caries control; a level higher

than this was found to lead to mottled enamel and also to

certain toxiec effects, Several mechanisms are suggested

to explain the prophylactic action of fluorine in the
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occurrence of dental caries, the most important among which
is based on the exchange of OH ion of hydroxylapatite of
 tooth by F~ ion resulting in the formation of fluorhydroxyl-

~ apatite. It was shown by Narasarajull®

that fluorhydroxylapatite
is less soiuble than hydroxylapatite accounting thereby for the
caries - resistance imparted to the dental tissues by
fluoridation. These conclusions could be substanciated by

111-116
o

results of recent investigations n F~ - OH™ exchange.,

LLE could establish the cohditions favourable

Narasaraju et al.
for the eccurrence of OH - F~ exchange on hydroxylapatite,

the principal among them being (i) an increase in the
concentration of F ion, (ii) a decrease in pH of the medium

of exchange and (iii) a reduction in the grain size of the
sample of hydroxylapatite, Through NMR studies, Young et alqll8
could investigate the location of F~ ions present in traces

in hydroxylapatite and a mechanism was suggested to explain

the prophylactic action of fluorine in the occurrence of

dental caties. Vander Lugt et 31.119 carried out similar
studies aﬁd established the role played by internuclear
distances in the formation of hydrogen bonding between

OH and F~ in the apatite lattice. Subsequent NMR studies

oh F™ - OH-Aéxchange on hydroxylapatite were carried out by

120 121

Lundin et al, and Knubovets et al. That a halide

substitution of OH on apatite lattice is‘p@ssible was

jit
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proved by 0'Shea et al.*? Based on Laser-Raman spectral

studies, attaining an accuracy as low as five per cent.
Further studies on the prophylactic action of fluorine
in the occurrence of dental caries were made by Fetkowska-

Mielink and Krystina,l22 Aoba, Takaaki et al.123 and

Freund et al%-24 based on physico-chemical changes undergone

by amorphous and apatitic caleium phosphate,

(£f) Ppo 3-_ as0d- Substitutioen
4 4

Another example of a heteroionic substitutienlzs of

importance is replacement of Poi— by A802" on hydroxylapatite,
accounting for the toxic effects of arsenicl26 and its soluble

salts.127 The substitution reaction can be represented

as follows: -

3~ :
c:z;-.w(?o‘t)é((m)2 +n ASO,T = c:mw(1>()4)6_“1(A«_sc>4)n(mtl)2 +

npos— @ ® o 0 o o (1""16)

Solid solution of phosphorus
and arsenic hydroxylapatite

While the existing literature confirms the occurrence of this
substitution reaetien}zs’lzé spread over the entire compositional
range, the utility of a knowledge of the mechanism of this
substitution for the removal of ilcorporated arseniec is yet

to be investigatédo Evidence for the occurrence of such a
substitution reaction on lead hydrqulapatite could be

provided by anolzg
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(g) Miscellaneous Substitutions

In addition to the detailed investigations on
‘heteroionic substitution on hydroxylapatite described
Jabove, scattered results on some aspects of a few more

;misoellaneous substitutions are available,

Though the presence of cog' ion in human bones

~ is established, the concept that it exists due to ,
.-heteroionie Ssubstitution is still contrevertial.l39’131

- Studies on the possibility of a substitution reaction

;iaf hydroxylapatite involving132’l33 002— ion are, therefore,

3
- of importance. Extensive X-ray studies of a mineral,

francolite, (Ca, Mg, Na,K),, [T(P,c)04_7 6 (F,0H), which

is a carbonate-containing fluorapatite, indicated thev
absence of free calcium carbonate and proved the similarity
of its X-ray pattern with that of fluorapatite suggesting
thereby the presence of CO>~ ion inm the apatite lattice.
Additional evidédnce in favour of this observation was
provided by Le Geros et al,l>% and Bonel and Montel,!35~137
However, solubility studies of franeolitg indicated a
preferential dissolution of cog' ion which can be attributed
to its free existence, providing thereby evidence against
the 02~ substitution.!3® whetner C02” ion exists as a
geparate submicroscopic phase or as a substituent in apatite

lattice is yet to be unambiguously clarified,
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Knhppwost showed thraugh‘radio-chemical studieé?9
3~ - Si0y” substitution was possible when it is
accompanied by a compensation of the surplus negative
charge through introduction of a univalent metal ion like

