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SYNOPSIS 

Calcium hydroxylapatite, Ca^^CPO.)^iOE)^r the principal 

inorganic constituent of human . bones and teeth; belongs to 

an isomorphous 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 reac­

tions, 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 of their incorporation into human skele­

tal system 

Based on the contemporary importance given to the 

toxicity to the human system by arsenic and S-active Sr-90, 

a product of atomic explosions, studies on the replacement 
o 

of calcium by strontium (ionic radii 0.99 and 1.13A respec­

tively) and of phosphate by arsenate covalent radii (1.10 

and 1 .18A respectively) have been chosen for the present 

investigations. Among heteroionic cationic substitutions 

on calcium hydroxylapatite replacement of Ca by Sr is 

significant since it explains the mechanism of incorporation 

in the human skeletal system of p-active Sr-90. Such an 

incorporation even in trace amounts, can be fatal because 



2 

of the long half-life period of Sr-90 (28.5 years). It is 

evident that a complete replacement of Ca '^ ions by Sr ''' 

ions • leads to the formation of strontium phosphate apatite, 

Sr^Q(P0^)g(0H)2, while that of P0^^~ by AsO^^~ on, strontium 

phosphate apatite leads to strontium arsenate apatite 

Sr^Q(ASO.)g(OH)_ ,both being iosmorphs of calcium hydroxyl-

apatite. J\ partial replacement in either case leads to forma­

tion of solid solutions of the concerned end-members. 

The toxicity of elemental arsenic and its salts is 

well known. There is prevalence of arsenic poisoning among 

workers employed in the manufacture of insecticides, paints 

and dyes containing the element. Inhalation of arsenic through 

nose and mouth and exposure of the skin to • it are supposed 

to be' responsible for the ailment. In spite of the fact that 

arsenic is distributed primarily throughout the soft tissues 

in living organisms its incorporation in the human skeletal 

3- 3-' 
system through PO, ^ AsO- exchange on calcium 
hydroxylapatite of bone is probable. 

It could be unambiguously established that ions incor­

porated in the human skeletal system through exchange reac­

tions on calcium hydroxylapatite of bones play a significant 

role in two principal bone processes, namely, calcification 

and resorption, the deposition and dissolution respectively 

of calcium hydroxylapatite , 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 



3 
as well as of the products of the exchange reactions mentioned 

above under simulated biological conditions. 

Prompted , by such a consideration the present work 

which deals with the preparation, characterization and solu­

bility equilibria of strontium phosphate apatite, strontium 

arsenate apatite and .a series "of six of their solid solutions 

spread- over the entire compositional range, was undertaken. 

Adopting co-precipitation 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. and Laser Raman Spectral 

studies in addition to the conventional chemical analyses. 

Vegard' s law demands that the unit cell volume of a homo­

geneous 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 the arsenate ion, a replacement of phosphate by it brings 

about a dilation of the unit cell. A systematic linear depen­

dence of the unit cell volumes with the proportion of arsenate 

ion replacing phosphate ion ,observed in the present series 

of solid solutions,confirmed their homogeneity. The electron-

micrographs of a few representative samples revealed the 

hexagonal pattern of the crystals confirming the absence 
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of extraneous phases and enabling approximate calculation 

of the specific surface areas from the measured average dimen­

sions of the individual crystals. 

The i.r. and Laser Raman spectra could confirm the 

identity of the samples. The predominant absorption peaks 

recorded in the traces of the samples were found to be due 

3- 3-
to the PO. , AsO. and OH ions. 

Studies on the solubility of the samples were under­

taken at 37°C in order to investigate its dependence on the 

3 - 3 -replacement of PO. ion by AsO. ion on strontium phosphate 

apatite. Since it was intended to determine the solubility 

product of each sample from data resulting from the chemical 

analyses of the saturated solutions a buffered dissolving 

medium was used to maintain constancy of the activity of 

0H~ ions involved in such calculations. In order to investi­

gate the reproducibility of the solubility product so deter­

mined, the studies in each case were extended to a few chosen 

pH values, the range being restricted to the limits,5.5 and 

8.0. 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 polyvalent ions could 

be avoided by assuming all of them to be unity without fore­

going accuracy. It is evident that such calculations make 

the solubility product, Ksp^and the ionic product. Kip, syna-

nymous. 



Each one of the powdered samples was equilibrated 

with the chosen buffer combination as the medium of dissolu­

tion at a controlled rate of shaking using a constant tempe­

rature shakerbath. 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 1G. sintered 

glass crucible before the solutions were analyzed for the 

products of dissolution. A separate experiment could prove 

the suitability of such crucibles for colloidal separation. 

While phosphorus and arsenic were determined spectro-

photometrically, atomic absorption spectroscopy was adopted 

for the determination of strontium, the attainable accuracy 

in all the cases being scrutinized by analyses of solutions 

of known compositions. 

A Scrutiny of attainment of saturation and the minimum 

period of equilibration required for the purpose were deter­

mined through dissolution kineties of a couple of representa­

tive samples. From among the concentrations of the products 

of dissolution, the measured total dissolved phosphorus was 

subdivided into the proportions of orthophosphoric-acid and 

2- 3-

its three dissociation products, H^PO. , HPO. and PO. , 

Using the three dissociation constants of the acid and the 

equilibrium pH of the system, the latter being required also 

for evaluating OH ion concentration needed for the calcula­

tion of solubility product. Similar calculations were done 

with ortho'^arsenic acid in the case of systems having arsenate -



containing samples as solutes. 

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 hydroly-

tic. That the apatiLes exhibit stoichiometric dissolution 

could not be unambiguously established by the earlier workers. 

In order to investigate this significant aspect of dissolu­

tion of apatites, the solubility data of the present investi­

gations were subjected to calculations to establish which 

among the possible phases exhibited a constancy for the acti­

vity 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 

phase. By analogy with a double salt, Ca-(HPO^) (Oil) ̂ , a phase 
Z» ~^ £^ 

reported to control the solubility product of calcium hydroxyl 

apatite by functioning as a surface coating, the ionic product 

of its strontium counterpart, Sr-(HPO.)(OH)-, was also cal­

culated for the present systems. 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 arsenate phases are relevant for stron­

tium arsenateapatite while the phases of both phosphate and 

arsenate are to be considered for the systems involving the 

solid solutions, ffuch 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, Sr/(P+As), of the saturated solu­

tions of all the samples was in the proximity of the theore­

tical value (1.67) confirming unambiguously the occurrence 

of stoichiometric dissolution of apatites. 

It could be established further that the solubility 

product of each sample of the series while remaining constant 

at all the pH values investigated, clecreased systematically 
3_ 

with an increase in the extent of replacement of PO. . by 
3_ 

AsO. . An interpretation of these results could be provided 

by the concept of alterations in lattice and hydration ener­

gies of ionic crystals consequent upon isomorphous substitutdon. 
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PREFACE 

It is well known that calciinn and phosphorus are significant among 

the elements . essential for human existence. They have been shown to be 

present in bones and teeth as calcium hydroxylapatite, Ca.-(PO.)^(OH)p, 

the prototype of which belongs to a large family of naturally occurring 

isomorphous substances known as "Apatites". 

A remarkable characteristic of apatites is that they are able 

to undergo a series of anionic and cationic substitutions without a disrup­

tion of the crystal lattice being inflicted. During the recent past, such 

substitutions have been the subject of extensive biological and physico-

chemical investigations. While OH ^ '̂  F exchange on calcium hydroxyl-

apatite is of importance in explaining the mechanism of occurrence of 

fluorosis and of the prophylactic action of fluorine in the occurrence 

of dental caries, a disease caused by the attack of tooth enamel by acido-
2+ 2+ 

genie bacteria; replacement of calcium by toxic ions such as Pb , Ba , 
2+ 2+ 

Cd , Zn explains the incidence of pathological conditions, consequent 

upon the incorporation of these ions into the human skeletal system. In 

addition, radiation damage caused to human skeletal system by incorporation 

of Sr-90, a product of atomic explosions, has been shown to be a conse-
2+ 2+ 

quence of • Ca y:- "" Sr exchange. 
Among the principal anionic exchange reactions of calcium hydro-

3- 3-
xylapatite, mention may be made of the replacement of PO, by VO. and 

3_ a '^ . ^ 
AsO -̂  (covalent radii, 1.10, 1.22, 1-1? A respectively). An insight 

4 

into the mechanism of incorporation of these toxic ions and the role played 

by them in influencing the physiology of bones and teeth can be achieved 

through studies on solubilities of this and ' its appropriate isomorphous 

compounds. The principal bone proccesses, calcification and resorption, 

are governed respectively by the deposition and dissolution of this com­

pound at the bone/body-fluid interface. A similar equilibrium exists at 

the tooth/saliva interface. It is evident that any attempt in the direction 
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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 strontium phosphate apatite has earlier 

been investigated \that of strontium arsenate 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 justification for undertaking the present studies. 

A prerequisite for such a series of investigations is to arrive 

at an optimum set of experimental conditions to prepare samples of these 

apatites and a series of their solid solutions spread over the entire 

compositional range and to characterize them through sophisticated physico-

chemical techniques. 

The thesis has been divided into three sections. Section I has 

been an attempt at a judicious compilation of information about calcium 

hydroxylapatite based on the earlier investigations carried 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 Hand Iff which have been presented in the conventional 

form of a research publication. The preparation of strontium phosphate 

apatite, strontium arsenate apatite and their solid solutions along with 

the confirmation of their homogeneity through, chemical, x-ray, electron -

microscopic, infrared and Laser Raman analyses has been included in 

Section IT. Section HL is constituted by the details of investigations on 

the solubility equilibria of these 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 dupli­

cation. For such of the references, the originals of which could not be 

file:///that


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. 

A synopsis of the work and reprints of two research publications 

given as an appendix conclude the thesis. 

GRACE GEORGE 

Department of Chemistry 
School of Physical Sciences 
North-Eastern Hill University 
Shillong 

July, 1988. 
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GENERAL INTRODUCTION 

1.1 Apatites - An Isomorphous Series 

1 
It is a well known fact that human bones and teeth 

contain calcium and phosphorus. In addition, these elements 

occur in nature as fluorapatite, Ca^Q(PO.)gF2, which is 

2 
a member of an isomorphous series of minerals named by Werner 

as "Apatites" ("Deceivers" in Greek). The name is justified 

because of the difficulties involved in their identification 

due to their non-stoichiometric existence consequent upon 

the tendency of these isomorphs to be present in nature 

3 
as combinations . Names of some pf the important members 

4-1 3 
of this isomorphous series along with their molecular 

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

Each member of the series can undergo a series of 

cationic and anionic isomorphous substitutions leading to 

the formation of the corresponding isomorphs or their solid 

solutions depending upon the extent of substitution. It 

is evident that 100 per cent substitution leads to the forma­

tion of an isomorph while a partial replacement results 

1 4 
in a solid solution . Hydroxylapatite, Ca^„(PO.),(OH)^, 

a compound of extensive biological importance results from 

the replacement of F~ by 0H~ on f luorapatite. Bones and 

teeth of human beings and animals are shown to be having 

hydroxylapatite as the principal inorganic constituent meriting 



Table 1.1 Name, m.olectilar formulae and lattice constants of a few 

principal members of apatite series. 

Sr 
No-

1 

Name 

2 

Molecular 
Formula 

3 

a 

Lattice constants(A') 
a c 

k 5 

1. Barium hydroxylapatite 

2. Cadmium Arsenic-
chlorapatite 

3. Cadmium hydroxylapatite 

4. Cadmium chlorapatite 

5. Calcium hydroxylapatite 

6. Chiorapatite 

7. Fermorite 

8. Fluorapatite 

9. Hydroxyl vanadinite 

10. Lead hydroxylapatite 

11. Magnesium Apatite 

12. Mimetite* 

13. Pyromorphite* 

14. Strontium hydroxylapatite 

15. Vanadinite 

Ba^Q(P0^)^(0H)2 

Cd^Q(A..O^)^Cl, 

Cd^Q(P0^)^(0H)2 

^^10(^°4)6^l2 

Ca^Q(P0^)^(0H)2 

Ca^^(P0^)^Cl2 

Ca^Q(A.,0^)^F2 

^-10(^°4^6^2 

Ca^^(V0^)^(0H)2 

Pb^0(P0^)^(0H)2 

Mg^Q(P0^)^(0H)2 

Pb^0(As.0^)6Cl2 

Pb^,(P0^)^Cl2 

Sr^Q(P0^)^(0H)2 

Pb^,(V0^)^Cl2 

10.19 

10.07 

9.01 

9.62 

9.42 

9.63 

9.75 

9.35 

9.82 

9.90 

9.30 

10.36 

9.95 

9.76 

10.47 

7.70 

7.26 

6.61 

6.49 

6.88 

6.78 

6.92 

6.58 

6.98 

7.29 

6.89 

7.52 

7.32 

7.28 

7.43 

*Also reported as members of pyromorphite series. 
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thereby a status for hydroxylapatite as a subject of extensive 

physico-chemical and biological investigations. Consequently 

a knowledge of its location and role played in bones and 

teeth is a prerequisite for undertaking a meaningful series 

of investigations on it. 

1.2 Hydroxylapatite in Calcified Tissues-

Its Biological Significance 

Calcified tissues of the body can be divided into 

two different groups,namely mesodermal and.ectodermal; bone, 

dentine and ceraentum belonging to the former and tooth enamel 

to the latter groups. The two groups differ in biological 

and chemical activity as well as in composition and ultra-

structure. 

Bone is an important tissue of the body. Its biological 

and structural significance is extensive. Biologically it 

acts as a reservoir of calcium in addition to providing 

a seat for production of blood cells. Structurally, bone 

provides the architecture of the human body. It is hydroxyl­

apatite which plays an important role in both biological 

and structural aspects of bone. It is constituted by organic 

and inorganic compounds. The organic constituent amounting 

to about 30 per cent by weight, is made up of collagen ' 

a cement substance and a cellular component. Collagen is 

a complex inter-woven 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 
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protein. The cellular component, in turn, consists of cells 

designated as osteoblasts, osteoclasts and osteocytes which 

are concerned respectively with dissolution , deposition 

and nourishment of bone. The inorganic part of bone consists 

of an amorphous and a crystalline phase, the former being 

tricalcium phosphate while the latter is hydroxylapatite•• 

1 5 The amorphous phase is predominant in younger bones and 

gets partially transformed into crystalline phase with age. 

About 40 per cent by weight of an adult human bone was found 

to be hydroxylapatite. Mineral phase in bone is deposited 
o o 

as minute needles or platelets (100-600 A long, 20-60 A' 

wide) within the collagen fibres such that their long axes 
1 6_l R 

line up with the fibres ~ . In addition, bone contains 

about 20 per cent of water by weight, present mostly in 

the organic matrix and in traces in hydroxylapatite crystals. 

Tooth enamel 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-bones. The 

principal dental tissues are enamel, dentine and cementum. 

The crown is covered by enamel which rests on dentine and 

the latter occupies the bulk portion of tooth. The cementum 

helps in the fixation of tooth in the socket of the jaw­

bones. 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 carbo-

nate was shown to be the inorganic constituent. The weight 

percents- of it in enamel, dentine and cementum amount to 
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about 95, 75 and 35 respectively. Unlike other calcified 

tissues which are in equilibrium with the internal fluids, 

enamel equilibrates with saliva and is thus a seat of action 
1 9 20 

for locally administered prophylactic agents of dental caries^ ' 

a tooth decay caused by acidogenic bacteria. Tooth enamel 

is almost fully mineralized and the crystals are much larger. 

Average length, width and thickness of 600, 1000 and 350 A 

19 21 respectively have been reported ' for these crystals. 

It is generally agreed that this tissue consists mainly 

of prisms ot rods constituted by dense groupings of hydro-

xylapatite crystals. 

The bone tissue serves as a reservoir for the body-

minerals while the tooth enamel protects the inner layers 

of the tooth. In accordance with these functions, bone is 

chemically and biologically more reactive than tooth enamel. 

1.3 CaO-P-Oc-HpO Phase Diagram - Stability Ranges of 

Calci\im Salts of OrtKo Phosphoric Acid 

The precipitation of phosphates of calcium is of consi­

derable biological significance since the hard tissues of 

22 

vertebrates contain them as the mineral constituents 

Among such phosphates the ones which are sparingly soluble 

and relatively more stable in aqueous systems deserve a 

mention in the present context. A specific calcium phosphate 

phase is preferred in a particular tissue depending upon 

the prevalent conditions such as temperature, pH and the 

chemical reactivity of the phase. Studies on (i) inorganic 
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constituents of human bones , (ii) utilisation of phosphatic 

minerals by plant kingdom and (iii) geological aspects 

of several naturally occurring phosphates contributed to 

our present knowledge of the phosphates of calcium. Prelimi-
c 9 f5 _27 

nary studies intended to establish ' the conditions 

of existence of phosphates of calcium were restricted to 

the solid phase reactions of the binary system, CaO-P^Oc-. 

It was not, however, recognised that an imperceptible inclu­

sion of traces of water elevates this binary system to a 

•ternary one, CaO-P^Oc-H„0. Earlier investigations on this 

ternary system were restricted exclusively to chemical ana­

lysis, the results being unreliable due to absence of a 

proof of homogeneity of the phases. The amorphous nature 

of the constituent phases added to the complications involved 

in their identification . These considerations necessitated 

the application of phase rule to the system and exposed 

the limitations of the exclusive use of chemical analysis 

for the purpose. It is well known that important pre-requi-

sites for the validity of phase rule are the attainment 

of equilibrium and the existence of homogeneous phases sepa­

rated by sharp boundaries. Fulfilment of these conditions 

in the CaO-P„0|--HpO system was found to be complicated 

29 30 
due to a slow attainment of equilibrium ' and the amor­
phous nature of products formed. 

A criterion of attainment of equilibrium in a precipi­

tation reaction is the availability of identical results 

both from the sides of supersaturation and undersaturation. 



7 

In addition, solid phases are characterized by a high degree 

of reactivity due to their large surface areas. Further, 

they exist as colloidal suspensions causing additional com­

plication 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. 

31 T5 4.^32 

Cameron and Bassett independently carried out investiga­
tions on the applicability of phase rule to CaO-P„Ot--H-0 

system and the ,results obtained at 25°C are incorporated 

33 in the phase diagram given in Fig. 1.1. The abscissa and 

the ordinate of a given point on the phase diagram represent 

the weight per cent of phosphorus pentoxide and calcium oxide 

respectively, the rest being water. The possible solid phases 

of the system are:-

(i) Anhydrous monocalcium phosphate, Ca(H„PO,)^. 

(ii) Monocalcium phosphate monohydrate,. Ca(H-PO .)-.H„0. 

(iii) Anhydrous dicalcium phosphate, CaHPO,. 

(iv) Dicalcium phosphate dihydrate, CaHP0..2H^0, and 

(v) A crystalline precipitate of a variable composi­

tion with an x-ray diffraction pattern similar to 

that of an apatite. 

All 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 



Fig 1.1 Phasa diagram of Gao-P^0^-K20 system at 25°C 
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in acidic regions of the phase diagram which correspond 

evidently to the compositional ranges having a high propor-

34 tion of phosphorus pentoxide; they can thus be obtained 

by cooling solutions of such compositions. The acidic region 

is also found to be favourable for the formation of dicalcium 

34 phosphate . The aqueous acidic solutions are to be heated 

to an optimum temperature for the percipitation of dicalcium 

phosphate as it follows a retrograde solubility. Dicalcium 

phosphate dihydrate exists over a limited range of experi­

mental 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^^(PO-)^(OH)-, and represented 

in Fig.1.1 as Cac(PO.)^OH, neglecting its variable composition 

and water content. 

Most of the investigations done on the calcium phos­

phates deal with hydroxylapatite phase which is characterized 

by a variable composition and constitutes phosphates of 

22 

calcium having a g atom ratio ranging from 3/2 to 4/2; the 

limiting ratios correspond respectively to tricalcium phos­

phate (TCP), Ca^(PO-)-, and tetra calcium phosphate, 

Ca-, (PO.) - .CaO, as shown in the phase diagram. It is evident 

from the diagram that in the alkaline region which is chara­

cterized by a higher proportion of calcium oxide, the only 

solid phase capable of existence is that of hydroxylapatite. 
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The phases stable in the acidic region get transformed into 

hydroxylapatite for compositional ranges indicated by an 

upward arrow in the diagram. Some of these conclusions could 

35 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 octa calcium phosphate 

(OCP), Ca^(PO.)p.CaHPO., in the neutral region of the ternary 

system was suggested by Hayek et al . OCP could be demarcated 

from hydroxylapatite through its X-ray diffraction pattern 

and electronmicrographsl. However, OCP has not been indicated 

in the phase diagram as a separate phase. Formation of OCP 

37 could be substantiated by Chaikina et al , on the basis of 

recent studies' on this phase diagram at 25°C. 

In addition to what has been mentioned in the present 

context involving CaO-P„0;--H^O phase diagram, it is consi­

dered appropriate here to make a mention of a few more phase 

diagrams such as those of (i) Ca(OH)2-H20-H2PO .̂ ''' ̂ '̂"̂ ^ 

40 41 ~ 40 42 

(ii) calcium-carbonate-phosphate ' (iii) Na-.PO .-CaCl„ ' 

It is evident that in these cases also, as in the case of 

CaO-p20i--H20 phase diagram, the phases preferred to be formed 

are dependent, among others, on activities of calcium and 

phosphate ions and the initial pH. 

1.4 Preparative Techniques Based on Conditions of Formation 

It was shown in the phase diagram of Ca0-P20r-H20 system 

that for a wide range of compositions formation of hydroxyl­

apatite is favourable as substantiated by X-ray diffraction 
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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 of experimental parameters 

43 optimum for the formation of hydroxylapatite. It is evident 

that hydroxylapatite is the stablest of the different calcium 

phosphates in weakly acidic, neutral and basic media. Conse­

quently hydrolysis of other calcium phosphates leads to 

29 the formation of hydroxylapatite. Bassett 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 

44 
phase diagram. Lorah et al investigated the time-dependence 

of g atom ratio, Ca/p, of the compounds, calcium monophos­

phate, Ca(H_PO.)p, calcium diphosphate, CaHPO., calcium 

pyrophosphate, Câ P-̂ O-,, and tricalcium phosphate(TCP) , Ca-,(PO. 

when treated with _sodium hydroxide solution. They found 

that the g atom ratio attained constancy equal to that of 

naturally occurring apatite within about 50 hours substantia­

ting the statement that hydrolysis of calcium phosphates 

27 leads to the formation of hydroxylapatite. 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 com­

plicated consequent upon changes sustained by the sample 

due bo the techniques adopted. Synthetic samples which can 
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be prepared with a high degree of purity are better suited 

for purposes of physico-chemical investigations. A survey 

of different methods of formation of hydroxylapatite indicates 

that very few of them are suited for its preparation. Synthesis 

of apatites; can be brought about by wet , dry and hydro-

thermal methods. 

1.4.1 Wet Methods 

Among the available methods those based on precipita­

tion from aqueous solutions are the most suited for prepara­

tion of appreciable quantities of apatites. A method suggested 

45 
by Hayek and Stadlemann, . 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: 

10 Ca{N02)2 + 6(NH^)2 HP0^ + 8NH^0H=Ca^ ̂ (PO^yOH)2 + 6H2O+20NH^NO2 

(1.1) 

1600 ml of a solution containing 79g of diammonium hydrogen 

phosphate maintained at a pH greater than 12 by the addition 

of ammonium hydroxide were dropped under constant stirring 

into 1200ml of a solution containing 230g of calcium nitrate, 

Ca(NO^)^.4H„0, also maintained like-wise at the same pH. 

The amounts of the reactants taken were intended to give 

an yield of about 1 OOg of the sample on the basis of the 

above equation. Based on the dissociation constants ~ of 

phosphoric acid, it can be shown that only the orthophosphate 
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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 sublimed off by heating the filtered product to about 

49 250°C. Introducing minor alterations 0 Shea et al made use 

of this method to prepare samples of hydroxylapatite desired 

for X.-ray diffraction and spectral studies. With appropriate 

modifications, this method could be extended to the prepara­

tion of a few more isoraorphs of hydroxylapatite , the prin-

51 cipal modifications being complexing of the metal ions 

with appropriate ligands. This method was subsequently modi-

52 50 

fied by Collin and Narasaraju , important among the modi­

fications being the replacement of ammonium hydroxide by 
53 ethylenediammine. Adriana Bigi et al applied a modification 

45 of the method of Hayek and Stadlemann for preparation 

of samples of solid solutions of calcium and barium hydroxyl-

apatites spread over a limited compositional range extending 

upto about 251̂  substitution of Ca by Ba . They adopted 

solutions of the acetates of these metals and stoichiometric 

amounts of disodium monohydrogen phosphate, the temperature 

of precipitation being 100°C. No additional reagents were 

added to maintain the alkalanity of the medium of precipita­

tion. This method could be extended for - the preparation 

of a continuous series of solid solutions of cadmium and 

53 calcium hydroxylapatite . A mention may be made of another 

43 54 wet method proposed by Rathje ' known as "acidimetric 

precipitation" which is based on the following equation: 
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10 Ca{m^)^+6m^?0,+^J!^a.0E=Ca.^Q{?0 )^{0E)^+6M0^+^ANa.m^+^2E-G (1.2) 

Convenient volumes of solutions of calcium nitrate and potas­

sium dihydrogen phosphate containing the reactants in the 

proportions suggested by the above equations were simulta­

neously 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 rate of mixing of the solutions, crystals upto 

about 50u in length could be obtained. 

By another wet method hydroxylapatite of a high order 

55 

of purity could be obtained by Arnold involving a simulta­

neous. addition of ammoniacal solutions of calcium acetate 

and of ammonium phosphate to about 10 litres of a mechani­

cally 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 for a rapid preparation of appreciable 

quantities of the samples. Kani et al could prepare samples 

of hydroxylapatite similar to human dental enamel in crystal-

linity and g atom ratio, Ca/p, through appropriate modifica­

tion of the above methods. Adopting a judiciously modified 
45 57 

method of Hayek arid Stadlemann , Narasaraju et al obtained 

calcium hydroxylapatite of phosphorus and arsenate and a 

series of their solid solutions over the entire compositional 

range, the method being successful for the preparation of 

a similar series of compounds involving phosphate and vanadate 

apatites of lead and phosphate and arsenate apatites of 
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no fin fii 

barium . During the recent past ' several .investigators 

adopted the wet methods mentioned above with minor altera -

tions to prepare samples of hydroxylapatites intended for a 

specific purpose. An interesting recent wet method suggested 

by Meyer et al was based on the use of a reaction between 

solid calcium sulphate and highly alkaline solutions of sodium 

phosphate. This method could be extended by Narasaraju et al 

for the preparation of calcium vanadate apatite i and of its 

solid solutions with hydroxylapatite. 

Samples of hydroxylapatite and carbonate apatite of 

calcium were obtained by lino-shinji by refluxing suspen­

sions of stoichiometric amounts of calcium hydroxide and 

calcium carbonate respectively and either mono, di- or tri­

phosphate of calcium. The medium of suspension consisted 

of mixtures of water and pentane, the constant temperature 

chosen being in the range, 30-200°C. The homogeneity of the 

sample obtained was confirmed by X-ray diffraction. The method 

offered a simplified procedure for the preparation of hydroxyl­

apatite of calcium and seems to be capable of being extended 

to the preparation of other apatites as well as their sol^ 

solutions. X'^S^-^-^ 

1.4.2 Dry Methods '-kd^ v ^ ^ 

It is an established fact that an intimate heterogeneousrĵ ss 

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 constituent ions. 

[0^^"^'^ 
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Tromel investigated the optimum conditions for the forma­

tion of hydroxylapatite through a solid state reaction between 

TCP and tetracalcium phosphate, Ca,(PO.)^.CaO, or alterna­

tively of TCP-calciumoxide. Solid mixture of these ingredients 

in appropriate compositions with a g atom ratio, ca/p, equal 

to 5/3 gave hydroxylapatite on heating for a few hours at 

1050°C in a current of moist air as represented by the follow­

ing equations: 

2CeL^{VO^)^+C3i^^^O^+^^0 = Ca^Q(P04)g(OH)2 (1-3) 

3Ca2{PO^)2+CaO+H20 = Ca^^(PO^)g(0H)2 (1-4) 

6 7 
Narasaraju et al confirmed the utility of this method for 

preparing samples of hydroxylapatites of a high order of 

purity as investigated through x-ray, i.r., electron micro­

scopic and chemical analysis. In addition, fusion of a sample 

of calcium phosphate^CaHPO^, and calcium carbonate or alterna­

tively heating of a sample of finely divided naturally "occur-

ring fluorapatite at about 1400°C under a stream of moist 

air resulted in the formation of hydroxylapatite. 

