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SINOPSIS

Calcium hydroxylapatite, Ca{O(PO4)6(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 Dbiological 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 tﬁe pairs of .
ions involved. Among such diverse exchange réactions.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 p—active Sr-90,
a product of atomic explosions, studies on the replacement
of calcium by strontium (ionic radii 0.99 and 1.13£ respec-
tively) and of phosphate by arsenate covalent fadii (1.10
and 1.18£ respectively) have been chosen for the present
investigations. Among heterociocnic cationic substitutions
on .calcium hydroxylapatite replacement of Ca2+ by Sr2+ is
significant since it explains the mechanism of incorporation

in the human skeletal system of /g—active Sr-~-90. Such an

incorporation even in trace amounts, can be fatal because
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of the 1long half-life period of Sr-90 (28.5 years). It is
evident that a complete replacement of Ca2+ ions by Sr2+
ions leads to the formation of strontium phosphate apatite,
Sr1O(PO4)6(Oﬁ)2, while that of PO43_ by ASO43— on, strontium
phosphate apatite leads to strontium arsenate apatite
SI1O(Aéb4)6(OH)2 yboth being iosmorphs of calcium hydroxyl-

apatite. A partial replacemcuat in either case leads to forma-

'tion of s0lid 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 Inanufacturé 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'respohsible for the ailment. In spité 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 PO4 = 4 exchange on calcium

hydroxylapatite of bone is probable. N

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 associatad

with a studvy 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 wprk
which deals with the preparation, characterization and solu-
bi%;ty equilibria of strbntium phosphate apatite, gtrontium
arsenaté)apatibégnd,a series of six of their solid solutions
spread over the entiré compositional range, was undertaken.
Adopting co.precipitation of the end-members in agueous media

through a Jjudicious modification of the existing methods,

the samples were prepared at 37°C to simulate bioclogical

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 1in 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 o% 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 'preseht series
of solid solutions,confirmed their homogeneity. The electron-
micrographs of a few representative samples revealed the

hexagonal pattern of the c¢rystals confirming the absence



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
replacement of PO43— ion by Aso43-lion 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
OH ions involved in such calculations. In order to investi-
gate the reproducibility of the solubility product so éeter—
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, Xip, 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 1G4 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
its three dissociation products, H2PO4_, HPO42_ and PO43T
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

. N . . . .
with orthqdarsenlc 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 apatites exhibit stoichiometric dissolution
cquld 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, Caz(HPO4)(CH)2, a phase
reported to control the =zolubility product of calcium hydroxyl
apatite by functioning as a surface coating, the ionic product
of its strohtium counterpart, Srz(HPO4)(OH)2, 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 wvalues
were found to 1lie within the error 1limits. It 1is 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



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 wvalue (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, decreased systematically
with an increase in the extent of replacement of PO43_ by
3-
4

by the concept of alterations in lattice and hydration ener-

AsO . An interpretation of these results could be provided

gies of ionic crystals consequent upon isomorphous substitution.
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PREFACE
It is well knownthat calcium 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, Ca1O(P04)6(OH)2,
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-
genic bacteria, replacement of calcium by toxic ions such as Pb2+, Ba2+,
Cd2+, Zn2+ explains the incidence of pathological conditions, consequent
upon the incorporation of these ions into the human skelétal 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-

+
quence of~Ga.'?'+ = Sr2 exchange.

Among the principal anionic exchange reactions of calcium hydro-
xylapatite, mention may be made of the replacement of PO 43 ~ by VO 43 ~ and
ASOAB_ (covalent radii, 1.10, 1.22, 118 A respectively). An insight

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



of removal of the incorporated toxic ions is based on a knowledge of the

solubility phenomena of the samples under simulated biological conditioms.

While the solubility of strontium phosphate apatite has earlier
been investigated\(bhat 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 1s 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 II and [ which have been presented in the conventional
form of a research publication. The preparation of strontium phosphate
apatite, strontium arsenate apati_té 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 I[. Section Il is comstituted by the details of investigations on

the solubility equilibria of these samples.