Na" into the apatite lattice. Some aspects of this

substitution were investigated by Azimove et al.l40»141

and by Gauée et al.lf2 Neuman showed that monovalent ions
like Na' and H,0" (iomic radii, 0,95 and 1.00 & respectively)

0
can displace Ca2+ iom (ionie radius, 0,99 A ) partially from

the apatite lattice, charge compensation being brought about
by appropriate depletion of some of the boundary ions.

24 2+

The oeccurrence of Ca - Eun substitution on

hydroxylapatite could recently be established by Mayer
et alo143 They could prepare fluor,-~ chlor ~ and
hydrexylapatites of europium as well as a few solid

solutions of some of these isomorphs. Gilinskaya and

144

Sheherbakova could preovide evidence for the replacement

2+ 2+

of Ca by Mn ions, the latter being capable of occupying

both Ca(I) and Ca(II) lattice positions.76 These results

were confirmed by Dubrov et a1.145 through EPR studies.

Vinnikov and Gugell46 also carried out similar exchange
studies on fluor and chlorapatites. Synthesis of oxyapatites

of composition, M4Nd6(8104)4(E04)2®2, where M = Ca,Sr and
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JEAa P, As and V was accomplished by Fedorov et a1.147, the

characterisation of the sgmples heing done by X=ray

~diffraction studies., Mayer et ax; 48 carried out similar

investigations in the system Ln, Mg oy Nag (P04)6F2

_ where Ln = La, Pr, Nd, Sm, Eu, Dy, Er, Lu, Y and M = Ca,

ﬁ Sr and Ba,

Evidence for Ca2+ - Fe2+ substitution on

hydroxylapatite over a limited compositional range was
provided, through M&ssbaur studies by Khudolozhkin et a1l%®

a substantiation of these results by chemical analysis

being done by Rao}se Through eguilibration studies of

2+ 2+

hydroxylapatite with solutions containing Ni“T and Cu°

Misra et alolsliceuld provide evidence for the replacement

+

ions,

of 032 by N12+ and eu2+ ions on the apatite lattice,

Narasaraju et a1.152 investigated Ca2+ - @02+ and Gaz+ = 6dz+

exchanges on hydroxylapatite, Band, Besse et a1.153’154

reported the existence of a series of compounds having the
general foermula Baw(Reos)6 x 2 , (where x = Br,1) named by
them as 'New rheniumapatites! while Schiff, Francosis,
Alain et a1.155 reported the formatkeon of a series of

2= 156

and 803_ ions., Berak et al,

could prepare strontium oxyapatite,

apatites containing S



1.8 Studies on Solubility

1.8.1 Significance

During the recent past phenomena associated with

‘dissolution of 21»86,157-162

hydroxylapatite have attracted
considemable attention because of their significance in
~diverse fi@lds. An understanding of the physiology of

human bones and teeth from the point of view of calcifica&ion
and resorption is possible through studies on the solubilities
ef hydroxylapatite., Further, such studies constitute the
basis of the different aspects concerning the occurrenrce of
dental caries andrthe prophylaetie action of fluorineolgfzg

In addition, it is evident that the availability eof phesphatic
fertilizers to plant kingdom can be explained through the
solubility behaviour of hydroxylapatite, the latter being

the stablest phase of calcium phosphates in aqueous media.