12CaHPO^+8CaC02 = 2Ca^^(PO^)g(OH)2+8CO2+4H2O (1-5) 

Ca^Q(PO^)gF2+2H20 = Ca^Q(PO^)g(OH)2+2HF (1-6) 

An extension of the above methods to prepare chlorapatite 

and a series of its solid solutions with hydroxylapatite 

was brought about by Rai et al as shown below: 
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3Ca (PO )2+3CaCl2 '̂ '̂ °"''°̂ °°> 3Qsi^[-?0 )^.(la.Cl^ ^ Câ Q(PO )̂ Cl2+2CaCl2 

(1-7) 

2Ca^Q(P0 )̂ (0H)2+nCaCl2 >2Ca^Q(P0 )̂ (0H,Cl̂ )+nCa(0H)2 (1-8) 

where n changes from o to 2 

Ca(0H)2 > CaO + Ĥ O (vapour) (1-9) 

This method could be extended for the preparation of arsenic 

70 chlorapatite - Ca^^(AsO^) Cl-/ and its solid solutions with 

arsenic hydroxylapatite, Ca^„(AsO.)(OH)-^ using arsenic hydro-

xylapatite and CaCl- as the starting materials. 

A similar attempt to prepare solid solutions of hydroxyl-

apatites of calcium and barium extending over compositional 

ranges of 60 to 100% replacement of calcium by barium was 

1 4 

successfully carried out by Adriana Bigi at al , the tempera­

ture chosen for the solid state reactions of appropriate 

intimate mixtures of the end-member being 1200°C. 

1.4.3 Hydrothermal Methods 

71 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 
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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 

72 
product. Such sets of results were achieved by Hayek at al 

73 

and by Perloff and Posner as substantiated by formation 

of homogeneous crystals of about 0.1mm in length in the form 

of hexagonal prisms. For this purpose 2g of precipitated 

hydroxylapatite were heated at 380°C in an autoclave for 

24 hours with 15ml of 2M sodium hydroxide solution. The X-

ray diffraction pattern of the sample was characterized by 

sharp peaks as expected from its crystal dimensions. Young 
74 and Sudarsanan adopted a similar method to prepare a sample 

of strontium hydroxylapatite for crystallographic studies. 

73 

Perloff and Posner obtained hydroxylapatite by the hydro­

lysis of dicalcium phosphate and the probable reactions invol­

ved are the following: 

10CaHP0̂ +2H20 = Câ Q(PO )^(0H)2+'4H'^+^2^0 ~ .... (1-10) 

UCaHPO +2H2O = CE^QCPO )̂ (0H)2+4.Câ +̂8H2P0 ~ (1-11) 

This process was brought about by heating O.lg of dicalcium 

phosphate with 10inl of water at 300°C for 10 days in a plati­

num - 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 thermogravi-

75 metric investigations was suggested by Elliot and Young . 

A crystal sphere of 0.1mm in diameter of synthetic chlorapatit^ 



19 

when heated electrically on a piece of platinum foil at about 

1300°C under steam at atmospheric pressure for two weeks 

formed a single crystal of hydroxylapatite of a high order 

of purity. A further extension of hydrothermal methods for 

preparation of hydroxylapatite was brought about independently 

by Akoi and Hideki and Kazov et al 

1.5 Chemical Analysis 

Quantitative separation of calcium and phosphate, which 

is a prerequisite for an accurate chemical analysis of hydroxyl­

apatite needs special analytical procedures, the details 

of which have been worked out by ji?ashburn and Shear 

Gravimetric • , complexometric and spectrophotometric 

techniques are usually employed for the accompanying determi­

nations of these separated ions. Application of atomic absorp­

tion spectroscopy to determine the metal ion concentration 

in apatites without a quantitative separation was brought 

about by Hivo et al. These techniques''^'_^^' ̂ ^ ^ ^ ^^^ ^^ 

extended to quantitative analysis of other systems involving 

the isomorphs of calcium hydroxylapatite as well as their 

solid solutions. 

1.6 Structural Aspects 

The basic structural features of the apatite lattice 

8 9 90 
were first worked out independently by deJong , Mehmel 

91 and Naray-szabo . deJong showed for the first time, 

with the then relatively ne\f technique of ^-ray diffraction, 

that the mineral in bone bore a close structural resemblance 
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to the naturally occurring hydroxylapatite. In this pioneering 

diffraction study, deJong also observed that the apatite 

crystals in bone were extremely minute and ill-defined. However, 

the detailed spatial arrangement of the constituent ions 

in the apatite structure was not firmly established. It was 

92 only after about 25 years that Posner et al could arrive 

at these structural aspects from X-ray diffraction studies 

on synthetically prepared single crystals of hydroxyapatite, 

93 

and by Kay et al from neutron diffraction studies. These 

studies revealed the most striking feature of the hydroxyl­

apatite structure namely the hexagonal arrangement of Ca 
3-

and PO. ions about columns of monovalent OH ions. That 
animal bones and teeth contain hydroxylapalite as an ingre-

94 

dient was proved by the identity of x-ray diffraction pat­

terns of the former with those of the naturally occurring 

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

representative Debye-Scherrer powder pattern of synthetic 

hydroxylapatite is given in Fig. 1.2(b). 

Hydroxylapatite, both of biological and synthetic origin 

crystallises in hexagonal P6_/m space group with lattice 

constants, 'a' and 'c' equal to 9.42 and 6.88A respectively. 

The details of the crystal structure of apatites were studied 

91 90 
independently by Naray-Szabo and Mehmel and their conclu-

9 
sions were subsequently confirmed by Hendricks et al . The 

structure proposed by them was later modified by Beevers 
95 

and Mclntyre and a few more refinements were suggested 

92 8 
by Posner et al . Sudarsanan studied the structure of 
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Fig 1.2 (a) X-ray diffraction patterns of 

(i) Crystalline synthetic hydroxylapatite 

(ii) Amorphous synthetic hydroxylapatite 

(iii) Hydroxylapatite obtained from Bone 

Fig 1.2 (b) A representative Debye-Scherrer powder pattern of crystal­

line synthetic hydroxylapatite. 
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cadmium apatites and proved them to be iso-structural with 

naturally occurring fluorapatite. The lattice of hydroxyl-

apatite is constituted by the ions Ca "*", PO. ~ and 0H~ and 

their arrangement in the unit cell is 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 represen­

ted in the figure as if they are wide apart from one another. 

Out of a total of fourteen calcium ions, six are located 

within the unit cell and thus belong to it entirely and the 

remaining eight peripheral ions are shared by adjacent unit 
of 

cells, such that there is an allocation four per each. Simi-

larly, it can be shown that out of ten phosphate groups (2 f 

situated inside and 8 at the periphery) only six belong to 

each unit cell^ (2 situated inside and four out ' of the eight 

peripheral ions). Likewise two out of eight hydroxyl groups 

represented in the figure belong to the unit cell. The number 

of ions present per unit cell of hydroxylapatite can thus 

be correlated with its molecular formula accounting thereby 

for the basic chemical repeat unit in the three dimensional 

symmetry pattern. 

Fig. 1.4 represents a cross-section of hydroxylapatite 

lattice parallel to the c-axis and provides a further clari-

9 
fication of the relative lattice position of the atoms. 

It can be shown from the figure that O- Ca-0 chains 
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Fig 1. The unit cell perspective of hydroxylapatite. 
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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 plane 001 as reported by 

Beevars and Mclntyre. 
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exist running parallel to the c_axis. The chains are joined 

together by phosphorus atoms • constituting the inner lining 

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

and accommodates the F~ ions. It is evident that depending 

upon ionic size and charge, other ions can replace fluoride 

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 the consequent surface activity of apatites. X-ray line 

1 8 
broadening experiments using low angle scattering revealed 

the apatites to be thin tabular hexagons elongated in the 

direction of the c-axis. A refinement of the crystal struc-

92 ture of hydroxylapatite was suggested by Posner at al based 

on the three dimensional "x-ray diffraction studies on single 

crystals. The bond lengths and the atomic positions were 

determined more accurately than those already available. 

It was further shown that the phosphate tetrahedra have P-0 

distances shorter than those reported earlier. In addition, 

the Ca atoms situated around the hexagonal screw axis are 

shown to be co-ordinated to the hydroxyl ions and oxygen 

atoms of the phosphate tetrahedra. It was further shown that 

the calcium atoms among themselves constituted triangles 

one over the other in the direction of the c-axis. Based 

on these refinements, the arrangement of the constituent 

atoms of hydroxylapatites as projected upon the basal plane 

of its structure is shown in Fig. 1-5. 

Attempts to determine the orientation of hydroxyl groups 
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Fig 1.5 Arrangement of the constituent atoms of hydroxylapatite as pro­

jected upon the basal plane of its structure (The number in 

each circle represents the c-axis parameter perpendicular to 

the basel plane). 
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in the crystal structure of hydroxylapatite' were made by 

Kay at al through neutron and X-ray diffraction studies. 

They concluded that the hydroxyl groups- occur in columns 

parallel to the C-axis and that these columns pass through 

the centres of the calcium triangles. The X, Y and Z co-ordi­

nates of the constituents of the hydroxylapatite lattice 

are given in Table 1.2. Depending upon 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 Listing of position-parameters for the constituent atoms of 

hydroxylapatite. 

Atom 

Ca. 
1 

Ca.-. 
11 

P 

0. 
1 

0.. 
11 

0... 
Ill 

OH 

No. 
per 

• o f 

unit 

4 

6 

6 

6 

D 

12 

2 

atoms 
. cell 

Position 

Z 

0.333 

0.246 

G.4OO 

0.329 

0.589 

0.348 

0.000 

parameters 

Y 

0.667 

0.993 

0.369 

0.484 

0.466 

0.259 

0.000 

Z 

0.001 

0.250 

0.250 

0.250 

0.250 

0.073 

0.250 

Extensive work on the crystal structure of apatites was 

96 — 9 9 
carried out by Young and his co-workers , the samples 

used being prepared exclusively by thermal methods. As mentioned 

earlier apatites are normally expected to be hexagonal belonging 
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to the space group PG^/m. Young could establish that a stoi­

chiometric synthetic sample of chlorapatite is pseudohexagonal 

belonging to the monoclinic space group, P2^/b with ̂ a' equal 

to 9.628A and ' c ' 6.764A •while the monoclinic and hexagonal 
/ 

structures are very similar, the former is characterized 

by an ordered arrangement of the Cl~ ions in chlorapatite 

resulting in the transformation of the mirror plane of the 

hexagonal structure to a glide plane in the monoclinic struc­

ture with the accompaniment of the doubling of one of the 

cell dimensions. Subsequent single crystal analysis of hydro-

xylapatite by these workers confirmed that the analogy regar­

ding the monoclinic structure could be extended to this com­

pound and the lattice constants 'a' and 'c' reported were shown 

to be 9.4214A and 6.8814 A respectively. Single crystal of 

hydroxylapatite used for these studies was prepared by d 

conversion of that of chlorapatite by heating in steam at 

1200°C. However, the significance of the monoclinic space 

group for biological considerations could not be established. 

In addition, optimum range of temperatures desired for the 

phase transformation from monoclinic to hexagonal form is 

yet to be investigated to know whether the monoclinic form 

exists under in vivo conditions. It will be of interest to 

- - 2-

mvestigate the role of trace impurities like F , Cl , CO^ 

and Mg in bringing about such a phase transformation. Recently 

Elliot et al substantiated the findings of Young by 

reporting that a sample, Ca^«(PO.),00^, termed as carbonate-

apatite, exhibits a pseudohexagonal symmetry with monoclinic 
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space group, P, , with lattice parameters 'a' and 'c' being 

equal 9.557A and 6.872A and b approximately equal to 2a. 

For purposes of characterisation of samples of synthetic 

apatite 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 diver­

gence, 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 pattern which can confirm the 

lioi.aogeneity 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 proving the pre­

sence of Jaydroxylapatite 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 the electronmicroscopic \ investigations of 

bone, the corresponding in vitro studies being carried out 

by Hayek et al . Extensive in vivo electronmicroscopic stu­

dies carried out by Robinson could throw light on the uni­

formity in size of the inorganic crystalline component and 

the spatial relationship existing between the collagen fibres, 

the cement substance and the calcium hydroxylapatite in bone. 
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1.7 Isomorphous Substitution 

Isoraorphous substitution may be defined as the replace­

ment of one ion by another in a crystal lattice without dis-' 

rupting its geometry. This can be classified as isoionic 

and heteroionic substitutions. The former may be defined as 

a process by which ions from the solution phase exchange 

with identical ions of a solid phase in contact with it, 

the composition of the two phases being unaltered; In hetero­

ionic substitution an ion of a solid phase is being displaced 

by a different ion from a solution in contact with it altering 

thereby the compositions of both the phases . A characteristic 

property of hydroxylapatite is its ability to undergo a series 

1 01 
of iso- and heteroionic substitutions involving both cations 

and anions, the criteria being the similarity in charge and 

1 02 
size of the ions concerned. It was shown by Clement and Zureda 

0 

that bivalent metal ions with ionic radii of about 1 . OA can 

form apatites, the most important among them being Ca ^, 

Sr^"^, Ba^"^, Pb^"^ and Cd^"^ with ionic radii 0.99, 1.13, 1.35, 

1.20 and 0.97A respectively. Both iso- and heteroionic substi-

tuions involving these ions are therefore possible . 

1.7.1 Isoionic Substitutions 

Isoionic substitutions of calcium and phosphate have 

been investigated extensively on synthetic calcium hydroxyl-

103 104 
apatite, human bones and teeth ' • Such investigations 

are of significance in providing an explanation for the skele­

tal fixation of calcium and phosphorus and also for throwing 
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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 

techniques in which a slice of the labelled tissue is placed 

in contact with a photographic film which functions as a radia­

tion detector. 

1.7.2 Heteroionic Substitution 

Based on their extensive biological significance •. 

heteroionic substitutions are considered relevant and merit 

a mention in the present context: 

(a) Câ "*" ̂ =i Sr^^, (b) Câ "̂  ̂ =^ Bâ "*" 

(c) Ca^^ ̂  Pb^"^, (d) Câ "̂  ̂ =i Zn̂ "̂  

(e) F~ . ^ OH" and (f) PO^"^" ;=i AsO^"^" 

(a) Ca ^=^ Sr substitution. 

Ca — Sr substitution on hydroxylapatite is one 

of the most important heteroionic substitutions since it expl­

ains the mechanism of incorporation in the human skeletal 

system of g-active Sr-90 produced in atomic explosions. The 

substitution reaction can be explained as follows: 

Ca^Q(P04)g(OH)2+nSr^^ ?=^ Sr^Ca^ g_^(P04 ) g (OH) 2+n Câ "̂  ...(1-12) 

A Solid solution of hydroxylapatites ) 

of calcium and strontium. 

Due to its long half-life period (about 28.5 years) Sr-90 can 

prove fatal even when it is present in traces in the human 

skeletal system. Investigations on the substitution reactions 
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are consequently supposed to be helpful in suggesting a 

possibility of removal of the incorporated strontium. The 

time-dependence of this substitution using B-active Sr-89 as a 

1 05 

tracer was investigated by Knappwost and Ehret . An equili­

brium was brought about in solutions of strontium nitrate, 

labelled with Sr-89, with synthetic samples of hydroxyl apatite 

having different surface areas. Adsorption of strontium ions 

and their subsequent diffusion into the crystal interior 

accompanied by a simultaneous recrystallization of the equ-

librated hydroxylapatite were shown to .be the factors govern­

ing such a substitution. 

1 fl n 

Collin showed through coprecipitation that a series 

of homogeneous solid solutions of hydroxyapatites of calcium 

and strontium over the entire compositional range could be 

formed confirming thereby the occurrence of isomorphous sub- . 

stitution between these ions. These results were subsequently 

10 7 1 OR 

confirmed by Chickerur et al ' . Through X-ray diffrac­

tion studies Khudolozhkin ®t al could conclude that repla­

cement of calcium by strontium or barium on the apatite lattice, 

occurs preferentially on Ca(II) sites in comparison with 

those of Ca(I). A substantiation of these results was provided 

by • • .• . • using i.r. spectroscopy and thermoanaly-
tical studies. Based on in vivo studies on isomorphous substi-

113 tutxons on apatite crystals. Baud could show that the 

dimensions of the unit-cell were dependent on the chemical 

composition; the alteration in the former offers an evidence 

for the occurrence of substitution. As mentioned earlier 
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the replacement of Ca by Sr on the hydroxylapatite of 

human bones is of extensive biological importance. Coramensu-

11 4-121 rate v/ith its contemporary significance extensive work 

on this substitution has been reported during the recent 

past which deserves a brief mention in the present context. 

These aspects are an addition to what has been mentioned 

114 in the earlier paragraphs. Roushdy et al investigated 

the levels of retention of Sr-'as", and Sr-'?9in rat femur. 

It was observed that the retention levels are inversely pro­

portional to the proportion of calcium in the diet. In addi­

tion, vitamin D-deficient diet caused a decreased retention 

level of radio strontium. Dehos ' could prove through 

an analysis of teeth of children of different age groups that 

the uptake • of Sr-90 by the human teeth is proportional to 

the levels of fall-out of the isotope from the atmosphere 

consequent upon nuclear test explosions. An extension of 

this work by them to human bones among' West German residents 

indicated that the uptake of Sr-9owas higher in 15-25 year I 

age group than that for the 25-55 year age group. Based on ' 

117 -' investigations on rabbit lense Grub et al found that 

tKe. presence of Sr reduced the replacement of Na"*" by K"*". 

In addition they could get evidence to show that the Sr 

present interacted with the cell surface of the crystalline 

lense. 

90 The uptake and turnover of Sr in human skeleton were 

118 investigated by Papworth and Vennart . They estimated the 

90 fraction of dietary intake of Sr that reaches the skeleton 
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as well as its turnover. The age dependence of these para­

meters was also investigated. It was suggested by them that 

these results can be used to predict the future levels of 

90 Sr in human bones from measurements of the dietary levels 

119 of the radionuclide. Park investigated the incorporation 

90 
of Sr in beagles using the technique of radionuclide inges­
tion. The results could lead to equations which stabilised 

90 90 
Sr retention and distribution. It was found that the Sr 

distribution matched closely with that of calcium distribution 

1 20 in skeletal component. Bang et al investigated the skele-

tal distribution of stable Sr and its incorporation in 

the bone mineral in vivo. They observed that bone mineraliza­

tion in mice decreased with a strontium-high diet intake. 

In addition they observed an exchange of strontium for calcium 

in bone mineral as substantiated by x-ray and i.r. studies. 

1 21 Marie et al studied the dependence of bone metabolxsm 

in rates on oral doses of strontium. These serai and bone 

levels of strontium were found to be proportional to the 

intake of the element. 

(b) Ca ;F^ Ba substitution 

Because of the toxic effects of elemental barium 

and its soluble salts, replacement of Ca by Ba on hydroxyl 

apatite is another heteroionic substitution of importance. 
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Analogous to strontium, 6-active Ba-140 (half life, 

12.8 days), a product of atomic explosions, also gets incor­

porated in the human skeletal system based on the following 

.equation: 

Ca^Q(P04)g(OH)2+nBa^^ ^^=2. Ca ̂ ^ ^_^^Ba^CPO^) ^{OE) ^+nCa^^ (1-13) 

A Solid solution of hydroxylapatites 

of calcium and barium. 

The relatively smaller half-life period of Ba-140 makes the 

radiation damage caused by it less toxic than that by Sr-

90. Unlike strontium the non-active barium is also toxic 

and consequently the studies on such a substitution are of 

importance to explore a possibility of elimination of the 

incorporated barium, 

Detailed aspects of Ca "*" — Ba "*" substitution were 

67 
investigated by Narasaraju et al . Adopting a thermal method, 

samples of hydroxylapatites of calcium and barium and a series 

of their solid solutions were prepared over the entire compo­

sitional range. The characterization of the sample was brought 

about by chemical, i.r. x-ray diffraction and electronmicro-

scopic analysis. It could be shown through tracer techniques 

1 22 by Samachson et al that there is a preferential uptake 
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of Ba-133 over Ca-47 and Sr-35 by human bones. In addition 

Samachson and • Schmidt , could show that traces of Zn ions 

when present in the equilibrating solution increase the uptake 

of Sr-85 and Ba-133. These results were explained on the 

basis of the supposition that Zn "*" distorts the surface of 

calcium hydroxylapatite facilitating thereby a replacement 

of Ca "*" by larger alkaline earth ions. The replacement of 

calcium by barium in the hydroxylapatite .lattice 'by solid 

state reaction at different temperatures and by precipitation 

from an aqeuous system have been investigated by yi-ray diffrac­

tion and i.r. absorption analyses. The products obtained 

by solid-state reaction at 1200°C are solid solutions over 

the range of barium concentration,60-100 atom%. 

2+ V 2 + 

(c) Ca r̂is-Pb substitution 

"Lead Poisoning" also known as "Plumbism" is caused 

by inhalation of lead in the form of dust or its adsorption 

through skin, the mechanism involved being attributed to 
2+ 2 + isomorphous substitution of Ca by Pb on bone leading 
1 25 to formation of solid solutions of hydroxylapatites of 

calcium and lead. Such a formation was shown by Muller to 

be possible over the entire compositional range through co-

precipitation in aqueous media as substantiated by Narasaraju 

et al and also by Rao and Chickerur . The following is 

the chemical equation involved: 

Ca^Q(P0^)g(0H)2+nPb^"*' ̂ =^ Ca^ Q_^ Pb^CPO^ ) g (OH) 2+nCâ "*' ...(1-14) 

f\ Solid solution of hydroxylapatites 
of calcium and lead. 
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It could be shown recently that lead-poisoning occurs through 

the coating of pottery in Mexico, the damage being termed 

1 27 
as "Problem of lead in Mexican Pottery" 

(d) Câ "̂  ;?=̂  Zn̂ "*". substitution 

Detailed investigations on the replacement of Ca by 

Zn on calcium hydroxylapatite of bones were carried out 

1? 8 —1^0 
by Samachson et al . Detailed radio chemical studies 

on this exchange using solutions labelled with Zn-65 could 

2+ prove -100 percent uptake of Zn by calcium hydroxylapatite 

within five minutes. Chelating agents such as EDTA were found 

to be considerably effective in hindering this process. An 

estimation of the amount of extra calcium which entered the 

solution during equilibration consequent upon an ion to ion 

2+ 2 + 

replacement of lattice Ca by Zn present in the equilibra­

ting solution confirmed the occurrence of such an exchange. 

As in the case of other exchanges, this processes was also 

found to be rapid initially, the subsequent process controlled 
2 + by a diffusion of Zn in to the crystal lattice being slow. 

(e) F ^ OH substitution 

Neutron and x-ray diffraction studies carried out by 

93 KQy et al could confirm the earlier findings that OH groups 

are located in the cavities running parallel to the c-axis 

of the apatite lattice. It can be shown that, among others, 

ions of the type F~, 0H~ and Cl" with ionic radii 1.32, 1.68 

and 1.81 A respectively fit into these cavities. In addition 

spherical symmetry of F~ ion makes it better suited for the 
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purpose than 0H~ ion. A replacement of 0H~ ion by F~ ion 

therefore brings about a contraction of the unit cell of 

4 8 131 — — 

hydroxylapatite ' ' . The OH -F exchange is of significance 

in explaining the occurrence of dental caries which involves 

the attack of the apatite inorganic phase of enamel by acido-

genic bacteria existing in the vicinity of the enamel surface. 
19 20 132 133 

Knappwost ' ' ' and co-workers investigated the various 

aspects of this substitution and the role of F~ ion as a 

prophylactic in the occurrence of dental caries. He proved 

that the tooth surface enriched with F ions was more resis­

tant to caries. He could suggest a convincing mechanism of 

the caries prophylactic action of fluorine. Deposition of 

fluorapatite layers on the tooth surface resulting, inter alia^ 

in alteration in the" viscosity of saliva, was found to be 

caused by an oral daily dose of 1-5 mg of fluorine. Fluor­

apatite being less soluble than calcium hydroxy! apatite, 

the corrosion by acidogenic bacteria on the tooth surface 

can be retarded by such a deposition which was found to be 

preferentially formed on the affected regions of the tooth 

surface. The substitutions can be represented as follows:-

Ga^QiFO^)^m)^+>^F~ ^=^ Ca^Q(P0^)^(0H)2_/^+x(0H") .... (1-15) 

A Solid solution of calcium hydroxylapatite 

and fluorapatite 

The product of this substitution is a solid solution of cal­

cium - hydroxylapatite and fluorapatite known as fluor -hydro­

xylapatite. Calcium fluoride formed simultaneously during 

the progress of this substitution reaction was found to inter-
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1 34 
fere with the exchange reactions as shown by Liang and Higuchi^ 

Stearns and Berndt and Higuchi et al . A measure suggested 

for the prevention of the dental caries has been the applica­

tion of appropriate amounts of F~i-C'̂ s in some suitable form 

to the dental tissue. This process known as fluoridation 

has been in vogue since a few decades. 1 pfm of fluorine 

in drinking water was found to be an optimum 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 occurrence of dental caries, the most important among 

which is based on the exchange of OH ion of calcium hydroxyl-

apatite of tooth- by F~ ion resulting in the formation of 

1 37 
fluorohydroxyapatite. Narasaraju could show that fluorhy-

droxylapatite is less soluble than calcium hydroxylapatite 

accounting thereby for the caries-resistance imparted to 

the dental tissues by fluoridation. Results of recent investi-

138 —143 — — 
gations on F -OH exchange could substantiate these 

findings. The principal conditions favourable for the occur­

rence of OH -F exchange on hydroxylapatite were shown by 

1 44 

Narasaraju et al to be (i) an increase in the concentra­

tion of F ion, (ii) a decrease in pH of the medium of exchange 

and (iii) a reduction in the grain size of the sample of 

calcium hydroxylapatite. The location of F~ ions present 

in traces in calcium hydroxylapatite and a mechanism to explain 

the prophylactic action of fluorine in the occurrence of 

1 45 
dental caries were suggested by Young et al through NMR 



40 

studies. Further the role played by internuclear distance 

in the formation of hydrogen bonding between 0H~ and F 'ions 

in the apatite lattice was explained by Van-der Lugt 

et al . NMR studies on F -OH exchange on hydroxylapatite 

1 47 
were further carried out by Lundin et al and Knubovets 

148 49 

et al . Based on Laser Raman spectral studies, 0'Shea 

et al could show that a halide substitution of 0H~ ion on 

apatite is possible. The physico-chemical changes undergone 

by amorphous and apatite calcium phosphate, could substantiate 

the prophylactic action of fluorine in the occurrence of 
. , , . 149-151 dental carxes 

3- 3-(f) PO. 5=1 AsO- substitution 

152-154 
The toxic effects of arsenic and its soluble 

3- 3-
salts are attributed to a replacement of PO. by AsO_^ of 
calcium hydroxylapatite which is another example of a hetero-

1 55 
ionic substitution . The substitution reaction can be repre­
sented as follows:-

Ca,„(PO.),(OH)„+xAsO.̂ ~ ^ Ca,„(PO.). (AsO.) (OH)̂ +xPO,̂ ~ (1-16) 

l u 4 o 4. 4 I U 4 o-x 4 X id 4 

A Solid solution of phosphorus and arsenic 

hydroxylapatites. 

The existing literature confirms the occurrence of this sub-

155 156 stitution reaction ' spread over the entire compositional 

range and can be utilized to throw light on the mechanism 

of this substitution with a v/ew to arrive at a possibility 

of removal of incorporated arsenic. In addition it could 
"1 *" 7 

be shown by Rao that such a substitution is possible on 
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lead hydroxylapatite. 

The arsenate ion is isoelectronic with phosphate facili-

3- 3-
tating thereby the PO. ^ ^ AsO^ ion exchange on apatite 

1 46 
as well as in a few enzyme catalyzed reactions. Lindgren 

et al could prove from autoradiographic studies conduc-

3- 3-
ted on mice and hamsters that PO, can be replaced by AsO^ 

(g) Miscellaneous substitutions 

While systematic investigations were carried out by 

different workers on the heteroionic substitutions described 

above, a few scattered results on certain aspects of some 

more substitutions are available. 

It is an established fact that human bones contain 

2-

C0-. ion although the concept that it exists due to hetero­

ionic substitution on calcium hydroxylapatite is still deba-

, ,, 160,161 • , . ^ ,̂ • ^. u- 162,163 

table and deserves further investigations 

A mineral, francolite, (Ca, Mg, Na, K ) ^ Q [{P,C)0.]g {F,OH)2, 

which is a carbonate-containing fluorapatite, when subjected 
1 6 P 

to x-ray studies indicated the absence of free calcium 
carbonate and proved the similarity of its X-ray patterns 

with that of fluorapatite suggesting thereby the presence 

2-

of CO^ ion in the apatite- lattice. These findings were 

substantiated by Le Geros et al and Bonel and Montel . 

