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ptinelpul laorganie eoaal l laeat of feaaaa hones and teethe 

Clangs to an iaomorphoos aerlaa of aabataaeea kaova as 

•pat l ias* I t baa been tbe saHJeet of extensive iaveatigatioas 

baaaaae of i t s b io logieal s ionif iaaaee aad ita raaarkabla 

a b i l i t y to andargo a aariea of eat ioaie aad aaioaie axebaaga 

raaetioaa, tbe er i t er ia for aaeb aa axafcaaga bslaa tlw 

idaat i ty of ebarga sad the proximity of ionie radii of the 

paira of ioas iavolvad. itaioag aaeb dlaarsa axebsage raaetlcns 

a few bava attalaad aignifie«iaea dariag tba raeaat paat 

eonsofiaaBt «pon tba tox i e i i y of tba aienaata involvedt aaab 

sa axebaaga batag tba aaebaaiaai for ibair iaaorporatioa 

tata tai«aa akatatat ayst«»* Baaed oa tba eoatftMporary 

taportaaee glYsa to IHe toxie i ty eauaad by lead aad vaaadlaa 

to tba baaiaa ayataa, atadiaa on tba replataaaat of ealalaai by 

taad ( toa ie radii 0*99 aad 1*20 X ^apaet iva ly ) and of 

pbaapbor«a by vanadina (Caraleat radii 1.10 aad 1.22 t 

reepaclively) bava beaa eboaaa for tba preaeat tarest igat loaa. 

I t la avideat tbat a eoieplata raplaeofseat of C|a IOM by 
2* 

Fb ioaa taada to lead pboapbate apat i te , ^^iQi^^^)^i^^)2* 

vbi la tbat of <̂>?'* by yo^" teada to lead veaadata apat i te , 

Fb|Q(yo^)^ (^^}2« botb belag laMsorpba »t ealeims hydraxyl 

iH»atite« A part ia l raplaaeaeat la aitber eaae laada to 

fapaatloa of eel Id aalatloaa of tba eoaearaed ead'Haaabara* 
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Xt liaa haaa aatabliahad that inhalation of laad 

in the fora of daat or faaaa or I t a abaorptioa throngh tlM 

•k ia laada to "lead poiaoalag** (Pluabian) vhleh i a , la 

9aaaral« an oeeapatioaal dlaeaaa. I t la v a i l kaiHrn thai 

load aalts are extaaaiireljr used in patrol to inprova i ta 

ifaallty «id la pottery asd paiats raaaltiatp la eaataslaatioa 

leadlRf thereby to a poasihi l i ty of iaeorporatlon of this 

•leneat iato the haataa akeletal ayst^a. As ia the eaae of 

lead the toxie effaet of Taaadias is ha»aa aysieai haa haaa 

eoafiroted. Ia addlttoBt i t eoald be proved that a few 

apeeies eoaiag under the siarine organiama are also valnerabla 

to aaeh a t a x l e l t y . I t eoald be ahova that the priaeipal 

pollttt iag aoarcea ot Tasadiaai are i t s preseneo In certaia 

variet iea of ateel aa v a i l as the iadastr ia l establiaha«Bta 

tavotviag the eleaent and i ta sotlts as eatalyata* 

I t eoald be anwabigBoaaly established that iMia 

laeerporatfid ta the ha»an skeletal system throanh exehttnga 

raaetioaa oa ealettta hydroxylapatite of bones play a 

• ign i f iesa t role ia tee priaeipal boae proecssos, aa»ely, 

ea le i f i ea t ioa aad reaorptioa, the depositioa sad dissolutioa 

respeetively of ealeias hydroxrlapaiite at the inte^rfaee of 

bone aad body f l u i d s . €oRse(iaeatly» say attempt in the 

tflreetioB of eliminatioa or aiaiesisattoa of aaeh a tex ie i ty 

ta a8So<<'iatPd with a study of ih«> solubil i tT of ealeiaa 

hydroxylapatite aa wall aa of the prodsata af the exehaage 
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reae i i«aa m n i t o a v d above aader siaialat«d b lo loo iea l 

eoBditioos* 

f*roaipled b j aaeb a eonslderat loa tbe present work 

vhieb deals a t t b the preparattoR, ebaraeter isat l^B aad 

• o l t t b l l i t y e ^ t t i l i b r i a of lead phoaphaie a p a t i t e , lead 

vaaadate i^patile aad a aer lea of e igbt of thd t r ao l ld 

• • l o t l e n s apread over the e n t i r e eottpoait loaal raa«a, «aa 

sudertakOB. Adoptiag eopree ip i ta t ion of tbe ead-iaeaibera 

in acfueoua aedia threo^h a Jadleioas aiodif ieat ioa of tbe 

e x i a t i n ^ methods, the sa«plea were prepared at 37^C to 

• isralate b i o l o g i e a l eosd i t ioaa , 

Cbaraeter iea t ioa of tbese sanples vas hroaght 

•%o«t tbroagb aopbtat leated ina tnmoBta l techsiqaea aaeh 

•a X<-ray d t f f r a e t i e a , e lee t roas i ie roscop7, i . r . spectra l 

• t ad iea asd thermogravlaietry in addlt ioa to tiMi eonveatloaat 

ei i«alcal aaalyaea* Vegard'a lav de»aada that tbe a a i t e e l l 

vol««e of a ser ies of so l id s o l a t i o ^ i vftrtes l i n e a r l y v i t b 

Ibe eo«positiOR and o f fe rs a eonvealeat method of s e r a i t a i a i a g 

i b e i r boaegeneity. As la to be expected f ron tbe bigger s i s * 

of vaaadate l e a , a repIaeeiMBt of pboapbate ion by i t brlags 

aboat a d t l a i t e a of tbe a a i t c e l l , A systeaiatie l i a e a r 

depeadeaee of tbe un i t e d t l volaaea v l t h tbe pre;>ortiea of 

vraBBdate loa rap lae lag ptkoapbaie lea obaerved l a tbe preaeat 
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•ariaa of aol ld aotations eonflrmad thatr hoao^aaeity* '' 

The alactroa«}ierographB of a fe« rapraaaataiira aanplas 

ravealed fha haxagonal paiiarn of the erystala eoaf imlag 

iha abaaaea of axiraaaaaa phaaaa aad aaabling ar>proxiaata 

ealealat ioaa of the mpteitie anffaaa araaa aad avaraf* 

diaaaaioaa of the individual er jata la . Tha i . r* abaorpiiaa 

apaetra eoald eoaf lm the Ideatity of tha aaaplaa* Tha 

pradoMlaaat abaorption peaka raoorded la tha tr^cee of tha 

awaplaa vara foaatf to be daa to the orthopheaphata aad 

erthovanadate laaa. la additioa, tha i^aorptiaa paaka daa 

to earbonata aad pyrophoaohata iaaa* tha two l lkatf 

i vpar i t las , vara feaad to be abseat. Th<» abaenea af 

earbonata ion altaiaataa tha paaslbilitjp of ataoapharla 

iRteraetioB leodlnq to tha fornatioa of carbonate apatite* 

Theniegraviaetrie aaalysis iadleated that a tavparatura of 

300*V: ahoaan far driving oat vo la t i l e lMp«rltl*a froa tlia 

aaaplaa,dld not i a f l l a t a eheaical deeoapoaitioa on thea. 

Stadtaa on the a o l a b i l l i y of tha aaaplaa vara 

aadartakaa at 97*C la order to laTaatlgata Ita dapaadanea 

aa the raplaceaaat of f o . ion by ?0. Ion oa lead phoaphaie 

apat i t e . Siaoe It vaa intended to deteralae tha aolubi l i ty 

predaet of aaeh atapta froa data raaaltlag frme the ehaalaal 

aaalyaea of the aatarated aolntion, a bnffered difisol\ing 

aadtaa vaa aaad to aa lata ia eeaatasey of tha aat iT i t j of 0B'*1OM 
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tstrolved in saeh esleulstlons. la orddr to tnvostiaste tho 

roprodQelbillty of tl» solubility prod«ets so detemiBod, tho 
u 

stodios in oaeti esse ver« extended to s fow ehosen p trolnosy 

tho rflUi0O bo lag rostrietod oaly from 2.0 to 2«7, sinee there 

vas a aarkod f a l l ia the so lab l l i ty of a l l tbe 8«a;>les at p 

l i l a o higher thaa 2 .7 , In addlt ioa, a l t aaeh haffared 

tfiaolviag «odia wore aiaiataiaed at a aa tar l ty af 0.165 with 

roapoet to aodiaa chloride to sisalate bielodieal eonditions, 

Sy adopting aaeh a nedlaa of di«@olutioa the eoaplieated 

proeesa of oralaating acearatoly the aet lT i ty eoeff ieieata 

of polyvalent ions eonld ho avoided by aa«n«iBg a l l of thoa 

to be uaiiy vlfchout foregoing aeearaey* I t is evident that 

aaeh ealealatioaa aake tho aotah i l i ly prodaet. ff. » sad the 

iealc prodaet, K. » aynonyaooa* 

Eaeh one of the po«tfa»a4 oaaplaa «aa aipii l ihralad 

« t t h tha ehoson baffer cMiblnatioa aa the aediaa of 

diaaolatioB at a eontrotled rate of shaking uaiig a constant 

taa^aratara ahaker'>hath« The eol loidal eoapoaoat of the solate 

praaont ia i t s satarAted eolation dae io i ta lo« aolubi l i ty 

wm» aeparated by f i l t r a t i o n at 37**C through a IGd aintered 

f laaa eraeible before the solatitwa were aaalyaed for the 

prodnets of diaaolutloa* A separate expdriment eonld prove 

tha a a i i a b i l i t y of aaeh eraeibles for eol loidal separation* 

Vhile phoar>horas and vanadlaa vera deterained 
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ee lor lne i r tea l l j y e«iipl«x<NM»lry ««• adopted for tko 

determinalloa of lead, the attainable aeearsey la a l l %tm 

oaaea being aerattalsod by aaaiyaia of oolvttoaa of koova 

eorapoaltioaa* 

A oorntiay of attatnMent of aataraticMn and tkO 

aiataniM period of equll lbratioa r e h i r e d for the parpoae 

wore dotemised tbroagh dlasolntloa Kiaotiea of a eeaple of 

roproaoatativo amples, from aaoag tbe ooaeeatratloaa of tiM 

prodaeta of di««ol«t loa, the aoaaarod tota l dlasolved 

pfcoapboma vaa aabdl^lded Into tbe propertioaa of 

orthopboopiiorle aeid aad i ta three diesoeiatioa prodaeta, 

RJPO^ , WO. aad FO. aaing tbe tkree dtaaoeiatioa ooaataata 
n 

of the aeld aad tbe oifailtbrlnn p of tbe airateM, tbe ta t ter 

being repaired also for evalaating OH*" Ion eoaeeatratioa 

aoeded for tbe ealoalatioa of aotabl l i ty predaot* 

There exiate aa aMbigaity ta tbe ear l ie r IStArataro 

rogardiag tbe aolute phaae l ike ly to eontrol the eolubi l t ty of 

apatite ayateaa i lnoe tbe diaaolatlMi iavolTod ia bydrolytie* 

That tbe apatitea exhibit atoiehiosetrle dtaaolatioa eonld not 

aaaHblgaooaly bo oatablished by the ear l ie r workers, la order 

to iareatigato thia aignlf ieaat aapoot of dteaotatioa of 

apat i tee, the aolabi l i ty data of the preaeat Inveetigationa 

wore aabjeeted to ealealatioaa to eatabltab vhieb waoag tiM 

1 
t 
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paaatbla pkaaaa axlitl»lt«d a eanatfwer far iha aet lTt ty 

prodaet of i t a iona. i t la avidant i lwt far tfoa plieaphata 

••tttalttiBg i^at i tea aseft phaaaa ara tHa pr i«arf «•<! aaeondary 

phaapkataa af tke e^tal eoneanied ia addftioa to tha apat i ta . 

By analogy with a deabla a a l t , Ca2(ttP0^)(6R)2t a piiaaa 

r«portad to eenlrol tb«'> aolubi l i ty predaet af aaleiaa 

bydraxylapatita hy faaetloaing aa a aerfaee eeatlag* tlM» 

ianle predaat of i t a load eoaatarpartyPto2(*'*^4)^^*'')9* * * * alaa 

•alaatatad for tha praaaai ayatma. Exwainatioa of the data im 

ao lab i l i i y af a l l the phaaaa naatioaad abava ravaala that ike 

ioale prodaet of i^^atita ahovad a eonaiaaey over the aat ira 

p ranoa ia ' taai i faiad aad the ealealatad aat of valnaa ware 

faaad to l i e v i th ia tha error l i is i ta* I t ia evident that iha 

eorreapondiag vaaadate phaaaa are raiavant far lead rwiadata 

i ^ a i i i a vhi le tha phaaaa af both pboaphate md vaaadata ara 

io be eonaidered far the ayatena iavolving the ao!id aolntioaa. 

Saeh ealealatioaa aare done ea the data of aolubi l i ty of a l l 

tkaaa aaaiptaa. That the apatite phaaa ew»tralled the aa lab i l i t y 

vaa farther aapplaoeated by the faet that tha g aioa ratta» 

Pb/(F^V)» of the? aataraled aolatioaa of a l l tha aaaplaa vaa 

ta the proxitaity of the theoretiaal valaa (1*67) eonflrsiag 

•aaabigaoaaly ataiahioaiatrie diaaoluti^B of apati tea. Aat 
r 

addltioaal attbataatiatloa of thia fact vaa that the p ip valaaa 

• f tlM aaaplaa arare foand ta be anaffeated by the addition of 

tea iosa* 
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I t <o«ld b« OBtabllshod fsrtlier that tho 

• o l a h i l i t y product of oaeh aaaiple of th* aarioa whila 

roaaislaff eoBstsnt at a l l the p valaaa iaveatigated^ 

iaareasad ayatettatteally vttti aa inera««a ia the e<taat 

of raplaeoaeat of FO. by ro]: • Aa iatorpretatioa of thoaa 

raaalta eoald be presided by the eoaeept of sltoratioaa 

ia l a t t i e o and hydratioa oaargiaa of loaie eryatal« 

eonaoqaoat apoa iao8tor^he«a aabatitatloa* 

^.. 

/r-
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PREFACE 

Calcium hydroxylapatite, Ca (PO ),(0H) , the 

principal inorganic constituent of human bones and teeth, 

belongs to a large family of Isomorphous substances known 

as 'Apatites'. It is capable of undergoing several cationic 

and aipionic substitutions without disrupting the crystal 

structure. Such substitutions are of significance both 

from biological and physico-chemical points of view and 

constitute the basis for formation of solid solutions 

among these isomorphs leading to the incorporation of 

several toxic ions into human skeletal system. Two among 

such incorporations are replacement of calcium by lead 

and of phosphate by vanadate, both the replacing elements 

being toxic. The present work was therefore intended to 

investigate the physico-chemical aspects of these 

subst itut ions. 

A prereqiuisite for such a series of investigations 

was to arrive at an optimum set of experimental conditions 

to prepare samples of phosphate and vanadate apatites and 

a series of their solid solutions spread over the entire 

compositional range and to characterize them through 

sophisticated physico-chemical techniques. In spite of the 

fact that phosphate and vanadate apatites of lead were 

prepared by earlier investigators the availability of an 

identical set of experimental conditions for the preparation 

of both these samples has been lacking. It is evident that 
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such a set of condj.tions suitable f6r the end-members 

can be extended to the preparation of their solid solutions^ 

The physiology of bone and tooth is governed by 

calcification and resorption which are respectively the 

dissolution and deposition of calcium hydroxylapatite at 

the bone / body fluid and tooth / saUvai interfaces. It 

is evident that any attempt in the direction of removal 

of the incorporated toxic ions is based on a knowledge of 

the solubility phenomena of the samples under simulated 

biological conditions. While the solubility of lead phosphate 

apatite has earlier been investigated that of lead vanadate 

apatite and its solid solutions with the former was not 

undertaken and therefore motivated the present investigations. 

In spite of the fact that studies on apatites are scattered 

over several disciplines, a physical chemist is considered 

to be better suited for investigating the aspects mentioned 

above providing thereby an additional justificafedon for 

undertaking the present studies. 

The thesis has been divided into three Sections. 

Section 1 has been an attempt at a judicious compilation 

of information about calcium hydroxylapatite based on the 

earlier investigations cairried out in diverse branches of 

research, the physico-chemical aspects 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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Section has been presented in the conventional pattern 

of a research publication. The preparation of lead 

phosphate apatite, lead vanadate apatite and their solid 

solutions along with the confirmation of their homogeneity 

through chemical, X-ray, ejectronmicrographic, infrared 

and thermogravimetric analyses have been included in 

Section 2. Section 3 is constituted by the details of 

investigations on the solubility equilibria of samples, 

A\ consolidated list of books and journals 

consulted has been given at the end of the thesis to 

facilitate easy reference. References pertaining to each 

Section have not been separately listed to avoid duplication. 

For such of the references, the originals of which could 

not be consulted due to non-availability, the particulars 

about their 'Chemical Abstracts' have also been given. 

The journals have been abbreviated based on the pattern 

followed in 'Chemical Titles' published by the American 

Chemical Society. 

I express my gratitude and indebtedness to 

Dr.T.S.B. Narasaraju, M.Sc, Ph.D. (Hamburg), Professor of 

Chemistry and Head of the. Department of Chemistry, North-

Eastern Hill University, Shillong, for suggesting the 

problem and for guidance, I am grateful to Dr. Y.S.T. Rao, 

Reader, Department of Physics, North-Eastern Hill University, 
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Shillong, for offering a constructive criticism. I am 

also thankful to the staff of the Department of Chemistry, 

North-Eastern Hill University, Shillong, for cooperation 

throughout the progress of this work. Thanks are also due 

to GSI, Shillong, in general, and to Dr. Kamal Wandi and 

Sri R'ampratap, in particular, for the X-ray diffraction 

patterns. Help extended by Prof. C. Suryanarayana, 

Department of Metallurgical Engineering, Banaras Hindu 

University, Varanasi, for recording the electronmicrographs 

of the samples is also gratefully acknowledged. I am 

grateful to Sri Lakshminarayana and Sri V. Krishna Murty 

for preTparation of the diagrams included in the thesis. 

I thank Sri S.K. Gupta, Lecturer, Shillong College, 

Shillong, for his kind cooperation throughout the progress 

of the work. I place on refiord my indebtedness to the 

authorities of Lady Keane Girls' College, Shillong, in 

general, and to the Principal of the College, Miss. A. 

Marbaniang, in particular, for permitting me to carry out 

part-time research VThile holding a teaching assignment 

in the college. 

Department of Chemistry, (PETA VENKATA RAMANA RAO) 
School of Physical Sciences, 
North-Eastern Hill University, 
Shillong (Meghalaya) 

"^vAjuly, 11984. 



LIST OF ABBREVIATIONS 

CaHA : Ca (P0 .),(OH)„> Calcium Hydroxylapatite 

or 

Calcium Phosphate apatite 

LPA : Pb (po .) . ( O H K * Lead phosphate apatite 

LVA : P''io^^^4)6^^^^ 2' Lead vanadate apatite 

LPVA: Pbio(P°4)x^^^4^6-x^^"^2 ^ ° ^ ^ ^ solution of Lead phosphate 

apatite and Lead vanadate apatite, 

(6 > x^ 0) 

K. : Ionic product of samples in their saturated solutions. 

K : Actiwity solubility product, sp "̂  J F • 

23 
N : Avogadro's Number ( 6,023 x 10 ) , 

p ip : - log K^p 

If 
p sp : - log Kgp 

K H OH p Wf : p + p 

Slurry density : Weight of solute per unit volume of the 

medium of dissolution (g/ml), 

V i Unit cell volume ( S ). 
uc 
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GENERAL INTRODUCTION 

1.1 Classification of Apatites 

Calcium and phosphorus exist in human and animal 

bones and teeth . They also occur in nature principally as 

fluorapatite, Ca,_(PC,),F^, which is a member of an isomorphous 

series of minerals named by Werner as "Apatites" ("Deceivers" 

in Greek). This name is justified because of the difficulties 

involved in their identification due to their non-stoichiometric 

3-11 
existence. Some of the important members of the series 

and their lattice constants are given in Table 1-1. 



T a b l e 1-1 

Name, m o l e c u l a r f o r m u l a and l a t t i c e c o n s t a n t s o f a few 

p r i n c i p a l members o f A p a t i t e s e r i e s : 

S . 
N o . Name M o l e c u l a r f o r m u l a L a t t i c e c o n s t a n t s ( A ) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Barium hydroxyl-
apatite 

Cadmium " " 

Calcium " " 

Chlorapatite 

Fermorite 

Fluorapatite 

Hydroxyl-
vanadinite 

Lead hydroxyl-
apat ite 

Mimetite 

Ba 
10 

Cd 

Ca 

Ca 

Ca 

Ca 

10 

10 

10 

10 

10 

Ca 
10 

10 Pyromorphlte 

11 Strontium 
hydroxylapatite 

12 Vanadinite 

13 Cadmium 
Chlorapatite 

14 Calcium arsenic 
chlorapat ite 

15 Magnesium Apatite 

Pb 

Pb 

Pb 

10 

10 

10 

Sr 

Pb 

Cd 

Ca 

10 

10 

10 

10 

Mg 
10 

P04)^(0H)2 

P04)6(o«)a 

P04)6(0»)2 

^04)6 ^^2 

AsO^)^ F2 

^^4)6 ^2 

VO^)^ (0H)2 

PO^)^{OE)^ 

AsO^)^ CI2 

P04)6 CI2 

10.19 

9.01 

9.42 

9.63 

9.75 

;>9,37 

9.82 

9.90 

10.36 

9.95 

P 0 4 ) 6 ( 0 H ) 2 

P 0 4 ) 6 CI2 

AsO^)^ CI2 

P 0 4 ) 6 { 0 H ) 2 

9.76 

10.47 

9.62 

10.07 

9.30 

7.70 

6.61 

6.88 

6.78 

6.92 

6.88 

6.98 

7.29 

7.52 

7.32 

7.28 

7.43 

6.49 

7.26 

6.89 

* Also reported as members of Pyromorphlte series. 



Each member of the series can undergo a series of 

cationic and anionic isoraorphous substitutions leading 

to the formation of the corresponding isoraorphs. A 

biologically important example of such a substitution 

is provided by the replacement of F~ by 0H~ on 

fluorapatite resulting in the formation of hydroxy 1apatite, 

1 12 
Ca,Q(PO.)^(0H)2- This compound is shown ' to be the 

principal inorganic constituent of both human and animal 

bones and teeth and has, therefore, been the subject of 

extensive physico-chemical and biological Investigations. 

Consequently a knowledge of its location and its role 

played in bones and teeth described below, is a pre requisite 

for undertaking a meaningful series of investigations on 

it. 

1,2 Location and Role Played in Bones and Teeth; 

Bone is a dense, hard and highly specialised tissue 

consisting of organic and inorganic constituents. The former, 

&mounti.ng to about 30 per cent by weight, is made up of 

collagen, a cement substance and a cellular component. 

Collagen is a complex interwoven net-work of a fibrous 

protein and constitutes an extra cellular matrix of bone, 

while the cement substance consists of a few hexoses linked 

with the protein. The cellular component, in turn, consists 

of cells designated as osteoblasts, osteoclasts and osteocytes 
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which are concerned respectively with dissolution, 

deposition and nourishment of bone. The inorganic part 

of the bone consists of an amorphous and a crystalline 

phase, the former being tricalcium phosphate while the 

latter is hydroxylapatite. The amorphous phase is 

13 predominant in younger bone and gets partially transformed 

into the crystalline phase with age. About 40 per cent by 

weight of an adult human bone was found to be hydroxylapatite 

the crystals of which are oriented in the collagen fibres 

with their long axes parallel to the fibre direction. 

This view has been confirmed recently by AscenzTTAT^ 

14 
Bonucci.E. et.alj^ through x-ray diffraction studies 

1 3 contrary to an earlier finding showing their presence 

in cement. Intimate morphological and chemical relationships 

exist between collagen and these crystals, the former being 

15 a nucleating agent for the precipitation of the latter. 

The low angle X-ray scattering studies by Engstrom and Finean 

suggested the average length and breadth of these crystals 

to be about 200 and 65 A respectively. In addition to the 

constituting elements of hydroxylapatite, sodium, Potassium, 

magnesium, chloride, carbonate, fluoride" and trace amounts 

of iron, copper, manganese and zinc are the usual inorganic 

17 ions present in the above and ,were shown to be located 

in the hydration layer at the bone-body fluid interface. 

In addition, bone contains about 20 per cent of water by 

1 3 weight , present mostly in the organic matrix and in 

traces in hydroxylapatite crystals. 

16 



Bone plays a significant role in the metabolism and storage 

of calcium, phosphorus and other inorganic ions present in 

the human system. In addition, its mineral phase was shown 

to be the seat of action for the removal of several toxic 

ions such as lead, cadmium, barium and arsenic from the body 

fluids. The strength and rigidity of all higher forms of 

life can be attributed to the individual bones and their 

joints which together constitute the skeletal system. 

13 

Tooth consists of an outer part known as crown, a neck which 

is surrounded by gum and one or more roots or fangs fitting into 

the sockets of the Jaw-bone. The main dental tissues are 

enamel, dentine and cementum. The crown is r'Fbated by enamel 

which rests on dentine and the latter occupies the bulk 

portion of tooth. Cementum helps in the fixation of tooth 

in the socket of the jaw-bone. As in the case of bone, the 

dental tissues are made up of inorganic and organic constituents. 