A comsolidated 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



GENERAL INTRODUCTION

1.1 Apatites - An Isomorphous Series

It is a well known fact/that human bones and teeth1
contain calcium and phosphorus. In addition, these elemenfs
occur in nature as fluorapatite, Ca1O(PO4)6F2, which 1is
a member of an isomorphogs series of minerals named by Werner
as "Apafites" ("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
as combinatibns3.‘ Names of some of the impoftant members

~13

. . . 4 . .
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 1leading 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
in a solid solution14. Hydroxylapatite, Ca1O(PO4)6(OH)2,
a compound of extensive biological importance results from
the replacement of F by OH on fluorapatite. Bones and
teeth of human ?einqs and animals are shown to be having

hydroxylapatite as the principal inorganic constituent meriting



Table 1.1 Name, molecular formulae and jattice constants of a few

principal members of apatite series.

Sr N Molecular Lattice constants(z’)
No- ane Formula a c
1 2 3 4 5
1. Barium hydroxylapatite Ba1O(P04)6(OH)2 10.19 7.70
2. Cadmium Arsenic- .
enlorapatite Cd1O(A304)6012 10.07 7.26
3. Cadmium hydroxylapatite Cdm(POA)(,)(OH)2 9.01 6.61
4. Cadmium chlorapatite Cd1O(P04)6012 9.62 6.49
5. Calcium hydroxylapatite CaTO(P04)6(OH)2 9.42 6.88
6. Chlorapatite Ca1O(PO4)6CI2 9.63 6.78
. A
7. Fermorite Ca1O(ASOA)6F2 9.75 6.92
R T £
8. TFluorapatite Ca1O(P04)6f2 9.35 6.58
9. Hydroxyl vanadinite Ca1O(V04)6(OH)2 9.82 6.98
10. Lead hydroxylapatite Pb1O(P04)6(OH)2 9.90 7.29
. . N !/ £
11. Magnesium Apatite Mg1O\POA)6(OH)2 .30 6.89
. Cy o
12. Mimetite Pb1o<A504)6612 10.36 7.52
fok
13. Pyromorphite . Pb1O(PO4)6Cl2 9.95 7.32
14. Strontium hydroxylapatite Sr1O(PO4)6(OH)2 9.76 7.28
15. Vanadinite Pb1O(V04)6012 10.47 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 cementum 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 constituént 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 celiular 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, 1/:he former being
tricalcium phosphate while the latter is hydrox‘y‘ia‘patite._l
The amorphous phase is predominant15 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 1is de[i)os'ited
as minute needles or platelets (100-600 A long, 20-60 A
wide) within the collagen fibres such that their 1long axes.
line up with the fibres16~18. 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 1is surrounded by gum and one or more roots
or fangs fitting into the sockets of the 3jaw-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 tootﬁ. 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‘l 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 f£fluids,
enamel equilibrates with saliva and is thus a seat of action
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.
Ayerage length, width énd thickness of 600, 1000 and 350 A

19,21 for these crystals.

respectively have Dbeen reported
- It 1is generally agreed that this tissue consists mainly
of prisms ofr 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 bioloéically more reactive than tooth enamel.

1.3 CaO—PZOS—HZO Phase Diagram - Stability Ranges of

Calcium Salts of Ortho Phosphoric Acid

The precipitation of phosphates of calcium is of consi-
derable biological significance since theA hard tissues of
vertebrates contain them as the mineral constituentszz.
Among such phosphates the ones which are sparingly soluble
and relatively more stable i; 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 bone323, (ii) utilisation of phosphatic

minerals by plant kingdom24 and (iii) geological aspects
of several naturally occurring phosphates contributed to
our present knowledge of the phosphates of calcium. Prelimi-

6,26-27

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—PzOS.
It was not, however, recognised that an imperceptible inclu-
s:".on of traces of water elevates this binary system to a
. ternary one, Cao_PZOB—HZO' EBarlier investigations on this
ternary system were reétricted exclusively to chemical ana-
lysis, ﬁhe 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 analysisZ8
for the purpose. It is well known that important pre-requi-
sites for the wvalidity 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 Ca0O-P,0.-H,O0 system was found to be complicated

27572
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 1is the availability of identical results

both from the sides of supersaturation and undersaturation.
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In addition, solid phases are characterized by a high degree
of reactivity due to their 1large 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.
Cameron31 and Bassett32 independently carried out investiga-
tions on the app;icability of phase rule to CaO—P205~H20
system and the results obtained at 25°C are incorporated
in the phase diagram33 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(H2P04)2.
(ii) Monocalcium phosphate monohydrate,,Ca(H2P04)2.H20.