Contrary to these findings ° the solubility of francolite 

was found to indicate a preferential dissolution of CO^ 

ion which can be attributed to its free existence. As mentioned 
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2_ 

above whether CO^ ion exists as a separate submicroscopic 

phase or as a substituent in an apatite lattice is yet to 

be confirmed. 
1 69 Radiochemical studies carried out by Knappwost showed 

3- 4-

that PO, y. '̂  SiO. substitution was possible on calcium 

hydroxylapatite when it was accompanied by a compensation 

of the surplus negative charge through introduction of a 

univalent metal ion like Na"*" into apatite lattice. Further 

studies on this substitution were carried out by Azimov 

1 70 1 71 172 
et al ' and by Gaude et al . Based on the proximity 
of ionic radii of Na and H^O (0.95 and 1.00A respectively) 

2+ » 

with that of Ca ion (0.99A ), evidence for a partial repla­

cement of Ca by Na and H^O could be shown by Neuman , 

the charge compensation being brought about by appropriate 
1 73 depletion of some of the boundary ions. Mayer et al could 

2+ 2 + 

show that Ca - Eu exchange is possible on calcium hydro­

xylapatite. Fluor —, chlor - and hydroxylapatites of europium 

as well as a few solid solutions of some of these isomorphs 

were also prepared by them. The possibility of replacement 
of Ca by Mn ions, the latter being capable of occupying 

93 
both Ca(I) and Ca(II) lattice positions, was proved by 

1 74 
Gxlmskaya and Shicherba Kova . A substantiation of these 

1 75 results was provided by Dubrov et al through EPR studies 

which were extended to fluoro- and chlorapatites by Vinnikov 

176 
and Gugel . Oxyapatites of composition, M.,Nd,(SiO.)-(EO.)pO , 

where M stands for Ca or Sr and E for P, As or V were synthe-

1 69 sised by Federov et al ^ the characterization of the sample 
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being done by X-ray diffraction studies. Similar investiga-

1 78 
tions were extended by Mayer et al to systems such as 

Ln M,^^_2 ^Na (PO. )^F2, where Ln stands for La, Pr, Nd, Sm, 

Eu, Dy, Er, Lu or Y and M for Ca, Sr, or Ba. 

Through Mossbauer studies Khudolozhkin et al could 

provide evidence for Ca -Fe substitution on calcium hydro-

180 
xylapatite over a limited compositional range. Rao ^could 

confirm these findings through chemical analyses. Replacement 

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

equilibration studies of calcium hydroxylapatite with solu-

181 
tions containing these ions was shown by Misra et al 

The existence of a new series of compounds having a 

general formula, Ba^ „ (ReOj.) ̂ X„, where X stands for Br or 

I, named as 'New rhenium apatites' was proved by Baud and 

Besse et al ' . A series of apatites containing S ~ and 

SO. " ions was reported by Schiff Francois et al . A sample 
•1 Q tr 

of strontium oxyapatite could be prepared by Berak et al 

1 8 fi 
Mayer et al could prepare samples of lead and strontium 

phosphate apatites substituted by rare earth and silver ions 

having the formula M^ „_„ Ln Ag (PO.)^Zp (M=Sr, Pb_, Ln=La, Nd, 

Eu^ Z=F, CI, X=1,2). Calco-europium dioxyapatite and its 

solid solutions with phospho calcium oxyapatite were prepared 

187 
by Taitai et al 
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1.8 Studies on Solubility 

1.8.1 Significance 

During the recent past phenomena associated with disso-

, ^. 24,105,188-192,203 r̂ u ^ i 4-• *- i o-x. j. ̂  lution ' ' ' of hydroxylapatite have attracted 

considerable attention because of their significance in diverse 

fields. Such studies are of importance to understand the 

physiology of bones and teeth from the point of view of calci­

fication and resorption. In addition, consideration of the 

occurrence of dental caries and the prophylactic action of 

19 20 fluorine ' are based on information about the solubility 

of hydroxylapatite. Such solubility studies have an additional 

utility in soil chemistry to account for the mechanism of 

availability of phosphate containing fertilizers to the plant 

kingdom. The interdisciplinary significance of solubility 

behaviour of hydroxylapatite explains its ability to demand 

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 (ii) Stoichiometric dissolutions. The reported investiga­

tions, in general, were carried out with either synthetic 

or natural samples obtained from bones and teeth. 

1.8.2 Non-stoichiometric Dissolution 

Extensive s tud ies on solubility of hydroxyl apatite carried out 

-loo 

independently by Neuman and co-workers and Rootare 
190 et al could provide ample evidence to show that the sample 
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exhibits a non-stoichiometric dissolution based on a diver­

gence of g atom ratio, Ca/P, of its saturated aqueous solu­

tions from the stoichiometric value of 1.67. The divergence 

was attributed to the formation of a surface coating on the 

solute consequent upon its hydrolytic dissolution. While 

193-195 Rootare et al could prove this surface coating to 

be a complex, Ca_,(HPO.) (OH}^, others could provide evidence 

that it is one among calcium monohydrogen phosphate, CaHPO., 

calcium pyrophosphate, Ca-P^O^ and octacalcium phosphate, 

(Ca,H)PO,)n. Simulation of biological conditions and maintai-

nance of a constant ionic environment in the medium of disso-

188 
lution were achieved by Levinskas and Neuman through use 

of a 0.165M aqueous solution of sodium chloride as a solvent 

to study the solubility of hydroxylapatite. It was reported 

by them that for a given set of experimental conditions the 

g atom ratio, Ca/p, of the saturated solution was different 

from that of the solute and that no reproducible values for 

the solubility product, Ksp, could be obtained. It was therefore 

supposed that the compound deviated from the established 

laws of solubility. 

The solubility products of a number of commercial and 

laboratory-made samples of hydroxylapatite were determined 

1 90 by Rootare i et al - Uhile observing divergent values of 

the solubility product of hydroxylapatite, they attributed 

it to a dependence of solubility on solute to solvent ratio, 

defined by them ^^ slurry density. Further as shown hy Levinskas 

188 
and Neuman , the g atom ratio, Ca/p, of the saturated 
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solution is 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 establi­

shed physico-chemical principles. Their theoretical conside-

1 91 rations were subsequently substantiated by La Mer . Hydroxy-

lapatite being the salt of a weak acid, undergoes hydrolysis 

in aqueous solutions yielding a solid surface complex, 

Ca_(HPO.)(OH)-, which was found to dominate the solubility 

equilibria according to the following equations:-

Câ Q(PO )̂ (0H)2+6H20 = ACâ CHFO )(0H)2+2Ca^V2HP0^" ..-.. (1-17) 

4Ca2(HP0 )(0H)2 = 8Câ "̂ +̂ P0̂ "+80H" (1̂ 18) 

Thus it is evident that when equation 1.17 predominates the g 

atom ratio, Ca/p, in the solution is unity while it becomes 

2 with the establishment of equation (l . 1 s]. When both the 

equations contribute equally to the solution process this 

ratio becomes 10/6 as expected for the stoichiometric disso­

lution. Complications involved in the accurate determination 

of individual activity coefficients of the ions involved 

in the system employed were supposed to be responsible for 

the non-reproducibility of Ksp of hydroxylapatite as reported 

1 88 
by Levinskas and Neuman and substantiated by La Mer. 

1 91 La Mer pointed out that consequent upon its biological 

significance an aqueous 0.165M solution of sodium chloride, 

which is the solvent employed by Neuman, functions as a stan­

dard solvent of reference in which all ion activity co-effi­

cients can be assumed to be unity. The problem of evaluating 

the individual ion activity co-efficients involved in the 



47 

solubility equilibria of hydroxylapatite can thus be avoided. 

The solubility of hydroxylapatite was shown by La Mer to 

respond precisely to the principles of solubility product, 

on the basis of a recalculation of Neuraan's data based on 

the foregoing considerations. These studies were subsequently 

•—N 192 193 
extended to natural samples of hydroxyl_^apatite ' . The 

solubility of dental enamel with saliva as a medium of disso-

1 93 
lution was investigated by Brudevold et al . According 

to them calcium monohydrogen phosphate, CaHPO^, functions 

as a phase controlling the solubility since it gives rise 

to a constant Ksp in the pH range 4.5-7.5. In solutions buffe­

red to a pH range, 3.5-6.0 the solubility of synthetic hydro­

xylapatite, dental enamel and a few more allied natural phos-

1 92 
phatic minerals were investigated by Francis . The formation 

of a coating of calcium monohydrogen phosphate, CaHPO., on 

the surface of these samples when equilibrated with acid 

buffers was shown through chemical analysis. Formation of 

a complex of the products of dissolution of hydroxylapatite 

in acetate, lactate and phosphate buffers necessitated the 

application of correction for the evaluation of Ksp of the 

samples. The deposition of calcium monohydrogen phosphate, 

CaHPO., on the surface of hydroxylapatite was shown to be 

responsible for the change in composition of the solution 

during dissolution. The role played by parameters such as 

particle size, solute to solvent ratio, type and concentra­

tion of buffers and pH in deciding the composition of hydro-

1 92 
xylapatite solution was explained by Francis 
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The role of a surface coating of calcium pyrophosphate, 

1 94 
Ca^PoOy, was investigated by Fleisch et al in controlling 

the solubility of hydroxylapatite. By extending the analogy 

to the bone processes a mechanism was suggested for the calci­

fication and resorption. 

Dissolution kinetic studies of synthetic samples of 

hydroxylapatites of calcium and strontium were investigated 

1 95 
by chickerur et al at 37°C using 1G. sintered glass crucible 

for separating the colloidal component of the solute from 

the saturated solutions. A non-stoichiometric dissolution 

was reported. The process was found to obey first order kine­

tics which could be explained on the basis of the surface 

1 90 
complex theory suggested by Rootare et al 

1 96 

Blitz et al studied the solubility equilibria of 

hydroxylapatite obtained from animal bones and teeth in order 

to characterize the phases likely to be formed as a result 

of the reactions occurring on the surface of the samples 

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

solubility of the samples. They concluded that octa calcium 

phosphate, Ca-^ECPO.)-., formed during dissolution of hydroxyl-
39 apatite controlled its solubility. Bell et al investigated 

the solubility product of synthetic hydroxylapatite. While 

the value was found to be constant within a pH range, 4.6-9.7, 

ionic strength range 0.0003-1.03 and a solid/solution ratio 

ranging from 0.06-5.6 g/200 ml, the dissolution was found 

to be non-stoichiometric. They supported the view of formation 

of a surface layer on synthetic hydroxylapatite, the composi-
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tion of which, however, was not studied by them. 

1.8.3 Stoichiometric Dissolution 

The credit of proving for the first time that hydroxyl-

apatite obeys the established laws of solubility goes to 

1 89 
Clark . He investigated the solubility equilibria of hydro-

xylapatite over a wide range of experimental conditions, 

the samples used being obtained by mixing solutions of calcium 

hydroxide and orthophosphoric acid. He analyzed the saturated 

solutions obtained from the mother liquor of the precipitate. 

In addition, the precipitate was subjected to the conventional 

solubility equilibria to obtain the saturated solutions which 

were also analyzed. It could be confirmed from both the sets 

of investigations that hydroxylapatite exhibits stoichiometric 

dissolution resulting in a definite Ksp at 25°C, the pKsp 

reported being 115.5. Using precipitated samples of hydroxyl-

1 97 
apatite, its solubility was investigated by Brandy et al 

taking the solute' in the form of a pellet mounted on an elec­

trically operated stirrer fixed in a buffered dissolving 

medium containing'excess of potassium chloride to maintain 

a constant ionic environment. The activity coefficients of 

the dissolved species were therefore found to be constant 

and a stoichiometric dissolution was observed by them. 

198 199 

Fassbender et al ' could also substantiate the stoi­

chiometric dissolution of hydroxylapatite. It was further 

shown by them that the observed dissolution rate was controlled 

by a combination of several consecutive partial reactions 
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and was dependent on the pH and surface area of the solute 

and independent of the temperature in the range, 15-35°C. 

A mathematical theory proposed by Zimmerman on the basis 

of the data on the solubility of enamel could establish the 

pH range vulnerable for the onset of dental caries. Based 

on a study of solubility isotherms of well-characterized 

samples of synthetic hydroxylapatite over a pH range, 5.0-7.0, 

201 Moreno et al could provide evidence for stoichiometric 

dissolution. The interfacial properties associated with solu­

bility equilibria of hydroxylapatite were investigated by 

202 

Chander and Fuerstenan through application of- thermody­

namics. They further studied the role played by electrical 

double' layer properties in the solubility of apatites. 

203 Wier et al investigated extensively the solubility 

behaviour of hydroxylapatite. Commercial samples were used 

as solutes after subjecting them to a detailed procedure 

of purification consisting of either refluxing for 24 hours 

in contact with water or by auto-claving in presence of- IN 

ammonium chloride solution for 50 days at 120°C under a pres-

2 

sure of 1.06 kg/cm , the wash-liquid being periodically repl­

aced. Systematic characterization of the samples was done 

through X-ray, petrographic and chemical analyses. The samples 

were equilibrated in media at pH values 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 

was removed by using specially prepared cells made of plexi­

glass and fitted with cellulose acetate dialyzing membranes. 
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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 pKsp 

being 115.5. Divergence observed in the result-s of solubility 

1 93 
of hydroxylapatite was attributed by them to the presence 

of trace impurities which get eliminated on rigorous purifi­

cation. The dissolution kinetics and solubility studies of 

hydroxylapatite and chlorapatite and a series of their solid 

solutions spread over the entire compositional range were 

204 

undertaken by Narasaraju and Rao in buffered media exten­

ding over a pH range of 4.9-7.5 which could convincingly 

establish the occurrence of stoichiometric dissolution. The 

pKsp values determined by them at 37°C were found to be 110.6 

and 115.4 respectively for hydroxylapatite and chlorapatite. 

2Q5 
Valyashko et al investigated the influence of temperature 

on solubility of apatites and found that it decreased with 

an increase in temperature exhibiting, what is known as retro­

grade solubility. 

1.8.4 Some Additional Aspects of Solubility 

A systematic survey of the existing literature on the 

solubility of apatites indicates that a major part of the 

results can be put under the above mentioned categories of 

non-stoichiometric and stoichiometric dissolutions. Over 

and above these aspects, a few significant scattered results 

are available which merit a mention in the present context. 
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o Of, 

Benedict and Kanthak found that the pH dependence of solu­

bility of dental enamel was similar to that of tricalcium 

phosphate establishing thereby compositional similarities 

between the two. Similar studies on dental enamel coupled 

with those on synthetic hydroxylapatite were carried out 
'̂ 

2 0 7 ? D ft 

by Ericsson and coworkers ' and the optimum pH range 

for solubility of hydroxylapatite was calculated by them. 

The increased solubility of the sample in the presence of 

COo ions, serum and saliva was attributed to the formation 

of complexes involving Ca . ions. Further light on the solu-
209 

bility of such complexes was thrown by Davies and Hoyle 

Studies on the pH dependence of the solubility of hydroxyl-

apatites of strontium and calcium and a series of their solid 

solutions distributed • over the entire compositional range 
108 

carried out by Narasaraju et al established an increased 

solubility with a decrease in pH. The salting-in effect of 

2-
SO. ions on the solubility of synthetic hydroxylapatite 

at a series of pH values was established by Paunio and 

21 0 3-
Makinen . Studies on the kinetics of release of PO. , 

2- 2-
HPO. and CO., ions from powdered samples of normal human 

211 
tooth enamel region were carried out by Vogel et al . In 

addition, the influence of F~ ions on this dissolution in 

the acidic region was investigated by them. The solubility 

of hydroxylapatite, fluorapatite and a few of their solid 

1 37 solutions was investigated by Narasaraju in the pH range, 

5.3-8.2. The solubilities calculated exclusively from the 

experimentally determined phosphate contents of the saturated 
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solutions were found to decrease with an increase in pH as 

well as with an increase in fluoride content of the samples. 

The significance of these results in the context of prophy­

lactic action of fluorine in the occurrence of dental caries 

was emphasised. Proof for anisotropic dissolution of a single 

crystal of hydroxylapatite was exclusively established by 

212 

Jongebloed et al using citric and lactic acids as dissol­

ving 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 would show that the single crystal was twisted 

along c-axis confirming thereby the existence of a screw 

21 3 

dislocation parallel to it. Daculsi et al used high reso­

lution transition electronmicroscopy to study the acid disso­

lutions 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 

progresses preferentially across the 'c' axis. 

1.8.5 Divergent Solubility Data 

Literature on the solubility of hydroxylapatite is 

characterized by divergence and mutual contradictions of 

the conclusions ' as indicated in the foregoing account. When 

a critical assessment of the results is made, it is possible 

to throw light on the factors responsible for such disparities 

The observed divergence could be attributed to the fact that 

the earlier investigators ignored one or more of the factors 
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mentioned below:-

(i) An attempt to clarify the reported divergence in the 

g atom ratio, Ca/P, of calcium hydrogen phosphate solutions 

• 214 was made by Smith et al by dissolving a synthetic sample 

in hydrochloric acid at a pH of 4.5. The g atom ratio, was 

found to be higher than the stoichiometric value when 500 g 

of the solute were equilibrated in 1 litre of the dissolving 

medium. A resuspension of the solute under identical condi­

tions exhibited stoichiometric dissolutions. Similar results 

could be observed in the case of systems having lower solute/ 

solvent ratios. It could be established that the. non-stoi-

chiometric dissolution could be attributed to the higher 

proportion of surface impurities dissolved along with the 

solute when the slurry density was low the errors caused 

by surface impurities were less than the experimental errors 

associated with the microanalytical determinations of calcium 

and phosphorus and were not therefore perceptible. 

(ii) The low solubility and its minute particle size enable 

hydroxylapatite to exist partially as a colloidal component 

in its aqueous solutions. This component is to be separated 

before the solution is analyzed for the determination of 

solubility'^^, 

(iii) Proof for the attainment of saturation by solutions 

of hydroxylapatite can be achieved only by getting identical 

values for the solubility determined both from sides of under-

1 90 saturation and supersaturation . Absence of such a proof 
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leads to uncertainties in the values of solubility reported. 

(iv) The possibility for existence of more than one solid 

21 5 

phase functionirvo as solute in systems used for the deter­

mination of solubility of hydroxylapatite is evident from 

CaO-PpOj--HpO phase "diagram and demands adequate precautions 

in determining the phase controlling the pKsp calculated. 

45 21 6 

(v) Impurities caused by contamination ' through adsor­

ption of foreign ions facilitated by high surface areas of 

the samples contribute towards vitiating the solubility data. 

(vi) Inaccuracies in the measurement, of pH of the dissolving 

medium cause aberrations in the computed solubility data 

since the pH exerts a sensitive control over the solubility 

r: . . . . 189,191 
of apatities ' 

(vii) Ingredients of the buffer combinations adopted for 

the solubility determination of hydroxylapatite exhibit a 

209 tendency to form soluble complexes with calcium affecting 

thereby the measured solubility. 

(viii) Hydroxylapatite, being the salt of a weak acid under­

goes hydrolysis in aqueous media resulting in the precipita-

190 191 
tion of insoluble phases and causing thereby errors ' 

in solubility determination. 

(ix) Microdeterminations of Ca , PO, "" and other ions when 

present together as in apatite solutions involve errors which 

get magnified in the computation of values of Ksp of apatites 
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because of the high power to which the concentrations are 

to be raised. 

22 

Savage investigated the solubiity of calcium phos­

phates by choosing a three component system of calcium hydro­

xide, water and phosphoric acid. The relative solubilities 

of different calcium phosphates of biological importance 

could thus be compared. He found that the solubilities increa­

sed in the order hydroxylapatite, 3-tricalcium phosphate, 

octacalcium phosphate, dibasic calcium phosphate dihydrate 

and monobasic calcium phosphate. While hydroxylapatite is 

shown by him to be the most stable phase in media with pH 

values above 4.3, below this point dicalcium phosphate 

dihydrate becomes more stable than hydroxylapatite. He further 

suggested that at a pH of 4.3 hydroxylapatite undergoes a 

conversion to dicalcium phosphate dihydrate, the pH of the 

medium remaining constant till the conversion was complete. 

It was further suggested by him that the solubility of hydro­

xylapatite is stoichiometric. 

1.9 Calcification 

The physiology of human bone is goverened by the pheno-

217 218 

menon of calcification ' which involves an orderly preci­

pitation of hydroxylapatite within the organic matrix of 

bone. In the light of the fact that a knowledge of the solu­

bility 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 vivo and in vitro investigations 

on the solubility of hydroxylapatite facilitated the under-

1 
standing of the mechanism of calcification . It has been 

established that the process occurs only at certain regions 

of the body known as sites of calcification. An essential 

prerequisite for the process to occur is the transport of 

the assimilated calcium and phosphorus to these 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 

1 
of these conditions was suggested by Robison's ,scheme . 

It involves a local increase in phosphate concentration brought 

about at the sites of calcification when a substrate of phos­

phate ester is hydrolysed by an enzyme known as phosphatase 

resulting thereby in. the deposition of hydroxylapatite. Studies 

on the solubility phenomena of hydroxylapatite could show 

that blood serum is supersaturated with respect to it' and 

its spontaneous precipitation is therefore expected. Since 

such a precipitation is found to take place only at the^ sites 

of calcification due to local action as mentioned by Robison's 

scheme, it is supposed that the prevention of calcification 

in the non-calcifying regions is due to a possible chemical 

binding of calcium and/or phosphate. The theories suggested 

to explain the ability of only certain regions of the body 

to function as sites of calcification are controversial. 

21 9 

It could be shown that about one-third of the cal­

cium of blood is bound to protein fraction through chelation 

while the rest of it exists in the ionised form or as soluble 
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20 8 
complexes involving ions such as citrate and phosphate 

2-
The phosphorus of blood serum exists principally as HPO, 

3-

ions and to some extent as H„PO, and PO. ions. The compo­

sition of blood serum suggests that it is complicated to 

apply the principles of solubility product to account for 

the deposition of hydroxylapatite. The calcium and phosphate 

concentrations of blood serum are higher than those corres­

ponding to the solubility product of hydroxylapatite and 

approximate to those of saturated solutions of dicalcium 

188 

phosphate. It was therefore supposed by Neuman that preci­

pitation of dicalcium phosphate takes place initially. Hydro­

xylapatite which is the stablest among the calcium phosphates, 

is likely to be formed due to a subsequent hydrolysis. 

Samachson ' could provide a clear insight into 

the basic requirements of calcification. While he agrees 

2-
with earlier theories as far as the role of HPO. ion as 

a prerequisite for calcification is concerned, he considers 

the removal of H ion as a factor essential for the process 

as indicated by the following equation:-

10Ca^'^ + 6HPO^^~+2H2O i Ca^ „ (PO^ ) g (OH) 2 + 8H"^ (1.19) 

It is evident from the equation that the deposition of hydro­

xylapatite is facilitated when there is the presence of a 

proton acceptor* and a local increase in pH at the sites of 

calcification. The foregoing account shows that a plausible 

mechanism of calcification is possible only with the availa­

bility of a more comprehensible interpretation of the factors 

controlling the solubility of hydroxylapatite. 
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1.10 Calcium-Deficient Apatites 

It has been an established fact that synthetic calcium 

phosphates prepared by wet methods have x-ray diffraction 

patterns similar to hydroxylapatite. On the other hand a 

deviation in stoichiometry was found as indicated by fluctua­

tions in g atom ratio, Ca/P, ranging from 1.33 to 1.67. Such 

compounds are defined as calcium deficient apatites. These 

non-stoichiometric apatites are of biological importance 

since the g atom ratio, Ca/P, of bone is lower than the stoi­

chiometric value of hydroxylapatite. They have an additional 

220-223 significance since they are found to act as catalysts 

in several organo —chemical reactions such as dehydration 

and dehydrogenation of primary alcohols, leading to the forma­

tion of aldehydes and ketones^the catalytic activity of hydro-

221 xylapatite being proportional to the calcium deficiency 

of the sample. Halogen-deficient cadmium haloapatites with 

the structure, Cdj-(MO,) ̂ X, where X stands for Cl, Br or I, 

224 227 

were studied by Wilson et al . Many theories , the 

salient aspects of which have been presentedhere were proposed 

to explain the structure and composition of these compounds. 

Cameron , Hodge , Schleede and Tromel et al have 

advanced independently a theory based on the adsorption of 
2-

HPO. ions to account for the non-stoichiometry of apatites. 
228 229 This theory was rejected by Posner ' on the basis thatj 

the non-stoichiometry was not exclusively due to surface 

adsorption Since the measured surface areas of the samples 
2-

were too low to account for the expected uptake by HPO, 

ions. The calcium deficiency was instead accounted for by 
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Posner on the basis of a statistical model depicting the 

absence of Ca ions from the columnar positions of the apati­

te lattice, the charge balance being maintained by the intro-

230 231 
duction of two protons. Winand et al ' could explain 

the maintenance of charge balance through a compensation 

of the two positive charges of each missing Ca ion by addition 

ofaproton and removal of a structural 0H~ ion. Additional 

theories ~ on non-stoichiometric apatites were advanced 

among others by Bett and Christner , Brown et al , Berry , 

007 p "̂  fi 

Young .and Feenstra and De Bruyn 

1.11 Recent Trends in Apatite Research 

239-245 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 these given earlier 

merit a mention. 

239 Apatites find an increasing application as catalysts 

in synthesis of organic compounds such as sugars and their 

phosphoric esters, in addition to a few dehydration and dehy-

drogenation reactions mentioned earlier. In addition they 

240-245 function as luminophosphors and as starting materials 

246 ^47 for several phosphatic fertilizers >'^ . The observation 

248-251 that kidney and prostrate stones contain hydroxylapatite 

further enhances the biological and physico-chemical signifi­

cance of these compound since its solubility behaviour can 

throw light on their possible elimination by dissolution. 
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A knowledge of solubility of hydroxylapatite can play a role 

in preventing a few occupational diseases caused by inhala-

252 tion of dust containing toxic ions. Another significant 

role of apatites in biology is the utility of apatite coated 

253 254-257 
ceramics as dental prosthesis and artificial bons . ^ 

While the use of hydroxylapatite as a column in chroma-
o r o 

tographic separation was well known, recent trends have 

been in the directionafits use in significant separations such 

as those of protein mixtures. 

„, , . . 1,24,31,32,188-193 , • . ^ 

Though extensive ' ' ' ' work was carrxed 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 review containing a consolidated 

and systematic account of all these aspects. The present 

review has been an attempt to compensate for this lacuna 

with a judicious emphasis on all the essential aspects of 

hydroxylapatite. 



SECTION II 

PHOSPHATE AND ARSENATE APATITES OF STRONTIUM AND THEIR 

SOLID SOLUTIONS PREPARATION AND CHARACTERIZATION 



2.1 Introduction 

Among heteroionic cationic substitutions on calcium 

phosphate apatite(CPAI replacement of Ca "*" by Sr "*" is signifi­

cant since it explains the mechanism of incorporation in' 

the human skeletal system of 3-active Sr-90 produced in atomic 

explosions. Such an incorporation, even in trace amounts, 

can be fatal because of the long half-life period of Sr-90 
') ̂ ^ lift 

(28.5 years) . Papworth and Vennart showed that the 

uptake of Sr-90 in the human skeletal system causes radiation 

damage in the bone marrow leading to incidence of leukemia. 
10 6 

According to Collin ' the criterion facilitating 

the incorporation of strontium in the human skeletal system 

is the formation of solid solutions of hydroxylapatites of 

calcium and strontium, the factors contributing to such a 

formation being the isomorphism existing between them and 

the closeness of the ionic radii of calcium and strontium 

(0.99 and 1.13A respectively). 

152 153 

The toxicity of elemental arsenic and its salts 

is well known. There is prevalence of arsenic poisoning among 

workers employed in the manufacture of insecticides, paints 

and dyes containing the element. Inhalation of arsenic through 

nose and mouth and exposure of the skin to it are supposed 

to be responsible for the ailment. It is considered to be 

an occupational disease and is characterized by severe burning 

of mouth and throat, gastroenteric pains, vomitting, diarrhoea, 
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haemorrhage and haematuria leading to dehydration, jaundice 

and paralysis resulting in collapse. 

In spite of the fact that arsenic is distributed prima­

rily throughout the soft tissues in living organisms its 

incorporation in the human skeletal system through PO. 
3_ 

<—^ ASO. exchange on CPA of bone is probable. Consequent 
3_ 

upon the fact that tetrahedral AsO. and its isostructural 
3- ° 

PO. have covalent radii (1.18 and 1.10 A respectively) 

close to one another, the latter present in SPA being amenable 

for isomorphous replacement by the former leading to stron­

tium arsenate apatite(SAA) . ;̂ hile extensive work has been 
o /" /% 

done on SPA ° , studies on its solid solution with SAA as 

well as on SAA itself have not been undertaken, the latter 

being a compound containing a potentially toxic element such 

as arsenic. 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 pre­

sent work was undertaken. 

These investigations deal with preparation of samples 

of SPA, SAA and a series of their solid solutions spread 
over the entire compositional range through a method suggested 

52 by Collin , the samples so prepared being characterized 

through chemical, x-ray, electron-microscopic, i.r, and laser 

Raman analyses. The method adopted is the first of its kind 

for preparation of SAA in appreciable quantities by precipita­

tion. 
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2.2 Experimental 

The experimental work included in this section has 

been subdivided into (i) Preparation and (ii) Characterization 

by (a) chemical analyses (b) determination of lattice cons­

tants (c) electronmicroscopic investigations and (d) i.r-

and Laser-Raman studies. 

2.2.1 Preparation of the Samples 

The preparation of the samples of SPA, SAA and six 

of their solid solutions spread over the entire compositional 

range was based on the following equation 

10Sr̂ "*' + 6xO.^~+20H~ ^ Sr. ̂  (XO -) ̂  (OH) ̂  

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

solid solutions, the proportion of P to As being varied as 

described. 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 preci­

pitation was done in an atmosphere freed from carbon dioxide 

and the chemicals used were of A.R (BDH), G.R (E. Merck) and 

L.R (BDH") grade. All the solutions were prepared in water freed 

from carbon.'dioxide. Based on the above equation, calculated 

amounts of strontium nitrate, diammonium hydrogen phosphate 

and disodium hydrogen arsenate were taken such that the yield 

was about 30 g of the sample. Ethylenediamine was used instead 

of ammonia since relatively smaller volumes of it were requi­

red to maintain the reacting solutions at the desired pH. 