It is,therefore, no wonder that the solubility
phenomena of hydrexylapati?e have attained inter disciplinary
significance and have been demanding the attention of
physical chemists, bone biologists, dentists, chemical
engineers and geologists, to mention only a few. A survey
of literature on solubility of hydroxylapatite shows that
the results can be classified under (i) Non-stoichiometriec

and (ii) Stoichiometric dissolutions. The reported
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investigations, in general, were carried out with either
synthetic or natural samples obtained from bones and

teeth,

1.8,2 Nen-stoichiometrie Dissolution

Extensive studies on solubility eof hydroxylapatite
carried out independently by Neuman and Go—WQrker5157 and
Rootare et.al.159 could provide ample evidence to show
that the sample exhibits a non-stoichiometric dissolution
on the basis of a divergence of Ca/P, g atom ratio,of its

saturated aqueous solutions from the stoichiometrie value

of 1.67 . The divergence from stoichiometrie behaviour was

attributed to the formation of a surface coating on the
solute consequent upon its hydrelytic dissolution., While

Rootare: et 31.159

could prove this surface coating to be
a complex, Caz(HPO4) (0H)2,163"165 others could provide

evidence that it is either caleium monohydrogen phosphate,
CaHP04, or calcium pyrophosphate, Ca2P2®7, or octacalcium

phosphate, Ca4H(P04)3.

In order to simulate biological conditions and
to maintain a constant ionic environment in the medium of
dissolution, Levinskas and Neuman157, used 0,165 aqueous

solutions of sodium chloride as solwent to study the
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solubility of hydroxylapatite. They reported that for a
iiven set of experimental conditions, (i) the g atom
ratio, Ca/P, of the saturated solution was different
;rem that of the solute and that (ii) no reproducible

values for the solubility product, K could be obtained.

sp’
It was therefore supposed that the compound deviated from

‘the established laws of solubility.

The solubility products of a number of commercial
:and laboratory-made samples of hydroxylapatite were determined
159

by Rootare et al. They observed that‘the values ebtained

3 were divergent and dependent upon the solute to solvent ratio.,
Further, as shownrby Lavinskas and Neuman1§7 the g atom ratie,
Ca/P, of solutions im not constant at the stoichiometric

value of 1.67 . These investigators gave a convineing
explanation to account for the observed behaviour from the
point of view of established physico-chemical principles,
Their theoretical considerations were subgequently
substantiated by La Mer.lé@ Hydroxylapatite being the salt
‘of a weak acid, undergoes hydrolysis in agqueous solutions
yielding a solid surface complex, Caz(ﬂP04)(0H)2, which was
found to dominate the solubility equilibria according to

the following equations;-—

o 3 S 2 2
Ca o(PO,)g(BH), + 6H,0 = 4ca,(HPO,)(OH), + 2ca°* 4 20P0,". .. (1.17)

‘ 2+ 2~ -
4Ca2(HPO4)(0H)2 = 8Ca”" + 4HPO, + 80H o (1.18)
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Thus, it is evident that when equation (1. 17) predominates
the ¢ atom ratio, Ca/P, in the solution is unity while it
becomes 2 with the establishment of equation (1..18). When
]?eth the equations contribute equally to the solution
;precess this ratio becomes 10/6 as expected for thé

" stoichiometric dissolution of hydroxylapatite.,

The non-reproducibility of the Ksp of hydroxylapatite

as reported by Lavinskas and Nenman157 was attributed by

La Merle. to the complications invelved in the accurate
 determination of individual ion activity coefficients for

~ the systems employed. It was pointed out by La Mer that

by virtue of its biological significance an aqueous 0,165 M
solution of sodiﬁm chloride which is the solvent employed

by Neuman, can be considered as a standard selvent of
reference in which all ion activity coefficients can be
assumed to be unity., Based on that assumption the
complicated problem of. evaluating the individual ion a;tivity
coefficients involved in the solubility equilibria of
hydroxylapatike can be avoided. It was shown by La Mer that
3 Neuman's data, when recalculated on the basis of the foregoing
considerations, indicated that the solubility of hydroexyl-

apatite responded preSisely to the principles of solubility

product,
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Details of similar studies carried out with

natural samples were also available in the literature.
‘Brudevold et al.'®3 jnvestigated the solubility of dental