(iii) Anhydrous dicalcium phosphate, CaHPO4. -

(iv) Dicalcium phosphate dihydrate, CaHPO4.2H 0, and

2
{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 dist%nct
Xx-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 Phase diagram of Cao-P,0.-H

5 2O gystem &t 25°C
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in acidic regions of the phase diagram which correspond
evidently to the compositional ranges having a high propor-
tion34 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

phosphate34

. The aqueous acidic solutions are to be heated
to an optimum temperatufe for the percipitation of dicalcium

phosphate as it follows a rétrograde 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 éf naturally occurring apatites
constitutes one of the"phases of the diagram the fegion
of its existence is indicated by an elliptical area. This
phase is given the formula, Ca1O(PO4)6(OH)2, and represented

in Fig.1.1 as Ca5(P04)3OH, 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 wvariable composition and constitutes phosphates of
calcium having a g atom ratio22 fanging from 3/2 to 4/2; the
limiting ratios correspond respectively to tricalcium phos-

phate(TCP), Ca3(PO and tetra calcium phosphate,

4z
Ca3(PO4)2.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

be confirmed by Seuter35

on the Dbasis of studies on this
phase diagram at temperatureshigher than 800°C. The existence
of an additional soiid phase called octa calcium phosphate -
4)2. 4 in the neutral region of the ternary
system was suggested by Hayek et a136;OCP could be demarcated

{(ocep), Ca3(PO CaHPO
from hydroxylapatite through its X-ray diffraction pattern
and electronmicrographsi. However, OCP has not been indicated

in the phase diagram as a separate phase. Formation of OCP
could be substantiated by Chaikina et al>’, on the basis of

recent studies on this phase diagram at 25°C.

In addition to what has been mentioned in the present
context involving CaO—PZOS—HZO 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)Z—Hzo—H3P0421’38’39

(ii) calcium—carbonate—phosphate4O’41 (iidi) Na;PO4—CaC1240’42.
It is evident that in these cases also, as in the case of
CaO—PZOS—HZO 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 CaO—P205—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
optimum for the formation of hydroxylapatite. It is evident43
that hydroxylapatite is the stablest of the different calcium
phosphates in weakly acidic, neutral and basic media. Conse-
quently hydrolysis of other calcium phosphates 1leads to
the formation of hydroxylapatite. Bassett29 reported the
precipitation of hydroxylapatite from solutions of calcium
oxide and phosphorus pentoxide of appropriate concentrations
which 1s 1in accordance with the suggestion offered by the
phase diagram. Lorah et al44 investigated the time-dependence
of g atom ratio, Ca/p, of the compounds, calcium monophos-

phate, Ca(H,PO calcium

2P04) s 4
pyrophosphate, Ca2P207, and tricalcium phosphate(TCP), Ca3(PO4

calcium diphosphate, CaHPO

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
leads to the formation of hydroxylapatite. Schleede et al27
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 wupon changes sustained by the sample

due to 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
by Hayek and Stadleménn45 .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:

(PO4 )G(OH)2+6H 0+20NH ,NO

2 4773

10 Ca'(NO3)2+6(NH4)2 HPO4+8NH4OH=Ca1O

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 0, also maintained like-wise at the same pH.

3)2-4H;
The amounts of the reactants taken were intended to give

an yield of about 100g of the sample on the basis of the

46-48

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
cén be a%oided. The accompanying volatile ammonium salts
were sublimed off by heating the filtered product to about

49

250°C. Introducing minor alterations O'Shea et al made use

of this method to prepare samples of hydroxylapatite desired
for K¥ray diffraétion and spectral studies. With appropriate
modifications, this method could be extended to the prepara-
tion of a few more isdmorphs of hydroxyla@atiteso, the prin-

51

cipal modifications being complexing of the metal ions

with appropriate ligands. This method was subsequently modi-

52 and Narasarajuso, important among the modi-

fied by Collin
fications being the replacement of ammonium hydroxide by
-ethylenediémmine. Adriana Bigi et al53 applied a modification
of the method of Hayek and Stadlemann45 for preparation
of samples of solid solutions of calcium and barium hydroxyl-
apatites spread over a limited compositional range extending
upto about 25'2 substitution of Ca2+ by Ba2+. They adopted
solutions of the acgtates 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 séries of solid solutions of cadmium and

calcium hydroxylapatite53. 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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3)2+6KH2P04+14NaOH=Ca1O(POA)6(OH)2+6KN03+14NaN03+12H2’0 cees (1.2)