In addition the unpleasant smell of ammonia could be avoided. 
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The desired solutions were prepared as described below:-

Solution A 

Approximately 0.5M strontium nitrate:-

This was prepared by dissolving about 106 g of stron­

tium nitrate, Sr(NO^)^, in water and making up the volume 

to 1 litre, its strontium content being determined complexo-

metrically . A desired volume of this solution was added 

dropwise under constant stirring to an appropriate volume 

of ethylenediamine, determined previously by a trial experi­

ment, such that the solution maintained a pH of^12 on making 

up to 1000 ml. This was taken in a 3 necked round-bottomed 

flask of 3 litre capacity. 

Solution B 

Approximately 0.5M solution of diamraonium 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 content .being determined 

73 
by Washburn and Shear's method. 

Solution C 

Approximately 0.5M solution of disodium arsenate:-

This was prepared by dissolving approximately 155 g of 

disodium hydrogen arsenate in 2 50 ml of^- 2 N sodium hydroxide 

and making up the volume to 1 litre, the arsenate content 

262, 
of the solution being determined iodometrically 
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Fig 2.1 Assembly of the apparatus used for the preparation of strontium 

phosphatate apatite, strontium arsenete apatite and their solid 

solutions. 



O C T 
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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 pre-determined 

volume of ethylenediamine such that it maintained a pH of 

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

The funnel was closed by a hollow groundglass stopper, connec­

ted 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 use of soda-lime towers and water suction pump was bubbled 

through the solution 'A' to eliminate the formation of carbo­

nate-apatite and to keep it, in addition, well stirred. The 

precipitate was refluxed for about 3 hours in contact with 

the mother liquor, left overnight, filtered through a 1G-

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 repre­

sentation of the assembly of the apparatus used for the prepa­

ration of the sample was given in Fig 2.1 

2.2.2 Chemical Analyses 

The chemical analyses of SPA is complicated by the 

mxitu'ar. interference of strontium and phosphate ions and con­

sequently special analytical techniques are desired for the 

purpose. In presence of arsenate ions these complications 

become more pronounced as in the case of solid solutions 

of SPA and SAA. Although instrumental methods of analysis 
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such as spectrophotometry, x-ray fluorescence and flame photo­

metry have frequently been used for such determinations, 

they have a limited range of applicability. Special procedures 

are worked out for the determination of strontium in the 

presence of (i) phosphate (ii) arsenate and (iii) in the 

presence of phosphate and arsenate. The accuracies of the 

procedures adopted were assessed by analysing sample solu­

tions containing known quantities of the respective ions. 

The solutions used for these determinations were prepared 

in double^distilled water and preserved in polythene contai­

ners . 

The following solutions were prepared for the purpose:-

(a) • Strontium nitrate solution containing 1 mg of Sr per ml 

It was prepared by dissolving 2.4153 g of strontium nitrate, 

Sr(NO-.)p, previously heated to constant weight, in distilled 

water and making up to 1 litre. The Sr content of the solu-

tion was determined complexometrically using Eriochrome 

Black T as indicator at a pH of ̂-̂  10 obtained by ammonium 

chloride-ammonium hydroxide buffer. 

(b) Potassium dihydrogen phosphate solution containing 

Img of P per ml. 

4.3930 g of KH^PO. heated previously to constant weight 

at 110°C were dissolved and made up to 1 litre. 

(c) Disodium hydrogen arsenate solution containing Img of 
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4.1630 g of Na^HAsO..7H^0, dried previously to 

constant weight, were dissolved in distilled water and made 

up to 1 litre. 

(d) Standard O.IM EDTA solution. 

The disodium salt of EDTA (ethylene diaminetetra acetic 

acid) was dried for about 12 hours at 80°C and cooled in 

a des iccated atmosphere so that the compound attained the 

composition of its dihydrate, Na_H~C^„H^„0„N2'2H2O. 1 litre of 

0.01 M EDTA solution contained 3.7224 g of this dried sub­

stance. 

(e) O.OIM Magnesium chloride solution. 

A solution of magnesium chloride, MgCl-.6H20, of an 

approximate molarity slightly higher than O.OIM was prepared 

by taking about 3.0 g of the salt in a litre of the solution. 

This was subsequently standardised by titrating at a pK of 

~ 10 against O.OIM EDTA solution using Eriochrome Black T as 

an indicator. 

(g) Buffer solution of pH ~1 0 

About 70 g of ammonium chloride were mixed with about 

570 ml of liquor ammonia (sp.gr, 0.9) and the volume was 

made upto a litre. 

(g) Indicator solution 

About 0.2g of Eriochrome Black T, the sodium salt 
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of 1-(1-hydroxy-2-naphthylazo)-6-nitro-2-naphthol-4 sulfonic 

acid was dissolved in a mixture of about 15 ml of triethanol-

amine and about 5 ml of absolute alcohol. Such a solution 

could be used for about 1 month. 

2.2.2.1 Estimation of Sr * and PO^ when present together 

A convenient volume of the stock solution of strontium 

was mixed with a known excess of EDTA to prevent its precipi­

tation on subsequent addition of phosphate. To this solution 

were added a known volume of stock solution of phosphorus, 

2ml of a buffer of pH-—10 and 2 drops of indicator solution. 

The resulting solution was titrated against MgCl^ solution 

standardised previously by titrating against 'standard EDTA 

solution. The end-point- is the change of the color from blue 

7 R 

to wine red. From the above solution MgNH .PO.. 6H2O was 

precipitated by treating with excess of 0.5M magnesium chlo­

ride solution followed by the addition of~'9M ammonium hydro-

xide, the presence of excess of Mg being confirmed by the 

absence of further precipitation from the supernatant liquid 

on addition of the precipitant. It was left overnight in 

contact with the mother liquor, filtered through a 1G^ sin­

tered glass crucible, washed successively with 0.4M ammonium 

hydroxide, acid-free alcohol and ether till freed from the 

accompanying ions and then dried overnight at 37°C to constant 

weight and weighed as MgNH^PO,.6H„0. The precipitate was 

dissolved in'—•2N HCl, quantitatively made up to a known con­

venient volume and the Mg content determined complexometrically, 
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2.2.2.2 Estimation of Sr "*" and AsO- ~ when present together 

A convenient volume of the stock solution of strontium 

was mixed with a known excess of EDTA to prevent its precipi­

tation on subsequent addition of AsO. ions. A known volume 

of stock solution of arsenate was then added to this solution. 

While strontium was estimated complexometrically, arsenate 
n /T o 

taken as another aliquot was estimated iodoraetrically 

2.2.2.3 Estimation of Sr , PO. ~ and AsO. ~ when present 
together 

Sr was determined complexometrically in the presence 

3- 3-

of PO, and AsO. as described above. The reagents employed 

for the precipitation of phosphate and arsenate as their 

respective magnesium ammonium salts' for the purposes of quan­

titative estimation happen to be the same. A method was there­

fore used to get the combined phosphate and arsenate content 

of the mixture of these ions by precipitating them quantita­

tively as a mixture of their magnesium ammonium salts,using 

•-CL- procedure, the details of which were given above. The 

precipitate was dissolved quantitatively in ̂ -̂  2N HCl, made 

up to a known volume and Mg estimated complexometrically. 

From this value the total (p+As) content was determined. From 

another aliquot the arsenate content was determined iodome-

trically as described earlier. From the above values the 

phosphate content was determined by subtracting the estimated 

arsenate content from the total amount of arsenate and phos­

phate determined by the combined estimate. The above methods 

were applied for the chemical analyses of SPA, SAA and their 
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solid solutions, 0.5g of each sample being dissolved in a 

minimum quantity of ~ 2N hydrochloric acid and made up to 

500ml. 

2.2.3 Determination of Unit-Cell Volumes 

The criteria for a given pair of substances to form 

solid solutions are that the two are isomorphous and that 

the ionic radius of each ion of one is compara . Lble with 

that of its counterpart in the other. It is evident that 

SPA and SAA fulfil these requirements. Since the replacement 

3- 3- ° 

of PO, by AsO, (covalent radii 1.10 and 1.18A respecti­

vely) 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 Debye-Scherrer powder method 

was found to be suitable for the purpose, since the samples 

are microcrystalline in nature being precipitated from aqueous 

media. The samples to be subjected to these investigations 

were previously heated for-~'5h at 300°C in order to increase 

52 

the size of the crystals so that the sharpness of the dif­

fraction lines could be enhanced. The patterns were recorded 

as paper-traces with a rotating-sample ' exposed to Cu-TC 

radiation, the voltage, current strength and exposure time 

being 40KV, 25mA and 5h respectively. 

2.2.4 Electromicroscopic Investigations 

The conclusions drawn from x-ray diffraction patterns 
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confirming the homogeneity of the samples could be supplemen­

ted by their electroraicrographs which, in addition, could 

scrutinize the absence of extraneous phases and provide visual 

information about the geometry and dimensions of the indivi­

dual crystals of the samples. Air-dried samples were found 

to be better suited for the purpose than those heated to 

300°C, since the latter operation was found to be leading 

to fusion of the individual crystals into large crystalline 

O C T 

masses , preventing thereby the measurement of the dimen­

sions 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 kilo-" 

cycles per sec. in order to breakdown 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 (Siemens Elmiskop 1, No. 591) with 

carbon as back-ground and the specimen was exposed to the 

electron beam after Evacuation, the resulting image being 

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 indi­

vidual crystals, preferably of varying dimensions, were focus-

sed at random under a calibrated eye-piece and through measu­

rement 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 
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samples among those prepared using measured length and breadth-

The crystals of the samples which are in the form of elon-

137 gated hexagonal prisms could be considered as cylinders 

for purposes of evaluation of their approximate specific 

27Tr' + 27Trh surface areas using the expression, jr- , where r=0.5 

times the average breadth, h=average length, and p=density of 

1 37 

the samples. It is evident that the rates of dissolution 

of the samples which decide the period of equilibration re­

quired for the attainment of saturation are dependent on 

their surface areas. In addition, the utility of apatites 
1 44 as luminescent phosphors and ion exchangers is controlled 

by their surface areas^ the measurement of which is therefore 

justified 

2.2.5 Infrared Spectra 

Infrared spectra of the samples at room-temperatures 

were recorded on the Perkin-Elmer model 983 spectrophotometer. 
_1 

The spectra were recorded within the frequency range, 4000cm 

-1 ^y 
to 180cm as nujol mulls as well as using KBr pellets. 

2,2.6 Laser-Raman Spectra 

It is evident that Raman Spectroscopy is basically 

emission spectroscopy. Consequently the instrumental techni­

que involves the use of a typical visible-region spectro­

meter. It is the source of excitation used that distinguishes 

the experimental work of Raman spectroscopy. Needless to 
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say, Raman technique underwent a revolution with the displace­

ment of the traditional mercury vapour lamp by an appropriate 

easily accessible and relatively inexpensive laser as source 

of excitation. With the advent of laser as the source of 

excitation the range of samples which can be studied ipy the 

technique increased enormously encompassing virtually all 

types. In addition^the technique could be applied with smaller 

volumes of samples and with a curtailed duration of exposure. 

The narrow highly monochromatic beam of radiation available 

with lasers can be focussed on to a small sample enabling 

the laser to be an ideal Raman source. The following are 

the lacunae associated with the traditional Raman spectroscopy 

involving mercury discharge lamp as the source of excitation. 

(i) R substantial part of radiation is scattered 

directly into the spectrophotometer masking the 

Raman lines, 

(ii) Considerable quantities of samples are to be used 

to fill up sample tubes 20-30 cm long and 1-2cm 

in diameter, 

(iii)There is Incidence of fluorescence of the sample 

under the high frequency mercury radiation causing 

a masking of the weak Raman spectrum by the resul­

ting fluorescence spectrum of the sample. 

These • disadvantages can be eliminated by using '.CL̂  laser 

as a source of excitation. The possibility of multiple passes 

of the radiation through the sample achieved by the use of 

a laser beam coupled with a careful alignment of a system 

of mirrors results in enhancing the Raman signal considerably 

facilitates a better recording of the spectrum. 



76 

Laser Raman(LR) spectra were recorded on a SPEX Ramalog 

Model 1403 Raman Spectrometer. The Laser line of wavelength 

0 

4880A produced by an Argon ion Laser Model 165-09, was used 

as the source of excitation. The scattered light was detected 

with the help of a cooled RCA 31034 photomultiplier tube, 

accompanied by a photon-count processing system. The sample 

was in the form of a pressed pellet. The recording was done 

at ambient temperature. 



2 . 3 RESULTS 



77 

0) 
H 
Xi 
05 
E! 

•H 
n! 

•P 
• P 
B3 

o 

d 
(D 
B 
02 
ra 
CD 
m 
CQ 

< j ; 

I 
Da 
:i 
U 
o 
^ 
ft 
m 
o 

,cj 
ft 

t 3 
a a 
a 

-p 
PJ 
o 
;H 

- P 
to 

C H 
o 

O 
•H 
-P 

^ 
ft 
Q) 
CQ 

<E 

> 
•P 
03 

-P 
• H • 
P 
C! 
erf 
^ 
a* 

CM 

0) 

cd 
EH 

o 

ra 
o 

f4 

o 
u 

- P 

0) 

o 

P. 

•p 
15 

a H 
-p 
ft 

O 
(D 

E H 

O 
erf 

o 
o 
CO 

B 
•H 
-P 
O 

- p 
CO 

(H 
O 

a 
O 

ft 

P 

a H 
• p 

o 

: o 
CO a 

\D 

+ o 
I 

s o 

CD 
I 

CD 
I 

cv 
o 

o 
u^ 

c-

o 

CO 
C7N CO 

o 

cv 

cv 

• o 

o 

o o o o o o o o o o o o 
m l A o o 

0 ^ 
o 

-<J-

rf> 

r\i 

00 

o 
+ 

00 

o 
+ 

LPi 

o 
1 

ITN 

O + 

T -

o 
1 

cv 
o 

1 

o (T^ 

• 
• ^ 

t> 
o • 
o 

(̂  
ô  
• -<f 

t— 

ô  
o 
• o 

r\i 

0 0 
cŷ  
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Fig 2.2 Debye-Scherrer diffraction powder pattern of Sr. _(P0.),• (0H)„ 

(sample No.1 of Table 2.4) 
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Fig 2.3 Debye-Scherrer diffraction powder pattern of 

(Sample No. 2 of Table 2.1,) 
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Fig 2.4. Debye-Scherrer diffraction powder pattern of 

(Sample No. 3 of Table 2.4) 
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Fig 2.5 Debye-Scherrer diffraction powder pattern of 

Sr^0(^V4.2^^^Vl.8^°^)2-
(Sample No. 4. of Table 2.4.) 
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Fig 2.6 Debye-Scherrer diffraction powder pattern of 

(Sample No. 5 of Table 2.4) 
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Fig 2.7 Debye-Scherrer diffraction powder pattern of 

S^10(^V2.3^^^V3.7^°^)2-

(Sample No. 6 of Table 2.4) 
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Fig 2.8 Debye-Scherrer diffraction powder pattern of 

(Sample No. 7 of Table 2.1,) 
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Fig 2.9 Debye-Scherrer diffraction powder pattern of 

(Sample No. 8 of Table 2.U) 
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Fig 2.10 Dependence of lattice constants of the solid solutions of 

phosphate and .arsenate apatites of strontium on •: mole per 

cent of strontium arsenate apatite. 

(Column-5 and 7 of Table 2.5). 
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Fig 2.11 Dependence of unit cell volumes of- the solid solutions of 

phosphate and arsenate apatites of strontium on •! •• mole per 

cent of strontium arsenate apatite. 

(Column 9 of Table 2.5) 
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Fig 2.12 Electronmicrographs of the samples. 

(S.Nos. 1-3 of Table 2.6) 

A. Electronmicrograph of Sr.„(P0,),(0H)„ 
1U 4 o (C 

(Sample No. 1 of Table 2.6) 
B. Electronmicrograph of Sr.-(PO,), ,(AsO,). /(OH)^ 

lU 4 4 « 4 4 T - D <. 
(Sample No.2 of Table 2 .6) 

C. Elec t ronmicrograph of Sr^o^^°4^4 2^^'^°4^1 8^°^''2 
(Sample No. 3 of Table 2 .6) 

M a g n i f i c a t i o n , 3 5 , 0 0 0 x 
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Fig 2.13 Electronmicrographs of the samples. 

(S. Nos. 2-6 of Table 2.6) 

A. Electronmicrograph of Sr._(POj^ ,(AsO,)- ,(0H)„ 
lU 4 4 i . D 4 J 3 . 4 < 

(Sample No.4- of Table 2 .6) 

B. Elec t ronmicrograph of Sr.„(PO ) (AsO ) „(0H) 

(Sample No. 5 of Table 2 .6) 

C. Elec t ronmicrograph of Sr-_(AsO.)^(0H)„ 

(Sample No. 6 of Table 2 .6) 

M a g n i f i c a t i o n , 3 5 , 0 0 0 x 
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Fig 2.1-4 IR trace of 3r^Q(P0 )^(0H) 

(Sample Ko.l of Table 2.4.) 
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Fig 2.15 IR trace of Sr^o^^°4-^5.;i^^^°^^0.6^°^^2 

(Sample No.2 of Table 2.4-) 
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Fig 2.16 .IR trace of SP^QCPO ) . ,(AsO )^ 6̂ °̂ '*2 

(Sample No. 3 of Table 2.-4) 
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Fig 2.17 IR trace of Sr^^{?0^)^^^(AsO^)^ ^^iOE)^ 

(Sample No.4 of Table 2.4.) 
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Fig 18 
IR trace of ^r^o^^O^)^^^UsO^J^^^^^E)^ 

(Sample No.5 of Table 2.4) 
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Fig 2.19 IR trace of Sr (PO ) ,(AsO.)^ roH), 

(Sample No.6 of Table 2.4.) 
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Fig 2.20 IR trace of Sr^Q(PO )^ Q(ASO^)^^Q (OH)^ 

(Sample No. 7 of Table 2.4-) 
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Fig 2.21 fPs trace of Sr^^CAsO , )^(0H)2 

(Sample Wo.8 of Table 2.4.) 
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Fig 2.22 L.R. spectrum of Sr̂ o*'̂ °/1̂ 6̂ °̂ 2̂ 

(Sample No.1 of Table 2.4) 
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Fig 2.23 L.R. spectrum of Sr^^CPO ) ,(AsO ) Q ^^(OH)^ 

(Sample No.2 of Table 2.4) 
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(Sample rfo.3 cf Table 2 ^ " ^ 4^1.6^°^^2 
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Fig 2.25 L R. speotru.of Sr^,(P0^)^^^(A30 ) (OH)^ 

(Sample No. / of Tablfi ?./1 
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Fig 2.26 L.R. spectrum of Sr^o^^°;4^2.6^^^°/^3 /^°^^2 

(Sample No.5 of Table 2.4) 
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Fig 2.27 L.R. spectrum of Sr^o^^°^^2.3^^^°4^3.7(OH)2 

(Sample No.6 of Table 2.4.) 
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Fig 2.28 L.R. spectrum of Sr^Q(PO^)^ ̂ ^(AsO )^ 0^°^^2 

(Sample No, 7 of Table 2.4.) 
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Fig 2.29 L.R. spectrum, of Sr^^CAsO )^(0H) ) 

(Sample I-fo.S of Table 2-4) 
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2.3 Results 

The accuracies of the methods employed for the chemical 

analyses of SPA and SAA and their solid solutions were scruti­

nized by analyzing sample solutions containing precisely 

weighed quantities of the ions concerned and the results 

are given in Tables 2.1 to 2.3, ^g^g.11-19, The analyses were 

carried out in each case on a few sets of such solutions 

preferably of different concentrations and the results of 

a few representative sets were given in these tables. The 

errors expressed as weight per cent, were found to be ranging 

from -0.8 to +0.8, -1.7 to +1.7 and -2.0 to +1.0 respectively 

for strontium, phosphorus and arsenic. 

Determination of the weight per cent of strontium, 

phosphorus and arsenic of each one of the sample was-. made 

using the analytical procedures described earlier and the 

results were given in columns (3), (4) and (5) of Table 2.4, 

p.80. The samples were numbered serially in the increasing 

order of their arsenic content. It is evident that for the 

samples the g atoms of phosphorus and arsenic present in 

100 g of the sample can be calculated by dividing the res­

pective percentage by the corresponding atomic weights. It 

is obvious that this ratio, P/As is independent of the amount 

of the sample considered. Since the total number of g atoms 

of (P+As), in a mole of each sample is six, knowing this 

ratio the number of g atoms of P and As in a mole of each 

sample could be calculated and the molecular formulae of 

the samples indicated in column (6) of Table 2.4 were assigned 
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assuming the number of strontium and hydroxyl ions to remain 

stoichiometric for the entire series of samples. In addition 

the g atom ratio, Sr/(P+As), was calculated for each sample 

from the corresponding weight per cent and included in column 

(7) of the table. The ratio was found to be varying between 

1.64 and 1.69, the theoretical value being 1.67. 

Figs. 2.2 - 2.9, pp.92-99 are the x-ray-paper-trace-

diffraction patterns of the samples which are distinctly 

similar as far as the distributions of the diffraction lines 

are concerned, the observed uniform shift in the lines with 

increasing proportion of arsenic being a striking confirma­

tion of the homogeneity of the samples as is to be expected 

from Vegard's law. About fifteen well-defined lines were 

chosen from each one of the patterns and their corresponding 

'6' values calculated, the corresponding 'd' values being 

obtained from Bragg's equation. The lattice parameters were 

calculated for all the patterns by a statistical method using 

the equations given below:-

aZx^ + 32xy = Zxz (2.i) 

a2xy + 3Sy^ = 2y^ (2-ii) 

where 

A = wavelength of incident radiation used, x = tf + hk + kf 

y = 1^ and z = sin^e(h^kand 1 being the Miller indices, and 

9 the angle of incidence). Values of 'a' and 'c', as well 

as those of unit cell volumes were calculated by solving 
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the above equations for a and B , and given in column (5) , (7) 

and (9) of Table 2.5'. A refinement of these values was brought 

about by the method of least squares using a computer, the 

new set of values being given in columns (5), (7) and (9) 

of the table. The assigned molecular formulae and corresponding 

molecular weights of the samples were given in columns (2) 

and (3) of Table 2.5. A graphical representation of the depen­

dence of 'a' and 'c' and the unit cell volume on the mole 

per cent composition of the samples was provided by Fig. 2.10 

and 2.11, pp.100,101. The _experimentally determined densities 

of the samples and the molar volumes calculated from them were 

included in columns (10) and (11), while the molar volumes ob­

tained by multiplying the unit cell volumes by the Avogadro 

nxomber, were given in column (12) of the table. 

The electronmicrographs of SPA, SAA and a few represen­

tative solid solutions of them were shown in Fig. 2.12 and 2.13 

pp.102 and 103. It is evident from these patterns that the 

individual crystals of apatites were either tabular or ribbon-" 

like in shape tending to look like elongated flattened hexagonal 

prisms. The crystals of SAA were found to be bigger than those 

of SPA, the dimensions of the crystals of the solid solutions 

being found to range between these two extremities. They showed 
3_ 

a systematic increase m size with increase in AsO. contents, 

the experimental conditions of preparation of all the samples 

being similar. The average dimensions, both length and breadth 

of the individual crystals were masured taking into consideration 

the extent of magnification and the values were incorporated in columns (4) 

and (5) of Table 2.6, p.83. The values would substantiate 
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that a systematic increase in the average crystal size occur-

3_ 
red with ' . increasing AsO. content of the samples. While 

o 

the average length and breadth of SPA were 1273 and 313 A 

respectively the corresponding values for SAA were found 

to be 13454 and 783 A, the dimensions of solid solutions 

being found to range between these two extremities. From 

the average dimensions of the individual crystals of the 

samples approximate values of their surface areas could be 

calculated as described earlier. These calculated values 

of all the samples incorporated in column (6) of the table, 

3_ 

exhibited a marked decrease with increase in the AsO. con­

tent of the sample. The specific surface areas of SPA and 

2 
SAA were found to be 35 and 13 m /g respectively, while those 
of solid solutions ranged between these two values. 

Photostat copies of the infrared absorption spectra 

of all the samples were given in Figs 2.1 4-2.21 .;• pp.104-112. 

The experimental details of recording the spectra were given 

on p. 74. The wavenumber range investigated extended from 

-1 
4000-180cm . The percent transmittance was represented 

as a function of the wave number of radiation. A consolidated 

3_ 
list of absorption peaks of the samples assigned to PO. 

3-

AsO. and OH was given in Table£.2.7 to 2.14. The i.ri pat­

terns of all the samples were found to contain peaks in the 

range, 3575-3550cm . In addition, the end-members were found 

to contain another 0H~ peak in the range, 544-564cm~ . The 

3_ 
PO. peaks, six to nine in number ̂  were found in the ranges^ 

1080-1018, 950-941, 590-559, 450-420cm~^ as shown in Tables 
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3_ 
2.7 to 2.14. Further the peaks characteristic of AsO, 

were found in the ranges^ 820-862o-n<i400-442cm~ for these sam­

ples as shown in the Tables. The patterns of the solid solutions 

were found to contain the entire set of these peaks and were 

shown in all the Tables, 2.7 - 2.14. All these patterns 

were found to be comparable with those given in the earlier 

literature^'SO,62,63,67,145,165,237,264-271^ ^^^ absorptions 

-1 
at 2920, 1460, 1375 and 722cm observed in the patterns 

were of nujol. Results of the laser Raman spectral studies 

of SPA and SAA and their solid - solutions were included in 

Tables 2.7 to 2.14. In order to facilitate a convenient compa­

rison of the i.r. absorptions of each sample with the corres­

ponding absorptions of the L-R spectra, the two sets of absor­

ptions were included in the' same Table, it could be found 

from such a comparison that there existed a marked identity 

in the wave numbers of the corresponding characteristic peaks 

of each sample. Such a similarity in the wave number of the 

corresponding peaks of each sample observed by using i.r. 

and Laser Raman Studies confirmed the correctness of the 

assignments given to the absorptions, it may be mentioned 

that the results reported in the present work on Laser Raman 

Spectra of the apatites were observed for the first time 

as indicated by the absence of such data in the earlier lite-

. 272 rature 
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2.4 Discussion 

2.4.1 General Aspects 

A brief mention of the theoretical aspects of solid 
oO'Z "̂  7 cr 

solutions ~ was considered relevant here since the results 

of investigations included xn this section were mainly con­

cerned with them. 

Homogeneous crystals containing variable proportions 

of isomorphous substances are formed, in general, from mixtures 

of solutions of the end-members. These are consequently known 

as "mixed crystals" or more popularly as "solid solutions". 

The formation of solid solutions sometimes extends to a pair 

of solids belonging to dissimilar crystallographic types, 

the permissible range of compositions in such cases is limited 

and the products are known as "anomalous mixed crystals" 

A series of solid solutions can be extended to the entire 

or partial compositional range depending upon the complete' 

or partial miscibility of the solids concerned. Two principal 

types of solid solutons have been recognized: they are (i) 

interestitial solid solutions 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 cry­

stal and (ii) substitutional solid solutions 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 such solid solutions is accompanied either 
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by an increase or a decrease in the unit cell volume depend­

ing on whether the substituent atom is bigger or smaller 

than the atom replaced. In addition, solid solutions which 

are non-stoichiometric can be formed when the pairs of ions 

involved in the replacement are such that charge-neutrality 

can be maintained in spite of non stoichiometry. These are 

known as omission solid solutions. Co-precipitation and cry­

stallization from molten mixtures are the methods usually 

adopted for the preparation of solid solutions. 

The criteria for the formation of solid solutions 

between a given pair of compounds are that (i) there is isomor­

phism existing between them and (ii) the ionic radii of the 

pairs of ions competing for a given "lattice position of the 

solid solution should not _differ by more than 15 per cent. 

A convincing proof for the formation of solid solution can 

be provided by Vegard's law which states that when two isomor-

phous salts form continuous solid solutions among themselves, 

the dependence of the lattice spacing on the composition 

is linear. 

It has been established through x-ray diffraction tech­

niques that SPA and SAA constituted a pair of isomorphous 

substances. The closeness of the atomic radii of .phosphorus 

and arsenic (tetrahedral covalent radii of P and AS are 1.10 

and 1.18A respectively) suggests the possibility of formation 

of substitutional solid solutions between their apatites. 

Coprecipitation is considered to be better suited for the 
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preparation of these solid solutions than crystallization 

from fused mixtures of the end-members. Since compounds of 

arsenic have a tendency to sublime. In addition, the tempera­

ture range congenial for the formation of SPA and SAA can 

be widely different eliminating the possibility of an over­

lapping set of conditions suitable for the preparation of 

their solid solutions. 