- enamel with saliva as a medium of dissolution. They found
:that among the possible solid phases, calcium monohydrogen
phesphate, @aﬁre4, was found to give a constant Ksp in the
pH range, 4,5 - 7.5 , Francis161 investigated the solubility
- of synthetic hydroxylapatite, dental enamel and a few more
allied natural phosphatiec minerals in solutions buffered

~ to a pH rangd, 3,5 ~ 6.0 . He eould show through chemical
analysis the formation of a coa?ing of CaHPO4 on the surface
of those equilibrated with acid buffers, He alse emphasized
the significance of corrections which are to be applied for
the evaluation of Ksp of the samples taking inte account

the complexing of the products of dissolution in acetate,

lactate and phosphate buffers. The change in the composition

could be explained on the basis of deposition of Caﬁre4 on

its surface., Based on such theoretical considerations,
Francis explained the role played by the parameters such as
particle size, solute %o solvent ratio, type and concentration
of buffers and pH in deciding the composition of hydroxyl-

apatite solution.
164

coating of calcium pyrophosphate, GazP207 » in controlling the

of the solution observed during dissolution of hydroxylapatite

Fleisch et al, investigated the role of a surface

solubility of hydroxylapatite. By extending the analogy to the

T ——
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‘fne processes a mechanism was suggested for the calcification

ﬁvd resorption.

Dissolution kinetic studies of symthetic samples

of hydroxylapatites of calcium and strontium were investigated
by Chickerur et 310166 at 370°¢C using IG4 sintered glass
crucible forAsepatating the colleidal component of the solute
from the saturated solutions. A non-stoichiometric dissolution
was reported, The proeess was found to obey first order
'iiﬁetics which could be explained on the basis of the surface

complex theory suggested by Rootare et al,l>?

Blitz et al.'® studied the solubility equilibria

of hydroxylapatitg obtained from animal bones and teeth

in order to characterise the phases likely to be formed as a
result of the reactions eccurring on the surface of the
samples and also to study the role of such phases in governing
r_the Solubility of the sample. They concluded that octacalcium
phosphate, Ga4H(P0$‘3, formed during dissolution of hydroxyl-

~ apatite controlled its solubility,

1,8,3 Stoichiometric Dissolution

The credit of proving for the first time that

hydroxylapatite obeys the established laws of solubility
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goes to CIarkgs'

He investigated the solubility equilibria
of hydroxylapatite over a wide range of experimental
conditions, the samples used being obtaiﬁed by mixing
solutions of calcium hydroxide aﬁd orthophosphoric acid,

He analysed the saturated solutions obtained from the
mother liquor of precipitate. 1In addition, the precipitate
was Subjected to the conventional solubility equilibria

to obtain the saturated solution which was also analysed,
It could be confirmed from both the sets of investigations
that hydroxylapatite exhibits stoichiometrie dissolution

resulting in a definite K at 25°¢, the pK__ reported

8p
being 115,5

Using precipitated sgmples of hydroxylapatite,
its solubility was investigated by Bardy et alol67 taking
the solute in the form of a pellet mounted on an elegtrically
operated stirrer fixed in a buffered dissolving medium
containing excess of potassium chloride to maintain a constant
bienie environment so that the activity coefficients of the
dissolved species remained constant, A Stoichiometric
dissolution was observed by them. Anothér set of investigations
substantiating stoichiometrie dissolution of hydroxylapatite

were considered by Fassbender et al.l“’169

In addition they
observed that the dissolution rate was controlled by a
combination of several consecutive partial reactions and was

dependent on the pH and surface area of the solute and

;
{
s
?
1‘:’
g

|
a
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independent of the temperature in the range 15—3500.
Zimmermann could propose a mathematical theory on the
basis of the data on the solubility of enamel, thereby
suggesting the pH range wvulnerable for the onset of