Hydroxylapatite admixed principally with ions such as magnesium 

and carbonate was shown to be the inorganic constituent. The 

weight per cents, of it in enamel, dentine and cementum were 

found to be about 95, 75 and 35 respectively. The crystals 

of hydroxylapatite of bone, dentine and cementum were found 

to be similar in size according to their morphological 

similarities, while those of enamel were found to be bigger 

and arranged at right angles to the tooth surface. Recent 

X-ray diffraction studies on powdered enamel samples 
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indicated that the formation of crystals of hydroxylapatite 

of enamel located on human deciduous teeth was less perfect 

than that of the permanent teeth. Unlike other calcified 

tissues which are in equilibrium with the internal fluids, 

enamel equilibrates with saliva and is thus a seat of 

action of locally administered prophylactic agents of dental 

,19,20 
caries, a tooth decay caused by acidogenic bacteria. 

1 •^ Stability ranges of calcium salts of ortho phosphoric 

acid - Cao-PgOc-- H^O Phase Diagram 

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

22 (ii) utilisation of phosphatic minerals by plant kingdom 

2 3 and (iii) geological aspects of several naturally 

occurring phosphates contributed to our present knowledge of 

the phosphates of calcium. Preliminary studies intended to 

establish ~ the conditions of existence of phosphates 

of calcium were restricted to the solid phase reactions 

of the binary system, CaS^P„0(.. It was not, however, 

recognised that an imperceptible inclusion of traces of 

water elevates this binary system to a ternary one, 

C'ao-P _0_-Hr>0. Earlier investigations on this ternary 
2 5 '^ 

system were restricted exclusively to chemical analysis, 

the results being unreliable due to absence of a proof of 

homogeneity of the phases. The amorphous nature of the 



constituent phases further complicated their identification. 

These considerations necessitated the application of phase 

rule to the system and exposed the limitations of the 

27 exclusive use of chemical analysis for the purpose. It 

is well known that important prerequisites for the 

validity of phase rule are the attainment of equilibrium 

and the existence of homogeneous phases separated by sharp 

boundaries. Fulfilment of these conditions in the Cao-

P2O1--H2O system were found to be complicated due to the 

slow attainment of equilibrium ' and the amorphous 

nature of the precipitates formed. 

A criterion of attainment of equilibrium in a precipitation 

reaction is the availability of identical results both from 

the sides of supersaturation and undersaturation. In addition, 

solid phases are characterised by a high degree of reactivity 

due to their large surface areas. Further, they exist as 

colloidal suspensions causing additional complication in 

their filtration. The preliminary experimental data on the 

conditions of existence of calcium phosphates became repetitive, 

disorganised and contradictory since the factors mentioned 

above were not given proper considerations. Cameron and 

3 1 

B a s s e t t i n d e p e n d e n t l y c a r r i e d ou t i n v e s t i g a t i o n s on the 

a p p l i c a b i l i t y of P h a s e Rule t o Cao-P20(-- H^O s y s t e m and 

t h e r e s u l t w o b t a i n e d a t 25^C a re i n c o r p o r a t e d in t he p h a s e 
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32 
diagram given in Fig.1.1 The abscissa and the ordinate 

of a given point on the phase diagram represent the weight 

per cents, of phosphorus pentoxide and calcium oxide 

respectively, the rest being water. The possible solid 

phases of the system are:-

(i) anhydrous monocalcium phosphate, Ca(H2P0.)2 

(ii) monocalcium phosphate monohydrate, Ca(H^PO .)g^HgO 

(iii) anhydrous dicalcium phosphate, CaHPO. 

(iv) dicalcium phosphate dihydrate, CaHPO .2H2O and 

(4) a crystalline precipitate of variable composition with 

an X-ray diffraction pattern similar to that of an 

apati te, 

Avl 1 these phases could be identified through their 

distinct X-ray diffraction patterns supplemented by their 

chemical analyses. The blank regions of the phase diagram 

represent the solution phase while the solid phases are 

indicated by areas marked by convergent lines. Anhydrous 

monocalcium phosphate and its monohydrate exist as well-

defined crystals in acidic regions of the phase diagram 

which correspond evidently to the compositional ranges 

having a high proportion of phosphorus pentoxide; they can 

33 thus be obtained by cooling solutions of such compositions, 

The acidic region is also found to be favourable for the 

33 formation of dicalcium phosphate. The aqueous acidic 



Fig. 1.1 Phase Diagram of CaO-PyO -H^O 

System at 25 C. 



F.fl. 1 .1 
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solutions are to be heated to an optimum temperature 

for the precipitation of dicalcium phosphate as it follows 

a retrograde solubility. Dicalcium phosphate dihydrate 

exists over a limited ran^e of experimental conditions 

making its isolation difficult. Since a crystalline 

precipitate of variable composition exhibiting the X-ray 

diffraction pattern of naturally occurring apatites 

constitutes one of the phases of the diagram the region 

of its existence is indicated by an elliptical area. This 

phase is given the formula, Ca.^(P0 .),(OH)_, and represented 

in Fig. 1-1 as Caj.(PO.) OH, neglecting its variable 

composition and water content. 

Most of the investigations done on the calcium 

phosphates deal with the hydroxy 1apatite phase which is 

characterised by a variable composition and constitutes 

21 

phosphates of calcium having a g atom ratio - ranging from 

3/2 to 4/2; the limiting ratios correspond respectively to 

tricalcium phosphate (TCP), Ca„(P0.)2> and tetracalcium 

phosphate, Ca^CPO .)2.CaO, as shown in the phase diagram. 

It is evident from the diagram that in the alkaline region 

which is charaojreris ed by a higher proportion of calcium 

oxide, the only solid phase capable of existence is that of 

hydroxylapatite. The phases stable in the acidic region 

get transformed into hydroxy 1apatite for compositional 
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ranges indicated by an upward arrow in the diagram. 

34 Some of these conclusions could be confirmed by Seuter 

on the basis of studies on this phase diagram at 

temperatures higher than 800°C. 

The existence of an additional solid phase 

called octacalciura phosphate ( OCP ) , C a„(PO .) 2'C aHPO ., 

in the neutral region of the ternary system was suggested 

35 by Hayek et.al. OCP could be demarcated from hydroxyl-

apatite through its X-ray diffraction pattern and electron 

micrographs. However, OCP has not been indicated in the 

phase diagram as a separate phase. Formation of OCP could 

be substantiated by Chaikina et.al; on the basis of 

recent studies on this phase diagram at 25 C. 

1,4 Preparative Techniques Based on Conditions of Formation 

It was shown in the phase diagram of Ca0-P20^-H20 

systemn, that for a wide range of compositions calcium 

phosphates can be shown to be hydroxylapatites base^ on 

X-ray diffraction patterns which are similar to those of 

naturally occurring apatites. Since such a phase is shown 

to be stable over a wide area in the phase diagram, the 

corresponding g atom ratio, Ca/P was found to range from 

1.5 to 2.0. These results facilitate the establishment 
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of experimental parameters optimum for the formation 

37 of hydroxylapatite. It is evident that hydroxy 1apatite 

is the stablest of the different calcium phosphates in 

weakly acidic, neutral and basic media. Consequently, 

hydrolysis of other calcium phosphates leads to the 

formation of hydroxy 1apatite. 

Basset reported the precipitation of 

hydroxylapatite from solutions of calcium oxide and 

phosphorus pentoxide of appropriate concentrations which 

is in accordance with the suggestion offered by the phase 

diagram, Lorah et.al. investigated the time-dependence 

ofg atom ratio, Ca/P, of the compounds, calcium monophosphate, 

Ca(H„PO.)p, calcium diphosphate, CaHPO., calcium 

pyrophosphate, CapP207> and TCP, Ca„{PO.)„, when treated 

with sodium hydroxide solution. They found that the ratio 

attained constancy equal to that of naturally occurring 

apatite within about 50 hours substantiating the statement 

that hydrolysis of calcium phosphates leads to the formation 

of hydroxy lapatite. Schleede et.al. obtained similar 

results by refluxing TCP with a dilute solution of 

Potassium hydroxide for about 7 hours. 

Isolation of hydroxylapatite from bones and teeth 

is found to be complicated, the techniques adopted 

inflicting a change on the sample. Synthetic samples which 
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can be prepared with a high degree of purity are better 

suited for purposes of physicochemical investigations. 

A survey of different methods of fib'rmation of hydroxyl-

apatite indicates that very few of them are suited for 

its preparation. Synthesis of apatites can be brought 

about by wet, dry and hydrothermal methods. 

1.4.1 Wet Methods 

Among the available methods those based on 

precipitation from (jqueous solutions are the most suited 

for preparation of appreciable quantities of apatites, 

39 A method suggested by Hayek and Stadlraann is widely 

used for the purpose because of the simplicity of 

experimental operations, the accompanying high yield and 

purity of the samples. This method is based on the following 

equation:-

1 0 C a ( N 0 3 ) 2 + 6 ( N H 4 ) 2 H P 0 ^ + 8NH^0H = C a ^ ^ i P 0 ^ ) g ( O H ) 2 + 6 H2O 

+ 20 NH^NOg ( 1 - 1 ) . 

1600 ml of a solution containing 79 g of 

diammonium hydrogen phosphate maintained at pH greater 

than 12 by the addition of ammonium hydroxide were dropped 

under constant stirring into 1200 ml of a solution containing 

230 g of calcium nitrate, Ca(N0o)9•^^2^' ^^^^ maintained 
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like-wise at the same pH. The amounts of the reactants 

taken were intended to give an yield of about 100 g of 

the sample on the basis of the above equation. Based 

40-42 on the dissociation of phosphoric acid, it can be 

shown that only the orthophosphate ions are predominant 

at the pH maintained and thus likely complications due 

to co-precipitation of acid phosphates can be avoided. 

The accompanying volatile ammonium salts were subjjl_m̂ ed_r) 

off by heating the filtered product to about 250 C. 

43 
Introducing minor alterations 0' Shea et.al. made use 

of this method to prepare samples of hydroxy lapatite 

desired for X-ray diffraction and spectral studies. With 

appropriate modifications, this method could be extended 

to the preparation of a few more isomorphs of hydroxyl-

44 45 
apatite , the principal modification being the complexing 

the metal ions with appropriate ligands. This method was 

46 44 

subsequently modified by Collin and Narasaraju , important 

among the modifications being the replacement of ammonium 

hydroxide by ethylene-diamine. The consumption of a large 

volume of ammonium hydroxide to attain a high alkalinity 

desired for the precipitation as well as its unpleasant 

smell may thus be avoided. A mention may be made of 
37 47 another wet method proposed by Rathje ' known as 

"acidimetric precipitation" which is based on the following 
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equation; 

10Ca(N03)2 + 6KH2P0^ + 14NaOH = CaJQ(PO^)^(OH)2 + 6 KNO3 

+ MNaNOg + I2H2O (1-2). 

Convenient volumes of solutions of calcium nitrate and 

potassium dihydrogen phosphate containing the reactants 

in the proportions suggested by the above equation were 

simultaneously dropped into boiling water. The medium 

was maintained pink to phenolphthalein by the addition 

of a solution of sodium hydroxide. By a judicious 

selection of appropriate dilutions and rates of mixing 

of the solutions, crystals upto about 50 u in length 

could be obtained. 

By another wet method hydroxy 1apatite of 

48 high order of purity could be obtained by Arnold 

involving a simultaneous addition of ammoniacal 

solutions of calcium acetate and of ammonium phosphate 

to about 10 litres of a mechanically stirred ammonium 

acetate solution also maintained alkaline. These methods 

which involve the precipitation of hydroxylapatite at 

high dilutions have low yields and hence are unsuitable 
of 

for a rapid preparation/appreciable quantities of the 

49 sample, Kani et.al. could prepare samples of 

hydroxylapatite similar to human dental enamel in 

crystallinity and g atom ratio, C a/P , through approDj:4-faA;t-v 

modification of the above methods. M 

f° i^l' 



16 

50 
Narasaraju and Rai obtained hydroxylapatites 

of phosphorus and arsenate and a series of their solid 

solutions over the entire compositional range by precipitation 

from aqueous media at 37 C introducing appropriate 

modifications of the method suggested by Hayek and 

Stadlemann. During the recent past several investigators' 

adopted the wet methods mentioned above with minor 

alterations to prepare samples of hydroxylapaiites intended 

for specific purposes. An interesting recent wet method 

53 

suggested by Mayer et.al. was based on the use of a 

reaction between solid calcium sulphate and higiily 

alkaline solutions of sodium phosphate. This method could 
54 be extended recently for the preparation of calcium 

v§nadateapatite and of its solid solutions with hydroxyl-

apat i te. 

1.4.2 Dry Methods 

It is an established fact that an intimate 

heterogeneous mixture of appropriate solid ingredients 

when heated to an optimum temperature can lead to the 

formation of a desired lattice through solid state 

diffusion of the cons ti tuentO ions. TrSiael ' investigated 

the optimum conditions for the formation of hydroxylapatite 

through a solid state reaction between TCP and tetracalcium 

phosphate, Ca„(PO )2CaO, or calcium oxide solid mixtures of 
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these ingredients in appropriate compositions with a 

g atom ratio, Ca/P, equal to 5/3 gave hydroxy 1apatite 

on heating for a few hours at 1050 C in a current of 

moist air as represented by the following equation:-

2Ca3(P0^!)2 + C â P 30^ + H2O = C a^^CP 0^) ̂ ( OH) ̂  

or 

3C a3(P0^)2 + CaO + H2O = C a^^i? 0 ̂ ) ^{OU) ^ 

(1-3) 

(1-4) 

57 Narasaraju et.al. confirmed the ulility of this method 

for preparing samples of hydroxylapatite of a high order 

of purity as investigated through X-ray, i.r., electron 

microscopic and chemical analyses. In addition, fusion 

of a sample of dicalcium phosphate, C'aHPO.,and calcium 

carbonate or alternatively heating of a sample of finely 

divided naturally occurring fluorapatite at about 

1400 C under a stream of moist air resulted in the formation 

of hydroxylapatite:-

12 cgHPO^ + 8 CACO3 = 2 CajQ(P0^)^(DH)2 + ^^^2 "̂  4H2O... (1-5) 

CajQ(P0^)^F2 + 2H2O = GajQ(P0^)^(0H)2 + 2HF (I-6) 

An extension of the above methods to prepare chlorapatite 

and a series of its solid solutions with hydroxylapatite 

59 was brought about by Narasaraju and R'ao as shown below:-



IS 

3 C a 3 ( P 0 4 ) 2 + 3CaX)l2 Z l l ^ ' ^ ^ ^ 3C agCPO^) 3 .C a ^ l ^ 

s p o d i o s i t e 

2 C a j Q ( P 0 4 ) ^ ( 0 H ) 2 + n Ca;CTL2 > 2C a j Q ( P 0 4 ) ^( OH , C l ^ ) + 
2 - n 

+ n C a ( O H ) , ( 1 - 8 ) 

( 1 - 7 ) 

w h e r e n r a n g e s f rom 0 t o 2 . 

Ca(OH) CaO + H„0 ( V a p o u r ) ( 1 - 9 ) 

1.4.3 Hydrothermal Methods 

Hydrothermal methods , as the name implies, 

deal with the application of high temperatures to aqueous 

solutions to facilitate the precipitation of crystals of 

dimensions bigger than those attainable using ordinary 

wet methods. Since an aqueous precipitating medium at 

atmospheric pressure has its boiling point as the upper 

limiting temperature, heating under high pressure enables 

this limit to be exceeded. In an autoclave the desired 

high pressure is produced by the vapour of the solvent 

of the precipitating medium since the system is subjected 

to a high temperature in a sealed enclosure. The principal 

advantage of such methods has been to enhance considerably 

the crystallinity and purity of the product. Such sets of 

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

Posner as substanti afiedby formation of Homogeneous 
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^'rystals of about 0.1 ram in length in the form of hexagonal 

prisrasij) ̂ or this purpose 2 g of precipitated hydroxyl ap ati te 

were heated at 380°C in an autoclave for 24 hours with 

15 ml of 2M sodium hydroxide solutiSon. The X-ray diffraction 

pattern of the sample was characterised by sharp peaks as 

expected from its crystal dimensions. Young and Sudarsanan 

adopted a similar method to prepare a sample of strontium 

hydroxylapatite for crystallographic studies. Perloff and 

Posner obtained hydroxylapatite by the hydrolysis of 

dicalciura phosphate and the probable reactions involved 

are the following:-

lOCaHPO^ + 2H2O = CajQ(P0^)^(0H)2 + 4H^ + 4H2P0~ .'. ...(l-lO) 

14CaHP0^ + 2H2O = CajQ(P0^)g(0H)2 + 4Ca'̂ '̂  + 8H2P0~ ...(l-ll) 

This process was brought about by heating O.lg of 

dicalciura phosphate with 10 ml of water at 300 C for 10 days 

in a platinum-lined hydrothermal bomb and the product was 

found to be in the form of prismatic crystals. 

Another suitable method for the preparation of 

single crystals of hydroxylapatite for purposes of X-ray, 

neutron diffraction and thermodynamic investigations was 

64 suggested by Elliot and Young . A crystal sphere of 0.1 mm 

in diameter of synthetic chlorapatite when heated electrically 

on a piece of platinum foil at about 1300 C under steam at 
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atmospheric pressure for 2 weeks formed a single crystal 

of hydroxylapatite of a high order of purity. A further 

extension of hydrothemal methods for preparation of 

hydroxy 1apatite was brought about independently by Aoki 

,,,.,,.65 J,, . -66 and Ilideki and Kazov et.al. 

1,5 Chemical Analysis 

Quantitative separation of calcium and phosphate, 

which is a prerequisite for an accurate chemical analysis of 

hydroxylapatite needs special analytical procedures, the 

details of which have been worked out by Washburn and 

Shear 

Gravimetric , complexometric and spectro-

69 photometric techniques are usually employed for the 

accompanying determinations of these separated ions. 

Applications of atomic absorption spectroscopy to determine 

the metal ion concentration in apatites without a quantitative 

70 
separation was brought about by Hivo et.al. 

1.6 Structural Aspects 

That animal bones and teeth contain hydroxylapatite 

as an ingredient was proved by the identity of X-ray / 

diffraction patterns of the former with those of the naturally 

occurring hydroxy 1apatites as shown in Fig. l-2(a). In addition, 
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Fig. 1.2 (a) X-ray Diffraction Patterns of 

C _y (i) Crystalline Synthetic Hydroxylapatite 

(ii) Amorphous Synthetic Hydroxylapatite 

(iii) Hydroxylapatite Obtained from Bone 

1.2 (b) A Representative Debye-Scherrer Powder 

Pattern of Crystalline Synthetic 

Hydroxylapatite. 
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a representative Debye-Scherrer powder pattern of synthetic 

hydroxylapatite is given in Fig. l-2(b), since it serves 

as a reliable means of characterizing the synthetic samples. 

Hydroxylapatites, both of biological and synthetic 

origin, crystallise in hexagonal P6„/m space group with 

lattice constants, 'a' and *c', equal to 9.42 % and 6.88 % 

72 73 
respectively. Nary-Szabo and Mehmel studied independently 

the details of the crystal structure of apatites and their 

24 findings were subsequently confirmed by Hendricks et.al. 

74 Later Beevers and Mc Intyre modified tbe structure 

proposed earlier and a few more refinements were subsequently 

75 made by Posner et.al. 

2+ 3— — 
The ions, Ca , PO. and OH (also sometimes 

referred to as the corresponding atoms or group of atoms) 

1 3 constitute the lattice of hydroxylapatite, their spacing 

in the unit cell being indicated in Fig. 1-3. The ions are 

distributed in two planes, one over the other, such that 

each half is a mirror image of the other. It is evident that 

the whole volume of the unit cell is closely packed with the 

constituent ions and only for purposes of clarification of 

their relative positions, they are represented wide apart 

from one another in the figure. Out of" a total of fourteen 

calciunn ions, six are located within the unit cell and thus 

belong to it entirely and the remaining eight peripheral 
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Fig. 1.3 The Unit Cell Perspective of 

Hydroxylapatite. 
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ions are shared by adjacent unit cells such ^that there is 

an allocation of four per each. Similarly, it can be shown 

that out of ten phosphate groups, two situated inside and 

eight at the periphery, only six belong to each unit cell, 

these 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 hydroxy 1apatite 

can thus be correlated with its molecular formula accounting 

thereby for the basic chemical repeat unit in the three 

dimeniional symmetry pattern. 

Fig. 1-4(A) and (B) represent cross-sections of 

hydroxylapatite lattice parallel to the c-axis and provide 

24 a further clarification of the relative lattice-positions 

of the atoms. It can be ahown from the figure that 0-Ca-O 

chains exist running parallel to the c-axis. The chains 

are joined by phosphorus atoms constituting the inner linjjng 

of an elongated cavity which runs parallel to the c-axis 

and accommodates the F' /OH ions. It is evident that 

depending upon ionic size and charge, other ions can replace 

F~ ions. 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-

14 broadening experiments using low angle scattering revealed 
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Fig. 1.4(a) A Cross-Section of the Apatite 

Lattice Parallel to the c-axis 

Fig. 1.4(b) Apatite Lattice Viewed from 

the PlBne 001 

as Reported by 

Beevers and Mc Intyre. 
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t h e a p a t i t e s t o be t h i n t a b u l a r hexagons e i longa ted in t h e 

direction of the c-axis. 

75 
As mentioned earlier, Posner et.al. suggested 

a refinement of the crystal structure of hydroxylapatite 

based on three dimensional X-ray diffraction studies on 

single-crystals. 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 

phosphate-tetrahedra have P-0 distances shorter than those 

reported earlier. Further, the calcium atoms situated around 

the hexagonal screw-axis were shown to be co-ordinated to the 

hydroxyl ions and oxygen atoms of the phos phate-tet r ahedra-. 

The calcium atoms among themselves were found to constitute 

triangles, one over the other, in the direction of the c-axis 

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. 1-5. 

T ft 

Kay et.al. 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 hydroxyIgroups occur in columns parallel 
72 74 75 

to the c-axis as reported by earlier workers * ' and 

that these columaa pass through the centres of the calcium 

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



Fig. 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 cell 

of hydroxylapatite, the calcium and oxygen atoms are 

designated through the subscripts given to their symbols. 

Table 1-2. 

Lis t ing of Pos i t ion-Parameters fo;iXthe Const i tuent Atoms 

7 ft 

of Hydroxylapat i te . 

. . No. of atoms 
Atom . . , , per unit ce l l 

P o s i t i o n Parameters 

C a . 

Ca , , 

P 

^ i 

0. . 
1 1 

^ i i 

4 

6 

6 

6 

6 

12 

0.333 0.667 0.001 

0.246 0.993 0.250 

0.400 0.369 0.250 

0.329 0.484 0,250 

0.589 0.466 0.250 

0,348 0,259 0.073 

OH 2 0.000 0.000 0.250 

T 7.— ft O 

Young and his co-workers ~ carried out extensive 

work on the crystal structure of apatites during the recent 

past, the samples used being obtained exclusively by thermal 

methods. As mentioned earlier, apatites are normally expected 
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to be hexagonal belonging to the space group P6„/ra. 

They could establish that a synthetic sample of chlorapatite 

was pseudohexagonal belonging to the monoclinic space 

group, P2,/b with 'a' and 'c' being respectively 9.628 K 

and 6,764 Â  . It is evident that for a monoclinic system 

lattice parameter 'b' is equal to 2a. While the raonoclinic 

and hexagonal structures are very similar, the former is 

characterised by an ordered arrangement of the C'l ions 

in 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 A and 

6,8814 % , 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 space group 

for biological considerations is yet to be proved. In 

addition, the optimum range of temperatures required for 

the phase transformation from raonoclinic to hexagonal 

form is yet to be investigated to know whether the 
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raonoclinic form exists under Jjn vivo conditions. It will 

be of interest to investigate the role of trace-impurities 

- - 2- 2+ 
like F , CI , CO^ and Mg ions in bringing about such a 

phase transformation. Recdntly Elliot, Bonel and Trombe 

substantiated the findings of Young by reporting that a 

sample, Ca,Q(PO.)^ C0o> termed as carbonateapatite, exhibits 

a pseudohexagonal symmetry with monoclinic space group,P, 

with lattice parameters »a' and 'c' being equal 9.557 R 

and 6.872 A and b approximately equal to 2a. 

For purposes of characterisation of samples of 

synthetic apatites such refinements in the structure brought 

about by precise X-ray diffraction studies may not be of great 

relevance. In addition, as these structural refinements were 

carried out using samples obtained by dry methods, the 

divergence, if any, shown by precipitated samples of apatites 

from the hexagonal structure is not yet established. 

The conclusions drawn from X-ray diffraction studies 

on the structural aspects of apatites can be supplemented by 

its electronmicroscopic patterns which can confirm the 

homogeneity of the samples by proving the absence of 

extraneous phases. In addition, they provide information 

regarding the geometry and dimensions of its individual 

crystals. Though X-ray diffraction patterns of bone help in 
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proving the presence of hydroxylapatite and determining 

its lattice constants, they do not permit one to see the 

shape of bone crystals or to visualise directly the 

relationship these crystals hold to the other ingredients 

of bone. These aspects can be fulfilled by electron 

microscopic investigations of bone, the corresponding 

35 in vitro studies being carried out by Hayek et.al. 

Extensive Jji vi vo electron microscopic studies carried out by 

13 Robinson 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. 

1.7 Isomorphus Substitution of Biological Significance 

By the term isomorphous substitution is meant a 

replacement of one ion by another in a crystal lattice 

without disrupting the geometry of the crystal. This can 

be classified as isoionic and heteroionic substitutions. 

V^hile isoionic substitution is defined as a process by 

which ions from a solution phase exchange with identical 

ions of a solid phase in contact with it, the composition 

of the two phases being unaltered, heteroionic substitution 

involves a replacement by a different ion present in a 

solution in contact with the solid phase, changing thereby 
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the compasition of both the phases. Hydroxylapatite is 

unique in that it can undergo a series of Iso-and heteroionic 

substitutions involving both cations and anions, the criteria 

being similarity in charge and size of the ions concerned. 