2.4.2 Aspects concerning precipitation of samples 

3- 3-

It is evident that PO. and AsO. ions which are 

required for the coprecipitation of solid solutions of SPA 

and SAA are the products of the third stage of dissociation 

of the corresponding ortho acids. Since the three stages 

of dissociation of these acids are pH-dependent, the selec­

tion 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 precipita­

tes of apatites is usually in the range of colloidal dimen­

sions resulting consequently in a pronounced surface activity. 

Such samples are characterized by a series of surface reac-

45 276 

tions with environmental ' ions of the medium of precipi­

tation. The conditions of precipitation of SPA, SAA and their 

solid solutions were therefore so chosen that the environ­

mental 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 condi-
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tions 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 aspects associated with the formation, 

properties^ and purity of precipitates have been incorporated 

274 in an excellent review of Salutskey . It is well known 

that nucleation governs the nature and purity of the precipi­

tates formed, T\ac\eation being defined as the process 

of generating the initial fragments of a new and more stable 

phase capable of further spontaneous development. When nume­

rous nuclei are formed the precipitation will be rapid, indi­

vidual crystals small, filtration and washing difficult and 

purity low. Nucleation 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 impu­

rities which function as seats for its occurrence. The para­

meters are consequently to be appropriately controlled for 

the formation of precipitates of desired specif icaliions. 

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 accom­

panied 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 
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thereby further growth of the individual crystals. Based 

on a knowledge of the various mechanisms by which impurities 

may be incorporated, a few conditions such as use of dilute-

solutions, slow addition of precipitant, maintcmance 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 procedures adopted for the preparation of the 

samples in order to minimize crystal imperfection and to 

obtain large, well-defined crystals were based on the theore­

tical principles of precipitation mentioned above. Another 

important parameter among the post-precipitational operations 

was the sintering of the samples for about 6 hours at 800°C. 

This could be justified on the basis of the fact that such' 

a thermal treatment drives out volatile impurities and faci-

3- 3-

litates the diffusion of PO. and AsO. ions into the appro­

priate lattice positions of apatite. Crystal imperfections 

in_ the samples obtained may thus be eliminated enhancing 

their homogeneity. In addition, sintering was supposed 
p fT q 

to enhance the crystal dimensions leading to sharper lines 
277 in the x-ray powder patterns of the samples. Care was 

taken to see that the conditions chosen for the prepara­

tion were kept scrupulously the same for all the samples 

so that the alteration in their properties could be attributed 

exclusively to the replacement of phosphorus by arsenic-
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2.4.3 Theoretical Basis for Characterization of the Samples 

A clarification of some of the aspects of the methods 

employed for the quantitative analyses of the samples deser­

ved a brief mention here since the procedures were specially 

worked out for the purpose. Since the conditions for the 

precipitation of the isomorphs, Mg NH.PO.-SH^O and 

MgNH,AsO..6H-0 are identical, their co-precipitation, from 

3- 3-

an aliquot containing both PO. and AsO. can be brought 

about. A combined determ.ination of both these ions can be 

made indirectly through a. complexometric estimation of the 

magnesium content of these co-precipitated samples using 

standard procedures. While the determination of P and As 

when present alone in- a given sample could be achieved by 

such a procedure, the quantitative separation of phosphorus 

and arsenic for the analyses of the solid solutions of SPA 

and SAA posed problems. Since the coprecipitated magnesium 

salts could provide a method of determining the total amount 

of P and As the need was felt for the determination of either 

of them in a mixture of the two in order to know their indi­

vidual amounts. Such a quantitative separation is complicated 

since the conditions of precipitation of the corresponding 

salts of P and As are identical. lodometric estimation of 

orthoarsenic acid is well known. A reversal of this method 

has been found to be specific only for AsO. ~ in presence 
3_ 

of PO. . The equation can be represented as follows: 
H2AsO^ + 2H"*' + 2l'" ^ H2AsO^ + l2+H20 (2-3) 
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3- 3-It could be shown that the reduction of AsO. to AsO-. is 

quantitative in the presence of I~ ions in a pH range, 2.5 

to 11.0, in the absence of atmospheric air. These aspects 

clarify the theoretical basis for the conditions adopted 

3-for the iodometric determination of AsO, in the presence 

of P0^^~. 

2.4.4 X-ray Diffraction Studies 

X-ray diffraction studies were intended to characterize 

the samples and to provide evidence for the formation of 

their solid solutions. .The similarity of the patterns with 
9 7 Q 

those of apatites of well-established composition, furni­

shed evidence for their characterization as well as for the 

absence of extraneous phases. Based on - considerations 

of the proximity of atomic dimensions of P and As (tetrahedral 

covalent radii 1.10 and 1 .18A respectively) as well as of 
274 the criteria for the formation of solid solutions the 

possibility for the existence of a series of solid solutions 

of SPA and SAA over the entire compositional range could 

be anticipated. In addition, a marginal dilation in the unit 

cell volume is likely to set in due to the replacement of 

P by As. Such a dilation with an increase in the proportion 

of SAA was substantiated by ' a. •systematic shift in the cor­

responding diffraction lines of the samples. A more decisive 

indication of the dilation was provided by the excellent 

regularity with which the unit cell volume of the samples, 

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

tion of SAA. The homogeneity of the solid solutions could 

thus be substantiated by the validity of Vegard' s law over 

the entire compositional range of the solid solutions. 

2.4.5 Electronmicroscopy 

An additional confirmation of the identity of the 

samples could be provided by their electronmicrographs which 

offered a means of visual examination of the shape of the 

92 93 96-99 individual crystals. Earlier investigations ' ' could 

prove that crystals of apatites are primarily hexagonal in 

13 137 shape tending to look ribbon-like, tabular or needle-shaped ' 

depending upon their dimensions. The electronmicrographs 

of the samples of SPA, SAA and their solid solutiosn could 

reveal the existence of such a crystal shape, confirming 

thereby their identity as apatites. The conclusion that cry­

stal dimensions increased with the proportion of SAA as revea­

led by x-ray diffraction" studies could be substantiated by 

the electronmicrographs of the samples. In addition, as in 

the case of x-ray powder patterns the electronmicrographs 

of the samples could prove the absence of extraneous phases. 

2.4.6 Infrared Spectroscopy 

The similarity of the recorded i.r absorption spectra 

of SPA, SAA and their solid solutions could confirm convin­

cingly the identity of these samples, supplementing thereby 

the evidence obtained by chemical, x-ray and electronmicroscopic 
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analysis regarding the homogeneity of the samples. 

Based on an exhaustive survey of earlier litera-
T C T CO OC/1 '5*7*1 

ture ' ' ' ~ on i.r. absorption spectra of apatites, 

it could be concluded that principal findings relevant to 

264 the present discussion were made independently by Bhatnagar 

270 and Fowler . In the case of SPA the bands characteristic 
_1 

of the OH group were found at 544 and 3578 cm respectively. 
3_ 

The peaks characteristic of PO. were observed at 1075, 1030, 

949, 592, 560 and 456cm~ . Similarly, in the case of SAA the 

bands characteristic of the OH group were found at 564 and 

-1 3-
3351cm and the characteristic peaks of AsO. were found 

_i 
to be 862, 834, 822, 422 and 400 cm . The solid solutions 

of SPA and SAA were found to have the OH bands in the range, 

-1 3572-3551 cm . In addition they show peaks characteristic 

3 - 3 -

of PO. and AsO. . A broad band in the vicinity of 3390cm 

was observed which can be attributed to water of adsorption 

locked up in the crystal lattice to be given out when the 

crystal is heated to a- fairly high temperature for a long 

duration. A few of the samples exhibit stray absorption peaks 

in the range, 1640-1600cm~ which can be attributed to HOH ben-

ding motion of free water present in the lattice. The persis-
-1 -

tance of a peak in the range, 3551-3572cm due to OH group of 

apatites even in the case of samples sintered at 800°C con­

firms the thermal stability of the samples up to this tempera­

ture since the constitutional water was not given out. As 
3 3 — 

expected, with progressive replacement of PO. ~ by AsO. 
ion, the area of i.r. absorption peak of the latter increased 
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at the cost of the former, thereby confirming the homogeneity 

of the solid solutions, in addition to the evidence provided 

for the identification of the end-members. However, these 

studies were intended to be entirely qualitative and desired 

only for characterization of the samples. The quantitative 

aspects of i.r. absorption studies on apatites are to consti­

tute the subject matter of the future series of investiga­

tions to be taken up soon. A broad narrow band is observed 

in the range, 1460-1430cm which is attributed to the exis-

2-
tence of CO^ as an impurity caused probably by the inter­
action of carbondioxide of atmospheric air with the sample. 

.2.4.7 Laser Raman Spectroscopy 

Results on the L.R. spectroscopy of the samples when 

compared with the corresponding i.r. absorption peaks indicated 

a similarity in the locations and assignments of the peaks. 

These results substantiate the wave number and assignment 

of the groups present in SPA, SAA and their solid solutions. 

However no quantitative aspects of the L.R and the I.R spectra 

of the samples could be undertaken with the present set of 

results since the patterns are mainly intended for characteri­

zing the samples. 
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2.5 Summary 

Strontium phosphate apatite strontium arsenate apatite 

and six of their solid solutions spread over the entire compo­

sitional range , were prepared by precipitation from aqueous 

media at 37°C by a method specially developed for the p^urpose. 

They were characterized by the conventional chemical analyses 

as well as by x-ray, electronmicroscopic i.r and Laser Raman 

studies. As was to be anticipated from the covalent radii 

of P and As (1.10 and 1.18 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 strontium arsenate apatite in the solid 

solutions in agreement with Vegard's law. The electronmicro-

graphs of a few representative samples confirmed the absence 

of extraneous phases and enabled calculations of their appro­

ximate 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 arsenate peak 

increased at the cost of that under phosphate peak with a 

3_ 
progressive increase in the extent of replacement of PO. 

3_ 
by AsO. in the solid solutions. Results on the Laser Raman 

spectroscopy of tha samples, when compared with the corres­

ponding i.r. absorption peaks indicated a similarity in the 

location and assignment of the peaks. The homogeneity of. 

strontium phosphate apatite^ strontium arsenate apatite and 

their solid solutions could thus be established. 



SECTION III 

SOLUBILITY EQUILIBRIA OF PHOSPHATE AND ARSENATE APATITES 

OF STRONTIUM AND THEIR SOLID SOLUTIONS 



3.1 Introduction 

It is well known that the incorporation of ^-active 

1 1 fi 
Sr-90 in the human skeletal system turns out to be fatal 

because of the long half-life period of Sr-90 (28.5 years). 

The toxicity of elemental arsenic and its salts is well 

152-155 known . The combined presence of these two or their 

compounds in the body-fluids may result in the precipitation 

of SPA and SAA at the bone/body fluid interface causing there­

by a disturbance of calcium-phosphorus metabolism through 

a shift in the calcification-resorption equilibrium. Investi­

gations on the solubitittjof SPA, SAA and their solid solutions 

under a simulated set of biological conditions m.ay provide 

an explanation and a m.eans for a possible elimination of 

such pathological conditions. The solubility equilibria of 

SAA have not been studied earlier although such equilibria 

involving several of its isomorphs have extensively been 
•pen 

investigated . The toxic effects of arsenic and the absence 

of information on the solubility equilibria of SAA in the 

existing literature are 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. 

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:-
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Ca^Q(P0^)g(0H)2 ^ ^ 1 0Ca^+6PO^-^"+2OH^ (3 J ) 

It is evident that such a saturated solution is characterized 

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

given by .a (Ca "*") xa(PO, ~) X (OH") is a constant at a 

given temperature, where the terms in brackets represent 

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

ratio, Ca/P, of the solution should correspond to the value 

of the solute, namely 1.67. 

3.1.1 Salient Aspects of earlier Studies on Solubility 

Product of Calcium Hydroxylapatite 

^ , ^ , , . .. n.+. . 188-192,203,212,215 
A careful survey of the existing literature ' ' 

on the- solubility of .apatites indicates that there exist 

several ambiguities which need clarification. It is considered 

desirable to take stock of the main factors leading to the 

existence of such uncertainties and a few such are the follow­

ing: -

(i) The low solubility coupled with the minute particle 

size of powdered synthetic samples of apatites leads to the 

existence of a colloidal component of the solute in its aque­

ous solution which is to be separated before the solution 

1 95 
is analyzed 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 undersaturation and supersaturation. 
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(iii) Since several solid phases are present in the 

CaO-P„Oc--H„0 system as indicated by its phase diagram (Fig. 

1.1 P'8) there is a possibility for the existence of more 

21 5 
than one solid phase functioning as solute . studied for 

the determination of solubility of apatites. 

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

45 279 
there is a possibility of their contamination ' through 

adsorption and surface exchange of foreign ions which leads 

to • cL divergence in the. results on the solubility, the effect 

being accentuated when the contaminants are highly soluble. 

(v) ^'A tendency of the calcium ions to get complexed 

with some of the ingredients of the buffer combinations used 

for maintenance of a desired pH in the medium of dissolution 

causes an additional complication. A scrutiny of this aspect 

is to be made before deciding the suitability of a given 

buffer combination. 

(vi) Apatites being the salts of a weak acid undergo hydro­

lysis in aqueous media resulting in the precipitation of 

1 92 
insoluble phases which control the solubility equilibria 

(vii) It should not be ignored that errors involved in the 

1 91 
evaluation of activity coefficient of the products of 

dissolution of apatites introduce uncertainties in the calcu­

lated Ksp values. 

In the light of the factors mentioned above which 
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are responsible for the uncertainties in the solubility data 

of the apatite systems, it is proposed to effectively elimi­

nate these sources of errors in the present work to lead 

to a set of dependable solubility product values of the apa­

tites chosen. While preventive measures for the majority 

of these factors were already reported in the earlier lite-

50 144 215 rature ' ' , quantitative determination of alkaline 

earth ions present in the saturated solutions of the systems 

could not be effectively controlled from the incidence of 

errors, since techniques such as spectrophotometry and coiflplexo -

metric titrations have been used. It has been proposed to 

make use of atomic absorption spectroscopy for the determina­

tion of strontium in the present series of investigations 

taking appropriate precautions to mask the phosphate ions 

likely to cause interference ' . The ease with which the 

determinations can be carried out coupled with a high level 

of accuracy afforded by atomic absorption spectroscopy con­

stituted the basis for the preference for this technique. 

The quantitative determination of phosphate, arsenate, as 

well as the 0H~ ions were carried out in the conventional 

way. 

3.2 Experimental 

3.2.1 Selection of Buffers 

The selection of appropriate buffers became essential 

in order to study the solubility equilibria of samples of 

SPA, SAA and a series of their solid solutions at a few chosen 
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pH values spread over the acidic and alkaline regions. The 

criterion of suitability of a given buffer is the non-inter­

ference of its constituents in the subsequent microanalytical 

determination of strontium, phosphate and arsenate. This 

was found to be fulfilled by the combinations, potassium 

acid phthalate-sodium hydroxide (pH, 4.3 to 6.2) and boric 

acid-borax (pH, 6.8 to 8.0) within certain specified concen­

tration limits. The limiting concentration range of each 

buffer for each determination was established by separate 

experiments. Care was taken to see that the proportion of 

the buffer in the medium of dissolution was well within the 

limiting concentration range established. 

3.2.2 Solubility Studies 

3.2.2.1 Method of Equilibration 

Glass containers were found to be unsuitable for hou­

sing the systems for purposes of equilibration since silicate 

ions dissolved from the glass surface were likely to inter­

fere with the subsequent microanalytical determinations. 

Polyethylene vessels of about 125r;riil capacity provided with 

air-tight stoppers were found to be suitable for the purpose. 

By preparing the desired solutions in distilled water collec­

ted under an atmosphere free from, carbondioxide"and by closing 

the systems air-tight throughout equilibration the presence 

of carbondioxide could be avoided preventing thereby the 

formation, if any, of carbonate apatite. Since the activity 

coefficients of the dissolving species can be maintained 
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effectively constant in a 0.165M sodium chloride solution, 

the latter was used instead of water for preparing the buffer 

solutions. For a pH range 5.0 to 6.2, O.IM stock solutions 

of each of the ingredients of the buffer combinations, namely 

potassium acid phthalate and sodium hydroxide, were prepared. 

Similarly for the other pH range, 6.8 to 8.0 stock solutions 

of 0.2M and 0.05M of boric acid and borax respectively were 

prepared. The molarities of the solutions of the ingredients 

of the buffer combinations were so chosen that their concen­

trations in the resulting buffers were within the stipulated 

concentration limits required for non-interference in the 

subsequent microanalytical determinations. For each one of 

the pH values chosen for equilibration, the required propor­

tions of the ingredients of the buffer combinations v?ere 

found out by separate experiments. A stock solution of such 

a buffer sufficient in volume for setting up a separate system 

for each one of the samples was prepared. The pH in all the 

cases was accurately measure^ before and after equilibration 

using a pH meter. A separate system for each one of the chosen 

pH values was set up taking O.lg of the solute in a polye­

thylene bottle dried previously. To this were added exactly 

50ml of the stock solution of the appropriate buffer combina­

tion. The weight of the solute and the volume of the dissol­

ving medium were thus maintained scrupulously the same for 

all the systems in order to eliminate the role, if any, of 

190 the slurry density (wt. of solute/vol. of solvent), as 

a parameter in controlling the solubility of the system. 
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The systems were equilibrated at 37±0.5°C under a controlled 

rate of shaking using a shaker bath equipped with a thermo­

static arrangement. 

3.2.2.2 Filtration 

Due to their low solubilities and minute particle 

size, samples of apatites get colloidally dispersed in their 

solutions resulting in what are known as "slurries". It became 

necessary to filter off the colloidal component before the 

solutions were analyzed.. Further, the filtration was to be brought 

about at 37 °C, the temperature of equilibration, to avoid 

any possible alteration. in the equilibria consequent upon 

changes in temperature during filtration. 

Based on the earlier investigations it was decided 

to adopt filtration under suction through IG, sintered glass 

' • u i _ a . !•_,• j_ 1-1- TT • J -I , 1 0 8 , 1 8 8 , 2 1 5 

crucibles to eliminate the colloidal component ' ' 

In order to bring about this filtration at 37°C, a thermally 

insulated wooden cabin, specially prepared for the purpose 

and maintained at 37±0,5°C was used. Heating to the required 

temperature v/as done by a couple of 200 v/att incandescent 

bulbs positioned appropriately inside the cabin. The tempe­

rature was maintained uniform using an electric fan fabricated 

specially for the purpose and run at a regulated speed. 

An assembly fitted with a 1G^ sintered glass crucible 

suitable for the filtration under suction was housed inside 

this cabin. A desired volume of the filtrate from each one 
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of the equilibrated systems could thus be collected and pre­

served at 37±0.5°C for the subsequent microanalytical deter­

minations, 

3.2.2.3 Chemial analysis of the saturated solutions 

of the samples. 

It is evident that for evaluation of solubility pro­

ducts of SPA, SAA and a series of their solid solutions, 

their saturated solutions are to be analyzed for the activi­

ties of strontium, phosphorus arsenic and hydroxyl ions. 

While phosphorus and arsenic could be determined spectrophoto-

metrically, strontium could be estimated using atomic absor­

ption spectroscopy. A knov7ledge of the pH of the saturated 

solution enabled an evaluation of the 0H~ ion activity. 

The following is an account of the necessary details 

of these estimations. 

(A) Determination of 0H~ ion. 

The pH of each one of the systems set up for the deter­

mination of the solubility product of the sample was measured 

after attainment of saturation. It is evident that the rela­

tionship pH+pOH = pKw J is valid for all the aqueous systems 

where pKw represents the negative 'logarithm of the ionic 

product of water Kw, at the temperature of equilibration^ 

37°C and the 0H~ activity could be calculated from a know­

ledge of the pH of the solution. 
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A simple and convenient method of determination of 

concentrations of the remaining ions was provided by the 

chemical analysis of the saturated solutions of the sample 

and hence was adopted for the purpose. In the light of the 

likely interference in the quantitative analysis of systems 

containing strontium, phosphorus and arsenic, it became 

essential to modify appropriately the available micro-

analytical methods for the quantitative determinations of 

these ions so that they could be used when the three were 

present together. 

From an aliquot of each one of the filtrates of the 

82 
systems strontium was first determined by atomic absorp­
tion spectrometry in the presence of phosphate and arsenate 

2 80 
after appropriate masking of the interfering ions. Phosphate 

could then be determined spectrophotometrically in the pre­

sence of strontium and arsenate- Strontium did not interfere 

in this estimation since it was carried out in an acidic 

medium. The interference due to arsenate could be avoided 

by masking it through the addition of excess of sodium 

thiosulphate. In a third aliquot of each one of the filtrates 

molybdenum blue was formed as usual^the solution being subjec­

ted to heating on a water-bath for 15 minutes for an expedi­

tious reduction of the heteropoly acids formed. From the 

extinction of this solution the combined amount of phosphorus 

and arsenic in the aliquot could be obtained. From a knov/-

ledge of the contribution of phosphorus to this extinction 
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obtained separately from a calibration curve representing 

the relationship between the amount of phorphorus and the 

absorbance under identical conditions, the amount of arsenic 

780 
could be calculated , The determination of phosphate and 

arsenate was based on the reaction of the corresponding ortho 

acids with molybdic acid which resulted in the formation 

of the heteropolyacids; molybdenum blue formed by the reduc­

tion of the latter was determined spectrophotometrically. 

B. Determination of Phosphorus and Arsenic 

The following solutions were prepared for these determi­

nations : -

(a) Ammonium molybdate solution. 

About 66g of ammonium molybdate were dissolved in 

boiling water, cooled and made up to 1 litre. 

(b) Ferrous ammonium sulphate solution. 

About 3-5g of ferrous'ammonium sulphate , Fe(SO ,) (NH. ) „ 

SO..6H2O, were treated successively with about 150ml 

of water and about 10ml of sulphuric acid (sp.gr. 

1.84) and the resulting solution was made upto 250ml, 

the solution being freshly prepared for each set 

of determinations. 

(c) Approximately 7.5N sulphuric acid. 

To about 500ml of water, 210ml of sulphuric acid 

(sp.gr. 1.84) were added and the resulting solution 

was made up to 1 litre. 

(d) Standard phosphate solutions. 

1 litre of a standard solution of potassium dihydro-

gen phosphate , KH2PO. containing 0.4387 g of it 

http://sp.gr
http://sp.gr
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was prepared, the amount taken being such that each 

ml of this solution contained 100/ of phosphorus. 

(e) Standard arsenate solution. 

Approximately 0,50g of disodium hydrogen arsenate 

Na^HAsO,.7HpO Was', dissolved in water and the volume 

was made up to 1 litre, the arsenate content he\rtQ 

determined iodometrically. A definite volume of the 

above mentioned solution was diluted so that each 

ml contains 100/of arsenate. 

(f) Sodium thiosulphate solution. 

Approximately 0.05N sodium thiosulphate solution 

was prepared by taking about 12g of the salt per 

litre of the solution. The normality desired for 

the estimations was obtained by diluting 20ml of 

this solution to 1 litre. 

For obtaining a calibration curve representing the rela­

tionship between the amount of phosphorus and the absorbance, 

about ten systems (Set. No.1) were set up within the concentra­

tion range, 20 to 200/ . In each system an appropriate volume 

of the stock solution of phosphorus was treated successively 

with 10ml of 7.5N sulphuric acid, 20ml of sodium thiosulphate 

solution and 10ml each of ammonium molybdate and ferrous ammo­

nium sulphate solutions. The resulting solution was made up 

to 100 mlp10 minute after the addition of the reducing agent. 

The absorbance was measured against a blank at, 825 nm using 

a spectrophotometer (Be.ckmann Model-26). the c^V width being 

1 .0cm. 

For obtaining the calibration curve representing the 

relationship between the amount of arsenic and the absorbance 
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a set of systems (Set No. II) identical with the one mentioned 

above was chosen, the difference being the absence of thiosul-

phate solution which was intended to mask the contribution 

of arsenic to the color reaction. Each one of these systems 

was set up in a 250ml capacity polyethylene beaker and before 

making up to 100ml, it was heated on a water bath for 15 minu-. 

tes, cooled, transferred to a standard 100ml measuring flask 

made up to the mark and the absorbance measured as in the 

case of phosphorus. 

In order to know the contribution of phosphorus to the 

total absorbance obtained after subjecting the systems to 

heating, systems of set No. I were set up once again (Set 

No.Ill) the absorbance this time being measured by bringing 

about the color reaction at 100°C as in the case of the arsenic 

system (Set No. II). The suitability of the procedure was 

scrutinized by taking a few representative sample solutions 

containing known amounts of phosphorus and arsenic. In addi­

tion the absence of interference due to the presence of stron­

tium and the buffer ingredients was also scrutinized. 

Having obtained these calibration curvesj two separate 

convenient volumes of the filtered saturated solutions of each 

one of the samples of apatite was subjected to the procedure 

adopted for Sets I and II- It is evident that the absorbance 

values obtained coupled with the calibration curves of Sets. 

1, II and III could provide the amount of phosphorus and arsenic 

present in the saturated solutions of the samples. 
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C. Determination of Strontium 

The following stock solution was prepared: 0.2415g of 

strontium nitrate dried previously to constant weight at 110°C 

was accurately weighed, made up to 1 litre. The resulting 

solution contains O.lg of strontium per litre which gjnounts 

to 0.1 mg of strontium per ml. The strength of the solution 

so prepared was scrutinized by titrating it against standard 

0.001M EDTA solution using Eriochrome black T as indicator 

maintaining the solution at pH~10. The estimated amount was 

found to'tally with the amount taken. 

Using a Perkin Elmer Model No. 297 atomic absorption 

spectrophotometer the absorbance of the resulting solution 

was measured at a few chosen concentrations within the ranoe 

of applicability of Beer-Lamberts law. Since the upper limit 

of these estimation was found to be 10 ppm care was taken 

to see that each one of the system chosen had strontium concen­

tration much less than the upper limit. 

A correction is to be made for the interference of. phosphorus 

and arsenic in the determination of strontium. For this purpose 

exactly measured volumes of stock solutions of phosphorus 

and arsenic prepared as described earlier were added to each 

one of the systems. Care was taken to see that the ratio between 

the number of g atoms of strontium present in each system 

and the total number of g atoms of P and As is equal to the 

stoichiometric ratio of 1.67. 

In order to mask the presence of phosphorus in each 
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system exactly weighed amounts of 0.5g of KCl and 1 g of LaCl^ 

were added as recommended. Air-acetylene flame was used for 

atomization of the sample. The absorbance was recorded using 

a radiation of wavelength 460.7nm. The plot between the amount 

of strontium taken and the absorbance was found to be linear 

within the concentration range investigated and served as 

the calibration curve. The strontium content of the .saturated 

solutions of apatites could be determined after measuring -tUe 

absorbance on the atomic absorption spectrophotometer. 

3.2.2.4 Further purification of Solutes by Equilibration 

with EDTA 

In accordance with the procedure adopted by earlier 

203 

workers and also keeping in view the fact that trace impu­

rities present in the solutes can markedly vitiate solubility 

data, about 3 g of each sample were subjectedto equilibration 

in polyethylene containers using a mechanical shaker for about 

6 hours with a 2 percent solution of EDTA maintained at pH 

10 using ammonium chloride and ammonium hydroxide as buffer 

combination. The samples were subsequently washed repeatedly 

with double-distilled water till the washings were free from 

accompanying ions and dried at 110°C. 

3.2.2.5 Equilibration Period for Attainment of Saturation 

The initial investigations on the solubility of the 

samples were intended to establish the kinetics of dissolu­

tion and to determine the optimum period required for the 
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attainment of saturation. The investigations were carried 

out at a couple of pH values representing the acidic and alka­

line regions respectively using SPA, SAA and a representative 

solid solution of them (S. No. 3 of Table 2.4) as solutes. 

The systems were equilibrated as mentioned earlier. While 

the strontium content of the filtrate was determined by atomic 

absorption spectrometry, the amounts of phosphate and arsenate 

were determined spectrophotometrically as mentioned earlier. 

The dissolution kinetic studies could be extended in each 

case to a total duration of about 24 hours by setting up about 

10 identical systems, equilibration of each system being inter­

rupted at convenient time-intervals. Equilibration time requi­

red for the attainment of saturation, a duration of 12 hours, 

which was considerably higher than the optimum period deter­

mined, was chosen as period of equilibration throughout the 

investigations. 

3.2.2.6 Determination of Solubility 

The solubilities of each one of the samples of apatites 

was determined at about 10 individual pH values in the range, 5.6 

to 8.0. From each set of determinations the solubility product, 

Ksp, was calculated. Care was taken to see that the total expe­

rimentally determined activities of P and As were sub-divided 

into the respective ionic species to be formed by the dissocia­

tion of the corresponding ortho acids.The activities of the relevant 

ionic species needed for the calculation of Ksp of the apatite phase were 

chosen from the experimentally determined values and the 
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solubility products were calculated. In order to eliminate 

the effect, if any, of the presence of the buffer ingredients 

on the calculated solubility product^ a set of investigations 

on the solubilities of the samples was carried out using exclu­

sively 0.165M NaCl solution as the medium of dissolution. 
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Table 3''! Cissolution kinetics of Sr. (PO. ).(0H)- in an acidic medium. 