10 Ca(NO
Convenient volumes of solutions of calcium nitrate and potas-
sium dihydrogen phosphate containing the reactants in the
proportions suggested by the above eguations were simulta-
neously dropped into boiling water. The medium was maintained
pink to phenolphthalein by the addition of a solution of
sodium hfdro;ide° 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
of purity could be obtained by Arnold55 involving a simulta-
neous addition of ammoniacal solutions of calcium acetate
and of aﬁmonium 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 répid preparation of appreciable
quantities of the samples. Kani et al56 could prepare samples
of hydroxylapatite éimilar 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

57 obtained

method of Hayek and Stadlemann45, Narasaraju et al
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

58

apatites of 1lead and phosphate and arsenate apatites of
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60,61 soveral :investigators’

barium59. During the recent past
adopted the wet methods mentioned above with mino£ altern -
tions to prepare samples of hydroxylapatites intended for a
specific purpose. An interesting recent wet method suggested
by Meyer et al62 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 al63

for the preparation of calcium vanadate apatite: and of its

solid solutions with hydroxylapatite.

Samples of hydroxylapatite and carbonate apatite of
calcium were obtained by Iino—shinji64 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 solig

solutions.

1.4.2 Dry Methods
It is an established fact that an intimate heterogenégﬁsﬁﬂﬁé{

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.

/* Y 20 5—17’
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65,66

Tromel investigated the optimum conditions for the forma-

tion of hydroxylapatite through a solid state reaction between
TCP and tetracalcium phosphate, Ca3(PO4)2.CaO, or alterna-
tively of TCP-calciumoxide. Solid mixturé of these ingredients
in appropriate coqpositions 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:

2Ca3(PO4)2+Ca P.O

4F> +H

(OH)2 e (1-3)

9 0406

50 = Ca1o(PO

3Ca3(PO4)2+CaO+H 0 = Ca10(PO (OH)‘2 ceoe (1-4)

2 46

Narasaraju et al67

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 adaition, fusion of a sample
of calcium phosphate9CaHPO4, and calcium carbonate or alterna-
tively heating of a sample of finely divided naturally ‘occur-

68

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

air resulted in the formation of hydroxylapatite.

12CaHPO4+8CaCO3

2Ca10(PO (OH)2+8CO +4H,0 ceee (1-5)

46 pT4H,

Ca1O(PO4)6F2+2H20 = Ca1O(PO4)6(OH)2+2HF ceen (1-6)

An extension of the above methods to prepare chlorapatite

and a series of its solid solutions with hydroxylapatite

69

was brought about by Rai et al as shown below:
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770-1040° .

BCaB(PO4)2+30a012 —_— BCaB(POA)Z.CaCl2 > Ca1O(P04)6012+20a012
oo (1-7)
ZCa1O(P04)6(OH)2+nCa012 ———%'20a1O(P04)6(0H,Cln)+n0a(OH)2 ceee (1-8)

where n changes from o to 2

Ga(OH)2 —> Cal + H,0 (;apour) cees (1-9)

This method could be extended for the preparation of arsenic
chlorapatite7O,Ca1O(AsO4k Clz, and its solid solutions with
arsenic hydroxylapatite, Ca10(AsO4lJOH)23 using arsenic hydro-

xylapatite and CaCl2 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 célcium by barium was
successfully carried out by Adriéna Bigi et al14, the tempera-

ture chosen for the s0lid state reactions of appropriate

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

1.4.3 Hydrothermal Methods

71, as the name implies, deal with

Hydrothermal methods
the application of high temperatures to aqueous solutions
to facilitate the precipitation of crystals of dimensions
bigger than those attainable wusing 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 con51derably the crystallinity and purity of the

72

. product. Such sets of results were achieved by Hayek et al

and by Perloff and Posner73 as substantiaEed. 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 characteri%ed by
sharp peaks as expected from its crystal dimensions. Young
and Sudarsanan74 adopted a similar method to prepare a sample'
of strontium hydroxylapatite for crystallographic studies.
Perloff and Posner73 obtained hydroxylapatite by the hydro-

lysis of dicalcium phosphate and the probable reactions invol-

ved are the following:

1OCaHP04+2H20

14CaHP0 ,+2H.0 = Ca1O(P04)6(OH)2+4Ca *48H.PO,” (1-11)

Ca1O(P04)6(OH) +4H +4H2PO4 cene (1-10)

4 T2 2 4

This process was brought about by heating 0.1g of dicalcium
phosphate with 10ml 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-
metric investigations was suggested by  Elliot and 'Young75.