. dental caries. The influence of temperature on solubility
Bt apatitos was investigated by Valyashko et al.'”® ang

it was found that the solubility decreased with increasing

temperature,

Solubility isotherms of well-characterised samples
of synthetic hydrexylapatite were investigated by Moreno

et 310171

in the pH range, 5.0 - 7.8, and a stoichiometrie
dissolution was reported, Chander and Fuerstenau172 used
thermodynamics to study the interfacial properties and
equilibria in the apatite - aqueous solution system., They
observed that electrical double layer properties phay an

important role in the solubility of apatite, Systematie

investigations on the solubility of hydroxylapatite were
éarried out by Wier et a1,}62 using commercial samples
subjected to a rigorous purification either by refluxing
for 24 hours in contact with water or by auto-claving in
presence of IN ammonium chloride solution for 56 days

at 120°¢ under a pressure of 1,06 kg/emz,.the wash-liquid
being periodically replaced. Systematic characterization

of the samples was done through X-ray, petrographiec and
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chemical analysés. The samples were equilibrated in
media with pH vglues ranging from 4,3 - 6,7 and choosing
6.1, 6.5, 1.6 and 10.0 g of the solute per 108 ml of the
solvent., The e¢olloidal component of the solute present
in the solutions was removed by using specially prepared
cells made of plexiglas and fitted with cellulose acetate
dialyzing.membraneso Based on the results of chemiecal
analyses of the saturated solutions and calculating the
activities of the ionie Species present, they could
convincingly establish a stoichiometric dissolutiaﬁ of
hydroxylapatite, the observed average szp being 116,.5 ,
Divergence observed in the results of solubility of
hydroxylapatite was attributed to the presence of trace
impurities which get eliminated on rigorous purification.,

178 undertook the dissolution

Narasaraju and Rae
kinetics and solubility studies of hydroxylapatite,
chlorapatite and a series of their solid solutions spreéd
over the entire compositional range in buffered media
extending over a pH range, 4,9 - 7.5 ., They could convinecingly
establish a stoichiometric dissolution of hydroxylapatite,
chlorapatite and their solid solutions, the corresponding
szp values at 37°% being 110.,6 for hydroxylapatite and
115.4 for chlorapatite,
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-1.&.4 Miscellaneous Aspects of solubility

While the bulk of the results on solubility of
hydroxylapatite can be put‘under the abovementioned

:eategories of non-stoichiometric and stoichiometrie
dissolutions, a few significant scattéred results can

be shown under the category of miscellaneous aspects of
solubility of hydroxylapatite which involve both stoichiometric
- and non-stoichiometric dissolutions., The principal aspects
coming under such a category are the dependence of solubility
of hydroxylapatite on pH of the dissolwing me&ium and on

its crystal structure,

Among the earlier systematic investigations,
mention may be made of the observations of Benediet and

Kanthak174o

Theg noticed that the pH dependence of
solubility of dental enamel was similar to that of
tricalcium phosphate indicating compositional similarities
between the two, |

Ericssonl75’l76

investigated the pH dependence
of the solubility of synthetic hydroxylapatite as well as
of dental enamel, The solubility of hydroxylapatite and

its optimum pH range could be calculated by him. According

2=

to him the increased solubility in the presence of 393 ’

serum ahd saliva is due to the formation of complexes
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involving Ca ions, Davies and Hoyle carried out
further invdstigations on the solubility of such
complexes,

Narasaraju et al...9

studied the pH-dependence of
the solubility of hydroxylapatites of strontium and calcium
and a series of their solid solutions distributed over the
entire compositional range, the amount of the dissolved
apatite being calculated exclusively from the phosphate
concentration of the solution. An increase of solubility
with a decrease in pH was reported Paunio and Makiueny7‘
could establish an enhancement in solubility of tooth