Solute: 0.1g of Sv^^{VO )^{0E)^^ (Sample No.1 of Table 2-4.) washed 

with a 2% solution of EDTA maintained at a pH~10 using 

ammonium chloride-ammonium hydroxide as buffer combina­

tion . 
Dissolving 

medium: : 100 ml of a buffer consisting ^of potassium acid 

phthalate and sodium hydroxide brought to a molarity 

of 0.165 with respect to NaCl 

Temperature: 37±0.5°G 

s. 
No. 

(1) 

1 

2 

3 

A 

5 
6 

7 

8 

9 

10 

11 

12 

13 

Period of 
equilibration 

(hours) 

(2) 

0.17 

0.33 

0.50 

0.75 

1.00 

1.50 

2,00 

2.50 

3.00 

4.00 

6.00 

12.00 

24.. 00 

Final 
pH 

(3) 

5.59 

5.62 

5.60 

5.60 

5.62 

5.62 

5.62 

5.61 

5.62 

5.62 

5.60 

5.60 

5.50 

Measured cone. 
(g atoms/litre) 

Sr 

X 10-̂ 2 

(Za) 

2.85 

3.05 

3-^5 

3.23 

3.30 

3.50 

3.98 

4.10 

4.23 

4.50 

4.48 

4.50 

4.48 

P 

X 10"̂ ^ 

U.b) 

1.65 

1.86 

1.93 

1.96 

1.97 

2.16. 

2.37 

2.41 

2,52 

2.68 

2.60 

2.65 

2.63 

g atom 
- ratio, 

Sr/P 

(5) 

1.72 

1.64 

1.63 

1.68 

1.67 

1.62 

1.68 

1.70 

1,68 

1.68 

1.72 

1.69 

1.70 
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Table 3.2 Dissolution kinetics of Sr.j,(PO.),-(0H)„ in an alkaline medium 

Solute 

Dissolving 
medium: 

: O.lg of Sr (PO^),(OH) washed with a 2% solution 

of EDTA maintained at pH 10 using ammonium chloride-

ammonium hydroxide as buffer combination. 

100ml of a buffer consisting of potassium acid 

phthalate and sodium hydroxide brought to a molarity 

of 0.165 with respect to NaCl. 

s. 
No. 

(1) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Temperati 

Period of 
equilibration 

(hours) 

(2) 

0,17 

0.33 

0.50 

0.75 

1.00 

1.50 

2.00 

2.50 

3.00 

4.00 

6.00 

12.00 

24.00 

ire: 37±0.5°C 

Final 
pH 

(3) 

7.80 

7.82 

7.83 

7.82 

7.85 

7.83 

7.82 

7.83 

7.83 

7.85 

7.83 

7.85 

7.83 

Measured cone. 
(g atoms/litre) 

Sr P 

xlO"̂ ^ 

(4a) 

0.06 

0.10 

0.15 

0.18 

0.20 

0.22 

0.24 

0.26 

0.26 

0.25 

0.25 

0.24 

0.26 

. ..10+̂  

(4b) 

0.36 

0.62 

0.86 

1.05 

1.19 

1.34 

1.42 

1.59 

1.52 

1.51 

1.52 

1.50 

1.52 

g atom 
ratio, 
Sr/P 

(5) 

1.65 

1.62 

1.74 

1.72 

1 .68 

1.64 

1.69 

1.63 

1.65 

1.65 

1.64 

1 .60 

1.71 



154 

Table 2>'3 Dissolution kinetics of a representative solid solution of stron­

tium phosphate apatite and strontium arsenateapatite in an acidic 

medium. 

Solute 

Dissolving 
medium; 

0.2g of Sr̂ ô °̂Z.̂ A ^^^^^l)^ 8^°^'2 (̂ "̂'Pl® ^"^'^ °^ 

Table 2-4.) washed id-th a 2% solution of EDTA main­

tained at a pH 10 using ammonium chloride-ammonium 

hydroxide as buffer combination. 

100ml of a buffer consisting of potassium acid 

phthalate and sodium hydroxide brought to a mola­

rity of 0.165 with respect to NaCl. 

Temperature: 37±0.5°C 

s. 
No 

(1) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Period of 

equilibration 

(hours) 

(2) 

0,25 

0.75 

1.00 

1.75 

2.50 

4..00 

6.00 

12.00 

2.4-00 

Final 

pH 

(3) 

5.L3 

5^50 

5.50 

5.50 

5.50 

5.50 

5.50 

5.49 

5-47 

Measured cone. 

& 
Sr 

xio"^ 

(4a) 

4.56 

4.78 

4.89 

4.96 

5.08 

4.72 

4.89 

4.96 

4.96 

„atoms/litrep 

p 

xio 

(4b) 

1.71 

1.76 

1.78 

1.88 

1.81 

1.81 

1.86 

1.81 

1.81 

As 
XI 0̂ 3 

(4c) 

0.89 

0.92 

0.98 

1.13 

1.35 

0.98 

• 1.13 

1.12 

1.13 

g atom 

ratio 

Sr/(P+As) 

(5) 

1.75 

1.78 

1.76 

1.64 

1.61 

1.69 

1.63 

1.69 

1.68 
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Table 3.4 Dissolution, kinetics of a representative solid solution of stron­

tium phosphate apatite and strontium arsenateapatite in an 

alkaline medium. 

Solute 

Dissolving 
medium 

O.lg of Sr^o^^°A^4.2^^^°4^1.8^°^^2 ^^^^P^® ^ ° ' ^ 

of Table 2-4.) washed with a ̂ solution of 2% EDTA 

maintained at pH 10 using ammonium chloride-

ammonium hydroxide on buffer combination. 

100ml of a buffer consisting of boric acid-borax 

brought to a molarity of 0.l65with respect to 

NaCl. 

Temperature: 37±0.5°C 

s. 
No 

0) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Period of 

equilibration 

(hours) 

(2) 

0.25 

0.50 

0.75 

1.00 

2.00 

4.00 

6.00 

12.00 

24.00 

Final 

pH 

(3) 

7.20 

7.21 

7.10 

7.13 

7.13 

7.18 

7.14 

7.15 

7.17 

Measured cone. 

(s 
Sr 

(4a) 

0.40 

0.44 

0.46 

0.49 

0.57 

0.62 

0.60 

0.60 

0.57 

^atoms/litre) 

P 

^10^^ 

(4b) 

0.16 

0.16 

0.18 

0.21 

0.25 

0.26 

0.25 

0.26 

0.26 

As 

xio"*"̂  

(4c) 

0.74 

0.98 

0.97 

0.82 

0.99 

1.16 

1.12 

0.94 

0.89 

g atom 

• . ratio 

Sr/(P+As). 

(5) 

1.66 

1.73 

1.68 

1.67 

1.64 

1.65 

1.65 

1.71 

1.64 
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Table "^,5 Dissolution kinetics of Sr.„(AsO,)/(OH)p in an acidic medium. 

Solute : O.lg of Sr^^CAsO J.COH}^ (Sample No.8 of Table 2-/) 

washed with a 2% solution of EDTA maintained at 

pH 10 using ammonium chloride-ammonium hydroxide 

as buffer combination. 

Dissolving 

medium ; lOOml of a buffer consisting of potassium acid 

phthalate and sodium hydroxide brought to a molarity 

of 0.165 with respect to NaCl. 

Temperature: 37±0.5°G 

s. 
No. 

(1) 

1 

2 

3 

4 

5 

6 

7 

8. 

9. 

10 

11 

12 

13 

Period of 
equilibration 

(hours) 

(2) 

0.17 

0.33 

0.50 

0.75 

1.00 

1.50 

2.00 

2.50 

3.00 

/i.OO 

6.00 

12.00 

24.. 00 

Final 
pH 

(3) 

6.60 

6.60 

6.62 

6.59 

6.61 

6.62 

6.63 

6.62 

6.61 

6.62 

6.63 

6.62 

6.62 

Measured cone. 
(g atoms/litre) 

Sr 

K10^2 

(4a) 

k'lS 
5.^:^^ 

5.21 

5.63 

5.99 

6.13 

6.13 

5.85 

5.71 

5.49 

5.99 

6.06 

6.13 

As 

K10"2 

(4b) 

2.82 

2.92 

2.96 

3.19 

3.47 

3.61 

3.56 

3.61 

3.54 

3.56 

3.52 

3.61 

3.61 

g atom 
ratio, 
. Sr/ls 

(5) 

1.59 

1.71 

1.76 

1.76 

1.72 

1.69 

1.71 

1.61 

1.61 

154'-

1.70 

1.68 

1.69 
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Table 3-6 Dissolution kinetics of Sr._(AsO,),(0H)„ in an alkaline mediiim, 
TU 4 b /c 

Solute : O.lg of Sr (AsO^^(OH)^ (Sample No.8 of Table 2.^) 

washed with a 2% solution of EDTA maintained at 

pH 10 using ammonium chloride-ammonium hydroxide 

as buffer combination. 

Dissolving 
medium , 100ml of a buffer consisting of boric acid and 

borax brought to a molarity of 0.165 wi.th respect 

to NaCl. 

Temperature: 37±0.5°G 

s. 
No. 

(1) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Period of 
equilibration 

(hours) 

(2) 

0.17 

0.33 

0.50 

0.75 

1.00 

1.50 

2.00 

2.50 

3.00 

4.00 

6.00 

12.00 

24.00 

Final 
pH 

(3) 

7.50 

7.53 

7.55 

7.54 

7.50 

7.51 

7.53 

7.55 • 

7,55 

7.55 

7.54 

7.54 

7o54 

Measured 
(g atomS; 

Sr 

x10"2 

(4a) 

- 0.80 

1.00 

1.40 

.1.60 

1o75 

1.80 

1.95 

2.30 

2.65 

2.80 

2.79 

2.78 

2.70 

cone. 
/litre) 

As 

- x10"2 

(4b) 

0.44 

0.52 

0.82 

1.00 

1.09 

1.18 

1.21 

1.44 

1.60 

1.69 

1.65 

' 1.61 

1.69 

g atom 
ratio, 
Sr/As 

(5) 

1.80 

1.92 

1.71 

1.60 

1.60 

1.53 

1.61 

1.59 

1.67 

1.65 

1.70 

1.73 

1.59 
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Table 3.15 lonio products and Free Energies of solution of SPA and SAA." 

and their solid solutions. 

No 
Molecular Formula pKip 

(average) 
soln. 

K.cals/mole 

1 

2 

3. 

k 

5 

6 

7 

^ -10n)2 .6 (^^°^ )3 .^™2 

^^10(^°4)2.3"^^^^)3.7^°^)2 

S-10^^°^^1.o(^^V5.0^°«^2 

Sr^Q(As0^)^(0H)2) 

99.-4 

98.3 

97.1. 

97.1 

93.0 

90.0 

80.8 

78.8 

U1.15 

139.65 

138.04 

138.00 

132.20 

128.30 

114-.80 

111.95 



H 
o 
CO 

- p 

a) 

CO 

(D 
- P 
•H 
- p 
ai 
P , 
0) 

IB 
- P 
d 

0) 

to 

s) 

E 
p 

- p 
c 
o 

-p 

P-i 
CO 

(D 
- P 
• H 
• P 
03 
O . 
<d 

(D 
4J 
aj 

jn 
Q. 
to 
O 

j : : : 
ft 

-P 
C 
o ^( 

- p 

03 

C3 

d 
o 

• H 
• P 

H 
O 
to 

H 
C3 
cti 

i n 
sO 

o 

H 
O 

CO 

v£) 

(!) 
H 

•H 

to 

O 
• r i 
-P 

H 
O 
CO 

to 
c 
o 

•H 
- P 
p! 

H 
O 
W 

•H 
r- l 
O 
to 

!-( 
•H 
0) 

,C 
-P 

t n 
O 

« 
• H 
CO 

C 
Cti 

-aJ 

CO 

PH 

CO 

o 

o 
erf 

(B 
- p 

H 
O 

CO 

a 
erf 

s 
m 

CM 

o 
H 
B 

• O 

C 
•H > 
O 3 
CO - H 
CO T 3 

• H 01 
« S 

O 

O 
+1 

(D 
^1 
3 

-P 

(D 
D, 
E 
<D 

E-i 

cr^ T — 

I 

m 

o • 
T — 
X 
cv 

II 

W 

W 
1 3 

trf 

CO 
I 
o 
1 — 

X 

en 

I 

X 
o 

II 
cv 

II 

cv 
t n 

c n 1 
1 O 
O T -
•r- X 
X O 

r - • 

o 
CO 

- p 
C 
cd 

-P 
to 
n 
o 
o 

o 
•H 
-P 
cd. 

•H 
o 
o 
CO 
to 

• H 

•• o 
- ^ CO 
O - < 

en ffi 

, ~ , . H 

P< 
•H 
W 
ft 

a 
o 

+ j 

cri 
M 

ft 
• H 
W 

CO 
~ « j 

o + • H PL, 
- P "--^ 

erf U 
U CO 

I 

O 
CO 

CT^ 

CV CV 

• • 
T - CO 
O ON 

CV O CV ^Cl en 

CO £> ^ cNi -sj- m 
O N O O CJ> 00 (XD 

CV 
O 

0> CTs tX3 U^ 
CTN CJN CJ> O^ en CO 

ON I 
00 

o I 
X X 

m 03 
X X 
o cv 

CV O v£) CV 

X 
CV 
CV 

o 
X 

X X 
CJN CV 

o 
CO 
o 

CV 

cjN : N . 

l A e n 

c v M ^ o o • r - e n < x 3 ~ v ^ • r -

I 

-4-

o 
C 
o 
o 

0) 

CO 
erf 
0) 
S 

O 

en 
CO 4-

•=^ o 

00 

\0 

o 

o 
1 — 

X 
^ 
en 

1 i ^ 
o 

ON 

o 
1 — 

X 
o en 
^ ITv 

ON 

o 
t— 
X 
m 
• ^ 

f̂  
CO 

ON 

o 
T — 

X 
CO 
t^ 
1 ^ 

c-

c» 
o 
1 — 

X 
^ (T-
T— 

T — 

CO 

o 
1 — 

X 
en 
--Ji-
ON 
CV 

0 0 

1 
o • t — 

X 
c-
CV 

00 CV en o e n C3N 

o o o o o - ^ 
Cr- CJN T - T - 1— t— T— 

I I I I I I I 
o o o o o o o 

P-I 

en 
+ o 

T — 

X 

td 

•H ft 

M 

cri 
r-i 

3 
o 
CD 

H 
O 

)S 

CO 

cd 
M 
3 
B 
fH 
O 

(x^ 

o 
I S 

X 

CV 

en 

—̂ 

1 

0 0 

en 
CV 

O 

ON 
- < * • 

0 0 

X 
C7N 
CV 

o 
r— 

ON 

m o 
o 

0 0 

en 

o 

o 
—̂ 

X 
en 
cv 
CV 

i > 

CTN 

t— 

o 
o 

cv 
CV 

o 

CO 
0 0 
CV 
i n 

X 
en 

NO 

o 
CJN 

CV 
m 
CV 
1 — 

o 

o 
I T ; 
CV 

O 

c^ 
o 

X 

N D 
m 
CO 

!> 

CO 

T — 

m 
o 

CV 
(TN 
o 
CV 

o 

CV 

CO 

X 
CO 

T — 

r-
0 0 

o 
o 
en 

o 

T — 

CV 
m 
CV 

o 

r\2 
o 
o 

X 
CO 
• ^ — 

r-

CV 

T — 

N D 

ON 
0 2 

O 

N D 

0 0 
CO 

1 

CO 

1 — 

\— 

1 

o 
o 
0 0 
ON 

o o o CV T-

ov 

o 
CV 

o 
CV 

o 
CV 

o 
CV 

o 
CV 

( 3 
CV 

o 
en 

c^ C-- t > i > t > i > i > 

cv CV r\; CV CV CV 

rs/ 

-̂̂  
'-*-! CO 

' — ' • 

^ y~^ 

- 4 -

n 
P H 

^̂^ o 
r " 

S-i 
CO 

r -

o o o o o o V , - ' % ^ ^ « ^ _ ^ ' ^ _ « ' **—^ * « _ _ • 

N D NO CO -<(• I > O 

o T- T- m en vN 
^— ^̂—. '̂-v ,.—̂  ,—^ -—̂  -< f - ^ -N}- -<J- - 4 - ^ 
O O O O O O CV 
CO to to to to to -—N 

<=5 « : « ; < ! ; « ; ^ 3 5 
^ ^ * ^ ' • * V Q 

-Nf -<j- CV vD en O - ^ 

u ^ ~4- -<f CV r\i T - ' - ^ 
^-~^ y—^ .-"—^ ,^—» . " — , .-—N -<;?" 

•<*• -<j- - 4 - -<}• - 4 - 4 - o 
O O O O O O to 
p^ P-, P^ P H P H PL, <a; 
— • ' >—^ ^ — ' ^ — ^ ^ ^ ^ — ' ^ ^ 

o o o o o o o 1 — T— T— T— r - T— 1 — 
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3.3 Results 

An easy reference to the vertical columns of all the 

Tables, desired for purposes of explaining the results, was 

facilitated by numbering them serially, the number being given 

in brackets at the top of each column. 

Table 3.1 to 3.6 deal with the study of dissolution 

kinetics of SPA and SAA and a representative solid solution. 

The details of the solute and the dissolving medium were given 

at the top of each table. In addition, the three dissociation 

constants of orthophosphoric acid and orthoarsenic acid were 

given at the top of each table. The final pH of each system 

was given under column (3) while the measured concentrations 

of strontium, phosphorus and arsenic expressed as g atoms/litre 

were given in the subsequent 2-3 columns. The g atom ratios, 

Sr/(P+As)» of the systems calculated from the measured concen­

trations are given in the subsequent column. 

The period of equilibration in all the cases extended 

up to 24 hours within which a series of convenient time-inter­

vals were chosen for determining the concentrations of the 

dissolved ions of the solute. From these concentrations the 

g atom ratio, Sr/(P+As )j was calculated and given in the final 

column of each table. The final pH of all the systems of a 

given solute were found to be nearly the same as expected 

from the fact that the same buffer combination was used. As 

expected^ the concentrations of the ionic species going into 

solution increased with time, the increase being rapid in 
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the beginning. An equilibration period of about twelve hours 

was found to lead to saturation in all the caseSj the subse­

quent variations being within the ranges of experimental fluc­

tuations. For all the time-intervals investigated for the 

given system the g atom ratio, Sr/(P+As), was found to be 

in close proximity of the stoichiometric value of 1.67 indica­

ting that the dissolution is stoichiometric. 

Tables 3.7 to 3.14 deal with the study of pH dependence 

of solubility equilibria of SPA, SAA and six of their solid 

solutions spread over the entire compositional range. Out 

of them, tables 3.7 and 3.14 are concerned with systems con­

taining SPA and SAA as solutes respectively. 

For purposes of reducing unwieldiness of the tables caused 

by a total of 16-17 columns they have been split into two 

parts such that the first nine columns come under part A while 

the remaining come under part B. Column (1) is repeated in 

part B to facilitate _an easy reference to the concerned pH. 

It is evident -that, as given at the top, each table 

refers to a single sample as solute taken in a total of about 

ten systems, each system being maintained at a different pH. 

The pH range chosen in all the cases was found to range between 

5.5 and 8.0. While the pH of each system and the strontium 

content are given under column (2) and (3) respectively, column 

(4) gives the phosphorus content for the SPA systems and As 

content for the SAA systems. The g atom ratio, Sr/P or Sr/As 

calculated is given in column (5). Column (6) to (9) contain 
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the concentrations in a g ions/litre of the corresponding 

undissociated orthoacids and of their dissociation products 

calculated from the measured phosphorus and arsenic contents 

respectively. The ionic product Kip of SPA and SAA could be 

calculated and given respectively in Tables 3.7 and 3.14 under 

column (10). Column (11) of the tables contains the correspon­

ding pKip values calculated from the expression ,c.. 

pKip = - log Kip. 

The following aspects were considered relevant in explai­

ning the subdivision of total measured phosphorus and arsenic 

2- 3-into the species, H^PO., 'S.^0^ , HPO^ , PO- and H-AsO., 

3-H2ASO- and AsO^ respectively as given under columns (6) 

203 215 to (9) of the tables. Or tho phosphoric • ' acid being a 

tribasic acid exhibits in its solution, when dissociated, 

the following equilibria:-

H^PO^ "" H2P04~+H"*' (3.3) 

H2P0^" ^ "" HPÔ '̂+H"*" (3.4) 

HPO^^" ^ ~r PO^^"+H* (3.5) 

It is evident that H"*" ion mentioned in the above equili­

bria exists as Ĥ O"*" ion in â queous media. The total amount 

of phosphorus present in a solution of SPA, represented as 

P in column (4) of Tables 3.7 to 3.13 can be subdivided into 

(i) the undissociated acid and (ii) its dissociated ionic 

- 2- 3-

species (H-PO- ), (HPO. ) and (PO^ ), making use of the 

pH of the system and the three dissociation constants of the 

acid. Expression for the dissociation constants, K^, K2 and K-
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and their values at 37°C are given below: 

'^ 

(HPO.^") (H"") f. 
K, = = 6.33 X 10"° (3.7) 

(H2PO4-) 

(PO/-) (H*) . _ 
K-. = 5 = 4.73 X 10 '-̂  (3.8) 
•̂  (HPO^^ ) 

The quantities in brackets represent the activities of the 

species involved. The activity coefficients of these ions 

were considered to be unity in a 0.165M solution of NaCl as 

1 91 suggested by La Mer . The concentration and activity of 

•each ion are therefore considered to be the same, the solu­

bility product, Ksp, and the corresponding ionic product, 

Kip, of each solute being therefore considered synanymous. 

The following is the method of calculation adopted for splitting 

up of the total measured concentration of phosphorus into 

the corresponding dissociation _ products, out of which the 

trivalent ortho ions are needed for calculation of Ksp. The 

total dissolved phosphorus in g atoms/litre' is given by the 

expression, 

^total ' (H3P04)+(H2P04")+(HP04^~)+(P04^") (3.9) 

The quantities on the right hand side are the concentrations 

of the respective species, the first being expressed in moles/1 

and the rest in g ions/1. From equation 3-6 to 3-8 it can 

be shown that 

H3PO4 = ^̂ ^ ^ ^^ ^ (3.10) 
g 
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(P) X 7.51x10^ x{E^)^ 

where 

H^PO. = (3.11) 
q 

tP)x 47.53 X 10"'''' x{E^) 
HPO^ = (3.12) 

q 

PO^^- = (P)x 224.9 X 10-^^ . (3^^3^^ 

q = (H"^)^ + 7.51x10"^(H'^)^ + 47.53x10"'''' (H'^)+224.9 x ^ 0~^^ 

(3.13b) 

Table 3.14 contains results of similar calculations 

done in the case of orthoarsenic acid. Orthoarsenic acid being 

a tribasic acid exhibits in its aqueous solutions, when disso-

ciated,the following equilibria. 

H3AsO^ ^ > H2ASO^"+H'^ (3.14) 

H2AsO^~ ^ ^. HAsO^ ~+H'̂  (3.15) 

HAsO^^~ ^ ^ AsO^^'+H"^ (3.16) 

Analogous to the aspects mentioned in the context of dissocia­

tion of orthophosphoric acid the following expression can 

be arrived at in the case of the above equilibria:-

, (H„AsO.~)(H'^) , 

K. = = 4.0x10"-^ (3.17) 
(HgAsÔ "̂  

(HASO.") (H"̂ ) __ 
K„ = 2 = 1.0x10 ' (3.18) 

(H2ASO4 ) 

(ASO.^") (H"") _. 
K^ = =- = 3.2x10 '̂  (3.19) 

(HAsO^^ ) 

AS^^^^^= (H3ASO4 ) + (H2ASO4")•+ (HAsO^^") + (AsO^^~) (3.20) 
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(H3ASO4) = ^^^^^ ^̂  ^ (3.21) 
q' 

(H AsO ~) = (As)x 4.0x10̂ x(H"*')̂  (3.22) 

^ ^ q' . 

(HASO 2-) = (As)x 4.0x1t3- x(H^) ^^^^^^ 

(AsÔ -̂  ) 
3-̂  _ (As) X 12.8 X 10 ^^ (3.24) 

q' 

where 

q' = (H"̂ )-̂  + 4. 0x10 ^(H'^)^ + 4.0x10 "* ° (H"̂  )+1 2 . 8x1 0 ^^ (3.25) 

Thus knowing the total phosphorus present in a solution of 

apatite at a given pH, the concentrations of the undissociated 

orthophosphoric acid and its three dissociation products can 

be calculated, since there are four unknown quantities asso­

ciated with the four equations (3-10) to (3-13). Similar cal­

culations could be made for evaluating the concentrations 

of orthoarsenic acid and its three dissociation products using 

equations (3.21) to <3.24). As in the case of the phosphate 

system, from the measured pH values of the saturated solutions 

given in column (2) of the Tables, the corresponding OH" ion 

concentration could be calculated taking ionic product of 

water expressed as pKw to be 13.54 at 37°C. The concentrations 

of 0H~ ions were not included in the tables since they could 

be obtained from the relationship. 

pH + pOH = pKw =13.54 (3.26) 
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Having thus obtained the concentrations of all the species 

present in the solutions of the apatites;, the ionic product, 

Kip, of SPA and SAA could be calculated on the basis of the 

corresponding molecular formulae. 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 Kip at all the pH values. In 

the case of SPA the ionic products of all the possible phases 

likely to control the solubility equilibria such as SrHPO,, 

Sr(HpP0.)2 and the reported surface complex, Sr^CHPO,){0H)2/ 

were calculated using the measured concentrations of strontium 

and phosphorus. The resulting values are given under column 

12-17 of Table '3,7 which include the corresponding pKip values 

also. A similar set of calculations is made for SAA and the 

ionic products of SrHAsO-, Sr(H~AsO-)p, and the surface complex 

Sr„(HAsO.)(OH)- were calculated from the measured concentrations 

of strontium and arsenic and reported under column 12-17 of 

Table 3.14. These two sets of additional columns given under 

the two tables are meant to serve ' as representative sets of 

calculations to explore the possibility of non-stoichiometric 

dissolution involving one of these phases as the solute. In 

spite of the fact that the pKip values of these phases are 

less divergent than those of apatite at the pH values investi­

gated, the apatite phase is still considered to be controlling 

the solubility since the g atom ratio of the solutions mainly 

Sr/P in the case of Table 3.7.and Sr/As in the case of 3.14 are 

close to what is expected for apatite as the solute phase. 
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While assessing the relative constancies of the pKip values 

of the phases likely to be formed in the solution of apatites, 

it should be kept in mind that for simple phases like SrHPO., 

Sr-CHPO^) (0H)2, Sr(H2PO_^)2/ SrHAsO^, Sr2 (HAsO^) (OH) 2 and 

Sr(H„AsO^)«, the power to which the measured concentrations 

of ions such as Sr "", H2P0^~, HPO^ ~, PO^ ~, HAsO^ ~, H2AsO^~, 

3- -
AsO. , and OH ions were to be raised were low in comparison 

with those required for the apatite phase. Such a disparity 

in the value of the indices to which the concentrations were 

to be raised was likely to magnify the errors involved propor­

tional to the value of the power to which a particular concen­

tration 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 pKip value of the apatite phase was the most consistent 

at all the pH values investigated confirming the occurrence 

of stoichiometric dissolution of the samples. Results on the 

solubility equilibria of a total of six solid solutions of 

SPA and SAA were subjected to calculations similar to those 

of the end-members and incorporated in Tables 3.8 to 3.13. 

As in the case of the end-members, the g-atom ratio, Sr/(P+As), 

of the saturated solutions approached stoichiometry at all 

the pH values investigated. In addition, the Kip's and the 

pKip's of 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 pKip values showed a regular decrease from SPA 

to SAA while the solid solutions had intermediary values. 
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For the sake of brevity calculations done to get the Kip values 

of phases other than those of apatite were deleted from tables 

3.8 to 3.13, since representative sets of such calculations 

were already given in the case of the end-members. In all 

these cases the proximity of the g atom ratio j S:̂ /(P+As) j to 

the stoichiometric values of 1.67 suggested the redundancy 

of inclusion of the Kip values of other possible solid phase 

controlling the solubility equilibria. Making use of the expe­

rimentally determined Kip values of SPA, SAA and their solid 

solutions, the free energy decrease accompanying the dissolu­

tion of each sample v/as calculated and given in Table 3.15. 

A systematic decrease in the magnitude of.-VlG as one goes from 

SPA through its solid solutions with SAA to pure SAA confirms 

the homogeneity of the samples and ensures the formation of 

the solid solutions. 

Table 3.16 contains the solubility data of SPA, SAA 

and six of their solid solutions with 0.165M NaCl as the exclu­

sive dissolving mediumT The solute taken in each system was 

indicated under column (2) while the final pH is given under 

column (3). As in the case of the preceeding tables of this 

chapter the measured concentrations of phosphorus and arsenic 

were subdivided into all the possible ionic species as desc-

3- 3-ribed earlier. Out of them only PO. and AsO. are included 

in column (6) and (8). The rest of the calculated values being 

deleted. As in earlier cases the Kip and the pKip values of 

apatite were calculated and included in columns (10) and (11) 

of the table. The final pH of these systems was found to range 
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between 7.10and 7.30inspite of the fact that use of the buffer 

combination was deliberately avoided. As indicated by column 

(11) of the table a systematic decrease of the pKip values occins 

as one goes from SPA to SAA the decrease being from 101 to 

83. In addition J these pKip values , obtained in the absence 

of the buffer combination in the dissolving medium . are in 

agreement with the corresponding values obtained in the pre­

sence of the buffer combination, the agreement being more 

marked with the values obtained in the acidic region using 

the buffer combination, potassium acid phthaLate and phtalic 

acid. The evidence for stoichiometric dissolution was provided, 

as in the case of the earlier tables by the proximity of the 

g atom ratio, Sr/(P+As), to the stoichiometric value 1.67. 