A crystal sphere of 0.1mm in diameter of synthetic chlorapatite
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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

76

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

by
of which have been worked out by %éshburn and Shear78.

79

Gravimetricja, complexometric and spectrophotometric80

techniques are uéually 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 techniques14[§3’82’87 can be

extended to quantitative analysis of other systems involving
the isomorphs of éalcium hydroxylapatite as well as their

solid solutions.

1.6 Structural Aspects

The basic structural feature588 of the apatite lattice

were first worked out independently by deJongsg, Mehmel90

and Naray—szab091. deJong .* showed for the first time,
with the then relatively new technique of X-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, dedJong 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 esEablished. It was
oﬁly after about 25 years that Posner et a192 could arrive
at these structural aspécts from X-ray diffraction studies
on synthetically prepared single crystals of hydroxyapatite,
and by Kay et al93 from neutron diffraction studies. These
studies revealed the most striking feature of the hyérdxyl—
apatite structure namely the hexagonal arrangement of Ca2+
and PO43_ ions about columns of monovalent OH™ ions. That

animal bones and teeth contain hydroxylapalite as an ingre-

24 by the identity of x-ray diffraction pat-

dient was proved
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).

Hydroxylapatité, both of biological and synthetic origin

crystallises in hexagonal P63/m space group with lattice

constants, 'a' and 'c' equal to 9.42 and 6.8824 regspectively.

The details of the crystal structure of apatites were studied
independently by ﬁaréy—Szabog1 and Mehmel90 and their conclu-
sions were subsequently confirmed by Hendricks et alg. The
structure proposed by them was later modified by Beevers

95 and a few more refinements were suggested

by Posner et a192. Sudarsanan8 studied the structure of

and McIntyre



Fig 1.2

Fig 1.2

(a)

(b)
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X-ray diffraction patterns of

(1) Crystalline synthetic hydroxylapatite
(ii) Amorphous synthetic hydroxylapatite
(iii) Hyd;;xylapatite obtained from Bone

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 1is constituted by the ions Ca2+, PO43—

their arrangement1° in the unit cell is indicated'in Fig.1.3.

and OH and

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 gnd thus belong to it entirely and the
remaining eight_peripheral ions are shared by adjacent unit
cells, such thét there is an allocatiodffour per éach. Simi-
larly, it can be shown that out of ten phosphate groups (2
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 éroups
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-
fication9 of the relative lattice position of the atoms.

It can be shown from the figure that 0O- Ca-0 chains



Fig 1.

The unit cell perspective of hydroxylapatite.
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Fig 1.4 (a) 4 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

Beevers and McIntyre.
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exist running parallel to the ¢-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
broadening experimen£s18 using low angle scattering revealed
the apatites to be thin tabular hexagons elongated in the
direction of the c¢c-axis. A refinement of the crystal struc-

92 based

ture of hydroxylapatite was suggested by Posner et al
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 arcund 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-axls parameter perpendicular to
the basel plane).
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in the crystal structure of hydroxylapatite were made Dby

93

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

They conciuded 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

hydroxylapatitse.
No. - of atoms Position parameters

Atom | p§r vnit cell X Y 7

Cai 4 0.333 0.667 0.001
Gaii 6 0.246 ) 0.993 0.250
P B 6 0.400 0.369 0.250
Oi 6 0.329 0.484 0.250
oii ) 0.589 - 0.466 0.250
Oiii 12 0.348 0.259 0.073
OH 2 0.000 0.000 0.250