Klement and Zareda showed that metal ions with ionic radii 

of about l.@ A. can form apatites, the most important among 

them being Câ "*" , Sr^^ , Bâ "*" , Pb̂ "*" and Cd̂ "*" with ionic 

radii ©,99, 1.13, 1,35, 1.20 and 0.97 %. respectively. 

1.7.1 Isoionic Substitutions 

Isoionic substitutions of calcium and phosphate 

have been investigated extensively on synthetic hydroxylapatite, 

human bones and teeth ' , Such studies are not only significant 

in providing an explanation for the skeletal fixation of 

calcium and phosphorus but also throw light on the phenomenon 

of resorption, a process by which portions of bone during growth 

are dissolved and returned to blood stream. Such substitutions 

were investigated by tracer technique in which a slice of the 

labelled tissue is placed in contact with a photographic film 

which functions as a radiation detector. 

1.7.2 Heteroionic Substitutions 

Among heteroionic substitutions the following are 

considered relevant by virtue of extensive biological 

significance associated with them:-
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(a) Ca 

(c) Ca 

2+ Sr , (b) Ca ^i± Ba 

2+ Pb^* (d) Câ -" Zn 
2+ 

(e) F~ ^ 0H~ and (f) PO^ 3- Ago, 3-

and merit a mention in the present context. 

/ \ 2+ 2+ 
(a) Ca - Sr Substitution. 

2+ 2+ 
Ca - Sr substitution on hydroxylapatite is one 

of the most important heteroionic substitutions since it 

explains the mechanism of incorporq^tion in the human skeletal 

system of 6-actlve Sr-90 produced in atomic explosions. This 

can be represented as follovs:-

Cajg(P0^)^(0H)2 + nSr^'*'-^Sr^ C^10-n^^°4^6^^"^2 ^ "^ ̂'̂ ^ (1-12) 

Solid solution of hydroxylapatite 
of calcium and strontium 

In-corporation of Sr-90 can prove fatal, because of its long 

half-life period (about 20 years),even when it is present in 

traces. Hence studies on this substitution reaction are 

supposed to be helpful in suggesting a possibility of removal 

of the incorporated strontium. Knappwost and Ehret 

investigated the kinetics of this substitution using a -active 

Sr-89 as a tracer. Synthetic samples of hydroxylapatite of 

different surface areas were equilibrated with solutions of 

strontium nitrate labelled with Sr-89. Adsorption of strontium 
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ions and their subsequent diffusion into the crystal 

interior accompanied by a simultaneous recrystallisation 

of the equilibrated hydroxylapatite were shown to be the 

factors goyerning such a substitution. 

Collin showed through coprecipitation that a 

series of homogeneous solid solutions of hydroxylapatite of 

calcium and strontium over the entire compositional range 

could be formed confirmiikg thereby the occurrence of 

isomorphous substitution between these ions. These results 

were subsequently confirmed by Narasaraju et.al. * 

90 
X-ray diffraction studies by Khndolozhkin et.al. 

could prove that for replacement of calcium by strontium 

or barium on the apatite lattice, sites of Ca(ll) are 

preferred to those of Ca (l). A substantiation of these 

9J-93 
results was provided by Trombe et ax. using i.r, 

spectroscopy and thermoanalytlcal studies. Based on ij^ vivo 

studies on isomorphous substitutions on apatite crystals, 

94 Baud could show that the dimensions of the unit-cell were 

dependent on the chemical composition; the alteration in the 

former offe»s an evidence for the occurrence of substitution, 

(b) Câ "̂  - Bâ "̂  Substitution 

Because of the toxic effects of elemental barium 
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2+ 2+ 
and its soluble salts, replacement of Ca by Bat on 

57 
hydroxylapatite is another heteroionic substitution of 

importance. As in the case of strontium, Q-active Ba-140 

(half-life, 12,8 days), a product of atomic explosions, 

gets incorporated in the human skeletal system based on the 

following equation:-

Caj@(P0^)g(0H)2 + nBâ '*' ^ Bâ Ĉ ajg_^(P0^)^(0H)2 + nC â "̂ . . . (1-13) 

Solid solution of hydroxylapatite 
of calcium and barium. 

It is evident that radiation damage cafised by Ba-140 is much 

less than that C37''y 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* bn the various aspects of 

2+ 2+ Ca - Ba substitution. Samples of hydroxylapatite* of 

calcium 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 chemical, i.r, 

X<-ray diffraction and electronmicroscopic analyS(e,s. It could 

95 
be shown ttebugh tracer technique by Samachson et al, that 

there is a preferential uptake of Ba-133 over Ca-47 and 

Sr-85 on human bones. In addition, it was shown by Samachson 
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and Schmitz that traces of Zn when present in the 

equilibrating solution increase the uptake of Sr-85 and 

Ba-133. These results were explained on the basis of the 

2+ supposition that Zn distorts the surface of hydroxylapatite 

2+ 
facilitating a replacement of Ca by larger alkaline earth 

ions. 

(c) Ca - Pb 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+ 24>~ attributed to isomorphous substitution of Ca by Pb on 

98 bone. As envisaged by Klement 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 OTer the entire compositional range by coprecipita-

tion in aqueous media was reported by Muller and later 

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

99 Chickerur . The chemical reaction involved may be represented 

as follows:-

Cajo(PO^)g(OH)2 + nPb^"^—* ** *'n^*'l0-n^^°4^ 6^°"^ 2 "̂  nCa^"^. .. ( 1-14) 

Solid solution of hydroxylapatites 
of calcium and lead. 

A famous recent example of lead-poisoning has been the toxic 
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effect of lead present in the coating of pottery In Mexico, 

the damage being termed as "Problem of lead In Mexican 

pottery" Consequent upon the contemporary significance 

of this exchange a few more aspects of the latter constituted 

the subject matter of the iuTestigations reported in the 

present work. 

(d) Câ ''" - Zn̂ "̂  Substitution 

Samachson et al. "* made extensiTWrf investigations 

2+ 2+ on the replacement of Ca by Zn on the hydroxylapatite of 

bones. Based on detailed radio-chemical studies on this 

exchange using solutions labelled with Zn-65 it could be 

2+ confirmed that the uptake of Zn by calcium hydroxylapatite 

could be 100 per cent.within five minutes. Further, this 

process was found to be considerably reduced by che;;;iating 

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 solution during equilibration resulting 

2+ 2+ 
in an ion to ion replacement of lattice-Ca by Zn present 

in the equilibrating solution. The exchange which was found 

to be rapid initially was dependent on a subsequent diffusion 

2+ 
of Zn ions into the crystal lattice. 

(e) F" - O H " Substitution 

Through neutron - and X-ray diffraction studies. 
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Kay et al, could confirm the earlier findings that the 

OH groups are located in the cavities running parallel to 

the C-axis of the apatite lattice. Based on the dimensions 

of these cavities, it can be shown that, among others, ions 

of the type F~ , OH* and Cl" with ionic radii 1.32, 1.68 and 

1,81 % respectively fit into them. Further, F~ ion due to 

its Spherical symmetry is better suited for the purpose than 

OH""ion. A replacement of 0H~ by F~ brings about a contraction 

of the unit cell of hydroxylapatite 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 Knappwost.* * * 

He proved that the tooth surface enriched with F ions was 

more resistant to caries. Through experimental investigations 

he could suggest a convincing mechanism of the caries -

prophylactic action 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 saltTa. Such a deposition which was found to be favoured 
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on the effected regions of the tooth surface could retard 

further corrosion by acidogenic bacteria, fluorapatite 

being less soluble t/han 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. 

The product of this substitution is a solid solution of 

hydroxylapatite and fluorapatite known as fluorhydroxylapatlte. 
107 1OA *"" 

Liang and Higuchi , Stearns and Berndt and Higuchi et al. 

investigated the interference caused by the co-precipitation 

of calcium fluoride during the progress of this substitution 

reaction. Based on the results of the kinetic 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 fluoridation has been in vogue since a few 

decades. 

1 ppm of fluoride in drinking water was found 

to be an optimil i level for caries control; a level higher 

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

certain toxic effects. Several mechanisms are suggested 

to explain the prophylactic action of fluorine in the 
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occurrence of dental carles, 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 Narasaraju that fluorhydroxylapatite 

is less soluble than hydroxylapatite accounting thereby for the 

carles - resistance imparted to the dental tissues by 

fluoridation. These conclusions could be substanciated by 

results of recent invest igat ions " on F"" - O H " exchange. 

117 
Narasaraju et al. could establish the conditions favourable 

for the occurrence of 0H~ - F*" exchange on hydroxylapatite, 

the principal among them being (i) an increase in the 

concentration of F~ ion, (ll) a decrease in pH of the medium 

of exchange and (ill) a reduction in the grain size of the 

sample of hydroxylapatite. fhrough NMR studies, Young et al, 

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 

119 dental cables. Vander Lugt et al. carried out similar 

studies and established the role played by internuclear 

distances in the formation of hydrogen bonding between 

0H~ and F*" in the apatite lattice. Subsequent NMR studies 

on F~ - 0H~ exchange on hydroxylapatite were carried out by 

120 121 
Lundln et al, and Knubovets et al. That a halide 

substitution of 0H~ on apatite lattice is possible waa 



41 

43 proved by O'Shea et al. iased 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-

122 123 
Mielink and Krystina, Aobay Takaaki et al. and 

124 Freund et air based on physico-chemical changes undergone 

by amorphous and apatitic calcium phosphate. 

(f) PO^^"*- A§0^"* Substitution 

125 
Another example of a heteroionic substitution of 

3— r3 3— importance is replacement of PO. by Aî O. on hydroxylapatite, 

mccounting for the toxic effects of arsenic and its soluble 

127 salts. The substitution reaction can be represented 

as follows:-

^""lO^^^Ah^^^h + " A g o ^ " ^ CatjQ(P04)g_^(Ag0^)n(0H)2 + 

n POJ" (1-16) 

Solid Solution of phosphorus.^ 
and arsenic hydroxylapatite^V 

While the existing literature confirms the occurrence of this 

125 12A substitution reaction, * spread over the entire compositional 

range, the utility of a knowledge of the mechanism of this 

substitution for the removal of incorporated arsenic is yet 

to be investigated. Evidence for the occurrence of such a 

substitution reaction on lead hydroxylapatite could be 

129 
provided by Rao. 
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(g) Miscellaneous Substitutions 

In addition to the detailed investigations on 

heteroionic substitution on hydroxylapatite described 

above, scattered results on some aspects of a few more 

miscellaneous substitutions are available. 

2-
Though the presence of C'Oo ion in human bones 

is established, the concept that it exists due to 

130 131 
heteroionic substitution is still controvertial. ' 

Studies on the possibility of a substitution reaction 

132 133 2— of hydroxylapatite involving * C0„ ion are, therefore, 

of importance. Extensive X~ray studies of a mineral, 

francolite, (Ca, Mg, Na,K)jQ £"(^1^)0^ ^ ( F , 0 H ) 2 which 

is a carbonate-containing fluorapatite, indicated the 

absence of free calcium carbonate and proved the similarity 

of its X-ray pattern with that of fluorapatite suggesting 

2— thereby the presence of CO, ion in the apatite lattice. 

Additional evidence in favour of this observation was 

provided by Le Geros et al, and' Bonel and Montel. "" 

However, solubility studies of francolite indicated a 

2 — 
preferential dissolution of CO- ion which can be attributed 

to its free existence, providing thereby evidence against 
2 ̂  T O O O ^ 

the C;0„ substitution. Whether C0„~ ion exists as a 

separate submicroscopic phase or as a substituent in apatite 

lattice is yet to be unambiguously clarified. 
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Knappvost showed through radio-chemical studies, 

3— A— 
that PO. - SiO. 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 aspect* of this 

substitution were investigated by Azimove et al, * 

142 
and by Gaude et al. , Neuman showed that monovalent ions 

like Na"*" and HgO"*" (ionic radii, 0.95 and 1.00 1 respectively) 

can displace Ca ion (ionic radius, 0.99 A ) partially from 

the apatite lattice, charge compensation being brought about 

by appropriate depletion of some of the boundary ions. 

2+ 2+ 
The occurrence of Ca - Eu substitution on 

hydroxylapatite could recently be established by Mayer 

143 et al. They could prepare fluor,- chlor - and 

bydroxylapatites of europium as well as a few solid 

solutions of some of these isomorphs. Gilinskaya and 

144 Shcherbakova could provide evidence for the replacement 

2+ 2+ of Ca by Mn ions, the latter being capable of occupying 

both Ca(l) and Ga(ll) lattice positions. These results 

145 
were confirmed by Dubrov et al. through BPR studies. 

146 Vinnikov and Gugel also carried out similar exchange 

studies on fluor and cBjlorapatites. Synthesis of oxyapatites 

of composition, M-Nd^(SiO .) .(EC .) jOg* where M o Ca,Sr and 
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147 
E = P, As and V wa« accomplished by Fedorov et al. , the 

characterisation of the sgmples being done by X-ray 

148 
diffraction studies. Miyer et al. carried out similar 

investigations in the system Ln^ ^^10-21 ^̂ 'x ^'*^4^6^2 

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

Sr and Ba. 

2+ 2+ 
Evidence for Ca - Fe substitution on 

hydroxylapatite over a limited compositional range was 

149 
provided, through M5*ssbaur studies by Khudolozhkin et al., 

a substantiation of these results by chemical analysis 

150 being done by Rao. IThrough equilibration studies of 

2+ 2+ hydroxylapatite with solutions containing Ni and Cu ions, 

Misra et al. could provide evidence for the replacement 

of Ca by Ni and Cu ions on the apatite lattice. 

Narasaraju et al. investigated Ca - CO and Ca - Cd 

exchanges on hydroxylapatite. Band, Besse et al. * 

reported the existence of a series of compounds having the 

general formula Ba.Q(ReOg)^ x 2 , (where x «• Br,l) named by 

them as *New rheniumapatites' while Schiff, Francosis, 

155 Alain et al. reported the formation of a series of 

apatites containing S ~ and SO." ions. Berak et al. 

could prepare strontium oxyapatite. 
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1.8 Studies on Solubility 

1.6.1 Significance 

During the recent past phenomena associated with 

dissolution of ' * " hydroxylapatite have attracted 

consideBable attention because of their significance in 

diverse fields. An understanding of the physiology of 

human bones and teeth from the point of view of calcification 

and resorption is possible through studies on the solubilities 

of hydroxylapatite. Further, such studies constitute the 

basis of the different aspects concerning the occurrence of 

19 20 dental caries and the prophylactic action of fluorine. * 

In addition, it is evident that the availability of phosphatic 

fertilizers to plant kingdom can be explained through the 

solubility behaviour of hydroxylapatite, the latter being 

the stablest phase of calcium phosphates in a«|ueous media. 

It is,therefore, no wonder that the solubility 

phenomena of hydroxylapatite 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-stoichiometric 

and (li) 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 Non-stoichiometric Dissolution 

Extensive studies on solubility of hydroxylapatite 

157 
carried out independently by Neuman and Co-workers and 

159 Rootare et.al. 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 stoichiometric value 

of 1,67 . The divergence from stoichiometric behaviour was 

attributed to the formation of a surface coating on the 

solute consequent upon its hydrolytic dissolution. While 

159 RootareQ et al. could prove this surface coating to be 

a complex, Ca2(HP0.) (0H)2> ~ others could provide 

evidence that it is either calcium monohydrogen phosphate, 

CaHPO., or calcium pyrophosphate, Ca2P2®7» ^^ octacalcium 

phosphate, Ca.H(P0.)3. 

In order to simulate biological conditions and 

to maintain a constant ionic environment in the medium of 

157 dissolution, Levinskas and Neuman , used 0.165̂ ^ aqueous 

solutions of sodium chloride as solvent to study the 
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solubility of hydroxylapatite. They reported that for a 

given set of experimental conditions, (i) the g atom 

ratio, CaA*, of the saturated solution was different 

from 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 deviates 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 obtained 

were divergent and dependent upon the solute to solvent ratio. 

Further, as shown by Lavinskaf} and Neuman , the g atom ratio, 

Ca/P, of solutions la not constant at the stoichiometric 

value of 1,67 , These investigators gave a convincing 

explanation to account for the observed behaviour from the 

point of view of established physico-chemical principles. 

Their theoretical considerations were subsequently 

substantiated by La Mer. Hydroxylapatite being the salt 

of a weak acid, undergoes hydrolysis in ofpeous solutions 

yielding a solid surface complex, CagCHPO.)(0H)2> which was 

found to dominate the solubility equilibria according to 

the following equations:-

CajQ(P04).^(0H)2 + 6H2O = 4Ca2(HP0^)(0H)2 + 2Câ "̂  + 2HP0^". . . ( 1.17) 

4Ca2(HP0^)(0H)2 = 8C â "̂  + 4HPO4" "̂  ®°"'" (l»18) 
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Thus, it is evident that when equation (1.Q17) predominates 

the f atom ratio, Ca/P, in the solution is unity while it 

becomes 2 with the establishment of equation ( I . Q H ) . When 

both the equations contribute equally to the solution 

process this ratio becomes lt/6 as expected for the 

stoichiometric dissolution of hydroxylapatite. 

The non-reproducibillty of the K_ of hydroxylapatite 
sp 

157 as reported by Lavinskas and Neuman was attributed by 
16t La Mer to the complications involved 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 §,145 M 

solution of sodium chloride which is the solvent employed 

by Neuman, can be considered as a standard solvent of 

reference in which all ion activity coefficients can be 

assumed to be unity. Based on that assumption the 

complicated problem of̂ ^ evaluating the individual ion activity 

coefficients Involved in the solubility equilibria of 

hydroxylapatite can be avoided. It was shown by La Mer that 

Nenman*s data, when recalculated on the basis of the foregoing 

considerations, indicated that the solubility of hydroxyl­

apatite responded pr̂ r'̂ isely 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. invAstigated the solubility of dental 

enamel with saliva as a medium of dissolution. They found 

that among the possible solid phases, calcium monohydrogen 

phosphate, C'aHP©-, was found to give a constant K in the 

pH range, 4,5 - 7.5 * Francis investigated the solubility 

of synthetic hydroxylapatite, dental enamel and a few more 

allied natural phosphatic minerals in solutions buffered 

to a pH rangii, 3«5 - 6.9 • He could show through chemical 

analysis the formation of a coating of CaHP®. on the surface 

of thô se equilibrated with acid buffers. He also emphasized 

the significance of corrections which are to be applied for 

the evaluation of K of the samples taking into account 
sp 

the complexing of the products of dissolution in acetate, 

lactate and phosphate buffers. The change in the composition 

of the solution observed during dissolution of hydroxylapatite 

could be explained on the basis of deposition of CaHPO. on 

its surface. Based on such theoretical considerations, 

Francis explained the role played by the parameters such as 

particle size, solute to solvent ratio, type and concentration 

of buffers and pH in deciding the composition of hydroxyl­

apatite solution. 

164 Fleisch et al. investigated the role of a surface 

coating of calcium pyrophosphate, CagP^^y » i° controlling the 

solubility of hydroxylapatite. By extending the analogy to the 



50 

bone processes a mechanism was suggested for the calcification 

and resorption. 

Dissolution kinetic studies of synthetic samples 

of hydroxylapatites of calcium and strontium were investigated 

by Chickerur et al. at 370°C using IG4 sintered glass 

crucible for separating the colloidal component of the solute 

from the saturated solutions. A non-stoichiometrlc dissolution 

was reported. The prosess was found to obey first order 

kinetics which could be explained on the basis of the surface 

159 complex theory suggested by Rootare et al. 

Blitz et al. studied the solubility equilibria 

of hydroxylapatite obtained from animal bones and teeth 

in order to characterise the phases likiely to be formed as a 

result of the reactions •ccurring on the surface of the 

Samples and also to study the role of such phases in governing 

the solubility of the sample. They concluded that octacalclnm 

phosphate, Ca^H(P0^'\Q2, 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 Clark. He investigated the solubility equilibria 

of hydroxylapatite over a wide range of experimental 

conditions, the samples used being obtained by mixing 

solutions of calcium hydroxide and orthophosphoric acid. 

He analysed the saturated solutions obtained from the 

mother liquor of precipitate. In 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 stoichiometric dissolution 

resulting in a definite K. at 25°C, the pK. reported 
Sp 8p 

being 115.5 

Using precipitated samples of hydroxylapatite, 

167 its solubility was investigated by Bardy et al. taking 

the solute in the form of a pellet mounted on an electrically 

operated stirrer fixed in a buffered dissolving medium 

containing excess of potassium chloride to maintain a constant 

ionic environment so that the activity coefficients of the 

dissolved species remained constant. A stoichiometric 

dissolution was observed by thera. Another set of investigations 

substantiating stoichiometric dissolution of hydroxylapatite 

14ft 169 were considered by Fassbender et al. * 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 arem of the solute and 
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independent of the temperature in the range 15-35 C. 

Zimmermann could propose a mathematical theory on the 

basis of the data on the solubility of enamel, thereby 

suggesting the pH range vulnerable for the onset of 

dental caries. The influence of temperature on solubility 

179 of apatites was investigated by Valyashko et al, and 

it was found that the solubility decreased with increasing 

temperature. 

Solubility isotherms of well-characterised sampjei 

of synthetic hydroxylapatite were investigated by Moreno 

171 
et al. in the pH range, 5,9 - 7,9, and a stoichiometric 

172 dissolution was reported, Chander and Fuerstenau used 

thermodynamics to study the interfacial properties and 

equilibria in the apatite - aqueous solution system. They 

observed that electrical double layer properties play an 

important role in the solubility of apatite. Systematic 

investigations on the solubility of hydroxylapatite were 

carried out by Wier et al,, using commercial samples 

subjected to a rigorous purification either by refluxing 

for 24 hours in contact with wateB or by auto-claving in 

preserL̂ e-' o^ IN ammonium chloride solution for 50 days 

at 12® C under a pressure of 1,06 kg/cm , the wasR)-liquid 

being periodically replaced. Systematic characterization 

of the Samples was done through X-ray, petrographic and 
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chemical analyses. The samples were equilibrated In 

media with pH vgtlues ranging from 4,3 - 6.7 and choosing 

0.1, 0.5, 1,0 and 10.0 g of the solute per 100 ml of the 

solvent. The colloidal component of the solute present 

in the solutions was removed by using specially prepared 

cells made of plexiglas and fitted with cellulose acetate 

dialyzing membranes. Based on the results of chemical 

analyses of the saturated solutions and calculating the 

activities of the Ionic species present, they could 

convincingly establish a stoichiometric dissolution of 

hydroxylapatite, the observed average pK_ being 116,5 , 
sp 

Divergence observed in the results of solubility of 

hydroxylapatite was attributed to the presence of trace 

impurities which get eliminated on rigorous purification. 
173 Narasaraju and Rao undertook the dissolution 

kinetics and solubility studies of hydroxylapatite, 

chlorapatite and a series of their solid solutions spread 

over the entire compositional range in buffered media 

extending over a pH range, 4,9 - 7.5 . They could convincingly 

establish a stoichiometric dissolution of hydroxylapatite, 

chlorapatite and their solid solutions, the corresponding 

pK values at 37°C being 110,6 for hydroxylapatite and 
•̂  sp 

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 

categories of non-stoichiometric and stoichiometric 

dissolutions, a few significant scattered 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 dissolving medium and on 

Its crystal structure. 

Among the earlier systematic investigations, 

mention may be made of the observations of Benedict and 

174 Kanthak • They noticed that the pH dependence of 

solubility of dental enamel was similar to that of 

triealcium phosphate indicating compositional similarities 

between the two. 

Ericsson * 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 CO, , 

serum and 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. 

S9 Narasaraju et al. 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 

117* 

with a decrease in pH was reported. P annio and Makinen 

could astablish an enhancement in solubility of tooth 

material and syathetic hydroxylapatite at a series of pH 

values by the preseTaoij" of sulphate ions. 

Dissolution kinetic studies were also made by 

179 3— 2— 
Toegel and Gamier et al. on the release of PO. , HPO-

2-
and COo from powdered samples of human normal tooth enamel 

2- — 
supposed to contain CO. ion and on the influence of F ion 

on it in iaffered solutions spread over the acidic region. 

The solubility of hydroxylapatite, fluorapatite 

and a few of their solid solutions wCsID investigated by 

116 
Narasaraju in the pH range, 5.3 - 8,2 , The solubilities 

calculated exclusively from the experimentally determined 

phosphate contentsr of the saturated solutions were found to 

decrease with an increase in pH as well as with an Increase 
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in 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 anisotrop^ic dissolution of a single crystal of 

hydroxylapatite was conclusively established by Jongebloed 

et al, , using citric and lactic acids as dissolving 

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. 

1 A 1 

Oaculsi, Kerbel and Kerbel used high resolution 

transmission electronmicroscopy to study the acid dissolution 

of biological 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 IQ 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 on the 

factors responsible for such disparities. 

Smith et al. made attempts to clarify the 

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

hydroxylapatite solutions by dissolving synthe&ic 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 thsm 

the stoichiometric value, Howevee, when the solute was 

resuspended under identical conditions, stoichiometric 

disssolution could be observed. Similar results could be 

arrived at when the amount of the solute taken was lews 

than 3 g per litre of the same dissolving medium. The non-

stoichiometric dissolution was therefore attributed to the 

higher proportion of surface impurities dissolved along with 

hydroxylapatite when the amount of the solute taken for s 

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 surface 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+ 3— in the micro-determination of Ca , P0> and other ions in 
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the case of solid solutions of apatite in causing 

divergence of the results ia not to be ignored. The fact 

that the K„ values of the supposed surface coatings sp ^ 

such as CaHPO^, Ca.^ "PO^ (^^) 2 *"** ^®4 ^^^^4^3 aPP®ar 

to remain constant is an evidence to substantiate this 

argument. It is evident that in all such cases, the 

concentrations / activities of the species such as Cm , 
2— — 3-

HPO , HgPO, and P0> are raised only to relatively 

lower powers for K calculation T'^resulting in » 
sp -

minimization in the errors associated with the determination 

of such ions. On the other hand when the calculations 

are extended to evealuation of K of hydroxylapatite these 
sp 

errors get magnified. 