In order to establish the fluctuations in the evaluated 

pKip values of the samples an attempt was made to scrutinize 

the errors involved in the determination of all the quantities 

required for such an evaluation. While the determinations 

of strontium, phosptiorus and arsenic were free from errors 

since they were done using •atomic absorption spectroscopy 

and spectrophotometry the only source of error can be attri­

buted to the measurement of pH of the solution. Based on a 

series of determinations on the pH of the standard buffer 

solution the variation in the measured value was found to 

be fluctuating over a range of values +2/^ and -3^ subjecting 

the final measured pH of the apatite phase to such corrections 

and recalculating the pKip values it could be found that the 

pKip varied by +1.15 and -1.78 from the average of all the 

values obtained from a given table using a given sample of solute. 
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3.4 Discussion 

3.4.1 Fundamental Aspects 

3.4.1.1 Mechanism of Dissolution of Ionic Crystals 

o o 1 9 P 9 

A brief mention of fundamental principles ' gover­

ning the solubility of ionic crystals in aqueous media was 

considered desirable in the present context in order to pro­

vide 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 the certain limits beyond which saturation 

occurs. A crystalline solid is characterized by an orderly 

arrangement 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 s.olution an attraction 

between the solvent molecules and the constituents of the 

lattice of -the solute jCaused 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 accompanied 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 inter­

action between the solvent molecules of these ions. The solu­

bility 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 
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parameters. In general, charge remaining the same, large 

ions pack less tightly than small ones resulting in the forma­

tion 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 lower­

ing of the solubility. 

In the dissolution studies the role of water as a 

solvent has been explained on the basis of the polarity of 

its molecules. Water molecules which function as dipoles 

get oriented in an electrostatic field and exert attractive 

forces on the chaipged 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 

281 
of the 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. Th^ dissolution of the ionic compounds in 

polar solvents like water may thus be explained. Additional 

factors 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 reac­

tions, 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 
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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 undissocia-

ted 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, AG , , accompany­

ing such a process- at temperature T can be shown to be given 

by, 

AG T = — RTln Ksp (3.23) 

soln ^ ^ ' 

v^ere 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 

AG ^, = AH -, TAS T (3.24) 
soln soln soln 

where AH -, and AS , are the changes in heat content soln soln ^ 
and entropy of solution respectively. 

In order to evaluate Kip of a given solubility equili­

brium making use of equation (3.23), AG ., is desired which, 

in turn, is obtained from AH -, and As -, of the process. ' soln soln '̂  

Visualising dissolution of an ionic compound to be consisting 

of (i) breaking down of the crystal architecture for which 

the lattice energy 'U' is operative and (ii) the hydration 
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of the constituting ions so set free, for which the summation 

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. AH , , is given 
soln' ^ 

by:-

A H , = ZA H, . + U (3.25) 
soln hi 

where ZA H, . is the sum of heats of hydration of the ions, 

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 

expressions that for a highly soluble compound the absolute 

value of AE H, . is greater than that for U while the converse 

is valid for cases of low solubility. While AS H, , is the 
^ hi 

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 

terras contributed by columbic attraction and repulsion opera­

tive among the constituting ions of the crystal lattice and 

can be shown to be given in K cals/mole at 0°C by the expres­

sion. 

U = (̂ ^̂ >̂ -) (1-4-) (3.26a) 
= (332AZ.,Z_ ̂  ^^_ _!_ ^ (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 valancies of the cation and anion respectively 
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which constitute the crystal lattice, R̂  is the.minimum cation 

to anion distance equal, for approximate purposes, to (r +r_) 

where r and r_ are respectively the cationic and anionic 

radii and n_, is the Born exponent which depends upon the 

electronic configuration of the ions and leads to the evalua-

tion of the repulsive forces operative. Having explained 

the implications involved in the theoretical evaluation of 

AH -, of equation (3.24), a theoretical evaluation of AH , soln ^ \ > r soln 

involved in this equation which is now desired, can be obtai­

ned from the expression, 

AS , =[(Sum of the entropies of products of 
dissolution)—(entropy of solute)] (3.27) 

It is evident that the quantities on the right hand side 

of the above expression can be evaluated using the l,atimer 

. 283 expression 

S°293=[3/2 Rln.(at.wt.of the species)-0.94] (3.28) 

_where S°^^r> 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-

Tetrode equation 

, S° = 26.0 + [3/2 Rln. (at.wt.)J (3.29) 
y 

is also desired where S° refers to the desired gaseous ions.While the 

above discussion involves a c i r cu i tous evaluat ion of AG , 
soln 

desired for arriving at a theortical basis for dissolution 

of ionic compounds, a more direct approach is possible as 
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shown below starting with (i) SAG, ,_ i-A^^r the summation 
nydratxon 

of the free energy changes of hydration of the constituting 

ions of the solute and (ii) AG-, .. . ̂ , the free energy changes 

of formation of the lattice of the solute, 

^^soln =^^ ^hydration — A G , ^ . . . (3.30) 

Using a specific example of a solute of general formula, 

M N , the quantities of 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:-

AG, -, . . = m.AG,^, + n.AG,„ (3.31) 
hydration hM hN ^ ' 

_-164Z^ m _ 1642i_n (3,32) 

r +0.85 ^_+0.1 

The fundamental expression 

AG, ... = AH, .^. - TASn ^^. (3.33) 
lattice lattice la t t i c e \-J.~>~>I 

assumes the form 

AG, ... = - U-TAS, ^^. (3.34) 
lattice lattice - \~'.->'^/ 

appropriate signs being given to the terms involved. As ex­

plained earlier AS,^,,.^^ desired in the above expression 

lattice '^ 
28^ 2 ft9 

can be evaluated using the Latimer and Sackur-Tetrode 

equations givenjequations (3.28) and (3.29). On substitution 

of the appropriate values for the quantities involved in 

equation (3.34), expression for ZC, ... assumes the follow-
lattice 

ing form: 

'''̂lattice = "'fi:'"""" - 8-" "»*"' '3-̂ =' 
" B 
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Substituting the values of A G, -, . . andA G-, ... obtained ^ hydration lattice 

from the exoressions (3.32) and (3.35) respectively, AG , 
'̂  ^ ' soln 

in K cal/mole at 298° K for such a system is given by the 

expression, 

^G - _ r (164Ẑ ^ m) (164Z." n) 
soln • _ (r +0,85) (r_ +0.1 ) J 

r332 Az^ . Z_ (n -1) 
"•l T,. „ - 8.03 (m+n) 

K cal/mole (3.36) 

To emphasize the dependence of A G ^ on the reolacement 
'^ soln 

of an anion of the solute by another of a different ionic 

radius the above expression can be differentiated with respect 

to r at constant r which leads to the relationship, 

. ̂ ^ Soln. _ r -164Zin _ 332A2.uZ_ | (5 3̂ 3 

'^^ r+ ^ (r_+0.1 )*- ^o' 

It is evident that the changes ensuing in AG, -, , . and 
^ ^ hydration 

AG-, , . . consequent upon such a replacement are given respec-laoLice 

tively by the first and second terms on the right hand side 

of the above expression. 

3.4.1.3 Discussion of Present Results on Solubility 

A. Stoichiometric Dissolution and Attainment of Saturation. 

It could be concluded from studies on the dissolution 

kinetics of SPA, SAA and one of their representative solid 

solutions that saturation could be attained within a period 

of about 12 hours of equilibration and that the dissolution 

is stoichiometric. The duration of equalibration required 
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for attainment of saturation of solubility of a solute in 

a given solvent depends on, among others, the particle size 

of the solute and the rate of shaking. These parameters were 

maintained the same for all the samples-As expected the period 

of equilibration required for attainment of saturation was 

found to be nearly the same for all the samples and was compa-

1 95 rable with that reported in the earlier literature for 

similar experimental conditions. The constancy in the g atom 

ratio, Sr/(P+As), indicates that the dissolution is stoichio­

metric. This is expected since the samples of apatites pre­

pared are of a high order of parity as indicated by. their 

chemical analyses and other methods of characterization. 

The non-stoichiometric dissolution of apatites reported in 

190 the earlier literature can be attributed to the presence 

of trace impurities of highly soluble phases associated nor­

mally with the solute phase. 

B. Dependence of Solubility on pH of Medium of Dissolution 

and Constancy of Solubility Products. 

It is evident from the results reported that for a 

set of experimental conditions adopted the solubility products 

of SPA, SAA and their solid solutions remained constant within 

the limits of experimental error. With a decrease in the 

pH of the dissolving medium it is found that, inspite of 

the fact the amounts of strontium^ phosphorus and arsenic 

going into solution increased markedly, the solubility product 

remained unaltered within the .limits of experimental error. 
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The solubilities of all the samples studied as a func­

tion 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. With SPA as solute, 

the equilibrium which is relevant in the present context 

is the following:-

Sr^Q(P0^)g(0H)2 ^==^10Sr^'^ + ePO^^" + 20H~ (3.38) 

3-Among the products of dissolution PO. and OH ions 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 establish­

ment of the following equilibria which are all pH dependent. 

PO^ + Ĥ O"̂  ^ ^ HPO^ + H2O (3.39) 

HPO^^'+H^O"^ ^ ^2^°4~ "*• ̂ 2° (3.40) 

^2'^^ A" + ^3°^ ^ ^3^°4 + ^2° (3.41) 

The 0H~ ion on the other hand, takes part in an additional 

equilibrium characteristic of all aqueous media as shown 

below:-

Ĥ O"̂  + OH" ^ -- H2O (3.42) 

which is also pH dependent. A shift from left to right occurs 

in all the above equilibria when H-.0 ion concentration is 

increased. All these equilibria are collectively responsible 

for influencing the equilibrium concentrations of the parti-

3_ 
cipants of equation (3.38). Since the concentration of PO-
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ion is influenced by the equations (3.39) to (3.41), which 

in turn are dependent on equation (3.42). 

It is evident from an examination of the above mention­

ed equilibria that an increase in the hydrogen ion concentra-

3-

tion brings about a decrease in the PO- and OH ion concen­

tration participating in equation (3.38). Since the Ksp of 

apatite at 37°C is to maintain a constancy more of the solute 

goes into solution to achieve this objective. Consequently 

the solubility of SPA increases with a decrease in pH of 

the medium of dissolution. A similar argument is valid for 

systems containing SAA and the solid solutions of SPA and 

SAA as solutes, since the AsO. ion concentration is also 

likewise affected by a decrease in pH. The foregoing arguments 

are substantiated by the observed fact that the calculated 

3- 3-proportions of PO, or AsO. ions of the saturated solutions 

of the samples decreased' with an increase in the hydrogen 

ion concentration of the medium of dissolution (Tables 3.7 

to 3.14). 

Based on the concept of ionic equilibria prevalent 

in such systems and the role of dissociation constants of 

the polybasic acids, H^PO. and H^AsO., in controlling these 

equilibria, the higher solubility with an increase in arsenic 

content of the samples could be attributed to the higher 

dissociation constants of H^AsO. over those of H^PO.. It 

is evident that the repression in the equilibria involving 

the dissociation products of H-^AsO. with an increase in the 
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HnO ion concentration demands a higher dissolution of the 

corresponding apatite phase to compensate for the depletion 
3_ 

of the AsO. ion. In addition, a convincing basis for the 

higher dissolution of SAA over that of SPA, as mentioned 

earlier, could be provided by the theoretical considerations 

leading to the derivation of equation (3.37) which gives 

variation in AG , with a change in the ionic radius of the 

replacing anion involved. 

A saturated solution is characterized by the existence 

of an equilibrium between the dissolved and undissolved parts 

of a solute. It can be shown from considerations of chemical 

potential that when the dissolved fraction dissociates compe-

letely in a saturated solution, the product of the activities 

of the constituent ions raised to appropriate powers is a 

constant at a given temperature, known as the activity solu­

bility product, Ksp. It is convenient to express the solubi­

lity 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 considered as some of the, important characteristics 

of the solute phase which influence its solubility and hence 

the solubility product. The ionic strength ft./ of the dissol­

ving medium given by half of the summation of the products 

of molality and square of the charge of all the ionic species 
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present, is another important factor Influencing the solubi­

lity product. The following expression which can be derived 

on the basis of the Debye-Hiickel theory gives the solubility 

of a Salt as a function of the ionic strength, iU at 25°C. 

log S = log SQ. + * (3.43) 
1+ 0.329 a /a 

Where S^ is the solubility at zero ionic strength, a = distance 

of closest approach of the ions and Z and Z are the respec-

tive valancies 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 sodj.um 

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 iohlc siti.-

ngth of the medium of dissolution as a parameter of the solu­

bilities of apatites could thus be avoided. 

191 

It has been suggested by La Mer that it is compli­

cated to calculate the activity coefficients when ions of 

high and opposite charge are involved as in the case with 

solutions of SPA and SAA; the use of the Debye-Hiickel equa­

tion for the precise calculation of such ions has been found 

to be inadequate. It was therefore recommended by him that 

an aqueous solution of 0.165M sodium chloride is considered 

as a solvent of reference in which all the activity coeffi­

cients may be assigned a value of unity. In the light of 
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such a consideration the ionic product of the solute Kip 

is calculated instead of the solubility product, Ksp. The 

concentrations of the ionic species were used instead of 

their activities for purposes of calculations of Kip values 

reported in the present section. 

It may be relevant to mention in this context an 
p Q c O Q fi 

important concept advanced by Bronsted ' even before 

the enunciation of the Debye-Hiickel theory. Based on an exten­

sive- 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 coeffi­

cients of ions present in relatively low concentrations. 

When such a condition is fulfilled, the ionic product. Kip, 

of a solute is related to the corresponding activity product, 

Ksp, by a constant factor enabling thereby the use of the 

former for purposes of comparison. 

C. Variation in the- solubility Product of Strontium 
3- 3-

Apatites due to the Replacement of PO^ by AsO^ 

The overall change in the solubility of an ionic com­

pound depends exclusively on the relative variations in 

^'^•u J J." and ^G, ... terms as discussed earlier. The hydration lattice 

latter becomes more dominant for sparingly soluble salts 

like apatites. This can be justified by the fact that the 

284 alterations in hydration energies for the pair of anions 

involved, namely, PO^ ~ and AsO. , in the substitution in­

vestigated, are of very small magnitude and consequently 
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thelattice energy becomes more dominant in controlling the 

solubility. These conclusions can be substantiated by exami­

ning the terms involved in the expressions (3.40) and (3.41) 

4̂' 
3- 0 The covalent radius of AsO, (1.18A ) being higher than 

3- » than of PO, (1.10A) contributes to a relatively more loose 

packing, since the cation, Sr "*" is the same in all the cases 

involved. That SAA is relatively less stable than SPA is 

evident from the experimental ̂  G -, values, the values being 

141.15 and 111.95 K cal/mole respectively for SPA and SAA. 

282 
The reported increase in the solubilities of sodium halides 

in the order NaF, NaCl, NaBr and Nal with an increase in the 
ope _ _ _ _ 

anionic radii , (F , Cl , Br and I being 1.34, 1.81, 1.95 

and 2.17A respectively) cation remaining the same, could sub­

stantiate the above observations. The observed increase in 

the solubility of apatites with an increase in the arsenic 

content of the samples, pH and temperature remaining the same, 

can thus be accounted for exclusively on the basis of a decrease 

in the lattice energy with an increase in the arsenic content. 

That the lattice energies of the samples decrease with an in­

crease in arsenate content is further substantiated by the fact 

that the Gibbs function of solution of the samples calculated 

from corresponding Ksp values using the conventional thermody­

namic expression shows a systematic decrease with an increase 

in the arsenate content. As mentioned earlier the replacement 

of phosphate by a relatively bigger ion such as arsenate (cova-
3 - 3 - 0 o 

lent radii of PO^ and AsO. are 1.1 OA and 1.18A respec­

tively) brings about a decrease in the lattice energy due 

to the consequent loose packing. 
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D. Explanation of the lUDsence of Extraneous phases func­

tioning as Solutes during the Dissolution of Apatites. 

The present investigations on solubility of apatites 

prove that the apatite phase is exclusively controlling its 

dissolution, the extraneous phases being absent. The observed 

deviations in the experimental values of pKip can be explained 

as follows: 

The pKip values of the samples were calculated from 

the measured concentrations of the dissolved species of SPA, 

SAA and their solid solutions at a constant temperature. 

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 experi­

mental errors involved in the microanalytical determinations 

of the dissolved species. Out of these ions, 0H~, with its 

dominant accompanying effect on the calculated values of 

3- 3-the PO. or AsO. ion from the measured P. . , or As. . , 4 4 total total 

value, as indicated by equations (3.9) and (3.20) :is--̂  of 

significance. It is evident that an error in its measurement 

effects not only its own concentration term used directly 

3- 3-in the calculation of Kip but also that of PO. or AsO. 

which are computed from the P. . , or As. . -, and the measured ^ total total 

pH values. These errors get accentuated in the pKip calcula­

tions of apatites, the molecular formulae of which involve, 

ten, six and two g ions respectively of Sr , PO. ~ or AsO. 

and OH". Such computations involve large powers to which 

the corresponding concentrations cxte to be raised to get the 
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pKip values. In order to scrutinize the validity of the con­

cepts advanced earlier, suggesting the role of other solid 

phase such as the secondary salts, SrHPO^ or SrHAsO^, a sur­

face complex, Sr2(HP0^)(0H)2 or Sr2(AsO^) (0H)2r in control­

ling the solubility equilibria of apatite systems, the ionic 

product of these and other solid' phases were calculated foll­

owing 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 concentra­

tions. Since the powers to which ionic concentrations were 

to be raised to get the Kip values were much lower in the 

case of the secondary salt and the surface complex than that 

for apatite, as is evident from the molecular formulae, the 

errors of the former were supposed to be lower. The g atom 

ratio, Sr/(P+As), in the case of additional phases is not 

stoichiometric. For apatite phase the ratio was found to be 

close to the stoichiometric value. These considerations could 

exclusively eliminate the possibility of phases other than 

apatites in controlling the solubility equilibria of the sys­

tems. Though the observed constancy in Kip values of the apati­

te phase was not very striking, it could still be concluded 

that their solubility equilibria were characterized by stoi­

chiometric dissolution. 



202 

3.5 Summary 

The solubility equilibria of strontium phosphate apa­

tite, strontium arsenate apatite and a total of six of their 

solid solutions spread over the entire compositional range 

were investigated with the intention of studying their depen-

3-dence on the extent of isomorphous substitution of PO. 

by AsO. . The studies carried out at 37°C were extended 

to a few chosen buffered dissolving media spread over a pH 

range^ 5.50 to 8.0. The minimum duration of equilibration 

required for the attainment of saturation was established 

through studies on the dissolution kinetics. Equilibrating 

powdered samples of the solutes with appropriate buffer solu­

tions, the colloidal component was separated from the satu­

rated solutions by filtration through 1G^ sintered glass 

crucibles and the filtrates were subjected to micro-analytical 

determinations of the concentrations of the dissolved ions. 

The proportion of H-.PO- and H^AsO, and the corresponding 

dissociation products were calculated respectively from the 

experimentally determined phosphorus and arsenic contents 

of the solutions using the dissociation constants and the 

pH 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, Sr-(HPO.((OH)^ 

and SPA were calculated for systems having the latter as 

solute. Similar calculations were carried out for the ionic 

products of the arsenic counterparts in SAA systems. A 
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combination of these two sets of calculations was brought 

about in the case of systems having the solid solutions of 

the end-members as solutes. The medium of dissolution was 

kept at a molarity of 0.165M with respect to sodium chloride 

in order to maintain the ionic strength constant. This enabled 

the solubility product of the '^solute, Ksp, to be considered 

as its ionic product, Kip, in its saturated solution assuming 

the activity coefficients of each one of products of dissolu­

tion to be unity in such systems. 

Based on the molecular formulae of the solutes the 

corresponding ionic products of the saturated solution were 

calculated making use of the sets of concentrations of the 

products of dissolution. 

For each sample, the Kip value was found to be constant 

within the limits of experimental errors as was to be expected 

from the constancy of the temperature of equilibration. The 

Kip values were in addition found to increase systematically 

with an increase in the arsenate content. A theoretical inter­

pretation was given in terms of a decrease in lattice energy con-

3- 3-
sequent upon a replacement of PO. by AsO. , covalent radii 

0 

of P and As being 1.10 and 1.18 A respectively. 
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SYNOPSIS 

Calcium hydroxylapatite, Ca^_(PO.)g(OH)2^ the principal 

inorganic constituent of human • bones and teeth, belongs to 

an isomorphous 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 reac­

tions, 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 of their incorporation into human skele­

tal system 

Based on the contemporary importance given to .the 

toxicity to the human system by arsenic and S-active Sr-90, 

a product of atomic explosions, studies on the replacement 
a 

of calcium by strontium (ionic radii 0.99 and 1.13A respec­

tively) and of phosphate by arsenate covalent radii (1.10 

and 1.18A respectively) have been chosen for the present 

investigations. Among heteroionic cationic substitutions 

on calcium hydroxylapatite replacement of Ca by Sr is 

significant since it explains the mechanism of incorporation 

in the human skeletal system of p-active Sr-90. Such an 

incorporation even in trace amounts, can be fatal because 
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of the long half-life period of Sr-90 (28.5 years). It is 

evident that a complete replacement of Ca "*" ions by Sr "*" 

ions leads to the formation of strontium phosphate apatite, 

3- ^-
Sr^ Q(P0^)g(0H)2, while that of PO^ by AsO^ on, strontium 

phosphate apatite leads to strontium arsenate apatite 

Sr^ (AsO>) ̂  (OH) „ , both being iosmorphs of calcium hydrx)xyl-

apatite. A partial replaceir^ent in either case leads to forma­

tion of solid solutions of the concerned end-members. 

The toxicity of elemental arsenic and its salts is 

well known. There is prevalence of arsenic poisoning among 

workers employed in the manufacture of insecticides, paints 

and dyes containing the element. Inhalation of arsenic through 

nose and mouth and exposure of the skin to it are supposed 

to be responsible for the ailment. In spite of the fact that-

arsenic is distributed primarily throughout the soft tissues 

in living organisms its incorporation in the human skeletal 

system through PO, ^ AsO. exchange on calcium 

hydroxylapatite of bone is probable. 

It could be unambiguously established that ions incor­

porated in the human skeletal system through exchange reac­

tions on calcium hydroxylapatite of bones play a significant 

role in two principal bone processes, namely, calcification 

and resorption, the deposition and dissolution respectively 

of calcium hydroxylapatite , 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 
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as well as of the products of the exchange reactions mentioned 

above under simulated biological conditions. 

Prompted by such a consideration the present work 

which deals with the preparation, characterization and solu­

bility equilibria of strontium phosphate apatite, strontium 

arsenate apatite and a series of six of their solid solutions 

spread over the entire compositional range, was undertaken. 

Adopting co-precipitation 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. and Laser Raman Spectral 

studies in addition to the conventional chemical analyses. 

Vegard's law demands that the unV:̂  cell volume of .a homo­

geneous 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 the arsenate ion, a replacement of phosphate by it brings 

about a dilation of the unit cell. A systematic linear depen­

dence of the unit cell volumes with the proportion of arsenate 

ion replacing phosphate ion, observed in the present series 

of solid solutionŝ ; confirmed their homogeneity. The electron-

micrographs of a few representative samples revealed the 

hexagonal pattern of the crystals confirming the absence 
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of . extraneous phases and enabling approximate calculation 

of the specific surface areas from the measured average dimen­

sions of the individual crystals. 

The i.r. and Laser Raman spectra could confirm the 

identity of the samples. The predominant absorption peaks 

recorded in the traces of the samples were found to be due 

3- 3-to the PO- , AsO. and OH ions. 4 ' 4 

Studies on the solubility of the samples were under­

taken at 37°C in order to investigate its dependence on the 

3- 3-

replacement of PO, ion by AsO. ion on strontium phosphate 

apatite. Since it was intended to determine the solubility 

product of each sample from data resulting from the chemical 

analyses of the saturated solutions, a buffered dissolving 

medium was used to maintain constancy of the activity of 

0H~ ions involved in such calculations. In order to investi­

gate the reproducibility of the solubility product so deter­

mined, the studies in each case were extended to a few chosen 

pH values, the range being restricted to the limitsp5.5 and 

8.0. 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 polyvalent ions could 

be avoided by assuming all of them to be unity without fore­

going accuracy. It is evident that such calculations make 

the solubility product, Ksp^and the ionic product. Kip, syna-

nymous. 
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Each one of the powdered samples was equilibrated 

with the chosen buffer combination as the medium of dissolu­

tion at a controlled rate of shaking using a constant tempe­

rature - shakerbath. 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 1G, sintered 

glass crucible before the solutions were analyzed for the 

products of dissolution. A separate experiment could prove 

the suitability of such crucibles for colloidal separation. 

While phosphorus and arsenic were determined spectro-

photometrically, atomic absorption spectroscopy was adopted 

for the determination of strontium, the attainable accuracy 

in all the cases being scrutinized by analyses of solutions 

of known compositions. 

A Scrutiny of attainment of saturation and the minimum 

period of equilibration required for the purpose were deter­

mined through dissolution kinetics of a couple of representa­

tive samples. From among the concentrations of the products 

of dissolution, the measured total dissolved phosphorus was 

subdivided into the proportions of orthophosphoric-acid and 

- 2- 3-its three dissociation products, H-PO. , HPO- and PO. , 

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 calcula­

tion of solubility product. Similar calculations were done 

with ortho~^rsenic acid in the case of systems having arsenate -



209 

containing samples as solutes. 

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 hydroly-

tic. That the apatites exhibit stoichiometric dissolution 

could not be unambiguously established by the earlier workers. 

In order to investigate this significant aspect of dissolu­

tion of apatites, the solubility data of the present investi­

gations were subjected to calculations to establish which 

among the possible phases exhibited a constancy for the acti­

vity 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 

phase. By analogy with a double salt, Ca-(HPO;,) (CII) T, a phase 

reported to control the solubility product of calcium hydroxyl 

apatite by functioning as a surface coating, the ionic product 

of its strontium counterpart, Sr2(HP0.)(OH)-, was also cal­

culated for the present systems. 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 arsenate phases are relevant for stron­

tium arsenateapatite while the phases of both phosphate and 

arsenate 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 
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controlled the solubility was further supplemented by the 

fact that the g atom ratio, Sr/(P+As), of the saturated solu­

tions of all the samples was in the proximity of the theore­

tical value (1.67) confirming unambiguously the occurrence 

of stoichiometric dissolution of apatites. 

It could be established further that the solubility 

product of each sample of the series while remaining constant 

at all the pH values investigated, d&creased systematically 
3_ 

with an increase in the extent of replacement of PO- by 
3_ 

AsO. . An interpretation of these results could be provided 

by the concept of alterations in lattice and hydration ener­

gies of ionic crystals consequent upon isomorphous substitution. 
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Determination of solubility products of 
phosphate and vanadate apatites of calcium and 
their solid solutions 

SUDHiR K. GUPTA, P. V. R. RAO, G. GEORGE, T. S. B. NARASARAJU 
Department of Chemistry, School of Physical Sciences, North-Eastern Hill University, 
Shillong 793 003, India 

To understand the toxic effects of vanadium on the human skeletal system, the solubility products 
of phosphate and vanadate apatites of calcium and eight of their solid solutions, spread over 
the entire compositional range, were investigated at 37° C in 0.165 M sodium chloride solution. 
They were found to increase with increase in the vanadium content, the dissolution being 
found to be stoichiometric. A theoretical interpretation based on changes in lattice and 
hydration energies resulting from isomorphous ionic substitution is advanced. 

1. Introduction 
By virtue of its biological significance and its remark­
able ability to undergo several isomorphous cationic 
and anionic substitutions involving toxic ions, calcium 
phosphate apatite, Ca,o(P04)6(OH)2 (CPA), the prin­
cipal inorganic constituent [1] of human bones and 
teeth, has been the subject of extensive investigations 
to throw light on the mechanism of incorporation of 
such ions into the human skeletal system. It was estab­
lished that the toxicity is controlled by the dependence 
of the principal bone processes, calcification and 
resorption, on the extent of incorporation of toxic 
ions. The present work dealing with the replacement 
of PO4" by VO4" resulting in the formation of its 
isomorph. calcium vanadate apatite, Ca|o(V04)i5(OH)2 
(CVA), was undertaken because the mechanism of 
occurrence of toxic effects [2, 3] of vanadium and 
its salts, such as paralysis, convulsions and sleepi­
ness leading to bronchitis and bronchopneumonia 
caused when their proportion exceeds 1 mgkg"' body 
weight, were not investigated earher. In addition, 
these studies were intended to clarify a few ambiguities 
associated with the available results on the solubilities 
of apatites, especially in the context of its reported 
non-stoichiometric [4-6] dissolution. 