Extensive work on the crystal structure of apatites was
carried out by Young and his co—worker596_99, 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 P63/m. Young could establish that a stoi-
chiometric synthetic sample of chlorapatite is pseudohexagonal
belonging to the monoclinic space group, P21/b with ‘a’ equal
to 9.6283 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 thé 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 hydfo—
xylapatite by these workers confirmed'that the analogy regar-
ding the ménoclinic structure could be extended to this com-
pound ‘and the lattice constants ‘a’ and '¢’ reported were shown
" to be 9.4214A and 6.8814 A respectively. Single crystal of
hydroxylapatite used for_fhese studies was prepared Dby @

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 £rom monoclinic to hexagonal form is
yet to be investigated to know wheﬁher the monoclinic form
exists under in vivo conditions. It will be of interest to

investigate the role of trace impurities like F , Cl17, CO32—

2+ in bringing about such a phase transformation. Recently

Elliot et al100 substantiated the findings of Young96 by

and Mg

reporting that a sample, Ca1O(PO4)6CO3, 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 9.5572 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 1its electronmicroscopic pattern which can confirm the
homogeneity of the samples by proving the absence of extraneous
rhases. 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 hydroxylapatite and determining its lattice constants,
they do not permit one to see the shape of bone crystals
or to wvisualise directly the relationship these crystals
hold to the other ingredients of bone. These aspects can
be fulfilled by the electronmicroscogiciqinvestigations of
- bone, the corresponding in vitro studies being carried out

by Hayek et a136. Extensive in vivo electronmicroscopic stu-

15 could throw light on the uni-

dies carried out by Robinson
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

Isomorphous substitution may be defined as the replace-
ment of oné ion by another in a crystal léttice 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 ethange
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 underéo a series
of iso- and heteroionic substitutions101 involving‘both cations
and anions, the criteria being the similarity in charge and
size of the ions concerned. It was shown by Clement and Zureda102
that bivalent metal ions with ionic radii of about 1.0A can

form apatites, the most important among them being Ca2+,

2+ 2+ 2+
a

Sr”", B , Pb and Cd2+ 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 1Isoionic Substitutions
Isoionic substitutions of calcium and phosphate have
been investigated extensively on synthetic calcium hydroxyl-

apatite, human bones and teeth103’104.

Such investiga@ions
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 phectographic 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) Ca2+ = Sr2+, (b) Ca2+ = Ba2+
(c) Ca2+ ;:ii?b2+, (a) Ca2+ = Zn2+
() F ==O0H  and (£) Po43" = Aso43‘
(a) Ca2+ = Sr2+ substitution.
Céz+ — Sr2+ substitution on hydroxylapatite 1is one

of the most important heteroionic substitutions since it expl-
ains the mechanism of incorporation in the human skeletal
system of RB-active Sr-90 produced in atomic explosions. The

substitution reaction can be explained as follbws:

2+ 2+

g (OH) ,+nSr™" == Sr _Ca ... (1-12)

Ca1O(PO (PO4)6(OH)2+n Ca

4) 10-n

A So0lid 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 f-active Sr-89 as a
tracer was investigated by Knappwost and Ehret105. An equili-
brium was brought about in sg}utions of strontium nitrate,
labelled with Sr-89, with synthetic samples of hydroxyl apatite
Ahaving different surface areas. Adsorption of strontium ions
and their subsequent diffusion into the c¢rystal interior
accompanied by a simultaneous recr?stallization of the equ-
librated hydroxylapatite were shown to be the factors govern-

ing such a substitution.

-

Collin100 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
confirmed by Chickerur et a1107’108. Through X-ray diffrac-
tion studies Khudolozhkin et al109 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 = - ‘ A.‘\' using i.r. spectroscopy and thermoanaly-
tical studies. Based on in vivo studies on isomorphous substi-
tutions on apatite crystals, Baud113 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 Ca2+' by Sr2+ on the hydroxylapatite of
human bones 1is of extensive biological importance. Commensu-

rate with its contemporary significance extensive workﬂ4_121

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
in the earlier paragraphs. Roushdy et al114 invesfigated
the levels of retention of Sr-95, 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

115,116 could prove through

level of radio strontium. Dehos
an analysié of teeth of children of different age groups that
the uptake of Sr-90 by the human teeth 1is proportional to
the 1levels 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-90 was higher in 15-25 year

age group than that for the 25-55 year age group. Based on
117

investigations on rabbit lense Grub et al found that
the presence of sr®* reduced the replacement of Na® by X*.
2+