1,9 Mechanism of Calcification 

l o o "X f\A, 

Calcification, ' which involves an orddrly 

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 aspects of it in the 

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

the solubility of hydroxylapatite facilitated the understanding 

of the mechanism of calcification. It has been established 

that calcification occurs only at certain regions of the 

body known as sites of calcification. An important pre­

requisite for the process to occur is the transport of the 

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 Roblson's scheme 

according to which a local increase in phosphate (S? concentration 

is brought about at the sites of calcification when a 

substrate of phosphate ester is hydrolysed by an enzyme 

known ^s phosphatase resulting thereby in the deposition of 

hydroxylapatite. 

It is found from a knowledge of solubility 

behaviour of hydroxylapatite that blood serum is 

supersaturated with respect to it and its spontaneous 

precipitation is therefore expected. Since such a 

precipitajcion is found to take place only at the sites of 

calcification due to local action as mentioned by the 

KobisonS!!! 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 clgirifled. The theories 

suggested to explain the ability of only certain regions 

of the body to function as sites of calcification are 

controversial• 

From(ghysiological considerations, it can be 

shoMrn, that in addition to calcium and phosphorus, blood 

serum contains ions such as sodium, carbonate, magnesium 

and citrate. Further, about one-third of this calcium is 

shown to be bound to protein-fraction through chelation 

while the rest of it exists in the ionised form or as 

1 T6 
soluble complexes of ions such as citrate and phosphate. 

2-
The phosphorus of blood serum exists mainly asfe HP 0 and 

— 3— 
to some extent as H2PO and PO^ . 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 those corresponding to the 

solubility product of hydroxylapatite and approximate to 

those of saturated solutions of dicalcium phosphate. It was 

therefore supposed by Neuman that precipitation of dicalcium 

phosphate takes place initially. Hydroxylapatite, which is 

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

phosphate , Samachson * could provide a clear 

in sight into the basic requirements of calcification. 

While he agrees with earlier theories as far as the role 

2_ 
of HPO. as a prerequisite for calcification is concerned, 

he considers the removal of H^O ion as a factor essential 

for the process as indicated by the following equation:-

10 Ca + 6 HPO4 + 10 HgO CajQ(P0^)^(0H)2 + ̂ "3°^ 

(1.19) 

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 basic calcium phosphates obtained by 

wet methods have the x-ray diffraction patterns similar to 

hydroxylapatite but often depart from it in stoichiometry 

by exhibiting a g atom ratio, Ca/p, ranging from 1.33 to 

1,67 . Such compounds, known as calcium deficient or 



62 

non-stoichiometric apatites, are of biological significance 

since tjie 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 

controlling the composition of blood. These non-stoichikmetric 

apatites have an additional importance by virtue of their role 

as catalysts in dehydration and dehydrogenation of primary 

1B6 
alcohols, leading to the formation of aldehydes and ketones, 

1 87 

the catalytic activity being proportional to the calcium 

deficiency of the sample. Wilson, Su;(darsanaa and Young 

investigated the halogen deficient cadmium haloapatites 

with the structure Cd- (Mo/i X (where X«cl,Br or l ) . 
189 199 205 

Many theories * * have been put forward to explain 
1 89 the structure and composition of these compounds. Cameron, 

190 191 192 
Hodge, Schleede and TrSmel et al. have advanced 

2 — independently a theory based on the adsorption of HPÔ  ions 
4 

to account for the non-stoichiometry of apatites. But 

193 194 
Posner * 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 HPO, 
4 

ions. Instead, the calcium deficiency was accounted for 

by Posner on the basis of a statistical model depicting the. 
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2+ absence of Ca ions from the columnar positions of the 

apatite lattice, the charge - balance being maintained by 

19 5 196 ' the introduction of two protons, Winand et al,, * C.) 

could explain the maintenance of charge-balance through a 

compensation of the two positive charges of each missing 

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

- 197 
OH ion. The suggestion of Brown et al,, that the calcium 

deficiency is caused by an epitaxial inter-growth of 

octacalcium phosphate, Q;CF̂ , (Ca/p = 1,33) and stoichiometric 

hydroxylapatite (Ca/p = 1,67), was rejected by Berry 

based on infrared and thermoanalytical evidence for the 

199 
absence of Q3£)* Kuhl and Nebergall tried to account 

for the existence of calcium deficient apatites on the 

2-
basis of introduction,of HPO^ ions into the apatite lattice, 

accompanied by a partial removal of O H " ions. Based on the 

recent literature ~ Young suggested that occurrence 

of a deficiency of calcium hydroxide in hydroxylapajtite 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 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 

207—213 
The trend of recent investigations in 

the field of apatites establishes convincingly their 

interdisciplinary significance. In a brief review like 

the present one, only a few significant aspects other than 

those given earlier merit a mention. 

Apatites find an increasing application as 

207 
catalysts in synthesis of organic compounds such as 

20fi —21 *? 
sugars and their phosphoric esters, as luminophosphors 

214,215 
and as starting materials for several phosphatic fertilizers. 

The observation that Sidney and prostrate "" stones 

contain hydroxylapatite further enhances the biological and 

physico-chemical significance of this compound since its 

solubility behaviour can throw light on their possible 

elimination by dissolution. 

Similar studies on apatites playarole In preventing 

220 
diseases caused by inha'?)lation of dust containing apatites. 

Another significant role of apatites in biology is the 

221 utility of apatite-coated ceramics as dental prosthesis 

222 
and artificial bones. 
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^u u * 4 ,1,21,30,31,157-162,173 Though extensive work » » » » » 

was carried out during the recent past on various aspects 

of apatites in different disciplines, a researcher in the 

field suffers from the absence of an up-to-date reviews 

containing a consolidated and systematic account of 

apatites. The present review has been an attempt to 

compensate for this lacuna. 



SECTION I I 

PREPARATION AND CHARACTERIZATION OF 

LE'AD PHOSPHATE APATITE, LEAD VANADATE APATITE 

AND 

THEIR SOLID SOLUTIONS 
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PREPARATION AND CHARACTERIZATION OF LEAD PHOSPHATE 

APATITE, LEAD VANADATE APATITE AND THEIR SOLID 

SOLUTIONS. 

2,1 Introduction 

The toxicity of elemental lead and its compounds 

is well known. Their inhalation in the form of dust or 

fumes and absorption through the skin lead to "lead -

poisoning" (also known as "Plumbism") which is an 

occupational disease prevalent mostly among workers 

dealing with white-lead and pottery. The disease is 

characterised by symptoms such as anaemia, constipation, 

mental and visual disturbances and convulsions. Toxic 

effects caused by lead present in mexican pottery were 

discussed recently by Gerald et.al, (;studies to explain 

the ultimate site and mechanism of incorporation of lead 

in the human metabolism are consequently of great pathological 

significance. An awareness of the hazards caused by lead 

is indicated by the fact that in the united kingdom a 

223 
legislation to permit the use of automobiles run on 

petrol freed from lead is being contemplated. 

According to Klement * the criterion 

facilitating the incorporation of lead in the human skeletal 

system is the formation of solid solutions of hydroxyl-

apatites of calcium and lead, the factors contributing to 
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such a formation being the isomorphism existing between 

them and the closeness of the ionic radii of calcium and 

lead (9,99 and 1,20 % respectively). 

In the context of toxicity, vanadium does not 

lag very much behind lead, the principal toxic symptoms 

being paralysis, convulsions and sleepiness leading to 
0 0 A 0 0^ 

b r o n c h i t i s and bronchopneumonia, ' While t h e a S l e c t i v e 

t o x i c i t y of fanadium in mammals i s e s t a b l i s h e d i t s 

13?K5 mechanism hi l i v i n g c e l l s i s s t i l l to be i n v e s t i g a t e d . 

Apart from t o x i c i t y c o n s i d e r a t i o n s , vanadium demands a 

d e t a i l e d i n v e s t i g a t i o n by v i r t u e of the r o l e played by i t 

in i n d u s t r i e s as a ca tq i lys t and in m e t a l l u r g y as a p r i n c i p a l 

i n g r e d i e n t in s p e c i a l v a r i e t i e s of s t e e l s , 

C o n s e ^ e n t upon the f ac t t h a t t e t r a h e d r a l 
3— 3— 227 

VO^ ion and i t s i s o s t r u c t u r a l PO. ion have cova len t 
f\ 0 0 Si 

radii close to one another, (1,22 and 1,10 A respectively), 

the latter present in lead phosphate apatite, Pb-Q(PO .)^(OH)g* 

can be isomorphously replaced by the former leading to lead 

vanadate apatite (the two apatites being abbreviated 

hereafter as LPA and LVA respectively). While extensive work 

has been done on LPA, studies on its solid solution with 

LVA have not been undertaken. LVA being a compound containing 

both the potentially toxic elements, namely lead and vanadium, 
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investigations on such solid solutions are being considered 

to be extremely significant from the point of view of toxicity 

to human skeletal system and hence the present work was 

undertaken. 

It waa Klement who could successfully prepare 

LPA for the first time both by wet and dry meyhods. While 

hydrolysis of secondary lead phosphate could form LPA by a 

wet method, the same could be prepared by a dry method by 

subjecting a stoichiometric mixture of tertiary lead 

phosphate and lead oxide to an optimum temperature under 

a stream of moist air. Another wet method for preparation 

of LPA ensuring the elimination of coprecipitat ion of acid 

37 47 phosphate and hydroxide of lead was suggested by Rathj^ ' 

based on what is known as "acidimetric precipitation", 

a modification of the same being adopted by Muller. 

Solutions of lead nitrate and potassium dihydrogen phosphate 

added simultaneously to boiling water maintained highly 

alkaline resulted in the formation of LPA, the coprecipitation 

of acid phosphate and hydroxide of lead being avoided by 

the presence of surp/]̂ us potassium hydrogen phosphate in 

the medium of precipitation, 

45 An alternative method suggested by Hayek 

to eliminate coprecipitation of lead was based on converting 

the latter into one of its soluble tartrate - complexes in 
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an ammoniacal medium to be dissociated by heating when 

desired for preparation of LPA. While studies on LPA 

are extensive many aspects concerning LVA are still to be 

investigated. LVA needed specifically for X-ray analysis 

229 was prepared for the first time by Engel through 

hydrothermal synthesis. 

The present investigations deal with preparation 

of LPA, LVA and a series of their solid solutions through a 

46 modified method of collins , the samples so prepared being 

characterised through chemical, X-ray, i.r, electron-

microscopic and thermogravimetic analyses. The method 

adopted is the first of its kind for preparation of LVA in ^ 

appreviable quantities by precipitation. 

2.2 Experimental 

The experimental work included in this section 

has been subdivided into (i) Preparation, (ii) chemical 

analysis, (iii) determination of lattice constants, 

(iv) electronmicroscopic investigations, (v) i.r studies 

and (vi) Thermoanalytical studies of the samples. 

2.2.1 Preparation of the Samples 

The preparation of the samples of LPA, LVA and 

their solid solutions was based on the following equation; 
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10 Pb̂ "*" + 6 X 0^" + 2 O H " > P''iO^^®4^6^°"^2 * 

where X => P or V for the end-members and (P + V) for the 

solid solutions, the proportion of P to V being varied 

as desired. The samples were precipitated at 37^C by 

mixing stoichiometric quantities of the reactants in 

the form of their aqueous solutions maintained at a pH 

of 12, The precipitation was done in an atmosphere freed 

from carbon^dioxide and the chemicals used were of 

L.R grade. All the solutions were prepared in water 

freed from carbondioxide. Based on the above equation, 

calculated amounts of lead acetate, diammonium hydrogen 

phosphate and sodium ortho vanadate were taken such that 

the yield was about 30 g of the sample. Ethylene diamine 

was used instead of ammonia since relatively smaller 

volumes of it were required to maintain the reacting 

solutions at the desired pH. In addition, the unpleasant 

smell of ammonia could be avoided. The desired solutions 

were prepared as described below:-

Solution A\. 

Approximately IM lead Acetate solutionV This 

was jirepared by dissolving about 380 g of lead acetate, 

Pb (CH„C00)2 3H20» in waiter and making up the volume 

to 1 litre, its lead content being determined complexo-

230 metrically, Â  desired volume of this solution was 
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added dropwise under constant stirring to an appropriate 

volume of ethylene diamine, determined previously by a 

trial experiment, such that the solution maintained a pH 

of 12 on making up to 1000 ml. Siace the addition of 

ethylene diamine to lead acetate solution resulted in 

precipitation, probably of lead Hydroxide, care was taken 

tto see that mixing was done in the reverse way such that 

the surplus concentration of ethylene diamine facilitated 

231 the retention of lead in the form of a soluble complex. 

This was taken in a 3 necked round-bottomed flaik of 3 litre 

capacity. 

Solution B. 

Approximately 0,5M solution of Diammonium 

hydrogen phosphate-;—This was prepared by dissolving 

approximately 70 g of diammonium hydrogen phosphate in 

water and making up the volume to 1 litre, its phosphorus 

r- 67 
content being determined by fFash(;burn and Shear's method 

Solution C 

(y Approximately 0,5M Sodium ortho vanadate solution'.'-

A sample of Ammonium meta vanadate was subjected to heating 

at *^400°C for ^^ 4 hours to convert it into vanadium 

pentoxide, About 50 g of the resulting sample were dissolved 

in 2N sodium hydroxide solution such that the total volume 
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was 1 litre, the vanadium content of the solution being 

determined iodimetrically. 

An appropriate volume of Solution 'B' or 'C' or 

a mixture of them which was in a stoichiometric proportion 

to that of Solution 'A' was treated with a predetermined 

volume of ethylene-diamine such that it maintained a pH 

of 12 on making up to 1 litre and taken in a dropping funnel. 

The funnel was closed by a hollow ground - glass stopper, 

connected to soda-lime towers and fitted into a quick-fit 

socket of a 3-necked flask of 3 litre capacity containing 

solution A maintained at 37°C. While the solution from the 

dropping funnel was drained drop by drop, CO„-free air 

obtained by the use of soda-lime towers and water suction 

pump was bubbled through the solution 'A' to eliminate the 

formation of carbonate-apatite and,to keep it, in addition, 

well stirred. The precipitate was refluxed for about two hours 

in contact' with the mother liquor, left overnight, filtered 

through a 1G4 sintered glass crucible, washed till washings 

were neutral and air dried. A part of it was heated to 

•^300 C for'^6 hours, for purposes of X-ray diffraction 

studies. A schematic representation of the assembly of the 

apparatus used for the preparation of the samples was 

given in Figure 2.1 
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Fig. 2-1 Assembly of the apparatus used for the 

preparation of Lead Phosphate ;j''areTÊ -e , Lead 

Vanadate apatite and their solid 

solutions. 
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2,2.2 Chemical Analyses 

The chemical analyafî s of LPA is complicated by 

the mutual interference of lead and phosphate ions and 

consequently special analytical techniques are desired 

for the purpose. In presence of vanadate ions these 

complications become more pronounced as in the case of 

solid solutions of LPA and LVA. Although instrumental 

69 
methods of analysis such as spectrophotometry , X-ray 

Af\ O *̂  ̂  

fluorescence and flame photometry have freqjuently 

been used for such determinations, they have a limited 

range of applicability. The desirability to work(jj£LLt 

special analytical techniques to bring about quantitative 

separation of these ions was therefore felt. When once 

such a separation was achieved, complexometric titrations 

were found to be suitable for the subsequent determinations. 

63 

2+ While for the end-embers pb is to be qfuanti tati ve ly 

3— 3 — 
separated from either PO^ or VO. ions, for the solid 

solutions all the three ions are to be separated from 

one another. The etccuracies of the procedures adop^ted 

were assessed by analyslag sample solutions containing 

known qiuantities of the respective ions. The solutions 

used for these determinations were prepared in double-

distilled water tested previously for the likely ions thait 
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interfere in the subsequent complexometric determinations 

and preserved in polyethylene containers. 

From an aliquot of a solution containing the 

2+ 3— 

three ions Pb and PO. were determined gravimetrically 

as Pb( 102)2^"'^ and MgNH PO .6H2O ^ respectively. From 

another aliqiuot, reducing vanadium from +5 to +4 state 
2 + using hydrazine hydrate,the combined amount of Pb and 

2+ 234 

VOp was determined complexome'trically from which 

subtraction of Pb content determined earlier gave that 

of vanadium. 

The following solutions we r e( pTP ep a"r ê d' -f o r 5t.h e 

purpose 

(a) Standard O.OIM EDTA Solution, 

The disodium salt of EDTA (ethylene diamine 

t e t r ^ acetic aeid) 

was dried for about 12 h at 80 C and cooled in a d4siccated 

atmosphere so that the compound attained the composition 

of its dihydrate, Na2H2C H 208^2*^"2°* ^ litre of O.OIM 

EDTA solution contained 3,7224 g of this dried substance, 

(b) Lead Nitrate solution containing 1 mg of Pb per ml, 

Q It was prepared by dissolving 1.0038 g of metallic 

lead in nitric acid (Sp, gr. 1.42) and the solution was 

evaporated to dryness. The mass was extracted with distilled 
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water and the volume made up to 1 litre. The lead 

content of the solution was determined complexometrically 

using Xylenol-orange as indicator ata pH of 5 obtained 

by hexamine as buffer, 

(c) Potassium Dihydrogen Phosphate solution containing 

1 mg of P per ml : 4.3930gof KH PC heated previously to 

constant weight at 110°C were dissolved and made up to 

1 litre, 

(d) Sodium orthovanadate Solution containing 1 mg of 'V 

per ml. Ammonium meta vanadate was heated to 400 C for 

4 hr;Qp and a convenient amount of the resulting VpO_ 

was dissolved in approximately 2N sodium hydroxide solution 

and made up to 500 ml using the same solution. Knowing the 

235 
vanadium content of the resulting solution iodiraetrically 

a required volume of it was measured accurately such that 

on making it up to 1 litre using 2 N sodium hydroxide 

the resulting solution contained 1 mg of V p,Sr m'l j 

In addition, (e)^^ 0,5^ solution of Xylenol orange and 

(f) approximately 6^ solution of potassium iodate were 

prepared. 

2+ 3-
2.2.2.1 Q'uantitative Separation of Pb and PO. ions. 

From standard stock solutions of lead and 
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phosphorus (solutions 'b' and 'c' mentioned above) 

convenient volumes were mixed and the resulting solution 

was subjected to a quantitative separation of these 

elements by the following procedure to assess the accuracy 

of the method adopted. 

The solution was made distinctly acidic by 

adding nitric acid (sp.gr, 1.42), heated to boiling, 

treated with v^30 ml of ^^6 per cent potassium iodate 

solution under constant stirring and then maintained at 

"^70 c for --̂ 30 minutes cooled and filtered through 

1G3 sintered glass crucible. The residue was washed 

repeatedly using small portions of a total ~^75 ml of 

0.2 per cent potassium iodate solution prepared in 

1 percent nitric acid. It was followed by washing 

successively with three 2 ml portions of ice-cold water 

and finally twice with a little dry acetone; the washings 

throughout the above operations being added to the filtrate. 

The crucible was dried to constant weight at 140 C and 

weighed as Pb (lO-)-. 

From the filtrate Mg NH. PO.. 6H2O was precipitated 

by treating it with 2 drops of methyl red indicator and 

an excess of O.SI^magnesium chloride solution, followed by 

the addition of %.^9 M ammonium hydroxide till the solution 
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2+ turned colourless, the presence of excess of Mg being 

confirmed by the absence a>f further precipitation from 

the supernatant liqiuid on addition of the precipitant. 

It was left overnight in contact with the mother liq;uor, 

filtered through a 1G4 sintered glass crucible, washed 

successively with 0,4 (£;.. ammonium hydroxide, acid-free 

alcohol and ether till freed from the accompanying ions, 

dried overnight to constant weight at 37 C and weighed 

as Mg NH. P0^,6H„0, 4 4 2 

2+ 3--2,2,2,2 A Quantitative Separation of Pb and VO. ions. 

ffrom standard stock solutions of lead and vanadium 

(solutions 'b* and 'd' mentioned above) ̂  ""elonvenient volumes 

were mixed and the resulting solution was subjected to 

quantitative separation of the elements by the following 

procedure to assess the accuracy of the method adopted. 

From an aliquot of this mixture lead was 

determined as Pb(lO ) as in 2,2,2,1 , while from another 

a combined estimation of it with vanadium was made in the 

following manner to get the amount of the latter. The solution 

was treated with v«10 ml of •-̂ 6 M hydrochloric acid and 

2 ml of hydrazine hydrate, heated to boiling on a water 

bath to reduce vanadium from +5 to +4 state, cooled to room 

temperature and treated with a known volume of standard 
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solution of 0.01 M EDTA taking care to see that it was 

more than what was required, the pH being brought to 

v^3 by adding 2N. NaOH solution followed by the addition 

of 3 drops of Xylenol orange to be used as indicator. 

The attainment of the required pH ( — 5) was ensured by 

the addition of — 1 g of hexamine (hexaraethyiene tetramine). 

The excess EDTA was back-titrated with a standard 0,005M 

lead nitrate solution, the colour change being from 

yellow to red, 

C^] 2+ 3— 3 — 
2V2,2.3 A Quantitative Separation of Pb , PC. and VO 

ions. It is evident that a combination of methods given 

under 2.2,2,1 and 2,2,2,2 when applied in succession to 

2+ 3— 3— a solution containing Pb , PC and VO. could enable a 

quantitative separation of all the three ions to be 

made. 

The above methods were applied to the chemical 

analyses of LPA, LVA and their solid solutions, convenient 

amount of each being dissolved in a minimum quantity of 

v-,4N Nitric acid and made up to 500 ml, 

2.2.3 Determination of unit-cell volumes^— The criteria 

for a given pair of substances to form solid solutions are 

that the two substances are isomorphous and the ionic radii 

of the corresponding pairs of ions are comparable. It is 
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evident that LPA and LVA fulfil these requirements. 

3— 3 — 
Since the replacement of PO, by VO. (covalent radii 

1.10 and 1,22 A respectively) in an apatite lattice 

brings about a dilation of the unit cell, a proof for 

the formation and homogeneity of the resulting solid 

solutions can be provided by the determination of the 

lattice constants and the accompanying calculation of the 

unit cell volumes. The Debya-S'§herrer powder method was 

found to be suitable for the purposê ,'̂ ,' ^since the samples 

are microerystalline in nature being precipitated from 

aqueous media. The samples subjected to these investigations 

were previously heated for »^6 h at ^^300 C in order to 

46 increase the size of the crystals so that the sharpness 

of the diffraction lines could bd enhanced. The patterns 

of the samples (Nos. 1,2,3 and 8 of Table 2.5 p ) were 

recorded using a Debye-Scherrer camera of 114.6 cm diameter 

with a rot ating-sample exposed to C'u K„ ra^diation, the 

voltage, current strength and exposure time being 40KV, 25 mA 

and 5 h while those of other samples (Nos. 4,5,6 and 7 of 

Table 2,5 P ) were recorded using Co radiatioh, voltage, 

current strength and exposure time being 20 KV, 5 mA and 

40 h. The distance between each line on the pattern and the 

point where the transmitted beam would strike the film in the 

absence of diffraction was measured using a micrometer scale 
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froB which values of 20 and d were calculated. Using 

statistical methods, the lines corresponding to about 

10 reflection planes were indexed for each sample* 

2.2.4 Electrenmicroscopie inrestigations 

The conclusions drawn from x-ray diffraction 

patterns confirming the homogeneity of the samples could 

be supplemented by their electron micrographs which, in 

addition, could scrutinise the absence of extraneous 

phases and provide visual information about the geometry 

and dimensions of the individatl crystals of the samples. 

Air-dried samples were found to be better suited for the 

purpose than those heated to 300^0.since the latter operation 

was found to lead to fusion of the individual crystals into 

236 
large crystalline masses preventing thereby the measurement 

of the dimensions of individual crystals. 

A pinch of the sample was dispersed in a few ml of 

water and the suspension was subjected for a few minutes to 

ultrasonic radiation at a frequency of a few hundred 

kilocycles per sec. in order to break down the conglomeration 

of the individual crystals. A drop of the resulting slurry was 

taken on a copper grid, placed in the vacuum chamber of an 

electron microscope {vSStKSS»'-&^f^Bif=4^i^S0*S*^l^) with carbon 
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as back-ground and the specimen exposed to the electron 

beam after evacuation, the resulting image beinf viewed 

on a small fluoroscopic screen. When the field of vision 

consisted of well defined individual crystals, it was 

photographed. From each electron micrograph, a few 

individual crystals, preferably of varying dimensions, 

were focussed at random under a calibrated eye-piece and 

through measurement of the length and breadth of these 

crystals their average dimensions were calculated. An 

attempt was made to calculate the specific surface areas 

of a few representative samples among those prepared 

using the maasnr;^ed length and breadth. The crystals of 

the samples which are in the form of elongated hexagonal 

237 prisms could be considered as cylinders for purposes 

of evaluation of their approximate specific surface areas 

using the expression, 

/ 2 V 

( 2 t v r + 2 \ ^ r h ) , where r «• 0«5 t imes the average 

^ r ^ h e 

breadth, h m average length , Q. m dens i ty of the sample. 