' haterial and symthetic hydroxylapatite at a series of pH
values by the presence of sulphate ions,

Dissolution kinetic studies were also made by

179 3~ 2

iOegel and Garnier et al, on the release of PO, » HP O

and @eg' trem powdered samples of human normal toeth enamel

3
on it in Buffered solutions spread over the acidic region,

supposed to contain CO,” ion and on'the influence of P~ ion

The solubility of hydroxylapatite, fluorapatite
and a few of thgir solid solutions was investigated by
NaraSarajulla in the pH range, 5.3 - 8.2 , The solubilities
calculated exclusively from the experimentally determined

pheosphate contents of the saturated solutions were found teo

decrease with an increase in pH as well as with an increase
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;é fluoride content of the samples. The significance of

these results in the context of prophylactic action of
fluorine in the occurrence of dental caries was emphasized,
Proof for anisotropfic dissolution of a single crystal of

hydroxylapatite was conclusively
180

established by Jongebloed

et al., » using eitric and lactic acids as diséelving

‘media, The dissolution parallel to c-axis was found to be

much faster than that perpendicular to it, Scanning

‘electronmicroscopic patterns of the solute after attainment

' of saturation could show that the single crystal was twisted

along c-axis confirming thereby the existence of a screw

- dislocation parallel to it,

Daculsi, Kerbel and Kerbe1l8! yseq high resolution

transmission electronmicroscopy to study the mecid dissolution
- of biologieal and synthetic apatite crystals and their

dependence on the lattice pattern. According to them the

dissolution starts at the regions of dislocation and is

~ preferential across the 'c' axis due to the likely existence

of dislocations,

1.8.5 Explanation for Divergence B solubility

The foregoing account shows that results on the

Solubility of hydroxylapatite are characterized by divergence

and mutual contradictions among themselves. An exhaustive

Survey of the literature on the subject enables one to make
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a critical assessment of the results to throw light om the

 factors responsible for such disparitiese

Smith et 9.1.1‘2 made attempts to clarify the

reported divergence in the g atom ratio, Ca/?, of

. hydroxylapatite’solutiens by dissolving synthedic samples
in dilute hydrochloric acid at a pH equal to 4.5 . When
500 g of the solute were equilibrated in 1 litre of the
dissolving medium, the ratio was found to be higher thanm
the stoichiometric value, However, when the solute was
resuspended under identical conditions, stoichiometrie
disssolution could be observed. Similar results could be
arrived at when the amount of the‘selute taken was less
than 8 g per litee of the same dissolving medium, The non-
stéichiometric dissolution was therefore attributed £o the
higher proportion of surface impurities dissolved along with
hydroxylapatite when the amount of the solute taken for a
given volume of the solvent was large., It was concluded by
them that when the solute/solvent ratio was low the non-
stoichiometric dissolution caused by surflace impurities was

less than the experimental errors associated with the

micro-analytical determinations of calcium and phosphorus and

was therefore not perceptible,

In addition, the role played by errors involved

2+

in the micro—determination of Ca ’ Pﬂi" and ether ions in
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}fhe case of solid solutions of apatite in causing
iivergence of the results im not to be ignored. The fact
:that the Ksp values of the supposed surface coatings
(Such as CaHPO,, Ca, HPO, '(03)2 and Ca, H(PO,), appear
to remain constant is an evidence to substantiate this
grargument. It is evident that in all such cases, the
concentrations / activities of the Species such as.ca?+

v'ﬁP@i-, Hzpez and Poi" are raised only to relatively

?