In addition they could get evidence to show that the Sx
present interacted with the cell surface of the crystalline

lense.

h] 9 O 1}
The uptake and turnover of Sr in human skeleton were

investigated by Papworth and Vennart118. 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

Sr90 in human bones from measurements of the dietary levels

119

of the radionuclide. Park investigated the ‘incorporation

of Sr90 in beagles using the technique of radionuclide inges-
tion. The results could iead to equations which stabilised
Sr90 retention and distribution. It was founa that the Sr90
distribution matched closely with that of calcium distribution

120 investigated the skele-

in skeletal component. Bang et al
tal distribution of stable Sr2+ and its incorporation in
the bone mineral in vivo. They observed that bone mineraliza-
tion in mice dééreased 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.
Marie et al121 studied the dependence of bone metabolism
in rates on oral doses of strontiuﬁ. These seral and bone

levels of strontium were found to be proportional to the

intake of the element.

(b) Ca?' — Ba®* substitution

Because of the toxic effects of elemental ‘barium

and its soluble salts, replacement of Ca2+ by Ba2+ on hydroxyl

67

apatite is another heteroionic substitution of importance.
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Analogous to strontium, B-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:

2+ 4 2+
Ca1O(PO4)6(OH)2+nBa .;::.Ca(1o_n)Ban(PO4)6(OH)2+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 1less 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 Ca2+ — Ba2+ substitution were
investigated by Narasaraju et al67. 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. Tt could be shown through tracer techniques

122

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'Schmidt123,could show that traces of Zn2+ions
when present in the equilibrating solution increase the uptake

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

2+

basis of the supposition that Zn distorts the surface of

calcium hydroxylapatite facilitating thereby a replacement

of Ca2+ by larger alkaline earth ions. The replacement of

calcium by barium in the hydroxylapatite latticg "by solid
state reaction at different temperatures ana by precipitation
from an ageuous gystem f§we}xmn invesfigated by x-ray diffrac-
tion and i.r. absorption analyses. Thg products obtained
by solid-state reaction at 1200°C are solid solutions over

the range of barium concentration,60;100 atom.

2+

(c) ca’* = pp?*

substitution

24

. , 1 . .
"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 Ppone leading

to formation of solid solutions125 of hydroxylapatites of

calcium and lead. Such a formation was shown by Mﬁller10 to

be possible over the entire compositional range through co-

precipitation in aqueous media as substantiated by Narasaraju

et al50 and also by Rao and Chickerur126. The following is

the chemical equation involved:

2 2+ . 2+
Cajo(PO4)6(OH)2+nPo = Ca1o_n an(PO4)6(OH)2+nCa e {1-14)

A 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

as "Problem of lead in Mexican Pottery"127.

(d) Ca2+ = Zn2+.substitution

Detailed investigations on the replacement of Ca2+ by
an+ on calcium hydroxylapatite of bones were carried out
by Samachson et a1128_130. Detailed radio chemical studies

on this'exchange using solutions labelled with 2Zn-65 could
prove -100 percent uptake of Zn2+ by calcium hydroxylapatite
within five minutes. Chelating agents such as EDTA were found
to be considefably 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
replacenent of lattice Ca2+ by Zn2+ present in the equilibra-
ting solution confirmed the occurrence of such an exchange.
As in the case of other exchénges, this processes was also

found to be rapid initially, the subsequent process controlled

by a diffusion of Zn2+ in to the crystal lattice being slow.

{e) P = OH substitution
Neutron and X-ray diffraction studies carried out by

93 could confirm the earlier findings that OH groups

Kay et al
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, OH 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 OH ion. A replacement of OH ion by F~ ion
therefore brings about a contraction of the unit cell of

4,8,131  mye og -F" exchange is of significance

hydroxylapatite
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 _ 4 co-workers investigated the various

Knappwost
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 Dbeing 1less soluble than calcium hydroxyi::hpatite,
the corrosion by acidogenic Dbacteria on the todth 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:-
- P
Ca1O(P04)6(OH)2+xF —_— Ca1O(Po4)6(0H)2_xFX+ngH ) (1-15)