It i s evident that the ra te s of d i s s o l u t i o n 

of the samples which decide the period of e q u i l i b r a t i o n 

required for the attainment of sa turat ion are dependent on 

t h e i r surface a r e a s . In addit ion^the u t i l i t y of a p a t i t e s 
117 as luminescent phosphors and ion-exchang'^^ i s a lso 
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controlled by their surface areas. An eTaluation of the 

surface areas of the samples is therefore justified, 

2.2^5 Infrared Spectra 

The infrared absorption spectra of the samples 

were recorded as nujol mulls using a Perkin Elmer Infrared 

Spectrophotometer, Model 297, equipped with ̂ KBr epties. 

The Spectra were recorded within a ware-number range of 

4000-650 em~ . The operation of the instrument was based 

en directing altematiTely the i.r, radiation through the 

test and reference samples and bringing together the two 

transmitted beams en a thermo-couple. With unequal absorption 

in the two paths a pulsating output was generated, anplified 
a 

and made to operate/Tariable shutter to increase or decrease 

the intensity of the reference beam which could then be 

recorded on a chart paper as a function of the ware Damber« 

In addition to the patterns recorded as nujol mulls, those 

using ^Br pellets were also recorded in the case of the 

end-numbers. 

2.2.6 Thermoanalytical Studies 

Thermogravlmetric analyses of the samples were 

intended to know their thermal stabilities with special 

reference to the removal of volatile impurities, the nature 
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of water associated with the samples and the decomposition 

temperatures. It may be mentioned that there is no earlier 

literature available en thermoanalytical studies of LPA 

and LVA. These investigations were restricted exclusively 

to the two end-membersy LPA and LVA, and not extended to 

their solid solutions since the earlier investigations on 

allied system indicated that the solid solutions exhibited 

a hebaviour intermediary to that of the end-merabers. 

A conventent weight of the sample (about 0«5g) 

was taken in a '" "" 10 ml capacity platinum crucible and 

suspended from the pan of a microcbalanee, the crucible 

being housed in a high temperature fnrnaeeQ)(P .C.I»,Sindri, 

India^. Starting from ambient temperature, the sample was 

h eated at a convenient rate ( ^^6 C / min.) upjto a maximum 

of about 900 C. At frequent intervals the weight of the 

sample and the corresponding funnaee temperature were 

recorded so that the dependence of per cent wiight loss 

on temperature could be represented. 



2 . 3 Results 
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Fig. 2-2 Debye-Scherrer diffraction powder patterns 

of samples (S.Nos. 1,2,3 and 4, Table 2-5̂ ,). 

1. Lead phosphate apatite 

2. Solid Solution No.l (10.0 mole ?o 

Lead Vanadate apatite). 

3. Solid Solution No.2 (25.0 % mole % 

Lead Vanadate apatite). 

4. Solid Solution No.3 ( 38.0 mole % 

Lead Vanadate apatite). 
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Fig. 2-3 Debye - Scherrer diffraction powder patterns 

of samples (S.Nos. 5,6,7 and 8, 

Table 2.5^p. g. 

5. Solid Solution No.4 (57.0 mole % 

Lead Vanadate apatite). 

6. Solid Solution No. 5 (69.0 mole % 

Lead Vanadate apatite). 

7. Solid Solution No. 6 (80.0 mole % 

Lead Vanadate apatite). 

8. Lead Vanadate apatite. 
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Fig. 2.4 (I) Dependence of lattice Constants 

of the solid solutions of phosphate and 

Vanadate apatites of Lead on the mole 

per cent of Lead Vanadate apatite 

(Column 4 and 6 of Table 2.5) 

(II) Dependence of the ratio of the lattice 

Constants (c/a) of the solid solutions 

on the mole per cent of Lead Vanadate 

apatite.(Column 8 of Table 2.5) 

(III) Dependence of unit cell volumes of 

the solid solutions of phosphate and 

Vanadate apatites of Lead on the 

mole per cent of Lead Vanadate apatite. 

(Column 10 of Table 2.5) 
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Fig. 2-5 (I) Dependence of lattice constants of the 

solid solutions of phosphate and Vanadate 

apatites of Lead on the mole per cent, 

of Lead Vanadate apatite. 

(Taken from Column 5 and 7 of Table 2.5) 

(II) Dependence of the ratio of lattice 

constants (c/a) of the solid solutions 

on the mole per cent, of Lead Vanadate 

apatite. 

(Taken from column 9 of Table 2.5) 
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Fig. 2.6 Dependence of unit cell volumes of the 

solid Solutions of phosphate and Vanadate 

apatites of Lead on the mole per cent, of 

Lead Vanadate apatite. 

(Taken from column 11 of Table 2.5) 
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Fig. 2-7 Electronmicrographs of the samples 

( S.Nos. A,B and C, Table 2.6) 

(A) Electronmicrograph of Lead Phosphate apatite. 

(B) Electronmicrograph of solid solution No. 6 

(80.0 mole per cent, of Lead Vanadate apatite) 

(C) Electronmicrograph of Lead Vanadate apatite. 

(magnification in all cases, 80,000 x ). 
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Fig. 2-8 I.R. traces of samples 

(S.Nos.1,2 and 3, Table 2.7) 

(1) Lead phosphate apatite 

(2) Solid solution No.l (10.0 mole ?D 

Lead Vanadate apatite) 

(3) Solid Solution No.2 (25.0 mole % 

Lead Vanadate apatite). 
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Fig. 2.9 I.R. traces of samples 

(S.Nos. 4,5 and 6, Table 2.7) 

(4) Solid Solution No.3 (38.0 mole % 

Lead Vanadate apatite) 

(5) Solid Solution No.4 ( 50.0 mole % 

Lead Vanadate apatite). 

(6) - Solid solution No.5 (57.0 mole % 

Lead Vanadate apatite). 
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Fig. 2-10 I.R. traces of samples 

(S.Nos. 7 and 8, Table 2.7 ). 

(7) Solid Solution No. 6 (69.0 mole ?i 

Lead Vanadate apatite) 

(8) Solid solution No.6 ( 80.0 mole ?i 

Lead Vanadate apatite) 
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Fig. 2.11 I.R. traces of samples 

(S.Nos. 9 and 10, Table 2.7) 

(9) Solid solution No.7 (94.0 mole % 

Lead Vanadate apatite). 

(10) Lead Vanadate apatite. 

100 
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Fig. 2-12 I.R. traces of samples 

taken as KBr pellets 

(1) Lead Phosphate apatite 

(2) Lead Vanadate apatite. 
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2.3 Results 

The accuracies of the methods employed for the 

chemical analyses of LPA, LVA and their solid solutions 

were scrutinised by applying these methods for analysis of 

sample solutions containing accurately weighed quantities 

of the ions concerned and the results were given ii 

Tables 2.1 to 2.3, pp The analyses were conducted 

in each ease with a set of three different concentrations. 

The ranges of errors expressed as weight per cents were 

found to be + 0.40 to - 1.30, 0.00 to - 0,80 and -1,00 to 

0«73 respectively, for lead, phosphorus and vanadium 

when present ([t̂-get.frêr 

Determination of the weight per cents of lead, 

phosphorus and vanadium of each one of the samples, arranged 

serially in Table 2.4 p In increasing order of 

vanadium content, was made and the results were given in 

columns (3), (4) and (5) of the Table. It is evident 

that for the samples the g atoms of phosphorus and vanadium 

present in 100 g of the sample can be calculated by dividing 

the respective percentages by the corresponding atomic 

weights. It is gbvioUs that this ratio, P/V̂  is independent 

of the amount of the sample considered. Since the total 

number of g atoms of (P+V)^ in a mole of each sample is six. 
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knowing this ratio, the number of g atoms of ?^ and V 

in a mole of each sample could be calculated and the 

molecular formulf^e of the samples indicated in column(6) 

assigned assuming the number of lead and hydroxyl ions 

to remain stoichiometric for the entire series of samples. 

Pb 
In addition, the g atom ratio,/ yV/was calculated for each 

sample from the corresponding weight per cents and included 

in column (7) of the Table; the ratio was found to varj 

between 1«64 and 1«71, the theoretical ralne being 1.67. 

Pigs. 2.1 and 2.2, pp are the 

Debye-Scherrer powder patterns of a few representatlTe 

samples and the datf) obtained from them were given in 

Table 2«5, p.. The patternsare distinctly similar 

as far as the distribution of the diffraction lines is 

concerned, a uniform shift in the positions of corresponding 

lines with increasing proportion of V-content being obserTed.' 

^S>out ten well-defined lines were chosen from each one of the 

patterns and their d..Talues were measured from which the 

corresponding 9 Talnes were calculated from the aragg:I3 

238 239 equation, ^hile cards * containing hkl values 

corresponding to different 'd* values are available for 

the end-members, charts were used in the ease of solid 

solutions. The lattice parameters in all the eases were 

calculated by a statistical method^', using the equations 
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given below:-

j ^ i x ^ + pi-xy - 23t2 ( 2 . x ) 

Jiixj +p^7^ - s y z (2 .W) 

where 

2 "N 2 
^ a N_2 y Q« A^ Tv.« vave length of incident 

3a 4e 
_̂« radiation used, 

2 2 2 2 
x a t h 4-hk + k , y a l and z a s i n O . 

Values for *a* and 'e* as well as for unit cell valumes 

were calculated bŷ'̂'so 1 ving the above equations forc^and^\, 

and given in columns (4), (6) and (lO) of the Table 2*5. 

A refinement of these values was brought about by the method 

of least squares using a microcomputer, the new set of values 

being given in columns (s), (7) and (ll) of the Table. The 

assigned molecular formulae and the corresponding molecular 

weights of the samples were given in column (2) and (3) of 

the Table. A graphical representation of the dependence of 

*a* and *c* and the unit cell volume on the mole per cent 

composition of the samples was provided by Figs 2.3(A) and C 

2.3(B) pp 

The electronmicrographs of LPA, LVA and a 

representative solid solution of them were shown in Fig.2.4, 

P It is evident from these patterns that the 

crystals of the samples which existed individually or 

in clusters were most/̂ ly tabular or ribbon like in shape 
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tending to look like elongated flattened hexagonal 

prisms. Based on the identity of the shape of the 

indiTidnal crystal* evidence for the absence of phases 

other than that of apatites coald be obtained confirming 

thereby the homogeneity of the samples. The average length 

and breadth and the approximate specific surface area 

calculated from them by assuming the hexagonals to be 

cylinders were given in Table 2«6 • 

The infra-red absorption spectra of the samples 

were given in Pigs 2.5 to 2,8 pp . The wave number 

range investigated extended from 4000 - 650 em" and the 

per cent transmittanee or absorbance was represented as a 

function of the wave number of the radiation* It is evident 

that the absorption at 2920, 1460, 1375 em" observed in 

all the patterns were of nujol. A. consolidated list of 

3— 3— absorption peaks of the samples assigned to PO. , VO. 

and O H " was given in Table 2,7, P The i.r patterns 

of the end-members were found to eontain the characteristic 

peaks of 0H~ at 3540 em"* in addition to those of either 

3— -»! 3 1 
PO^ at 1040 and 980 cm or VO^ at 800 - 735 em* • The 

patterns of the solid solutions contained the entire set 

3— of these peaks. As expected, the intensity of the VO^ 

3— 
peak increased while that of PO. diminished as the 

proportion of LVA in the samples increased. A systematic 

shift observed In these peaks over the entire compositional 

range of the solid solutions eould be utilised as a criterion 
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for the homogeneity of the samples. 

Thermogravimetric results on two representative 

samples, LPA and LVA, were carried out to arrive qualitatively 

at a suitable temperature below which alone the samples were 

to be heated for driving out volatile impurities. The results 

could show that discontinuity in the thermograms were absent 

up to 300 C suggesting this to be the temperature desired. 

However, more systematic and refined studies to establish 

the nature of water associated with them were to be 

undertaken later. 
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2o4 DISCUSSION 

2o4ol General Aspects 

A brief mention of the theoretical aspects of 

240 241 solid solutions * was considered relevant here since 

the results included in this section were mainly concerned 

with them. Homogeneous crystals contaiining variable 

proportions of isomorphous substances are formed, in general, 

from mixture of solutions of the end-members« These are 

consequently known as mixed crystals or more popularly as 

"solid solutions''o A series of solid solutions can be 

extended to the entire or partial miscibility of the solids 

concerned. Solid solutions can be classified as interstitial 

and substitutional types. Interstitial solid solutions are 

those in which atoms of one element are inserted into some 

of the interstices in the crystal lattice formed by the atoms 

of a second element resulting usually in a small increase in 

lattice constants of the crystal. On the other hand 

substitutional solid Kxu solutions are those in which the 

replacement of atoms of one kind in the crystal lattice by 

atoms of a second kind with nearly the same size takes place. 

The formation of substitutional solid solutions is accompanied 

either by an increase or a decrease in the unit cell volume 

depending upon the size of the substituent replaced. In general, 

*The formation of solid solutions sometimes extends to a pair 
of solids belonging to dissimilar srystallographic types; the 
permissible range of compositions in such cases is limited and 
the products are known as "anomalods mixed crystals". 
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the ionic radii of a pair of ions competing for a giTen 

lattice position of the solid solution should not differ 

by more than about IS per cent. Replacement of an ion 

by one or more ions of a different charge is also possible 

provided a charge neutrality is maintained. Such a 

replacement evidently results in a nonstoichiometric 

solid solution, A convincing proof for the formation 

of solid solutions can be provided by Vegard*s law which 

states that a continuous series of solid solutions is 

characterised by a linear dependence of unit cell Yolume 

on the composition. Co-precipitation from solutions 

containing the required ions and crystallisation from 

molten mixtures of the end-members are the methods usually 

adopted for the preparation of solid solutions. 

It has been established through X-ray diffraction 

techniques that LPA and LVA constituted a pair of 

isomorphous substances. The clos^h;essof the covalent 
o o 

radii of P (l.lO A ) and Y (l,22A ) suggests the possibility 

of formation of substitutional solid solutions between their 

apatites. For the preparation of these solid solutions 

eo-precipitation from solutions containing the required 

ions was preferred fo crystallization from fused mixtures 

of the end-members, A Justification for such a preference 
is that fusion requires divergent temperatures for the 

apatites resulting invariably in decomposition due to 

inequalities in their thermal stabilities. 
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2.4.2 Aspects concerning prvcipitation of samples 

Tx a ^j 1 *.- * oftS- J ir/x3- ions which are It is evident that PO, and VO, 
4 4 

required for the coprecipitation of solid solutions of 

LPA and LVA are the products of the third stage of 

dissociation of the corresponding orthoacid9« Since the 

three stages of dissociation of these acirfs are pH-dependent, 

the selection of an optimum pH is important for such 

precipitations. It can be shown from a knowledge of the 

dissociation constants of these acids that a pH in the 

vicinity of 12 is the most optimum for this purpose. 

The particle size of the precipitates of apatites is 

usually in the range of colloidal dinensions re exulting""; 

consequently in a pronounced surface activity. Such samples 

are characterised by a series of surface reactions with 

environmental ions of the medium of precipitation. The 

conditions of precipitation of LPA, LVA and their solid 

solutions were therefore,} so chosen that the environmental 

ions prevalent had no surface Interaction with the 

precipitates. The temperature of precipitation of the 

samples was maintained at 37 C in order to simulate 

biological conditions since the subsequent investigations 

to be undertaken with the samples were intended to understand 

the mechanism of biological processes like calcification 

and resorption. The various theoretical aspect* associated 

with the formation, properties and purity of precipitates 
241 

have been incorporated in an excellent review by Salutsky. 
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It is well known that nuclea^tion governs the nature and 

purity of the precipitates formed, the phenomenon being 

defined as the process of generating the initial fragments 

of a new and more stable phase capable of further 

Spontaneous development. When numerous nuclei are fonaed 

the precipitation will be rapid, individual crystals small, 

filttatlon and washing difficult and purity low, Nucl«-

action can be shown to be favoured, inter alia, by an 

increase in the concentration of the reacting solutions, 

a decrease in temperature and the presence of suspended 

impurities which function asseats for its occnrrence.O 

fhe parameters are consequently to be appropriately 

controlled for the formation of precipitates of desired 

Specifications. The rate of precipitation is another 

important parameter deciding the crystal size of the 

resulting samples. A slow precipitation, as shown, results 

in the formation of large well-shaped crystals minimising 

the occurrence of crystal defects and imperfections. This 

can be accomplished by the addition of a very dilute 

solution of the precipitant accompanied by stirring to a 

medium in which the precipitate is sparingly soluble. Such 

a condition favours, in addition, recrystallisation of the 

precipitate on digestion, promoting thereby further growth 

of the individual crystals. Based on a knowledge of the 

various mechanisms by which impurities may be incorporated, 
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a few conditions such as use of dilute solutions, slow 

addition of precipitant, maintenance of a high temperature 

for precipitation, digestion and washing of the precipitate 

with a suitable wash liquid are considered optimum for their 

minimization. The various aspects of the experimental 

procedure adopted for the preparation of the samples in 

order to minimize crystal imperfection and to obtain large, 

well defined crystals were based on the theoretical principles 

of precipitation mentioned aboroo To supplement the chosen 

set of conditions of precipitation, the samples were sintered 

at an appropriate temperature. 

While the conditions of existence and methods of 

preparation of tertiary phosphates and hydroxylapatites of 

alkaline earths were thoroughly iuTestigated and fairly well 

established, studies on the corresponding salts of heary 

Oft Oil O 

metals were found to be of l imited s u c c e s s . ' The preparation 

of the t e r t i a r y phosphates of heavy metals through p r e c i p i t a t i e n 

from aqueous media was assoc ia ted with the complications due 

to the c o p r e c l p i t a t i o n of t h e i r hydroxides and acid phosphates. 

In add i t i on , the p r e c i p i t a t e s were found to be (am®gr>"botrsJ} 

and of i n d e f i n i t e composit ion. Out of the experiments^ 

techniques suggested by Klement * 'Rathj'ejand Hayek , 

for the preparation of the t e r t i a r y phosphates off hvary 

m e t a l s , the one suggested by Hayek with appropriate 

modi f icat ions was found to be s u i t a b l e for the systems 

inTes t iga ted . It involTes a complexing of the heavy metal 

ions in an a l k a l i n e medium through a judic ious s e l e c t i o n of 
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an appropriate complexing agent. The Complex was mixed with 

a solution of the desired anion and then made to dissociate 

by lowering of the pH of the medium. The tendency of lead to 

form well~defined soluble complexes with ethylenediamine and 

its monosubstituted derlTatires as ligands was established 

231 

by Keller and Eyke through polarographic investigations. 

The complexes were found to be of the type Pb%2 where 1,, the 

ligand , w^s shown to be either ethylene diamine or its 

N-substituted deriTative. Lead ions present in the solution, 

used as one of the precipitants for the preparation of solid 

solutions of LPA and LVA can thus be Bound to ethylene 

diamine as a soluble complex* As the solutions used for the 

precipitation of apatites were to be maintained at pH 12, 

such a complexing could prevent the precipitation of lead 

hydroxide* Such a method of indirect aTaiAability of 
2+ 

Pb ions, functioning as precipitants, had the additional 

adTantage of slowing down the rate of precipitation resulting 

in the formation of larger and more perfectly shaped 

. , 241 crystals. 

2.4.3 Theoretical Basis for characterization of the samples: 

The theoretical aspects involved in the analytical 

procedures adopted for characterization of the samples through 

chemical analyses merit no special mention in this context 

since routine quantitative determinations were made use of. 

However^ a striking agreement between the experimental 

Pb 
•g» atom ratios,/ir-—r^ of the samples with the stoichiometric 
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value justifies the suitability of the preparative as well 

as purification techniques adopted. 

Among the techniques adopted for the characterization 

of the samples, X-ray diffraction happens to be the most 

significant since it can throw light on the homogeneity 

of the samples, in general, and of the solid solutions, in 

partftcnlar. The similarity of the patterns of LPA and LVA 

243 with those of apatites of well established composition 

enabled their identification to be made and showed the absence 

of extraneous phaseŝ ^̂ -̂ —>̂ within the permissible limits of 

their detection. While fulfilment of the desired criteria 

justifies the formation of solid solutions of LPA and LXA 

over the entire compositional range, a marginal dilation 

in the unit cell volume consequent upon the replacement of 
o o 

tpt by .yi (eovalent radii 1.10 A and 1.22 A respectively) 

is anticipated. An examination of the patterns of the 

samples could reveal a systematic shift in the 2 0 values 

of the corresponding characteristic diffraction lines of 

apatites justifying such an anticipation and providing 

thereby a proof for the homogeneity of the samples. A more 

convincing evidence for such a dilation was provided by the 

excellent regularity with which the unit cell volumes of the 

samples, calculated on the basis of the experimentally 
determined lattice constants, increased with an increase 

in the proportion of LVA in the samples. A systematic 

replacement of P by V in the LPA lattice resulting in the 
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formation of solid solutions over the entire compositional 

range could thus be substantiated by the validity of 

Vegard's law which states that for a homogeneous series 

of solid solutions the unit cell volume varies linearly 

with composition. In addition, a striking sharpness of 

242 
the diffraction lines in all the cases could suggest 

the crystal dimensions of the samples to be uniformly 

large atr supplemented by the electroncmicroscopic 

invest igat ions . 

An additional confirmation of the identity 

of the samples could be provided by their eleetronmicrograpbs 

which function as a means of visual examination of the 

shape of the individual crystals. Earlier studies could 

indicate that crystals of apatites are primarily 

hexagonal in shape tending to took ribbon-like, tabular or 

T S T ft 

needle shaped * depending upon their dimensions. The 

electronmicrogaaphs of the samples of LPA,LVA and a 

representative solid solution could prove the existence 

of such a crystal shape, confirming thereby their identity 

as apatites. As in the case of X-ray powder patterns, the 

absence of extraneous phases could be confirmed through 

electronmicroscopy. The approximate specific surface areas 

of these samples were calculated by assuming the individual 

hexagonal crystals to be cylindrical. 

The similarity of the i.r. absorption spectra of 
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LPA, LVA and their solid solutions could confirm 

convincingly the identity of these samples supplementing 

thereby the evidence obtained by chemical. X-ray and 

eleetronmicroscopitf analyses. 

As mentioned earlier the i.r. absorption peaks 

characteristic of PO^" (1040 and 980 cm~^) and VÔ "" 

(800 - 735 cm"" ) function as a means ĵ for the homogeneity 

of the solid solutions in addition to the evidence provided 

for the identification of the end-members. As expected, with 

3— 3— 
a progressive replacement of PO. by VO. the area of the 

i.r. absorption peak of the latter increased at the cost of 

the former. Absence of extraneous peaks in the pattern 

could eliminate the posibility of contamination of the 

samples* It is evident that thermograkimetric analysis 

of precipitated samples provides, among others, information 

regarding their thermal stability. Since the precipitated 

samples of apatites are to be heated to appropriate 

temperatures to drive out volatile impurities without 

in|fjlictlng thermal decomposition, a knowledge of their 

thermal stability range is essential. Keeping this objective 

in view, a couple of representative samples, namely, the 

end-members, LPA and LVA, were subjected to suCh studies, 

as mentioned earlier. While a temperature suitable for the 

purpose was found to be 300°C, the studies were inconclusive 

to throw light on the exact decomposition temperature and 

the nature of water associated with the samples. 
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2.5 Summary 

Lead phosphate apatite, lead vanadate apatite 

and a series of their solid solutions spread over the entire 

compositional range were prepared by precipitation from 

aqueous media at 37 C by a method specially developed for 

the purpose. They were characterized by the conventional 

chemical analyses as well as by X-ray, electronmicroscopic 

and i.r. studies. As was to be anticipated from the covalent 

radii of P and V (1.10 and 1.22 A respectively) the X-ray 

studies could show a systematic increase in-the lattice 

constants consequent upon a dilation of the unit cell, with 

an increase in the proportion of LVA in the solid solutions 

in agreement with vegard's law. The electronmicrographs of 

a few representative samples confirmed the absence of 

extraneous phases and enabled calculations of their approximate 

specific surface areas and the average dimensions of the 

individual crystals. An additional indication about the 

homogeneity of the samples was provided by i.r. absorption 

studies. As anticipated, the area under the vanadate peak 

increased at the cost of that under phosphate peak with a 

progressive increase in the proportion of VO,~in the solid 

solutions. Thermogravimetric "studies on a couple of 

representative samples established 300 C as a suitable 

temperature for removal of volatile impurities without 

causing decomposition of the samples. 
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SOLUBILITY EQUILIBRIA OF LEAD PHOSPHATE APATITE, LEAD 

VANADATE APATITE AND THEIR SOLID SOLUTIONS 

3.1 INTRODUCTION 

The fundamental physico-chemical aspects governing 

the dissolution of calcium hydroxylapatite in a solvent like 

water demand that the following equilibrium is established 

in its saturated solution:-

Ca^Q(P0^)g(0H)2-^ 10 Câ "̂  + 6 P0^'+ 2 OH" (3.1) 

It is evident that such a saturated solution is characterised 

by the fact that the solubility product, K , of the solute 

given by flCap 2+) . (sp^J-j (̂ nH~̂  "'•̂  ̂  constant at a given 

temperature, where the terms in brackets represent the 

activities of the respective ions. Further, the 'g' atom 

Ca ratio, — , of the solution should correspond to the theoretical 

value of the solute, namely 1.67. 

f- T f 4.U, •4.- 157-162,180,244 

A careful survev of the existing ' ' 

literature on the solubility of apatites indicates that there 

exist several ambiguities which need a clarification. Before 

such an attempt is made it is considered desirable to take 
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stock of the main factors leading to the existence of such 

uncertainties and a few such are the following:-

i) The low solubility coupled with the minute particle size 

of apatites leads to the existence of a colloidal component 

of the solutes in their aqueous solutions which is to be 

separated before the solution is analysed for the determination 

of solubility. 

ii) Since solutions of apatites, assumed to be saturated were 

either unsaturated or supersaturated, a scrutiny of attainment 

of saturation is to be made both from the sides of under-

saturation and supersaturation. 

iii) Since several solid phases are present in the 

Cao-P„0^-H„0 system as indicated by its phase diagram there 

is a possibility for the existence of more than one solid 

244 phase functioning as solute in systems studied for the 

determination of solubility of apatites. 

iv) By virtue of the high surface activity of apatites there 

39,245 is a possibility of their contamination ' through adsorption 

and surface exchange of foreign ions which leads to divergence 

in the results on the solubility, the effect being accentuated 

when the contaminants are highly soluble. 