2. Experimental details 
CPA, CVA and a series of eight of their solid sol­
utions, prepared through appropriate modifications 
of a wet method [7-9], were characterized through 
X-ray, infrared, electron microscopic and thermal 
analyses, in addition to conventional chemical analy­
ses [8-11]. Their solubility products were determined 
in buffered 0.165M sodium chloride solution at the 
biologically significant temperature of 37° C by analy­
ses of their saturated solutions. Each system was set 
up by adding 0.2 g of apatite to potassium acid 
phthalate-sodium hydroxide or boric acid-borax 
buffer of required pH prepared in 200 ml of 0.165 M 

sodium chloride, the latter being needed to maintain the 
ionic strength during dissolution effectively constant 
[12]. The ionic strengths of the systems were found to 
range between 0.20 and 0.24. Further, an aqueous 
solution of 0.165 M sodium chloride, a solvent of bio­
logical importance, may be considered as a standard 
solution [13] of reference in which all activity coef­
ficients of dissolved ionic species could be taken as 
unity. This avoids inaccuracies involved in the calcu­
lations of activity coefficients needed for the evaluation 
of solubility products of solutes containing polyvalent 
ions, and enables ionic products of saturated solutions 
of such substance to be taken as their solubility prod­
ucts. Equilibration took place in a thermally insulated 
cabin maintained at 37 + 0.5°C for about I2h, in 
air-tight polyethylene containers shaken at a regulated 
speed using a mechanical shaker. Attainment of satu­
ration was confirmed separately by carrying out inves­
tigations on the dissolution kinetics of CPA, CVA and 
a representative solid solution of them as solutes at pH 
5.2 and pH 7.5. The systems were equilibrated as 
above and the studies could be extended in each case 
to a total duration of 24 h by setting up ten identical 
systems, equilibration of each system being inter­
rupted at convenient time-intervals. The equilibration 
time required for the attainment of saturation in each 
case was found to be 4h. In order to be doubly sure 
about the attainment of saturation, a duration of 12h 
was chosen for equilibration throughout the invesd-
gations. The colloidal component [14] of the solute 
was separated from the solution by filtration through 
a G4 sintered glass crucible under suction at the tem­
perature of equilibration. From the saturated sol­
utions thus obtained calcium was determined volu-
metrically [9] while phosphate [15] and vanadate [9, 
16] were determined spectrophotometrically, a 
separate aliquot being taken each time. The effect of 
common ions on pATjp of CPA and CVA was also 
investigated at convenient pH values. 
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T A B L E I Solubility products of phosphate and vanadate apatites* of calcium and their solid solutions in 0.165M sodium chloride 
solution 

Serial 
no. 

(1) 

Final pH Measured cone. (10^moll ') Calculated activities (mol 1 ') 

(2) 

Ca 

(3) (4) (5) 

"(0H-) 

X 10' 
(6) 

"(PO^-) 

x l O " 

(7) 

(vo^-) 

xlO'^ 

(8) 

Mole ratio, 
Ca/(P + V) 

(9) 

PK, 

(10) 

Average 

(11) 

Solute: calcium phosphate apatite, Ca,f,(P0M0H)2 

4.77 
4.94 
5.20 
5.65 

3.36 
3.17 
2.67 
2.30 

2.06 
1.87 
1.53 
1.29 

0.16 
0.25 
0.46 
1.28 

0.21 
0.42 
1.14 
7.50 

1.62 
1.69 
1.74 
1.78 

118 
116 
114 
109 

114 

Soh/le: solid solution no. 1, Ca^oiPOt)^^{VOiXi(OH)2 

5 5.48 1.03 0.55 0.06 0.87 1.47 0.08 1.69 
6 5.85 0.71 0.38 0.05 2.04 5.56 0.36 1.60 
7 7.01 0.14 0.05 0.03 29.5 107.0 39.7 1.65 
8 7.20 0.12 0.04 0.03 45.7 164.0 76.7 1.65 

118 
115 
112 
111 

114 

Solute: solid solution no. 2, Ca,„{PO^)s^iVOi)oAOIi)2 

9 
10 
II 
12 

5.54 
5.90 
7.01 
7.20 

1.17 
0.82 
0.18 
0.15 

0.56 
0.42 
0.06 
0.05 

0.14 
0.10 
0.05 
0.04 

1.00 
2.29 

29.5 
45.7 

1.89 
7.55 

120.0 
182.0 

0.23 
0.84 

59.7 
123.0 

1.64 
1.58 
1.64 
1.66 

116 
114 
HI 
110 

113 

Solute: solid solution no. 3, Ca^a{PO^)i^{VOi\x {0H\ 

13 
14 
15 
16 

5.22 
5.62 
6.05 
7.01 

2.60 
1.84 
1.10 
0.36 

1.24 
0.80 
0.37 
0.05 

0.37 
0.34 
0.31 
0.02 

0.48 
1.20 
3.23 

29.5 

1.01 
4.01 

13.2 
95.2 

0.13 
0.78 
5.12 

1.60 
1.62 
1.61 

21.5 1.62 

116 
113 
112 
109 

113 

Solute: 

17 
18 
19 
20 

solid solution no. 4, Ca^„{P0t\^(V0i)2,y(0H):^ 

21 
22 
.23 
24 

5.03 
5.17 
5.40 
6.03 

5.32 
5.09 
4.47 
3.42 

1.64 
1.34 
1.16 
0.71 

1.57 
1.47 
1.37 
1.29 

Solute: solid solution no. 5. CaioC/'Cj).,., (^4)2 .9(0/ / ) , 

5.08 
5.27 
5.57 
6.17 

5.89 
5.52 
4.75 
4.19 

1.16 
0.96 
0.79 
0.47 

2.25 
2.11 
1.96 

0.31 
0.43 
0.72 
3.09 

0.35 
0.54 
1.07 
4.26 

0.56 
0.87 
2.16 
!2.8 

0.49 
0.99 
3.21 

0.23 
0.41 
1.13 

19.3 

0.42 
0.95 
3.53 

1.72 
1.80 
1.76 
1.70 

1.72 
1.79 
1.72 

28.3 53.2 .77 

116 
115 
112 
106 

116 
114 
111 
104 

112 

111 

Solute: solid solution no. 6. Ca^^{P0^),:^{V0i\n(0H)2 

25 
26 
27 
28 

Solute: 

29 
30 
31 

5.19 
5.39 
5.65 
6.61 

solid solution no 

5.27 
5.40 
5.79 

6,73 
6,24 
5.46 
1.99 

0.96 
0.87 
0.56 
0.07 

2.94 
2.61 
2.48 
1.17 

. 7, Ca,„(POJ,6(W4)4.4(0//)2 

7.21 
6.73 
6,01 

0.78 
0.64 
0.42 

3.43 
3.14 
2.98 

0.45 
0.71 
1.29 

11.7 

0.54 
0.72 
1.77 

32 6.42 5,07 0.19 2.75 7.58 

0.69 
1.55 
3.26 

28.5 

33.7 

0.91 
2.05 
6.46 

1.72 
1.79 
1.79 

244.0 

0.81 
1.20 
4.67 

1.54 
2.58 

14.8 
242.0 

1.59 

1.71 
1.77 
1.76 
1.72 

115 
112 
110 
106 

115 
112 
108 
101 

109 

Solute: solid solution no. 8. Ca,o{PO,)ogiVOi)s,2(Off)2 

33 
34 
35 
36 

5.33 
5.52 
6.14 
6.65 

7.78 
7.45 
6.78 

4.52 
3.55 
2.01 

3.92 
3.83 
3.76 

0.62 
0.95 
3.98 

2.95 0.12 1.72 12.i 

Solute: calcium vanadate apatite, Ca,a(VO^)i,iOH)2 

37 5.33 8.27 - 5.15 0.62 
38 5.53 7.88 - 4.41 0.98 
39 5.90 7.12 - 3.92 2.29 
40 6.60 3.78 - 2.25 10.9 

0.61 
1.14 

10.5 
6.02 

2.33 
5.46 
9.28 

1.78 
1.78 
1.70 

429.0 1.69 

3.06 
6.60 

32.2 
448.0 

1.60 
1.78 
1.64 
1.68 

113 
i i ! 
103 
102 

112 
110 
106 
100 

107 

107 

*0.2g apatite, washed with a 2% solution of EDTA maintained at pH 10 using ammonium chloride and ammonium hydroxide, is taken in 
200 ml of an appropriate buffer combination of potassium acid phthalate and sodium hydroxide or boric acid and borax brought to a 
molarity of O.I 65 M with respect to sodium chloride. 
•••Calculated from the measured final pH of the equilibrated system. 
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TABLE II Studies on the effect of common ions on the solubility equilibria of calcium phosphate apatite 

Serial 
no. 

(1) 

1 
2 
3 
4 

Common 
( m g r 

Ca 

(2) 

10 
30 
-
~ 

') 
ion added 

P 

(3) 

_ 
-
!0 
30 

Final 

(4) 

5.62 
5.62 
5.48 
5.48 

pH Measured 
(lO'moll-

Ca 

(5) 

3.23 
4.44 
2.49 
1.75 

cone. 

P 

(6) 

1.19 
0.79 
1.59 
2.58 

Mole ratio: 
Ca/P 

(7) 

2.71 
2.46 
6.87 

11.1 

Calculated 
( lO'^moir 

^(po^-) 

(8) 

6.03 
4.01 
4.26 
6.91 

activity 

') 

Average 

Solubility product 
of solute, 

(9) 

108 
108 
110 
110 
109 

K,^ = (Ca2+)"'(P0^)'(0H-)^ 
Solute: 0.2g Ca,o(P04)4(OH)2 washed with a 2% solution of EDTA maintained at pH 10 using ammonium chloride and ammonium 
hydroxide. 
Dissolving medium: 200 m! of an appropriate buffer combination of potassium acid phthalate and sodium hydroxide brought to a molarity 
of 0.165 M with respect to sodium chloride. 
Temperature: 37 ± 0.5° C; pK^ = 13.54. 

3. Results 
A few representative sets of results on the determi­
nation of the solubility products of CPA, CVA and 
eight of their solid solutions are given in Table I. 
Experimentally determined concentrations of cal­
cium, phosphorus and vanadium for each sarnple at a 
measured pH are given in columns 3-to 5. While the 
activities of 0H~ and Ca""*" ions were thus available 
directly from the measured pH and concentrations of 
Ca"'̂ , respectively, those of P04~ and VO4" could be 
calculated from the total concentrations of phos­
phorus and vanadium given in columns 4 and 5, the 
details of the calculations being given later. 

The activities of PO4 and VO4 thus calculated for 
each sample at the chosen pH values are given in 
columns 7 and 8, respectively, the corresponding 
activities on the other ionic species shown in Equation 
7 being omitted. 

Results on the determination of solubility products 
of CPA, CVA and their solid solutions involving 
microanalytical determination of their constituent 
ions, known for their mutual interference [8], are vul­
nerable to errors. In addition, these errors become 
magnified in the evaluation of solubility products 
because of the high powers to which the activities 
of some of the constituting ions are to be raised. Keep­
ing these limitations in view, the activity products 
of all the possible solute phases likely to control the 
solubility equilibria of CPA and CVA and their 

solid solutions such as CaHP04, Ca2HP04(OH)2, 
Ca(H2P04),, CaHV04, Ca2HV04(OH)2 and 
Ca(H2V04)2 were calculated in the light of their 
hydrolytic dissolution. For the sake of brevity the 
calculated data of phases other than CPA, CVA and 
their solid solutions are not given in the present com­
munication, because the divergence of the K^^ values 
calculated was much more for them in comparison 
with those of the above phases. Consequent upon the 
errors involved, the divergence in K^^ of CPA, CVA 
and their solid solutions is still considerable, although 
it is found to be lower than the values for the other 
phases. The p/sTsp values of the phases are given in 
column 10 of Table I. 

Results of the effect of common ions on the solu­
bility equilibria of CPA and CVA are given in Tables 
II and III respectively. It was found from these results 
that the pÂsp values (column 9, Tables II and III) of 
the apatite phase exhibited a constancy proving the 
response of the solubility of apatites to the common-
ion effect. As expected, the mole ratios, Ca/P (column 
.7, Table II) and Ca/V (column 7, Table III) in these 
cases were found to diverge from the stoichiometric 
values in accordance with the principle of solubility 
product. 

4. Discussion 
It is evident that the solubility product, K^^, of CPA is 
equal to the product of the concentrations of the 

TABLE III Studies on the effect of common ions on the solubility equihbria of calcium vanadate apatite 

Serial 
no. 

0) 
I 
2 
3 
4 

Common 
(mgl-

Ca 
(2) 

10 
30 

-

') 
ion added 

V 

(3) 

-
-
10 
30 

Final pH 

(4) 

5.70 
5.70 
5.79 
5.79 

Measured 
( lO 'mo i r 

Ca 
(5) 

8.41 
10.7 
6.42 
4.71 

cone. 

-') 
V 

(6) 

2.94 
1.76 
4.22 
5.69 

Mole ratio: 
Ca/V 

(7) 

2.85 
6.07 
1.52 
0.83 

Calculated activity 
(10"mol l -

' ' ( V O ^ ) 

(8) 

9.63 
5.78 

20.90 
28.20 

') 

Average 

Solubility product 
of solute, 
p/*r,p 

(9) 

107 
109 
107 
108 
108 

K,^ = (Ca=+)"'(VO^)'(OH-)^ 
Solute: 0.2 g Ca,o(V04)6(OH), washed with a 2% solution of EDTA maintained at pH 10 using ammonium chloride and ammonium 
hydroxide. 
Dissolving medium: 200 ml of an appropriate buffer combination of potassium acid phthalate and sodium hydroxide brought to a molarity 
of 0.165 M with respect to sodium chloride. 
Temperature: 37 ± 0.5^ C; pK, = 13.54. 
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dissolved ions raised to appropriate powers, as given 
by the products (Ca-'-) '°(PO^)'(OH-)-. While the 
concentrations of Ca"* and OH" were available 
directly from the measurements, that of PO4" was 
calculated as shown below from the overall analytical 
concentration of PO4" represented as P,oiai-

Orthophosphoric acid, being a tribasic acid, dis­
sociates as shown below: 

H3PO4 ^ H2PO4- + H+ 

H2PO4- ^ HPO:- + H^ 

HPO4-- ^ P O ^ + H-̂  

(1) 

(2) 

(3) 

It. is evident that the H"̂  ion in the above equilibria 
exists as HjO"^ ion in aqueous media. The total 
amount of phosphorus present in a solution of CPA, 
represented as P in the tables, can be subdivided as 
shown below into (i) the undissociated acid, and (ii) its 
dissociated ionic species (H2P04~), (HPO|") and 
(PO4"), making use of the pH of the system and three 
dissociation constants [17, 18], K^, K2 and Ky of the 
acid: 

and 

K: 

K. = 

K, 

' ^ (H,P04") '^(H+) 

<2(HjP04) 

^ ( H P 0 3 " ) ' ^ ( H + ) 

a. 

7.51 X 10"' (4) 

6.33 X 10"' (5) 
CH2PO4 ) 

• '(H + ) 

• ' (HPOJ-) 

= 4.73 X 10-'^ (6) 

The activity coefficients of all these ions were con­
sidered to be unity in a 0.165 M sodium chloride sol­
ution as suggested by La Mer [13]. Thus the total 
dissolved phosphorus is given by the expression, 

' ' iPic^l) = ^ (HjPOj) + ^ (H ,P04 - ) + <^(HP0J-) + ^ l P 0 3 - ) ( ^ ) 

where the activities are expressed in moles/litre. 
From Equations 4 to 6 it can be shown that 

'^(H3P04) 

a, (H,P04-) 

-•(Hpor) 

^ ( P O j - ) -

% , o . a l ) ' ' ( H + ) ' 

^(P,o, . l ) - '^ l^(H+)2 

^ ( P , o , . i ) ^ i ^ : ^ ( H + ) 

'^(P.o,al)-'*^l-^2-^3 

(8) 

(9) 

(10) 

(11) 

where 9 = QIH+P + K^<^(n*)i + K\K2a(ii+^ + K^K^K-^. 
A similar set of calculations [19] could be done to 
obtain the activity of the vanadate ion, a^\o\-), from 
its ionization constants [9], K^, K^ and Ky taken, res­
pectively, as 3.98 X 1 0 - \ 1.32 x 10"' and 
1.00 X lO"'-". A combination of these two sets of 
calculations could be made for the solid solutions. 

The pATjp values of the phases given are only a 
few among a total of about ten determinations made 
in each case, the individual values beina found to 

differ from the average by about + 7%. Within these 
limitations it could be concluded that the samples 
exhibited stoichiometric dissolution [9, 10, 20-24] 
contrary to the results reported in the earlier literature 
[4-6]. This is further substantiated by the proximity of 
the observed mole ratios, Ca/(P + V), of the systems 
with the stoichiometric value of 1.67. An additional 
substantiation of the stoichiometric dissolution of 
apatites could be provided by the remarkable regu­
larity with which the end-members responded to the 
common-ion effect. 

While the ^K^^ of a given solute is supposed to be 
independent of the pH of the dissolving medium at a 
given temperature, it was found to decrease system­
atically with an increase in pH in all the solutes 
reported in this work. Substantiation of such results in 
the case of apatite systems was provided by Larsen 
[25, 26]. Based on an established fact that an apatite 
exists as a coIIoidaJ component in its saturated sol­
ution, Larsen supposed it to behave like an amphoteric 
colloid such that in highly acidic media the observed 
piifsp is lower than expected while in alkaline media the 
converse is the case. The reason suggested by him was 
the occurrence of negative and positive adsorption of 
anions, respectively abpve and below the isoelectric 
point which is supposed to be in the vicinity of pH 5. 
However, further clarification can be provided by 
subsequent investigation. 

A theoretical interpretation of the dependence of 
solubility of an ionic crystal on anionic replacement is 
possible through thermodynamic considerations [27]. 
For an ionic compound, change in the Gibbs energy 
accompanying dissolution, AG ôin, is related to Â p̂ as 
shown below, at a given temperature, T, and can be 
calculated by the expression 

AG,, = -RT\n /:„ (12) 

using the experimental value of K^^. Alternatively, it 
can be evaluated by considering dissolution of an ionic 
compound to consist of (i) breaking down of its crystal 
architecture, and (ii) the hydration of the constituent 
ions thus set free, resulting in the expression 

AG., = IAGH, AG,, (13) 

where SAG,,,- is the sum of the Gibbs energy changes of 
hydration of the constituting ions of the solute, while 
AG|ai,i,.c is the Gibbs energy change of formation of the 
lattice. The terms on the right-hand side of Equation 
13 can be calculated [27] for an ionic crystal and can 
be shown to be dependent on the replacement of a 
given anion by another of a divergent ionic radius, as 
is the case with P04~ and V 0 | " ions. 

It can be concluded that while the overall change in 
the solubility of an ionic compound depends exclu­
sively on the relative variations in AG; hydra lion and 
AGiaiiĵ e terms, as mentioned above, the latter becomes 
more dominant for sparingly soluble salts such as 
apatites. This can be justified by the fact that the 
alterations in hydration energies [28] for the pair of 
anions involved, i.e. P04~ and V04~ in the sub­
stitution investigated, are of a very small magnitude 
[29]. That CVA is more soluble than CPA under 
a given set of experimental conditions could be 
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substantiated by the fact that the lattice energy of CVA 
is expected to be lower than that of CPA because the 
covalent radius of V04~ (0.122 nm) is greater than 
that of P04~ (O.llOnm). The decomposition tem­
perature from thermogravimetric analysis [9, 30] was 
of the order of 1000 and 1300°C, respectively, for 
CVA and CPA. These theoretical considerations are 
adequate to explain qualitatively the dependence of 
solubility of ionic crystals on ionic replacement. 
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Preparation and characterization of phosphate 
and arsenate apatites of strontium and their 
solid solutions 
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Department of Chemistry, School of Physical Sciences, North-Eastern Hill University, 
Shillong 793 003, India 

Samples of phosphate and arsenate apatites of strontium and six of their solid solutions, 
spread over the entire compositional range, were prepared by a wet method. They were 
characterized by chemical. X-ray, electron microscopic and infrared analyses. The validity of 
Vegard's law established the homogeneity of the solid solutions. 

1. Introduction 
Calcium hydroxylapatite, 3Ca3(P04)2. Ca(0H)2, the 
principal inorganic constituent [1] of animal bones 
and teeth, provides structural stability to skeletal and 
dental systems while storing calcium and phosphorus 
to maintain their biologically required levels in the 
body fluids. In addition, it acts as a detoxifying 
depository to store unwanted ions consequent upon 
its ability to undergo a series of cationic and anionic 
isomorphous substitutions [2]. Principal among such 
substitutions have been the replacement of Câ ''" by 
Sr'*' and of P04~ by ASO4" which constitute, respect­
ively, the mechanisms of incorporation of strontium 
and arsenic in the human skeletal system, the former 
leading to radiation damage [3, 4] if /9-active '°Sr is 
involved, and the latter to toxicity [5, 6]. While 
Ca"'̂  ;?i Sr""̂  exchange was investigated extensively 
[3, 7], studies on substitution of phosphate by arsenate 
on strontium hydroxylapatite were not undertaken 
earlier. In order to throw light on the influence of 
POi ASO4 exchange on the principal bone 
processes, a series of six solid solutions of phosphate 
and arsenate apatites of strontium, (SPA and SAA, 
respectively) spread over the entire compositional 
range, were prepared and characterized. The details of 
these investigations are reported in the present paper. 

2. Experimental details 
The experimental details for the preparation of the 
samples by precipitation were based on the following 
equation: 

10 Sr̂ + + 6 XO^ + 2 OH- Sr,o(X04)6(OH), 

where X = phosphorus or arsenic for the end-members 
and (P + As) for the solid solutions. Stock solutions 
of Sr'" ,̂ PO4" and ASO4' were prepared respectively 
from strontium nitrate, diammonium hydrogen phos­
phate and arsenic pentoxide, the latter being con­
verted to ASO4" by the addition of an appropriate 
amount of sodium hydroxide. From these solutions, 
preserved in polyethylene containers, the amounts of 

2274 

Sr^*, PO4" and ASO4" were determined by appro­
priate analytical methods [8]. 

For preparation of each sample, calculated volumes 
of solutions of the starting materials containing 
stoichiometric quantities required for a yield of ~ 30 g 
were used. An appropriate volume of strontium 
nitrate solution treated with a required volume of 
ethylene diamine [2, 3] to maintain a pH of ~ 12 on 
dilution to 1000 ml was taken in a 3 litre round-
bottomed flask. Diammonium hydrogen phosphate 
and/or sodium orthoarsenate solutions, stoichio­
metric with that of the Sr-"*" solution used, were like­
wise treated with ethylene diamine and diluted to 
1000 ml such that the pH of the resulting solution was 
~ 12. This solution was added dropwise to that of 
Sr̂ "̂ , the precipitation being done at 37 + 0.5° C to 
simulate biological conditions. Air free of CO, was 
bubbled through the precipitation medium to prevent 
the formation of carbonate apatite and also to keep 
the medium well stirred. The produce was refluxed for 
about 2 h in contact with the mother-liquor, left over­
night, filtered through a G4 sintered glass crucible and 
washed with water until the washings were neutral. 
The samples were then washed with acetone and air-
dried to 800° C for ~ 6 h and cooled in a desiccated 
atmosphere, for use in chemical, X-ray and infrared 
analyses, the experimental details of which are the 
same as those described elsewhere [8, 9]. The air-dried 
samples were used for electron microscopic analysis 
[10]. 

3. Results and discussion 
3.1. Chemical analysis 
The weight per cents of strontium, phosphorus and 
arsenic of the samples were determined by analytical 
procedures specially worked out for the purpose [8, 9]. 
These results are given in columns 3, 4 and 5 of Table 
I. The g atom ratios, Sr/P -t- As, and molecular for­
mulae of the samples were calculated from these 
results and are given in column 6 of the table. The 
results indicated that these ratios vary between 1.63 
and 1.69, the theoretical value being 1.67. A striking 
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T A B L E I Chemical anabsis of solid solutions of phosphate ancTSrsenate apatites of strontium 

Sample number 

1 

Sampli-" 

2 

Sr (wt %) 

3 

P (wt %) 

4 

As (wt %) 

5 

gatom ratio, 
Sr/P + As 
6 

Molecular formula 

7 

I. 
2. 
3. 
4. 
5. 
6. 
7. 

Strontium phosphate apatite 
Solid solution: I 
Solid solution: 11 
Sohd solution: III 
Solid solution: IV 
Solid solution: V 
Solid solution: VI 
Strontium arsenate apatite 

58.9S 
58.13 
56.47 
56.44 
54.05 
58.55 
51.59 
50.26 

12.38 
11.09 
8.83 
8.44 
5.10 
4.37 
1.85 
— 

— 
3.14 
8.11 
8.54 

15.69 
16.58 
21.97 
25.77 

1.68 
1.66 
1.64 
1.67 
1.65 
1.69 
1.66 
1.66 

Sr,„(POJ,(OH), 
Sr,„(PO,)5.4(As04)o.6(OH)2 
Sr,o(P04)4.4(As04),,(OH)2 
Sr,o(P04)4,2(As04),,(OH); 
Sr,„(P04),.,(As04)„(OH), 
Sr,o(P04),.3(As04)„(OH)2 
Sr,o(P04),.o(As04)5.o(OH)j 
Sr,o(As04),(OH), 

T A B L E IJ X-ray and infrared analyses of solid solutions of phosphate and arsenate apatites of strontium 

Sample Lattice parameters (nm) Unit cell 
number > volume, V^^, 

1 2 3 4 

Molar volume 
K„,A'(mlmor') 

Wave numbers of peaks (cm"') 

P O ^ A s O ^ 

7 

OH-

4. 

0.976 

0.982 

0.993 

0.996 

1.013 

I.0I6 

1.031 

1.043 

0.726 0.598 

0.728 0.608 

0.734 0.627 

0.736 

0.744 

0.746 

0.754 

0.760 

0.632 

0.662 

0.667 

0.694 

0.716 

360 

366 

378 

381 

399 

402 

418 

431 

1075 (s),* 
1030 (s), 
948 (m) 

1072 (s), 
1028 (s), 
947 (m) 

1068 (s), 
1017 (s), 
946 (m) 

1018 (s), 
945 (m), 

1025 (s), 
942 (m) 

1028 (s), 
941 (w) 

1028 (s), 
973 (m) 

851 (s) 

850 (s) 

852 (s) 

833 (s) 

830 (s) 

821 (s) 

863 (s), 
841 (s), 
825 (s) 

3572 (w) 

3564 (w) 

3564 (w) 

3564 (w) 

3562 (w) 

3562 (w) 

3556 (w) 

3556 (w) 

*s = strong, m = medium, w = weak. 

agreement between the experimental g atom ratios 
with the stoichiometric value justifies the suitability of 
the methods adopted for preparation and chemical 
analysis of the samples. 

3.2. X-ray data 
The lattice parameters a and c of the samples given in 
columns 2 and 3 of Table II were found to increase in 

5 0.620 -

10 20 30 40 50 60 70 80 90 
Strontium arsenate apatite (mol o/o) 

Fii;ure / Dependence of unit cell volume of solid solutions of phos­
phate and arsenate apatites of strontium on the mol % strontium 
arsenate apatite. 

the ranges 0.976 to 1.043 nm and 0.726 to 0.760 nm, 
respectively, with an increase in the proportion of 
arsenate. The unit cell and molar volumes of the 
samples given in columns 4 and 5, respectively, of 
Table II increase in the ranges, 0.598 to 0.716 nm' and 
360 to 431 ml, respectively. Such a systematic increase 
in the lattice parameters as well as in the unit cell 
volumes with an increase in the proportion of AsO^", 
as indicated in Figs 1 and 2, confirms the homogeneity 
of the solid solutions, since a dilation of the unit cell 
is expected by the replacement of phosphate by 
arsenate (covalent radii, 0.110 and 0.118nm, respect­
ively). In addition, Fig. 2 substantiates the validity of 
Vegard's law which states that the unit cell volume is 
a linear function of the composition in the case of 
homogeneous solid solutions. 

3.3. Infrared data 
The infrared absorption spectra of the samples [11, 12] 
exhibited characteristics OH-stretching mode of apa­
tite in the vicinity of 3560cm"'. The characteristic 
phosphate peaks observed close to 1075, 1030 and 
950 cm' ' and those of arsenate observed in the vicinity 
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Figure 2 Dependence of lattice parameters of solid solutions of 
phosphate and arsenate apatites of strontium on the mol % 
strontium arsenate apatite. (•) Value of lattice parameter 'a'; 
(G) value of lattice parameter 'e'. 

^ > ^ ^ \ ^ 

Figure 3 Electron micrograph of the solid solution of phosphate 
and arsenate apatite of strontium (sample 4 of Table I) x 35000. 

of 850 cm"' also substantiate the homogeneity of the 
samples, the area under the phosphate peak being 
gradually suppressed and that under the arsenate peak 
increased as the proportion of the latter increased. 

3.4. Electron microscopic studies 
A representative electron micrograph of one of the 
samples (no. 4 of Table I) given in Fig. 3 shows the 
hexagonal shape of the crystals characteristic of apa­
tites [13, 14]. 
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