lower powers for Ksp calculation ° - resulting in a
minimization in the errors associated with the determination
of such ions., On the other hand when the calculatkons

are extended to evaluation of Ksp of hydroxylapatite these

errors get magnified,

1.9 Mechanism of Calecification

Calcification}&;’l84 which involves an orderly

precipitation of hydroxylapatite within the organic

matrix of bone, governs the physiology of human bone. In
the light of the fact that a knowledge of the solubility
equilibria of hydroxylapatite plays an important role in
understanding the mechanism of calcification, it has been

considered appropriate to mention a few aspectw of it in the

present context,
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The results of in vitro and in vivo studies on

:fhe solubility of hydroxylapatite facilitated the understanding
;ef the mechanism of calcification, It has been established
‘that calcification occurs only at certain regions of the

.body known as sites of caleificatiox%° An important pre-
Vrequisite for the process to occur is the transport of the

5 assimilated calcium and phosphorus to such sites which is

- brought about by the body - fluids., For the promotion of
calcification, optimum environmental conditions should be
prevalent at these sites., The mechanism of establishment

of these conditions was suggested by Robison's scheme

according to which a local increase in phosphate - concentration
is brought about at the sites of calcification when a

substrate of phosphate ester is hyd;olysed by an enzyme

known ps phosphatase resulting thereby in the deposition of

hydroxylapatite,

It is found frpm a knowledge of solubility
behaviour of hydroxylapatite that blood serum is
supersaturated with reSpe¢t to it and its spontaneous
precipitation is therefore expected. Since such a
precipitafion is found to take place only at the sites of
calcification due to local action as mentioned by the

Robison' scheme, it is supposed that the prevention of

calcification in the non-calcifying regions is due to a
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'possible chemical binding of calcium and/ or phosphate,

. the details of which are yet to be clgrified, The theories

suggested to explain the ability of only certain regions

of the body to function as sites of calcification are

controversial,

From physiolegical eonsiderations, it can be

shown, that im addition to calcium and phosphorus. blood
serum contains ions suech as sodium, carbonate, magnesium
and citrate, Further, about ome-third of this calcium is
shown to be bound te prote:‘m--f‘raci;ionm5 through chelation
while the rest of it exists in the ionised form or as

soluble complexes of ions such as citrate and phoSphaﬁe°176

The phosphorus of blood serum exists mainly as HPOz_ and

to some extent as H2P0; and Poin. The composition of

blood serum suggests that it is complicated to apply the
principles of solubility product to account for the
deposition of hydroxylapatite, Its calcium and phosphate
concentrations are higher than'thase'corresponding to the
solubility produect of hydroxylapatite and approximate to
those of saturated solutiess of dicalcium phosphate, It was
therefore supposed by Neuman that precipitation of dicalcium
phosphate takes place initially, Hydroxylapatite, which is

the stablest among the calcium phosphates, is likely to be
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formed due to a subsequent hydrolysis of dicalcium

phosphate , Samachsonms’184

could provide a clear

in sight into the basic requirements of calcification.

- While he agrees with earlier theories as far as the role
of HPOE- as a prerequisite for calcification is concerned,
he considers the removal of H30+ ion as a factor essential
for the process as indicated by the following equation:~

D =
24 , , +
10 Ca™" + 6 HPO, + 10 H,O0 calO(P04)6(OH)2 + 8H,0

o‘lo“.-o(l.lg)

From the equation, it is evident that the deposition of
hydroxylapatite is favoured when there is presence of
proton-acceptors and a local increase in pH at the sites
of calcification. The foregoing account shows that a
plausible mechanism of calcification is possible only
when a more comprehensive interpretation of factors

controlling the solubility of hydroxylapatite is available,

1,10 Non-stoichiometric Apatites

Synthetic basie calcium phOSphatesiobtained by
wet methods have the x-ray diffraction patterns similar to
hydroxylapatite but eften depart from it in stoichiometry
by exhibiting a g atom ratio, Ca/p, ranging fromll.ss to