177 vi) The tendency of the calcium ions to get complexed with 

some of the ingredients of the buffer combinations causes 

an additional complication. A scrutiny of this aspect is to be 
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made before deciding the suitability of a given buffer 

combination. 

vii) Apatites being the salts of a weak acid undergo 

hydrolysis in aqueous media resulting in the precipitation 

161,259 
of insoluble phases which control the solubility equilibria. 

viii) It should not be ignored that errors involved in the 

evaluation of activity coefficients of the products of 

dissolution of apatites introduce uncertainties in the 

calculated K values, sp 

It is well known that lead and its salts are highly 

97 toxic to human system. Such a toxicity leads to lead-poisoning 

223 225 also known as plumbism. Recent investigations ' could 

show that elemental vanadium and its compounds have also been 

toxic to the human system. The combined presence of these two 

or their compounds in the body fluids may result in the 

precipitation of LPA and LVA at the bone/body fluid interface 

causing thereby a disturbance of calcium-phosphorus metabolism 

through a shift in the calcification-resorption equilibrium. 

Investigations on the solubility of LPA,LVA and their solid 

solutions under a simulated set ocTflbiiological conditions may 

provide an explanation and a means for a possible elimination 

of such pathological conditions. The solubility equilibria of 

LVA have not been studied earlier although such equilibria 

involving several of its isomorphs have extensively been 

investigated. The toxic effects of lead and vanadate and the 
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absence of information on the solubility equilibria of LVA in 

the existing literature aifê  the motivations for undertaking 

the present investigations. In addition, the work was intended^, 

to eliminate the lacunae in the information available on 

solubility behaviour of apatites mentioned above. 

3.2 EXPERIMENTAL 

3.2.1 Selection of Buffers 

It has been proposed to investigate the dependence 

of the solubility equilibria of the samples on pH of the 

dissolving medium at 37 C. Preliminary investigations indicated 

an extremely low solubility even in highly acidic media for 

LPA and LVA in comparison with some of their usual isomorphs. 

In addition, the solubilities of these samples were found to 

exhibit a marked decrease with an increase in pH resulting 

thereby in the availability of an extremely narrow pH range 

namely 2 - 3, as optimum for the studies. Since buffered media 

are essential for such investigations, a prerequisite has been 

the selection of appropriate buffers, the criterion being their 

non-interference in the subsequent microanalytical 

determinations of lead, phosphate and vanadate. Such a 

criterion was found to be fulfilled by a combination of 

potassium acid phthalate - hydrochloric acid within certain 

specified concentration limits, the limiting concentration being 

established by separate experiments. 
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3.2.2 Preparation and Analyses of Saturated Solutions 

of the Samples 

3.2.2.1 Equilibration 

Glass containers were found to be unsuitable for 

housing the systems for purposes of equilibration since 

Ca and SiO, ions dissolved from the glass surface were 

likely to interfere with the subsequent microanalytical 

determinations. Polyethylene vessels of about 250 ml capacity 

provided with air-tight stoppers were found to be suitable 

for the purpose. The desired solutions were prepared in 

double - distilled water collected under a CO„-free 

atmosphere to avoid the possibility , if any, of 'f.STistî n of 

of Carbonate-apatite. Atmospheric contamination of the system 

was avoided by making them air-tight throughout equilibration. 

Since the activity coefficients of the 'dissolving species 

can be maintained effectively constant in a 0.165M sodium 

chloride solution, the latter was used instead of water for 

preparing the buffer solutions. Decimolar stock solutiong'V.,of 

each of the ingredients of the buffer combinations were 

prepared for the pH range, 2.0 - 2.7. Care was taken to see 

that the molarities of these solutions were withinthe 

stipulated concentration limits required for non-interference 

in the subsequent microanalytical determinations. The proportions 

of the ingredients of the buffer combinations were found out 

by separate experiments for each one of pH values chosen for 



122 

equilibration. The pH in all the cases was accurately 

measured before and after equilibration using a pH meter 

(Digital pH meter, ELICO, Hyderabad, India). A separate 

system for each one of the chosen pH values was set up taking 

0.2 g of the solute in a polyethylene bottle dried previously.To 

this were added exactly 100 ml. of the stock solution of 

appropriate buffer combination. The weight of the solute and 

the volume of the dissolving medium were maintained 

scrupulously the same for all the systems in order to eliminate 

159 the role, if any, of the slurry density, as a parameter in 

controlling the solubility of the samples. The systems were 

equilibrated at 37+̂ 0.5 C at a controlled rate of shaking 

using a Shaker Bath with a thermostatic arrangement. 

3.2.2.2 Filtration 

Due to their low solubilities and minute particle 

size samples of apatites show a tendency to get colloidally 

dispersed in their solutions resulting in what are known as 

"slurries". Hence it became necessary to filter off the 

colloidal component before the solutions were analysed. Further, 

the filtration was to be carried out at 37 C, the temperature of 

equilibration, to avoid any possible alterations in the 

equilibria consequent upon changes in temperature during 

filtration. 

It was decided to adopt filtration under suction 
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through a 1G4 sintered glass crucibles for the removal of 

colloidal component of the solute from the saturated solution 

of the samples in accordance with the results of earlier 

. . . . 89,157,244 . A 4- K • K 4- . K • investigations. ' ' In order to bring about this 

filtration at 37 +_ 0.5 C, a thermally insulated wooden 

cabin, 64 x 54 x 47 cm , specially prepared for this i 

purpose and maintained at the desired temperature was used. 

Heating was done by a couple of 200 watt incgndescent bulbs 

positioned appropriately inside the cabin and included in 

series with a contact thermometer and a relay circuit. The 

temperature inside the cabin was maintained uniform using an 

electric fan fabricated specially for the purpose and run at a 

regulated speed. An assembly fitted with a 1G4 sintered glass 

crucible suitable for filtration under suction was housed inside 

this cabin. A desired volume of the filtrate from each one of 

the equilibrating systems could thus be collected for the 

subsequent microanalytical determinations. 

3.2.2.3 Chemical Analyses of the Saturated Solutions of the 

Samples. 

The OH ion concentrations of the solutions of the 

samples required for the calculation of their ionic products 

could be evaluated from the measured pH values prevalent in the 

systems after attainment of saturation. A convenient method of 

determination of concentrations of the remaining ions was 

provided by the chemical analyses of their saturated solutions 
• 

and hence was adopted for the purpose. The available 
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microanalytical methods for the individual quantitative 

determination of lead, phosphate and vanadate were appropriately 

modified so that they could be used when all the three w"erê Ĵ"̂ ! 

present together. 

The microc.cieterminations of phosphate and vanadate 

could be achieved spectrophometrically as molybdenum blueand 

phosphotungsto^vanadie acid respectively. In order to eliminate 

the interference by PO, and VO ~ ions in the determination of 
• ' 4 4 

lead,the latter was separated as lead iodate, dissolved in 

warm EDTA solution and estimated by back titration of the 

surplus EDTA against standard MgC:'l_ solution. 

Determination of Phosphate 

The determination of phosphate was based on the 

reaction between orthophosphoric acid and molybdic acid which 

resulted in the formation of a heteropolyacid. Molybdenum blue 

formed by the reduction of the heteropoly acid was determined 

colorimetrically. The details of the experimental procedure were 

given below: 

The required solutions for the determination were prepared as 

follows: 

(i) Ammonium Molybdate Solution. 

66.0 g of ammonium molybdate were dissolved in boiling 

water. The solution was subsequently cooled and made up to 1 litre 
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(ii) Ferrous Ammonium Sulphate Solution. 

lA.O g of ferrous ammonium sulphate, FeSO,(NH.)„S0, . 6H„0, 

were dissolved by t'r-'ê rinĝ :sjJC£̂ es_sjj{g_r>*.,̂ thSabou.t 500 ml. of 

water and 4 ml. of sulphuric acid (Sp. gr. "1A84). The volume 

was then made up to 1 litre. 

(iii) 7.5 N Sulphuric Acid 

210 ml of sulphuric acid ( sp.gr.1.84) when present 

in 1 litre of its solution gave a diluted acid of normality 7.5 

(iv) Standard Phosphate Solution:-

1 litre of a standard solution of potassium dihydrogen 

phosphate containing 0.4387gof it was pr:e:p:ared, the amount taken 

being such that each ml of this solution contained 100 y of 

phosphorus. 

For purposes of calibration, each one of several 

accurately measured volumes of phosphate solution in the range 

0.1 to 1.0 ml was taken in a separate 50 ml. standard flask. 

Each of these aliquots was treated first with 5 ml of ammonium 

molybdate solution,diluted to about 20 ml and then treated 

successively with 5 ml each of sulphuric acid and ferrous 

ammonium sulphate solutions mentioned above and then made up to 

the mark. The transmittance of the resulting blue solution was 

measured against a blank using a filter - colorimeter CL20 

(ELICO, Hyderabad,India) fitted with a 670 nm filter. It was found 

http://sp.gr
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that the transmittance was unaffected by the presence of 

lead and vanadium enabling, the method to be applied for the 

determ^ination of phosphorus in solutions of LPA and LPVA 

without separating lead and vanadium. The determination of 

vanadium was based on the reaction between vanadate and sodium 

tungstate in presence of phosphoric acid to form a yellow 

solution of phosphotu'ihgstoCvanadic acid, in 0.5 N mineral acid. 

The following solutions were prepared for this purpose. 

i) Standard Vanadium Solution - 1.1460 g of A.R. Ammonium 

Vanadate were dissolved in double distilled water and the volume 

of the solution was made up to the mark in a standard 1 litre 

flask. This solution was further diluted in such a, way that 

1 ml contained 0.1 mg of vanadium. 

ii) Phosphoric Acid Solution 

To 500 ml of phosphoric acid (sp.gr. 1.75) 1000 ml of double 

distilled water were added. 

iii) Sodium Tungstate Solution. 

0.5M sodium tungstate solution was prepared by dissolving 

16.5 g of A.R. Sodium tungstate, Na„ WO,.2 H^O in 100 ml of 

double distilled water. 

iv) Nitric Acid Solution 

'5 N solution of nitric acid was obtained by 

diluting ̂ -̂  360 ml of nitric acid (sp. gr.5.42) to 1 litre. 

For purposes of calibration, each one of several accurately 

measured volumes of vanadate solution in the range of 0.1 to 1.0 ml 

http://sp.gr
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was taken in separate beakers. Each of these aliquots was 

treated first with 5 ml of nitric acid, 5 ml of phosphoric acid 

and 2.5 ml of sodium tungstate solutions mentioned above. 

The solutions were brought to boiling on a water bath, cooled, 

transferred to a 50 ml standard volumetric flask and made up 

to the mark. The yellow colour produced was measured using a 

spectrophotometer CL24 (ELICO, Hyderabad, India) at 400 my.. 

Since the transmittance was unaffected by the presence of lead 

this method could be used for the determination of vanadium in 

LVA and LPVA without separating lead. 

Since the presence of Vanadate ions interfered with 

determination of lead by complexometric back-titration method 

as described earlier, it was modified in the following way:-

From an aliquot of the solution lead was precipitated as lead 

iodate as mentioned earlier, washed with cold distilled water, 

dissolved in excess of warm (~ AO C) O.OIM EDTA solution and 

titrated against 0.0Q5M MgCl„ solution using 2 ml of a buffer 

of p 10 and Erio-chrome black T as indicator till the colour 

changed from blue to wine-red. 

3.2.2.4. Further purification of solutes by Equilibration 

with EDTA. 

Keeping in view the fact that trace impurities present 

in the solutes can markedly vitiate solubility data, about 2 g 

of each sample were subjected to equilibration in polyethylene 

containers using a mechanical shaker for about 6 hours with 



2 per cent, solution of E.D.T.A. ma 

•f Q Q 

intained at p 10 us3Tig 

ammonium chloride and ammonium hydroxide as buffer combination in 

16 2 
accordance with a procedure adopted by earlier workers. The samples 

were subsequently washed repeatedly with double-distilled water till 

the washings were free from the accompanying ions and dried at 

110°C. 

3.2.2.5 Duration of Equilibration and Determination of Solubility 

la order to determine the optimum period required for 

the attainment of saturation, it was require-d to investigate 

kinetics of dissolution of a few representative samples. These 

investigations were carried out at a p of 2.0 setting up a series 

consisting of 7 systems using LPA as solute. These studies were 

repeated by taking in turn LVA and a representative solid solution 

as solutes. At each one of a few convenient time-intervals, the 

longest being 24 hours, the equilibration of one of the systems 

was interrupted in each series and the dissolved ingredients 

estimated as mentioned earlier. It could be confirmed that the 

saturation was attained in all the series within about 4 hours of 

equilibration. In the case of regular solubility studies, the 

duration of equilibration was extended up to Iw hours in order 

to make doubly sure the attainment of saturation. The solubility of 
u 

each one of these samples was determined at about 4 individual p 

values (2.0 - 2.7). The influence of common, ion and the dependence 

on temperature of the solubility of LPA and LVA were also 

investigated. 
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Table 3,2 

Dissolution Kinetics of Lead phosphate apatite ( L P A ) . 

Solute: 0.2 g of Pb^^(p0^)^(OH)^ (Sample No.l, Table 2.4) 

washed with a 2 per cent, solution of EDTA maintained 

at p 10 using ammonium chloride and ammonium hydroxide. 

Dissolving Medium: 100 ml, of a buffer consisting of potassium 

acid phthalate and hydrochloric acid brought to a molarity 

of 0.165 with respect to NaCl. 

Temperature: 37+0.5 C 

P eriod of 
S. Equilbibrait ion 
N3>. (hours) 

F i n a l 
„H 

TT) l2Y "m 

M e a s u r e d c o n c e n t r a t i o n s 
( g a t o m s / l i t r e ) 

+ 4 
X 10 

U^ 

+ 4 
3E 10 

TibT 

g a t o m 
r a t i o 

P b / P . 

Tsy 
1 

2 

3 

4 

5 

6 

7 

1 .00 

2 . 0 0 

3 . 0 0 

4 , 0 0 

6 , 0 0 

1 6 . 5 0 

2 4 . 0 0 

1 .97 

1 .94 

1 .99 

1 .96 

2 . 1 8 

2 . 2 2 

1 .94 

8.075 

8 .100 

8 ,200 

8 .999 

8 ,999 

8 .999 

8 .999 

4 . 5 2 1 

4 . 6 8 2 

5 . 0 6 9 

5 . 1 3 4 

5 . H34 

5 . 134 

5 .1 '34 

1 , 7 8 6 

1,730 

1 . 6 1 7 

1 , 7 5 3 

1 , 7 5 3 

1 . 7 5 3 

1 . 7 5 3 
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Table 3.3 

Dissolution Kinetics of a Representative Solid Solution of 

LPA and LVA. 

Solute: 0.2 g of PbjQ(P0^)2 6^^°4^3 4!OH)2(Sample No.6,Table 2.4) 

washed witj|i a 2 per cent, solution of EDTA maintained 

at P 10 using ammonium chloride and ammonium hydroxide. 

Dissolving Aiedium: 100 ml of a buffer consisting of Potassium 

acid phthalate and hydrochloric acid brought to a 

molarity of 0,165 with respect to NaCl. 

Temperature: 37+0,5 C 

Period of Final Measured concentrations g atom 
S\ Equilibra- H (g atoms/l) ratio 
No. tion P —-r rr Pb/(p+V) 

(hours) +4 +4 
X 10 X 10 xt lO"*"̂  

(̂ ) (2) (3) (4at) (4b) (4c) (5) 

1 

2 

3 

4 

5 

6 

7 

0 . 5 0 

1 . 0 0 

2 , 0 0 

3 . 0 0 

4 . 0 0 

6 . 0 0 

2 4 . 0 0 

2 . 0 4 

2 , 0 5 

2 . 0 4 

2 , 0 7 

2 . 0 2 

2 . 1 8 

2 . 0 2 

7 . 0 0 0 

8 . 0 0 0 

9 . 5 0 0 

9 . 5 0 0 

9 . 5 0 0 

9 . 5 0 0 

9 . 5 0 0 

3 . 3 2 6 

3 . 4 2 3 

3 , 7 1 3 

3 . 7 1 3 

3,T!ri3 

3 . 7 1 3 

3 . 7 1 3 

4 . 7 111 

8 . 8 3 0 

19 . 6 3 E 

r 9 . 6 3 l 

1 9 . 6 3 1 . 

1 9 . 6 3 1 

19.6311 

1 . 8 4 4 

1 . 8 1 7 

1 ,674 

1 . 6 7 4 

1 , 6 7 4 

1 . 6 7 4 

1 . 6 7 4 
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Table 3.4 

Dissolution Kinetics of Lead V^inadate apatite (LVA) 

Solute : 0.2 g of P ̂  JQ^ ̂ ^4^ 6̂  °"^ 2 (̂ ^̂ P̂l® No.10 Table 2.4) 

washed with a 2 per cent, solution of EDTA maintained 

at pfilO using ammonium chloride and ammonium 

hydroxide. 

Dissolving 

Medium : 100 ml of a buffer consisting of Potassium acid 

phthalate and hydrochloric acid brought to a 

molarity of 0,165 with respect to NaC'L. 

Temperature: 37+0,5°C 

S Period of . ^ Measured Contrations g atom ratio 
No. Eqiuilibrai- „"^ (g atoms/l) P b/V per mole 

( l ) 
1 

2 

3 

4 

5 

6 

L J. U I l 

( h dtu r s) 

( 2 ) 

1.00 

2 , 0 0 

3 .00 

6 .00 

16 .50 

2 4 . 0 0 

r 

( 3 ) 

2 . 2 5 

2 . 0 5 

2 .04 

2 . 0 5 

2 .10 

2 . 2 0 

Pb 

XIO- '̂* 

( 4 a ) 

9 . 0 0 0 

9 . 5 0 0 

10 .000 

10 .000 

10 .000 

10 ,000 

V 

Xv-IO"^'* 

( 4 b ) 

5.1*43 

5 .497 

4 .889 

5 .889 

5 .889 

5 .889 

( 5 ) 

1.750 

1.728 

H.69 8 

l i .698 

E.698 

1.698 
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F i g . 3 , 1 C o n c e n t r a i t i o n r a n g e s f o r t h e V a l i d i t y 

of Bee r - L a m b e r t ' s Law f o r t h e 

D e t e r m i n a t i o n of P h o s p h o r u s . 
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Fig.3.2 Concentration ranges for the Validity of 

Beer - Lambert's Law for the 

Deteirminat ion of Vanadium. 
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P'ig. 3.3 Studies on Dissolution Kinetics of 

(A) Lead Phosphate apatite 

A(i) with respect to Phosphorus 

A(ii) with respect to Lead 

(Table 3.2) 

(B) Lead Vanadate apatite 

B(i) with respect to Vanadium 

B(ii) with respect to Lead 

(Table 3.4) 
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F"i9» 3.4 Studies on Dissolution Kinetics of a 

representative Solid Solution of 

Phosphate and Vanadate apatite of 

Lead. 

(i) with respect to ̂ jhosphorus 

(ii) with respect to Vanadium 

(iii) with respect to Lead. 

(Table 3.3) 
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F'ig.3.5 (A) Dependence of Ionic Product on 

mole fo of Lead Vanadate apatite 

(B) Dependence of CiJ^^ , on mole % of ^ ' ^ Soln. ' 

Lead Vanadate apatite. 

(Table 3.14) 
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Clarification of Tables 3.1 to 3.22 

Through the analyses of sample solutions containing 

known amounts of lead, phosphorus and vanadium, the accuracy 

of the method employed for their individual determinations 

when present together was scrutinized. The results incorporated 

in Table 3.1 suggested the maximum weight per cent, error 

involved in these determinations to be of the order of +0.99 

2+ for Pb ion while the error was nil in the case of P and V. 

Based on the results incorporated in columns (4a), 

(4b) and (4c) of the Tables 3.2 to 3.4 indication of attainment 

of saturation corresponding to a duration of equilibration-

equal to 4, 2 and 3 hours for LPA, solid solution and LVA 

respectively could be obtained by the constancy in the measured 

concentrations for the subsequent time-intervals. The constancy 

in g atom ratio reported in column 5 of each Table could show 

that the dissolution was stoichiometric. 

Based on the results incarparated in column 3 of each 
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of the Tables 3-5 to 3-13, it could be concluded that the 

concentrations of the dissolved species decreased with increase 

in pH of the dissolving medium. A marked dimin(ution in the 

concentration with increase in pH restricted the pH range to be 

investigated. As in the case of TableS3.5 to 3.13, proof for 

the stoichiometric dissolution of the samples could be provided 

by results incorporated in column (4) of each of the Tables. 

The equilibrium concentration of OH ion present in the saturated 

solutions, which enters into the calculation of the ionic products 

of the solutes could be evaluated from the measured .final pH of 

the solutions given in column (2) of the Tables making use of the 

ionic product of water, K^, equal to 13.54 at 37 C . 

The following aspects were considered to be relevant 

in understanding the significance of the other columns of the 

162 247 
Tables: Orthophosphoric acid ' being a tribasic acid 

exhibits »when dissoofeted ,the following equiiibria:-

H^PO^^ii H^PO" -̂  H"̂  (3.1) 

H^PO^^Z^ HPO^" + H^ (3.2) 

HPO^" ̂  PO^" + H"̂  (3.3). 

It is evident that H ion mentioned in the above equilibria 

exists as H,0 ion in aqueous media. The total amount of 

phosphorus present in a solution of LPA, represented as 'P' in 

column (3) of the Tables can be subdivided into (i) the 

undissociated acid and (ii) its dissociated ionic species 
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(H^PO^ ), (HPO^'^~) and (PO^"), making use of the pH of the 

system and the three dissociation constants of the acid. The 

dissociation constants K,, K„ and K^ and their values at 37 C 

are given by the following expressions:-

(H2P0')(H"*') 

(H3P0^) 
7.51 X 10' 

(HPO^-)(H'") P 
= 6.33 X 10~" 

(H^PO-) 

(P0j-)(H-') 

(HPO^-) 
= A.73 X 10 

-13 

• * • • 

• • • • 

(3.4) 

(3/5) 

(3.6) 

where the quantities in brackets are the activities of the 

corresponding species. The activity coefficients of all these 

ions were considered to be unity in a 0.165M solution of NatCl 

as suggested by La Mer and hence the concentration and 

activity of each ion were considered synonymous in the 

following calculations:-

The total dissolved phosphorus in g atoms/1 is given by the 

expression, 

(P\otar ^^3^°li^ •" (H^PO;;) + (HPO^")+ (PO^') ... (3.7). 

The quantities on the right hand side are the concentrations of 

thefrespective species, the first being expressed in molesTl and 

the rest in g ions / 1. From equations (3.4) to (3.7) it can be 



snown that 

(H3PO4) = 
(P) X (H"")^ (3.8) 

(H2P0-)= ^'^ - '-'^ \ ' ^ ' ' - ^ ' ^ " ) ' ... (3.9) 
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(HPOJ") 

(PoJ-) 

(P) X 47.53 X IQ-̂ x (H"̂ ) ?̂ 11 

(P) X 224.90 X 10 •24 

... (3.10) 

(3.11) 

where q = (H"̂ )"̂  + 7.51 x 10 ^ ( H"*") ̂ +47 . 53x10 "̂"̂  ( H"*") 224 . 90x10"^^ 

Similarly orthovanadic acid being a tribasic acid shows on 

dissociation the following equilibria: 

H3VO, W^VO" + H' (3.12) 

H^VO-

HVO' 

HVO, + H" 4 

V0^~ + H"̂  
4 

(3.13) 

(3.14) 

Analogous to the aspects mentioned in the context of dissociation 

of orthophosphoric acid the. following expressions can be arrived 

at in the case of the above equilibria 

(H3VO4) 

(HVO^-) (H""): 

(H^VO-) 

(VO^-)(H-') 

(HVO^") 

= 3.98 X 10' 

1.32 X 10 

= 1.00 X 10 

-8 

-13 

(3.15) 

(3.16) 

(3.17) 
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( V^^^^g^ = (HjVO^) + iH^yOl)^ (HVO^-) + (VO^ ) . . . ( 3 . 1 8 ) 

^ 3 4 ' q (3 .19) 

( u un \ (V) X 3 . 9 8 1 1 X 1 0 " ^ X (H"^)^ 
• > • • ( 3 . 2 0 ) 

. - 1 2 
( HVO ^ 1 - ^^) X 3 . 2 4 8 3 x 10 x (H ) 
^ 4 q 

( 3 . 2 1 ) 

/ WQ3 N _ ^y) X 5 . 2 4 8 3 X 10 
^ 4 q 

- 2 5 
( 3 . 2 2 ) 

where q = (H ) "̂  + 3.9811 x 10"^(H'^)^+ 5.2483 x 10 (H"̂ ) 

+ 5.2483 X 10"^^ 

where K, , K„ and K., are dissociation constants of H,V0 at 25°C. 

W^le the values of K , K„ and K, of H,VO corresponding to 37 C 

were not available in literature, it could be found that data 

on an analogous system, H,PO,, exhibited insignificant temperature 

dependence. The values corresponding to 25 C were therefore used 

for the present calculations. Thus, knowing the total phosphorus 

present in a solution of apatite at a given pH, the concentrations 

of the undissociated orthophosphoric acid and of its three 

dissociation products can be calculated", [since there were four 

unknown quantities associated with the four equations (3.8) to 

(3.11 )̂ ,S-i)imilar calculations could be made for evaluating the 

concentrations of orthovanadic acid and its three dissociation 

products using euqations 3.19 to 3.22. From the measured pH values 

of the saturated solutions given in column (2) of the Tables, the 

corresponding OH ion concentrations could be calculated making 
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use of the value of ionic product of water, K , at 37 C(lxlO 
f̂  W 

•13.54 

These values were not included in the Tables since they could be 

H OH Jf'' 
obtained from the relationship,? + P = P w = 13.54. Having 

thus obtained the concentrations of all the species present in 

the solutions of the apatites the ionic product K.^ of each of 

r I 
the possible solutes could be calculated on the basis of the , 

corresponding molecular formula. It is evident that since the 

temperature was maintained constant, a confirmation that the 

apatite phase was controlling the solubility could be provided 

by a constancy of its K. at all the pH values. While assessing 

the relative constancies of the K'![̂  and p "i-̂  values of the phases 

likely to be formed in the solution of apatites, it should be kept 

in mind that for simple phases like PbHPO., Pb HVO., Pb^HPO.COH)^ 

and Pb„HVO,(OH)_, the powers to which the measured concentrations 

of ions such as Pb^"^, HPO^~; , PO J" , HVO^' , VO^" and OH" ions were 

to be raised were low in comparison with those required for the 

apatite phase. Such a disparity in the values of the indices 

to which the concentrations were to be raised was likely to 

introduce errors proportionate to the value of the power to which 

a particular concentration was raised since the corresponding 

experimental error involved got simultaneously raised to the 

same power. In the light of these considerations, it could be 

concluded that the p si.p̂  value of the apatite phase was the most 

consistent at all the pH values investigated confirming the 
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occurrence of stoichiometric dissolution of the samples. Further, 

the g atom ratio, Pb c^r Pb given in column (4) of the 
p • ' V 

Tables (3.5) and (3.13) ranged respectively from 1.62 to 1.85 

and 1.55 to 1.76 which is very near to theoretical value of 1.67 

Results on the solubility equilibria of a total of seven solid 

solutions of LPA and LVA were subjected to calculations similar 

to those of the end-members and incorporated in Tables 3.6 to 

3.12. As in the case of the end-membe-rs, the. g atom ratio, 

Y^—rry, of the saturated solutions approached stoichiometry at 

all the pH values investigated. In addition, the Ki7f,'s and the 

p i'-Q the samples of the solid solutions calculated as in the 

case of the end-members on the basis of their molecular formulae 

exhibited a constancy at all the measured pH values. The average 

p i-p'' value showed a regular increase from LPA (167.9) to LVA 

(184.6) while the solid solutions had intermediary values. 

Making use of the experimentally determined Ki^ values 

of LPA,LVA and their solid solutions, the free energy dicrease 

aCccompanying the dissolution of each sample was calculated and 

given in Table 3.14 . A systematic increase in the magnitude 

of A»G as one goes from LPA through its solid solutions with 

LVA to pure LVA confirms the homogeneity of the samples and 

ensures the formation of the solid solutions. 

Results on the dependence of solubility of LPA on the 

presence of common ions,Pb and POA~ chosen respectively in 

the concentration ranges 40-60 mg / 1 and 20-40 mg / 1(expressed 

in terms of concentration of P ) were given in the Table.-3 ..15' . 
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Similar results on the dependence of solubility of LVA on 

Pb and V0.~ chosen respectively in the concentration ranges 

40-60 mg/l and 20-AO mg/1 (expressed in terms of concentration 

of V) were given in Tables 3.16. For the entire series of 

concentrations of common ions investigated, the D i-'p* values 

of the apatite phase exhibited a constancy proving the 

response of the solubility of apatite to the common ion 

effect. As expected,the g atom ratios, P^ and £b̂ ,in these 
P V 

cases were found to be divergent from the stoichiometric value-7 

in accordance with the principle of solubility product. 

Results on the dependence of solubility of LPA on temperature 

were included in Table 3.17 while Table 3.18 contains similar 

results in the case of LVA. In these cases also the P ""i?P values 

of apatite phase exhibited a constancy and the g atom ratios, 

•p— and T7— approached the stoichiometric value. 

An attempt was made to assess the role of experimental 

errors on the values of ionic products determined. Using a 

given set of observed Pb , P and V concentrations, ionic 

products of the apatite were calculated after applying 

corrections to these concentrations on the basis of the error 

limits involved. The results of such calculations were 

incorporated in Tables 3.19 to 3.22. 

In Tables'5'19 to322 were included results to establish 

the upper and lower limits of fluctuations in the calculated 

ionic products of LPA,LVA and other phases likely to control 

the solubility equilibria. In each set of calculations given 
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in a row of each Table, the experimentally measured pH values 

and the concentrations of lead,given respectively in columned') 

were subjected to corrections depending upon the observed 

upper limits of the respective measurements, values of P and V 

being free from errors were not subjected to such corrections. 

The pKip values of PbH PO^jPb^ (HPO )(0H)2, Pb(H2P0^)2> ii' 

Pb^g(P0^)^(0H)2 and PbHVO^, Pb^(HVQ^)(OH)^,Pb(H^VO^)2 and 

Pb,„(VO,)^(0H)2 were calculated using the experimentally 

measured and corrected values. The difference between two sets 

of corresponding pKip values gave the range of fluctuations 
of 

consequent upon the upper limit/experimental errors. Similar 

calculations were made using the experimental values corrected 

on the basis of the lower limits of experimental errors. Such 

a range could help in deciding which among the likely phases 

constituted the solute to control the solubility equilibria, 

the criterion for the constancy of the calculated K. of a qiven 
ip 

phase being provided by the fact that its values were within 

the limits of those calculated on the basis of error limits. 

As an illustration it could be suggested that K O of the 

apatite phase of systems -involving LPA as solute, taken as 

a representative set of values, ranged from 5.837 xlO" 

to 2.197 X lO"-"-̂ ^ (See Table 3 0 5). While the range of values 

obtained by taking the error limits into consideration was 

found to be 1.090 x 10" to 2.04 x lO"-""̂ ^ the former range 

being well within the latter. 
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The following conclusions could be drawn from the results 

of the entire series of investigations on the solubility 

equilibria of LPA, LVA and their solid solutions:-

(i) Attainment of saturation could be achieved within a 

period of equilibration extending to about 4 hours. 

(ii) The concentrations of the dissolution products increased 
u 

withO a decrease in the P of the dissolving medium. 

(iii) The g atom ratio, P_b , P_b and Pb , of the saturated 

P V (P+V) 

solutions of LPA and LVA and their solid solutions 

approached the stoichiometric value of 1.67. 

(iv)The calculated P rp values of the apatite phase showed 

a constancy. 

(v) For a given set of experimental conditions the average pK-'"̂  
ip-

value of LVA was found to be greater than that of LPA and 

the corresponding values of solid solutions ranged between 

these two extremities. The P ̂•ilpJ values of the solid 

solutions were found to increase with an increase in V0,~ 

con^tent of the solutes which amounts to a decrease in the 

solubility of the samples with an increase in their VO."content. 

(vi) The P i-p' values of the samples were found to be unaffected 

by the addition of common ions. 

(vii) No marked dependence of K. on temperature was observed 
ip 

^„ j.u„ ^„r.r.^ -7.-1 /,<;0p in the case of LPA and LVA. in the range 37 - 45 C 
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3.4 Discussion 

3.4.1 Fundamental Aspects 

3.4.1.1 Mechanism of Dissolution of Ionic Crystals. 

248 249 
A brief mention of fundamental principles ' 

governing the solubility of ionic crystals in aqueous media 

was considered desirable in the present context in order to 

provide an interpretation of the results on solubility of the 

samples of apatites investigated. A solution is a homogeneous 

mixture of two or more substances the composition of which is 

variable within certain limits beyond which saturation occurs. 

A crystalline solid is characterised by an orderly alignment 

of its constituent ions, the forces holding them in their 

relative positions being a consequence of its lattice energy 

which is defined as the minimum energy required for the 

conversion of its constituent ions from solid to gaseous state. 

When such a solid enters into solution an attraction between 

the solvent molecules and the constituents of the lattice of 

the solute caused by the existence of solvation energy occurs. 

An interplay of lattice and solvation energies controls the 

dissolution of the solute which is favoured when it is 

accomoanied by a release of energy. It is evident that in 

polar solvents like water the solvation of the ions constituting 

the solute is facilitated by the dipolar interaction between 
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the solvent molecules and these ions. The solubility of a 

crystalline solid is controlled by size, charge and electronic 

structure of its constituent ions since both the energies 

mentioned above are in turn dependent on these parameters. 

In general, charge remaining the same, large ions pack less 

tightly than small ones resulting in the formation of a solid 

of a higher solubility. Similarly, it can be expected that 

increase in the charge of ions constituting a crystal brings 

about a greater binding leading to a lowering of the 

solubility. 

In the dissolution studies the role of water as a 

solvent has been explained on the basis of the polarity of 

water due to a displacement of electric charges within its 

molecule. Water molecules which function as dipoles get 

oriented in an electrostatic field and exert attractive forces 

on the charged particles. When the ionic crystals come in 

contact with water, the molecules of the latter align themselves 

such that their negative and positive ends are oriented 

respectively towards the oppositely charged ions of the 

248 crystal . The interionic attraction within the crystal is 

weakened consequent upon the dipolar forces exerted by water. 

The ions are thus pulled into solution. The detached ions move 

away from the crystal along with the accompanying water 

molecules. The dissolution of the ionic compounds in polar 

solvents like water may thus be explained. Additional facte.rs 
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that greatly influence the dissolution of crystalline solids 

in polar solvents can be, among others, the proton donating 

and proton accepting tendencies in acid-base reactions, action 

of oxidising or reducing agents and formation of complex ions. 

It is established beyond doubt that water dipoles exist as 

molecular aggregates due to hydrogen bonding . A prerequisite 

for a substance to be soluble in water is its ability to weaken 

the hydrogen bonding such that its particles may be able to 

penetrate into the intermolecular spaces of the solvent. Such 

a weakening is brought about by the orientation of the water 

dipoles in the electrostatic field of an ion. 

3.4.1.2 Thermodynamic Aspects of Dissolution: 

It is evident that in a saturated solution of an ionic 

compound an equilibrium is established between the undissociated 

molecules of the solute and the products of dissociation 

accompanied by changes in enthalpy as demanded by the laws of 

thermochemistry. The free energy change, /i G , ,, accompanying 

such a process at temperature T can be shown to be given by, 

A G^^- ^ = - RT l5i K^^ (3.23) 

s 0 In,". s p 

where the other terms involved have their usual significance. 

On the basis of the fundamental thermodynamic expression used 

for defining the change in free energy, it can be shown that 
A G ..^= A H , „ - T A S 

s o ln.> s o 1-n:. s o l(,n, 
(3.24) 
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where A H ,^ and A S ^r\ are the changes in heat content 
soln>. soUrf. 

and entropy of solution respectively. 

In order to evaluate K of a given solubility 
sp 

equilibrium making use of equation (3.23), A G ,„, is desired 

which in turn is obtained from A H ,^ and A S ,_ as 
s o l[n. s o l.n'i 

indicated by equation (3.24). It is evident from equations 

(3.23) and (3.24) that a theoretical value of K of a given 
sp ^ 

solubility equilibrium can be arrived at by making use of 

values of A H ;e and A S •,r^ of the process. Visualising solrii solffl. 

dissolution of an ionic compound to be consisting of 

(i) breaking down of .the crystal architecture for which the 

lattice energy, ' L)' , is operative and (ii) the hydration 

of the constituting ions, so set free, for which the 

summ.ation of the individual hydration energies is made use of, 

it can be shown that the overall heat change involved in the 

process which is the same as the_heat of solution, ,/N< Ĥ  

is given by 

solft. 

A H ,-̂  = E A H. . + U s o Iny. h 1 (3.25) 

where ZA H, . is the sum of heats of hydration of the ions, 
hi ^ ' 

while A H, . is the corresponding value for the i ion. 

It is evident that appropriate signs for the quantities 

involved in the above expression are to be given on the basis 

of the established conventions. It can be concluded from the 

above expression that for a highly soluble compound the 
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absolute value of Z A H. . is greater than that for U 

while the converse is valid for cases of low solubility. 

While Z A H . is the summation of the enthalpy changes 

involved in the conversion of the products of dissolution 

to their corresponding hydrated species, U can be shown 

to be made up of two principal energy terms contributed by 

CoWlombic attraction and repulsion operative among the 

constituting ions of the crystal lattice' and can be shown 

to be given in K cals/mole at 0 C by the expression 

U = (NAe Ẑ -̂  Z-)(^ (3.26a) 

R "B 
(3.26b) 

where N = Avogadro's Number, A = Madelung's constant which 

depends upon the crystal arrangement, e = electronic charge, 

Z+ and Z- are the valencies of the cation and anion 

respectively which constitute the crystaJ lattice, R is the 

minimum cation to anion distance equal for approximate purposes 

to {T+C--*-^ TLG) where r+ and r- are respectively the cationic 

and anionic radii and n^ is the Born exponent which depends 
D 

upon the electronic configuration of the ions and leads to the 

evaluation of the repulsive forces operative. Having explained 

the implications involved in the theoretical evaluation of 
A H ,^ of equation (3.24), a theoretical evaluation of 

soliff. ^ V / > 

A S ,^ involved in this equation which is now desired, can 
s 0 ICn. ^ ' 
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be obtained from the expression, 

3 AS, _ , n, = ("(Sum of the entropies of products of 7 ,-, ,, 
\_̂  dissolution) - (entropy of solute} J 

It is evident that the quantities on the right hand side of 

250 
the above expression can be evaluated using the Latimer 

expression 

r-O 

298 
\ | RXn.(at. wt. of the species) - 0.94"! ... (3.28) 

where S„_Q refers to the entropy contribution of the desired 

species at 25 C, the expression being valid only for simple 

salts such as the alkali halides. Further, in the event of 

participation of gaseous ions, application of the Sackur -

249 Tetrode equation , 

S° = 26.0 + j I R-In.(at.wt.) (3.29) 

is also desired where S refers to the entropy of the desired 
g 

gaseous ions. While the above discussion involves a circuitous 

evaluation of ^G ,/̂  desired for arriving at a theoretical 
sol{ni ^ 

basis for dissolution of ionic compounds, a more direct approach 

is possible as shown below starting with (i) "lAG. , , . , the 
^ hydration' 

summation of the free energy changes of hydration of the 

constituting ions of the solute and (ii) ^ G , ,, . , the free ^ lattice' 

energy change- of formation of the lattice of the solute, 

AG 
so in}. 

Z^G, . . . - A,GT , , . 
'- hydration lattice 

(3.30) 

using a specific example of a solute of general formula, 

M N , the quantities on the right hand side of the above m n' ^ ^ 

expression can be shown to be given by the relationships 

^--^^^ 



(3.31) to (3.35) as given below:-

ÎG. , , . = fTi. A G, .. + A G, ., hydration h M n. -h N 

185 

(3.31) 

164 Z+ m 164 V. 
r. + 0.85 r_ + 0.1 

The fundamental expression 

A G, ... = A H , ... - T A Ŝ  , , . lattice lattice lattice 

assumes the form A G. U - T. A S. 
'lattice ~ " •• o lattice 

appropriate signs being given to the terms involved. As 

(3.32) 

(3.33) 

(3.34) 

explained earlier AS, ... desired in the above expression ^ lattice ^ 
252 249 

can be evaluated using the Latimer and Sackur - Tetrode 

equation provided in equations (3.28) and (3.29). On substitution 

of the appropriate values for the quantities involved in 
equation (3.34) expression for A G, ,,. assumes the ^ ^ lattice 

following form: 

^ lattice " I ̂ ^^ ^^^^- (1- ̂ ) - 8.03 (m -H n) 
Rn ''B 

substituting the values of A G, , . . and A G, ... 
^ hydration lattice 

(3.35) 

obtained 

from the expressions (3.32) and (3.35) A G_ , in K.Cal/mole 
boln. 

at 298 K for such a system is given by the expression. 

A G , = -soln 

- 8.03 (m + n) ] K cal/mole (3.36) 

164Z+ m _ 164Z- n 7 ( 332AZ+ Z- (i__l̂ ^ 
r+ +0.85 r_ + 0.1 ) ^ f RQ ng' 

To emphasize the dependence of A G , on the replacement of ^ ^ soln. ^ 

an anion of the solute by another of a different ionic radius 

the above expression can be differentiated with respect to r- at 
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constant r+ which leads to the relationship, 

•^^fsolBl 164 Z- n 

^^^ < (r- - 0.1)2 

3 332A Z+Z-
R 2 

^ ro A < 

• • • • 

It is evident that the changes ensuing in AG 

AG 

(3.37) 

and 
hydration 

, ... consequent upon such a replacement are given respectively 
J. 3 Xf L X C 6 

by the first and second terms on the right-hand side of the above 

expression. 

3.4.1.3 Present results on Solubility 

While overall change in the solubility of an ionic 

compound depends exclusively on the relative variations in 

^G hydration and ^G-. ... terms as above, for sparingly 
X o L C 1 C 6 

soluble salts like apatites the latter becomes more dominant. 

This can be justified by the fact that the alterations in 

251 
hydration energies for the pair of anions involved 

(P0.~ and VQ,~ ) in the substitutions investigated are of very 

small magnitude. The above equation shows that when the lattice 

energy increases by a larger amount than the hydration energy, 

a solubility decrease occurs. The inference that the lattice 

energies increased with the increasing vanadate content in the 

samples clearly explains the decrease in their solubility as one 

goes from lead phosphate apatite to lead vanadate apatite as 

established by the present sĝ t of investigations carried out. 
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While the solubility of a solute in a given solvent 

under a specified set of experimental conditions is constant, 

i @ Kinetics of dissolution is controlled by its particle 

size and conditions of equilibration such as rate of shaking. 

It is therefore essential to maintain these parameters constant 

in comparitive. studies of solubility in which a common period 

of equilibration was adopted for the attainment of saturation. 

As was to be expected the periods of dissolution required for 

the attainment of saturation in the present investigations were 

comparable with those reported earlier under a similar set of 

experimental conditions. The solubilities of LPA and LVA as well 

as those of solid solutions studied as a function of pH of the 

dissolving medium showed a marked increase with a decrease in 

pH. An interpretation of this observation was provided by the 

simultaneous equilibria established in systems involving 

dissolution of apatites. The equilibria which are relevant in 

the present context for LPA as solute are the following:-

(3.38) Pb^Q(P0^)^(0H)2- 10Pb̂ '*'+ 6 PO^ + 2 OH' 

Among the products of dissolution P0,~ and 0H~ are capable of 

participating in a few more simultaneous equilibria 

characteristic of a saturated aqueous solution of an apatite. 

The presence of PO, in aqueous medium initiates estabMshment 

of the following equilibria which are all pH- dependent:-
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P0^~ + H,0"^—^ 4 3 '̂ ^ 

HPO,^" + Ĥ O"̂ -4 3 

HPO 2-

^2^\ + ^2° 

H2P0~ + H30"^H3P0^ ^C^^Q 

(3.39) 

(3.40) 

(3.41) 

The OH" ion, on the otherhand, takes part in an 

additional equilibrium characteristic of all aqueous media 

as shown below:-

H,0 + OH" ZH^O (3.42) 

which is also pH dependent. A shift from left to right occurs 

in all the above equilibria when H^Q ion concentration is 

increased. While all these equilibria are collectively 

responsible for influencing equilibrium (3.38), the one in which 

PO, ion is a direct participant is naturally more dominant for 

bringing about a shift from left to right resulting in a higher 

solubility of the solute. Such a shift in equilibrium (3.38) is 

further accentuated by equilibrium (3.42) which facilitates the 

removal of OH ions which are dissolution products of apatites 

bringing about an additional enhancement of the solubility of 

apatite. Such adjustments in these equilibria continue till the 

solubility product of the solute is attained. The marked pH 

dependence of the solubilities of LPA and its solid solutions 

with LVA can thus be accounted for. A saturated solution of LVA 

is characterised by equilibria analogous to those operative in 

the system involving LPA 
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The [foxe_goj.hjj arguments are substantiated by the 

observed fact that calculated proportion of PO. or VO. ions, 

of the saturated solutions of the samples decreased with an 

increase in the hydrogen ion concentration of the medium of 

dissolution (See Table 3»5 to 3-15) 

Another important finding of the present investigations 

was that the solubility of the samples was found to decrease 

with an increase in the proportion of vanadium. This amounted 

to LPA exhibiting the highest solubility and LVA the lowest, 

with the solid solutions exhibiting the intermediary solubilities 

following the order of diminution with increase in vanadate 

content under a given set of experimental conditions. Since 

the covalent radii of P and V are not very much divergent from 

one another, the factor dominant for controlling the solubility 

is not evidently the disparity in the lattice energies. The 

factors which control the solubility of LPA and LVA can be 

supposed to be related to the release of energy due to 

hydration of the constituents of the two lattices. The energy 

associated with hydration of ions evidently depends upon the 

population of the ions available under the conditions prevalent 

during dissolution. Experimental conditions being the same, the 

first dissociation constant of H,VO, is lower than that of 
3 4 

H,PO, . Based on the consideration that in the case of 

simultaneous equilibria the ion participating in more than 

one equilibrium exhibits the same activity in all its 

equilibria, the population of V0,~ ions is lower than that of 
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PO, ions contributing to a lower sum total of hydration energy 

for the former resulting in a lower K 
^ sp 

An additional explanation for the observed K of LVA 
^ sp 

being lower than that of LPA is provided by the fact that the 

extent of dissocation of H^VO, is lower than of H^PO,. The 

equilibria involving these two acids are evidently the sources 

for the availability of P0/,~ and VO, ions which in turn 

participate in the solubility equilibria of LPA,LVA and their 

solid solutions. 

The lower solubilities of the solid solutions over that 

of LPA can be given an explanation based exclusively on the 

118 structural considerations as was shown by Young et al. 

According to them ions such as F , CI and OH or a combination 

of them exist in apatites in columns or linear chains coincident 

with their six-fold screw axis. It could be shown through 

infrared spectral studies that the OH" ions constituting the 

lattice of a solid solution of LPA and LVA are mutually linked up 

through a hydrogen bonding. The hindrance caused to the diffusion 

of the OH ion through the columns mentioned above can be a factor 

in reducing the solubility of solid solutions since the columns 

252-254 offer themselves as the most vulnerable points for the 

diffusion of the ions located in them into the medium of 

dissolution. In addition, the porosity and the surface activity of 

the samples of apatites are dependent on the columns in which 0H~ 

ions are located. The crosslinkage of OH ions as mentioned above 
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can contribute to the blockage of these columns resulting 

in a diminished accessibility of the solvent molecules and 

release of the OH" ions explaining thereby the decrease in 

the solubility of solid solutions. 

3.4.1.4 Ionic product and solubility product - Role of 

Ionic strength. 

A saturated solution is characterised by the existence of 

an equilibrium between the dissolved and undissolved species of 

the solute. It can be shown on the basis of chemical potential 

that when the dissolved fraction dissociates completely in a 

saturated solution, the product of the activities of the 

constituent ions is a constant at a given temperature known as 

the activity solubility product, k . It is convenient to express 

solubility in terms of the solubility product since the latter 

enables the former to be evaluated even in media containing 

complexing and common ions. Polymorphism, particle size, degree 

of hydration, occurrence of chemical reactions leading to 

either hydrolysis or complex formation and surface exchange may 

be considrfered as some of the important characteristics of the 

solute phase which influence its solubility and hence the 

solubility product. The ionic strength,/^, of a dissolving 

medium given by halfj of the summation of the products of 

molality and square of the charge of all the ionic species 

present, is another important factor inffluencing the solubility 

product. The following expression which can be derived on the 
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basis of the Debye-Huckel theory gives the solubility of 

a salt as a function of the ionic strength, , at 25 C 

l o g S r l o g S + 
0 .509Z+Z-J7^ 

(1 + 0.329 aJywT) 
3.A3 

where S = solubility at zero ionic strength,a = distance 

of closest approach of the ions and Z+ and Z- are the 

respective valencies of the positive and negative ions 

of the salt. 

In the present investigations the medium of dissolution 

adopted was constituted by buffer combinations of desired pH 

maintained at a molarity of 0.165 with respect to sodium 

chloride. The ionic strength of the dissolving medium thereby 

remained virtually constant over the entire compositional 

range of the buffer combinations. The role of the ionic 

strength of the medium of dissolution as a parameter of the 

solubilities of apatites could thus be avoided. 

It has been suggested by LaMer that it is complicated 

to calculate the activity coefficients when ions of high and 

opposite charge are involved as is the case with solutions of 

LPA and LVA; the use of the Debye-Hiickel equation for the 

precise calculation of activity coefficients of such ions has 

been found to be inadequate. It was, therefore, recommended 

by him that an aqueous solution of 0.165M NaCll, a solvent of 
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reference in which all activity coefficients may be assigned 

a value of unity. In the light of such a consideration the 

concentrations of the ionic species were used instead of 

their activities ĵ;for purposes of calculations of K. - values 

reported in the present section. 

It may be relevant to mention in this context an 

2 55 2 56 
important concept advanced by Buĵ reted ' even before 

the enunciation of the Debye - Huckel theory. Based on an 

extensive series of investigations he could show that a constant 

ionic environment contributed by a large excess of an inert 

neutral salt can ensure a constancy of the activity coefficients 

of ions present in relatively low concentrations. When such a 

condition is fulfilled, the ionic product, K. , of a solute is 
' ^ ' ip' 

related to the corresponding activity product by a constant 

factor enabling thereby the use of the former for purposes of 

comparison. 