1,67 . Such compounds, known as calcium deficient or
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‘nen-steichiometric apatites, are of biological significance
 since the g atom ratio, Ca/p, of bone is lower than that
corresponding to the stoichiometric value. Such a flexibility
in the permissible values of Ca/p g atom ratio is responsible
for the role of bone-hydroxylapatite as a buffer in
eéntralling the composition of blood, These non-stoichhametric
apatites have an additional impertancelby virtue of their role
as catalysts in dehydration and dehydrogenation of primary
alcohols, leading to fhe formation of aldehydes and ketanes}86
the catalytic activity being proportiona1187 to the ecalcium
deficiency of the sample, Wilson; Sufdarsanam and Youngl88
investigated the halogen deficient cadmium haloapatites

With the structure Cdg (MO) , X (where Xmel,Br or 1).

Many theorieslag’lgg’zes'have been put forward to explain

the structure and composition of these compounds, @ameron,lag

190 191 192

Hodge, Schleede and Trémel et al. have advanced

independently a theory based'en the adsorption of HPO?' iens
to account for the non-stoichiometry of apatites. But

Posner193’194

rejected this theory on the basis that
non-stoichiometry was not exclusively due to surface
adsorption since the measured surface areas of the samples
were too low to account for the expected uptake of HPOi-

ions, Instead, the calecium deficiency was aceounted‘for

- by Posner on the basis of a statistical model depicting the
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2+

absence of Cav ions from the columnar positions of the

apatite lattice, the charge - balance being maintained by
195,196 .

the introduction of two protons., Winand et al.,

:ceuld explain the maintenance of charge_-balance through a
compensation of the two positive charges of each missing
24+

763 ion by an addition of Proton and removal of a structural

OH ion., The suggestion of Brown et a1}?7 that the calcium

fdeficiency is caused by an epitaxial inter-growth of

octacalcium phosphate, 0CP , (Ca/p = 1.33) and stoichiometric
hydroxylapatite (Ca/p = 1.67), was rejected by,Berryl98
based on infrared and thermoanalytical evidence for the

absence of GCP . Xuhl and Neberga11199

tried to account

for the existence of calcium deficient apatites on the

basis of introduction of HPQE— ions into the apatite lattice,
accompanied by a partial removal of OH ions. Based on the
recent literaturegeo'204 Yaung205 suggested that oeccurrence
of a deficiency of calcium hydroxide in hydroxylapatite is
responsible for the nonstoichiometry. According to Young

a cation-deficient apatite lattice attains a charge-~balance by

replacement of OH™ by Na .

The precipitation of calcium phosphates was studied

recently by Feenstra and De Bruyu%’6 by a method which allowed

super-saturation to build up under well-defined conditions.,
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They investigated the stage preceding the growth of
non-stoichiometric apatite crystals through a growth-

- study as a function of pH,

1,11 Inter-disciplinary significance

The trend of recent investigation8297-213 in

the field of apatites establishes convineingly their
interdisciplinary significance, In a brief review like
the present one, only a few significant aspeects other than

those given earlier merit a mention,

Apatites find an increasing appiication as
catalyst3207 in symthesis of organic compounds such as
sugars and their phosphoric esters, as luminophosphorszaa—213
and as starting materials for several phosphatic fertiliiiﬁéfls
The observation that kidney and prostrate218=219 g4 ..o
contain hydroxylapatite further enhances the bioiogieal and
physico-chemical significance of this compound since its
solubility behaviour can throw light on their poséible

elimination by dissolution,

Similar studies on apatites playarole in preventiﬁg
diseases caused by inha-1ati38%¢ dust containing apatites,
Another significant role of apatites in biology is the
utility of apatite-coated ceramics as dental prosthesiszzl

and artificial boneso222
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Though extensive workl’zl’30’31’157‘162’173

was carried out during the recent past on various aspects
of apatites in different disciplines, a researcher in the
ffield éuffers from the absence of an up-~to-date reviews
containing a consolidated and systematiec account of
rapatites. The present review has been an attempt to

compensate for this lacuna.