3.4.1.5 Stoichiometric Dissolution of Apatites. 

Important requirements for a stoichiometric dissolution 

of an ionic compound leading to the formation of a saturated 

solution are (i) a constant value for the solubility product at 

a given temperature even when the rest of the experimental 

conditions are altered (ii) an agreement of ratios of measured 

concentrations of the ions of the solute in the absence of 
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extraneous addition of one or more of these ions and 

(iii) non-dependence of the evaluated solubility products 

on the addition of common ions and slurry density. The 

present investigations on solubility of apatites could 

convincingly prove that these criteria are fulfilled 

establishing unambiguously their stoichiometric dissolution. 

The p *-P values of the samples were calculated from the 

measured concentrations of the dissolved species of LPA,LVA 

and their solid solutions at a constant temperature. Each 

individual solute shows a constant p i-P value within the limits 

of experimental errors, even under an alteration of the pH of 

the medium of dissolution. It is clear from the procedure 

adopted for such calculations that the principal factors which 

contribute to a deviation of these computed values from those 

expected are the experimental errors involved in the 

microanalytical determinations of the dissolved species. Out 

of these ions, OH",with its dominant accompanying effect on the 

calculated value of the P0.~ or V0,~ ion from the measured 

(P), .. , or (V)T- . , value, as indicated by eqs.(r3.8 and 3.18), local To'tral ' •' ^ \i; '' 

is of significance. It is evident that an error in its measurement 

effects not only its own concentration term used directly in 

the calculation of K. but also that of PO ~ or VO " which is 
ip li 4 

computed from the (P)x *. -, or (V), ̂ ^ , and the measured pH value. ^ Total To;*tal ^ 

These errors get accentuated in the P J-p calculations of apatites 
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the molecular formulae of which involve ten, six and two 

g ions respectively of Pb , P0,~ or VO. and OH . Such 

computations involve large powers to which the corresponding 

concentrations are to be raised to get the p i^ values. Based 

on the fact /that the experimental values of P Ip lie within 

the error limits consequent upon inaccuracies in the 

determination of the concentrations of the concerned ions 

the observed set of values could be considered as constant for 

a given solute confirming thereby the concept of stoichiometric 

dissolution. 

In order to scrutinize the validity of the concepts 

advanced earlier ' suggesting the role of additional solid 

phase such as the secondary salts, PbHPO, or PbHVO., a surface 

complex Pb^ HP0^(0H)2 or Pb^ HVO (0H)2 in controlling the 

solubility equilibria of apatite systems, the ionic products of 

these and other solid phases were calculated following the 

procedures adopted for the apatites. 

In general, the errors involved in the measurements of 

the concentrations of the dissolving species of apatites are 

likely to magnify the fluctuations in the calculated values of 

the ionic products since the latter were of a very low order of 

magnitude involving powers of the ionic concentrations. Since 

the ppovrecTSs to which the ionic concentrations were to be raised to 

get the K•>'"•', values were much lower in the case of the secondary 
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salt and the surface complex than for apatite as is evident 

from the molecular formulae the values of the former were 

supposed to be lower. The g atom ratio, Pb , in the case of 
(P+V) 

additional phases is not stoichiome^tric as required for 

apatite phase for which the ratio was found to be close to the 

stoichimetric value. These considerations could conclusively 

eliminate the possibility of phases other than apatite 

controlling the solubility equilibria of the systems. Though 

the observed constancy in the K. values of the apatite phase 
•̂  ip r K 

was not very striking,it could still be concluded that their 

solubility equilibria were characterised by stoichiometric 

dissolution. This conclusion was justified on the basis of the 

expected upper and lower limits of fluctuations in the calculated 

KiTyvalues of all the likely phases. An additional substantiation 

of the stoichiometric dissolution of apatite could be provided by 

the remarkable regularity with which the end-members responded 

to the common ion effect. With the p rp values calculated 
remaining unaffected in either case, the g atom ratios £b̂  and 

P 
Pb were found to be divergent from the stoichiometric value 
V 
as demanded by the principle of solubility product when 
applied to systems involving common ion. 
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3.5 SUMMARY 

The solubility equilibria of lead phosphate 

apatite, lead vanadate apatite and a total of seven of 

of their solid solutions spread over the entire compositional 

range were investigated with the intention of studying the 

dependence of their solubility on the extent of isomorphous 

3- 3 — 
substitution of P0>, by VO. . In order to substantiate the 

findings the studies were extended to a few chosen buffered 

dissolving media spread over a narrow p range of 2 - 3, 

higher p values being unsuitable due to a marked diminution 

in solubility in the case of all the solutes. To enable the 

results of these investigations to be applied Jo in vivo 

conditions the studies were restricted to 3f C, although 

the temperature dependence of solubility was investigated 

separately, 

Ecjuil ibrat ing powdered samples of the solutes 

with appropriate buffer solutions the colloidal component 

was separated from the saturated solutions through IGl. 

sintered glass crucibles and the filtrates were subjected 

to microanaly t ical ddterminat ions of the concentra\t ions of 

the dissolved ions. The minimum duration of eqfuil ibrat ion 

required for the attainmant of saturation was established 

through studies on the dissolution Kinetics. The proportion 

of H„PO and H„VO, and the corresponding dissociation 
3 4 3 4 
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products were calculated respectively from the experimentally 

determined phosphorus and vanadium contents of the solutions 

using the dissociation constants and the p of the medium. 

Taking into consideration the possible ionic 

equilibria which can be established in such systems, the 

ionic products of primary and secondary phosphates, a 

complex, Pb™ ( H P 0 . ) ( 0 H ) 2 and LPA were calculated for systems 

having the latter as solute. Similar calculations were 

carried out for the ionic products of the vanadium 

counterparts in LVA systems, Â  combination of these two 
in 

sets of calculations was brought about^the case of systems 

having the solid solutions of the end-members as solutes. 

A high concentration of sodium chloride (0.1165M) was 

maintained in the medium of dissolution to maintain the 

ionic strength constant. This enabled the ionic product of 

the solute. Kip, to be considered as its solubility product, 

K , assuming the activity coefficients of each one of 
sp' 

products of dissolution to be unity in such systems. 

Based on the molecular formalae of the solutes, 

the corresponding ionic products were calculated making 

use of the sets of concentrations of the products of 

dissolution. At constant temperature, the ionic product of 

each solute was found to be constant in all the systems 

investigaited. The assumed constancy was bâ sed on ̂ the fact 
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If 

that the observed scatter in p ip values was within the 

error limitls. Proof for the occurrence of stoichiometric 

dissolution of the samples could be obtained on the basis 

of the following:-
rr 

(i) a constancy in the p ip values of the apatite phase 

in each case 

(ii) an agreement of the g atom ratios, -rr—-^f of the 

saturated solutions with the theoretical value and 

(iii) a precise response of =— and — values respectively 

of LPA and LVA systems to the addition of common ions. 

Av systematic study of the solubilities of the 

samples could show that LVA was less soluble than IS.& and that 

the solid solutions exhibited an intermediary behaviour 

showing a systematic decrease in the solubility product 

with an increase in the vanadium content. These aspects 

could be explained on the basis of the concept of hydreption 

and lattice energies of ionic solids supplemented by tjie 

disparity in the dissociation constants of ortho-^phosphoric 

and orthocvanadic acids. 
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SYNOPSISQ 

Calcium hydroxylapatite , Ca,„(PO ) (OH ) „, the 

principal inorganic constituent of human bones and teeth, 

belongs to an isomorphofus series of substances known as 

apatites. It has been the subject of extensive investigations 

because of its biological significance and its remarkable 

ability to undergo a series of cationic and anionic exchange 

reactions, the criteria for such an exchange being the 

identity of charge and the proximity of ionic radii of the 

pairs of ions involved. Among such diverse exchange 

reactions a few have attained significance during the recent 

past consequent upon the toxicity of the elements involved, 

such an exchange being the mechanism for their incorporation 

into human skeletal system. Based on the contemporary 

importance given to the toxicity caused by lead and vanadium 

to the human system, studies on the replacement of calcium by 

lead (ionic radii 0.99 and 1.20 A respectively) and of 

phosphorus by vanadium (Covalent radii 1.10 and-1.22 A 

respectively) have been chosen, for the present investigations. 

It is evident that a complete replacement of Ca ions by 

Pb ions leads to lead phosphate apatite, Pb,„(PO.) , (OH)„, 

while that of POA~ by V0.~ leads to lead vanadate apatite, 

Pb,(-|(.VO.)- (0H)_, both being isomorphs7~3 °^ calcium hydroxyl 

apatite. A partial replacement in either case leads to 

formation of solid solutions of the concerned end-members. 
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It has been established that inhalation of lead 

in the form of dust or fumes or its absorption through the 

skin leads to "lead poisoning" (Plumbism) which is, in general, 

an occupational disease. It is well known that lead saJLts 

are extensively used in petrol to improve its quality and 

in pottery and paints resulting in contamination leading 

thereby to a possibility of incorporation^ of this element into 

the human skeletal system. As in the case of lead the toxic 

effect of vanadium to human system has been confirmed. In 

addition, it could be proved that a few species coming under 

the marine organisms are also vulnerable to such a toxicity. 

It could be shown that the principal polluting sources of 

vanadium are its presence in certain varieties of steel as well 

as the industrial establishments involving the element and 

its salts as catalysts. 

It could be unambiguously established that ions 

incorporated in the human skeletal system through exchange 

reactions on calcium hydroxylapatite of bones play a 

significant role in two principal bone processes, nemely, 

calcification and resorption, the deposition and dissolution 

respectively of calcium hydroxylapa^tite at the interface of 

bone and body fluids. Consequently, any attempt in the 

direction of elimination or minimization of such a toxicity 

is associated with a study of the solubility of calcium 

hydroxylapatite as well as of the products of the exchange 
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reactions mentioned above under simulated biological 

conditions 

Prompted by such a consideration the present work 

which deals with the preparation, characterization and 

solubility equilibria of lead phosphate apatite, lead 

vanadate apatite and a series of eight of their solid 

solutions spread over the entire compositional range, was 

undertaken. Adopting coprecipitation of the end-members 

in aqueous media through a judicious modification of the 

existing methods, the samples were prepared at 37 C to 

simulate biological conditions. 

Characterization of these samples was brought about 

through sophisticated instrumental techniques such as X-ray 

diffraction, electronmicroscopy,i.r. spectral studies and 

thermogravimetry in addition to the conventional chemical 

analyses. Vegard's law demands that the unit cell volume of 

a series of solid solutions varies linearly with the composition 

and offers a convenient method of scrutinizing their 

homogeneity. As is to be expected from the bigger size of 

vanadate ion, a replacement of phosphate ion by it brings 

about a dilation of the unit cell. A systematic linear 

dependence of the unit cell volumes with the proportion of 

vanadate ion replacing phosphate ion observed in the present 
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series of solid solutions confirmed their homogeneijty. 

The electronmicrographs of a few representative samples 

revealed the hexagonal pattern of the crystals confirming 

the absence of extraneous phases and enabling approximate 

calculations of the specific surface areas and average 

dimensions of the individual crystals. The i.r. absorption 

spectra could confirm the identity of the samples. The 

predominant absorption peaks recorded in the traces of the 

samples were found to be due to the orthophosphate and 

ortho~vanadate ions. In addition, the absorption peaks due 

to carbonate and pyrophosphate ions, the two likely 

impurities, were found to be absent. The absence of 

carbonate ion eliminates the possibility of atmospheric 

interaction leading to the formation of carbonate apatite^ 

Thermogravimetric analysis indicated that a temperature of 

300 C chosen for driving out volatile impurities from the 

samples did not inflict a chemical decomposition on them. 

Studies on the solubility of the samples were 

undertaken at 37 C in order to investigate its dependence 

on the replacement of POA~ ion by VO ~ ion on lead phosphate 

apatite.Since it was intended to determine the solubility 

product of each sample from data) resulting from the chemical 

analyses of its saturated solution, a buffered dissolving 

medium was used to maintain constancy of the activity of OH~ions 
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involved in such calculations. In Brder t« investigate the 

reproducibility of the solubility products so determined, the 

studies in each case were extended to a few chosen pH values, 

the range being restricted only, from 2.0 to 2.7, since there 

was a marked fall in the solubility of all the samples at pH 

value higher than 2.7. In addition, all such buffered dissolving 

media were maintained at a molarity of 0.165 with respect to 

sodium chloride to simulate biological conditions. By adopting 

such a medium of dissolution the complicated process of 

evaluating accurately the activity coefficients of poly^'valent 

ions could be avoided by assuming all of them to be unity 

without, foregoing accuracy. It is evident that such calculations 

make the solubility product, K , and the ionic product, k. , 
y r ' sp ip' 

synonymous. 

Each one of the powdered samples was equilibrated with 

the chosen buffer combination as the medium of dissolution at a 

controlled rate of shaking using a constant temperature shaker-

bath. The colloidal component of the solute present in its 

saturated solution due to its low solubility was separated by 

filtration at 37 C through a 1G4 sintered glass crucible 

before the solutions were analysed for the products of 

dissolution. A separate experiment could prove the suitability 

of such crucibles for colloidal separation. 

While phosphorus and vanadium were determined 
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c{glorimetrically, complexometry was adopted for the 

determination of lead, the attainable accuracy in all the 

cases being scrutinized by analysis of solutions of known 

compositions. 

A scrutiny of attainment of saturationrfl'nrd the 

minimum period of equilibration required for the purpose were 

determined through dissolution Kinetics of a couple of 

representative samples. From among the concentrations of the 

products of dissolution, the measured total dissolved 

phosphorus was subdivided into the proportions of 

orthophosphoric acid and its three dissociation products, 

2- 3-H„PO. , HPO, and PQ, using the three dissociation 

constants of the acid and the equilibrium pH of the system, 

the latter,being required also for evaluating 0H~ ion 

concentration needed for the calculation of solubility 

product. 

There exists an ambiguity in the earlier literature 

regarding the solute phase likely to control the solubility of 

apatite systems since the dissolution involved is hydrolytic. 

That the apatites exhibit stoichiometric dissolution could not 

unambiguously be established by the earlier workers. In order 

to investigate this significant aspect of dissolution of 

apatites, the s"olubility data of the present investigations 

were subjected to calculations to establish which among the 
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possible phases exhibited a constancy for the activity 

product of its ions. It is evident that for the phosphate 

containing apatites such phases are the primary and secondary 

phosphates of the metal concerned in addition to the apatite. 

By analogy with a double salt, Ca^(HPO, ) (OH)„ , a phase 

reported to control the solubility product of calcium 

hydroxylapatite by functioning as a surface coating, the 

ionic product of its lead counterpart,Pb„(HPO,)(OH)„, was also 

calculated for the present system. Examination of the data on 

solubility of all the phases mentioned above reveals that the 

ionic product of apatite showed a constancy over the entire 

pH range investigated and the calculated set of values were 

found to lie within the error limits. It is evident that the 

corresponding vanadate phases are relevant for lead vanadate 

apatite while the phases of both phosphate and vanadate are 

to be considered for the systems involving the solid solutions. 

Such calculations were done on the data of solubility of all 

these samples. That the apatite phase controlled the solubility 

was further supplemented by the fact that the g atom ratio, 

Pb 

-7-p—u\ > of the saturated solutions of all the samples was in the 

proximity of the theoretical value (1.67) confirming 

unambiguously stoichiometric dissolution of apatites. An 
Kv 
'' ̂i D additional substantiation of this fact was that the p'̂-'̂  ^ values 

of the samples were found to be unaffected by the addition of 

common ions. 
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It could be established further that the 

solubility product of each sample of the series while 
u 

remaining constant at all the ig>-- values investigated, 

decreased systematically with an increase in the extent 

of replacement of PO,~by V0^~. An interpretation of these 

results could be provided'by the concept of alterations in 

lattice and hydration energies of ionic crystals consequent 

upon isomorphous substitution. 
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(C.A. f̂ iâ S, 3489f, 1979). 

2 1 8 . P . C . G o n z a l e z - D i a z , J . V . G r a c i a - R a m o s and M . S a n t o s , 
C a l c i f f T i s s u e I i i t . 28( 3) , 2 1 5 - 2 5 ( Eng) ( 1979 ) . 
(C .A.^'i^.,39 2 44g, 1980) . 

219. J. Joost, F. Purtscheller and K. Baudtlow, Jenaer 
Harnstein symp, 5, 12l-3(Ger)1977(Pub 1978) 
(C .A. ,^1,3191$[, 1979) , 

220. R.F. Akhundov, G.A. Alizade,T.M. Akhmedor and 
M.A. Vizcl, Azab Med. Zh.56(5)53-7(Russ)(1979). 
(C .A. ,5fi5^1^115669S, 1980). 

221. Aoki a'?̂ . Hideki J.Pn., Kokai Tokkyo Koh© 78,118,411 
Cl(04B4l/06)1978. App1.76/157,572 28,D Dec . 1976. 
{C.A. ^^3^, 59965 e, 1979). 



223 

2 2 2 . F u j i s a w a , A k i r a , Hamamoto and A k i i c h i , J p n . K o k a i 
Tokkyo Koho (C I C o 4 B 2 l / O O ) , 4 6 , © 0 4 , 1 9 7 8 . 
(C .A . f»2 | l , l 6 9 2 6 8 d , 1 9 8 0 ) . 

2 2 3 . R e p o r t f r om " C h e m i s t r y i n B r i t a i n , 5 4 3 , 1 8 , 8 , 1 9 8 2 . 

2 2 4 . S a t y a P r a k a s h , " A d v a n c e d C h e m i s t r y of R a r e E l e m e n t s " , 
S . C h a n d & C o . ( p v t ) L t d . , D e l h i , P 5 6 5 ( l 9 7 5 ) . 

2 2 5 . Madhu P h u l l and P . C . N i g a m , The I n d . J o u r n a l of C h . E d . , 
8 , 2 , 2 2 - 2 8 , 1 9 8 1 . 

2 2 6 . W. M e r t z , S c f e n c e , 2 1 3 , 1 3 3 2 , 1 9 8 0 . 
( C f . C h e m i s t r y i n B r i t a i n , 1 8 , 8 , 5 4 3 - 5 5 7 , 1 9 8 2 . ) 

2 2 7 . R . , J . H . C l a r k ^ D . B r o w n , "The C h e m i s t r y of V a n a d i u m 
N i o b i u m a n d T a n t a l u m " , P e r g a m o n P r e s s P . 496 .v\*^^S) 

2 2 8 . L a n g e ' s Hand Book of C h e r a i s t r y , E l e v e n t h E d i t i o n , 
E d i t e d by J o h n A . D e a n . , McGraw H i l l Book C ompany .^.v^Ts, 

2 2 9 . E n g e l J o i n t C o m m i t t e e on PoATder D i f f r a c t i o n s t a n d a r d s , 
1 6 0 1 P a r k L a n e , S w a r t h m o r e , P e n n s y l v a n i a 1 9 0 8 1 . 

2 3 0 . T . S . W e s t . , Complexeme t r y w i t h EDTA and r e l a t e d r e a g e n t s , 
3 r d E d i t i o n , c o m p l e t e l y r e v i s e d a n d r e w r i t t e n , BDH 
C h e m i c a l s L t d . , P o o l e , 1 9 6 9 , 

2 3 1 . R . N . K e l l e r and D. E y k e , Chem. P h a r m . , t 9 , 3 , 1 9 6 1 . 

2 3 2 . P . T . G i l b e r t , J r . , A n a l . C h e m . , 3 4 . 1 0 2 5 ( 1 9 6 2 ) . 

2 3 3 . A r t h u r I . V o g e i , A. T e x t Book of Q u a n t i t a t i v e 
I n o r g a n i c A n a l y s i s , T h i r d E d i t i o n , E n g l i s h L a n g u a g e 
Book S o c i e t y , Low P r i c e d T e x t B o o k , P . 4 8 5 ( 196 1) . 

2 3 4 . Vif.J. B l a e d e l and V.Vif. M e l e c h e , , E l e m e n t a r y Q u a n t i t a t i v e 
A n a l y s i s , T h e o r y & P r a c t i c a l . S e c o n d E d i t i o n , A H a r p e r 
I n t e r n a t i o n a l S t u d e n t r e p r i n t , P 5 8 4 . 

2 3 5 . I . M . K o l t h o f f and R. B e l c h e r , V o l u m e t r i c A n a l y s i s I I I , 
I n t e r s c i e n c e P u b l i s h e r s , a D i v i s i o n of J o h n W i l e y & 
C o n s , I n c . , New Y o r k - L o n d o n - S y d n e y P . 4 8 5 ( 1 9 5 T ) . 

2 3 6 . E . H a y e k , E . M u l l n e r and K. K o l l e r . , M o n a t s c h . C h e m . , 
8 2 , 9 5 9 , ( 1 9 5 1 ) . 
( C . A . , 4 6 , 4 3 4 5 , 1 9 5 2 ) . 

2 3 7 . T . S . B . N a r a s a r a j u , I n d i a n J . C h e m . 1 0 , 3 0 9 ( 1 9 7 2 ) . 



224 

2 3 8 . C a r d No . 2 4 . 5 8 6 , P u b l i s h e d by J o i n t C o m m i t t e e on 
P o w d e r D i f f r a c t i o n S t a n d a r d s , 11601 P ferk L a n e , 
S w a r t h m o r e , P e n n s y l v a n i a 1 9 0 8 1 . 

2 3 9 . C a r d N o . 2 4 . 5 9 3 , P u b l i s h e d by J o i n t C o m m i t t e e on 
P o w d e r D i f f r a c t i o n S t a n d a r d s , l 6 0 1 P a r k L a n e , 
S w a r t h m o r e , P e n n s y l v a n i a 1 9 0 8 1 . 

2 4 0 . J . R . P a r t i n g t o n "A T e x t Book of I n o r g a n i c C h e m i s t r y " 
Adac ra i l l an & Co'. L t d . , L o n d o n , P 3 6 l ( l 9 6 3 ) . 

2 4 1 . I . M . K o l t h o f f , P . J . E l v i n g and E . B . S a n d e l l , 
" T r e a t i s e on A n a l y t i c a l C h e m i s t r y " , P a r t I , V o l . 1 . 
The I n t e r s c i e n c e E n c y c l o p e d i a , I n c . , New Y o r k . , 

P .P . 7 3 3 - 6 6 ( 1959) . 

2 4 2 . V/. R a t h j e , B e r . , 7_4B, 3 5 7 ( l 9 4 l ) . 

2 4 3 . A . S . P o s n e r , P h y s i o l o g i c a l R e v i e w s , _ 4 9 , 7 6 0 ( 1 9 6 9 ) . 

* a ' 4 4 . HT.S.B. N a r a s a r a j u and V . L . N . R a o , Z . P h y s . C h e m i e 
( L e i p z i g ) , 2 5 5 , 6 5 5 ( 1 9 7 4 ) . 

2 4 5 . E . H a y e k , Z'. N a t u r f o r s c h . , 1 0 b , 420 ( 1 9 5 5 ) . 
(C . A . , 52f 6 9 8 8 , 1 9 5 6 ) . 

2 4 6 . G. C h a r i o t , C o l o r i m e t r i c D e t e r m i n a t i o n of E l e m e n t s , 
E l s e v i e r P u b l i s h i n g C o m p a n y , A m s t e r d a m - London -
New Y o r k , P 4 2 7 ( 1 9 6 4 ) . 

* 2 4 7 . T . S . B . N a r a s a r a j u and V . L . N . R a o , Z ' . P h y s . C h e m i e 
( L e i p z i g ) , 2 5 5 , 6 5 5 ( 1 9 7 4 ) . 

2 4 8 . E . S . G i l r e a t h , " F u n d a m e n t a l C o n c e p t s of I n o r g a n i c 
C h e m i s t r y " , A/IcGraw H i l l Book C o m p a n y , I n c . , New Y o r k , 
PP 2 6 8 - 7 8 , ( 1 9 5 8 ) . 

2 4 9 . D . L . L e u s s i n g , c i t e d i n " T r e a t i s e on A n a l y t i c a l C h e m i s t r y " 
E d i t e d by I . M . K o l t h o f f , P . J . E l v i n g and E . B . S a n d e l l , 
P a r t I , V o l . 1 , The I n t e r s c i e n c e E n c y c l o p a e d i a , I n c . , 
N . Y . , P P 6 7 5 - 7 3 2 ( 1 9 5 9 ) . 

2 5 0 . V/.M. L a t i m e r , " O x i d a t i o n P o t e n t i a l s " , 2nd E d . , P r e n t i c e 
H a l l , New Y o r k , ( 1 9 5 2 ) . 

2 5 1 . L. B e n j a m a i n and V. G o l d , T r a n s . F a r a d e y S o c , 5 0 , 
797 ( 1 9 5 4 ) . 



2 5 2 .  G .  h f l o n t e l ,  C R  Acaci. S c . ,  P a r i s ,  = , 4 6 8 ( 1 9 6 1 ) .  

2 5 3 .  G .  M o n t e l ,  B u l l .  S o c .  C h i m .  F r a n c e ,  1 9 5 3 ( 1 9 6 8 ) .  

254 .  G .  R o n e l  a n d  G .  h d o n t a l ,  P r o c .  F i f t h  I n t e r n .  
Syap. o n  t h e  c e a c t i v i t y  o f  S o l i d s ,  E l s e v i e r ,  
A m s t e r d a m ,  P  667 ( 1 9 6 4 ) .  

2 5 5 .  J . N .  B r b n s t e d , D .  K g l .  D a n s k e  V i d e n s k a b  S e l s k a b  
S k r i f f e r ,  ( 7 ) x i i ,  2 4 1  ( 1 9 1 5 ) ,  1 1 1 ,  9  ( 1 9 2 0 ) .  

2 5 6 .  J .N.  B r b n s t e d ,  Z. P h y s i k . C h e m . ,  1 0 3 , 3 0 7  ( 1 9 2 2 ) .  