A Solid solution of calecium hydroxylapatite

and fluorapatite
The product of this substitution is a solid solution of cal-
cium - hydroxylapatite and fluorapatite known as fluor -nydro-
xylapatite. <Calcium fluoride formed simultaneously during

the progress of this substitution reaction was found to inter-
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. . . 134
fere with the exchange reactions as shown by Liang and nguchl'

135 and Higuchi et al136. A measure suggested

Stearns and Berndt
for the prevention of the dental caries has been the applica-
tion of appropriate amounts of F~ions in some suitable form
to the dental tissue. This process known as fluoridation1
has been in vogue since a few decades. 1 pPpm 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_té 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
fluorohydroxyapatite. Narasaraju137 could show that fluorhy-
droxylapatite is 1less soluble than calcium hydroxylapatite
accounting thereby for the caries-resistance imparted to
the dental tissues by fluoridation. Results of recent investi-
gations138—143 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
Narasaraju et al144 to be (i) an increase in thé 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

145

dental caries were suggested by Young et al through NMR
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studies. Further the role played by internuclear distance
in the formation of hydrogen bonding between OH and F -“ions

in the apatite lattice was explained by Van-der Lugt

et al146. NMR studies on F -0OH exchange on hydroxylapatite
were further carried out by Lundin et al147 and Knubovets
et al148. Based on Laser Raman spectral studies, O'Shea49

et al could show that a halide substitution of OH 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

dental caries149_151.

33—

(f) PO,” 7= As0, ” substitution

152-154 of arsenic and its soluble
3.

salts are attributed to a replacement of PO43_ by AsOp  ov

The toxic effects

calcium hydroxylapatite which is another example of a hetero-

155

ionic substitution . The substitution reaction can be repre-

sented as follows: - -

. 3- . 3-
Ca1O(P04)6(Od)2+xAsO4 = Ca1O(POA)6—x(ASOA)X(Od)2+XP04 ceee (1-16)

A Solid solution of phosphorus and arsenic

hydroxylapatites.

The existing literature confirms the occurrence of this sub-

155,156 spread over the entire compositional

stitution reaction
range and can be utilized to throw light on the mechanism
of this substitution with a view to arrive at a possibility
of removal of incorporated arsenic. In addition it could

be shown by Rao137 that such a substitution is possible on



41

lead hydroxylapatite.

The arsenate ion is isoelectronic with phosphate facili-

tating thereby the PO43_ = AsO43— ion exchange on apatite

as well as in a few enzyme catalyzed146 reactions. Lindgren

158,159 could prove from autoradiographic studies conduc-

3~ can bpe replaced by AsO43—.

et al

ted on mice and hamsters that PO4

(gj Miscellaneous substitutions

While systematic investigations were carried out by
different workers on the heteroionic substitutions described
apove, a few scattered results on certain aspects of some

more substitutions are available.

It is an established fact +that human bones contain

CO32~ ion although the concept that it exists due to hetero-

ionic substitution on calcium hydroxylapatite is still deba-

e160’161 and deserves further investigations1°2’103.

tabl
A mineral, francolite, (Ca&, Mg, Na, K)1O [(P,C)O4]6 (F,OH)2,
which is a carbcnate-containing fluorapatite, when subjected
to x-ray studies162 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~
3

substantiated by Le Geros et al
168

of cCO ion in the apatite- lattice. These findings were

164 and Bonel and Montel165—167.

the solubility of francolite
2~

Contrary to these findings
was found to indicate a preferential dissolution of CO3

ion which can be attributed to its free existence. As mentioned
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above whether CO 2- ion exists as a separate submicroscopic

3

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

be confirmed.
Radiochemical studies carried out by Knappwost169 showed

3- 4-
4

hydroxylapatite when it was accompanied by a compensation

'thdt PO substitution was possible on calcium

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

170,171 172

et al and by Gaude et al . Based on the proximity

of ionic radii of Na‘t and H,0" (0.95 and 1.00A respectively)
3

with that of Ca2+ ion (O.99ﬁ ), evidence for a partial repla-
2+ 24

cement of Ca by Na’t and H,0' could be shown by Neuman™ 7,

3
the charge compensation being brought about by appropriate

173

depletion of some of the boundary ions. Mayer et al could

show that Ca2+ - Eu2+ exchange is possible on calcium hydro-

xylapatite. Fluor —, chlor - and hydroxylapatites of europium
as well as a few so0lid solutions of some of these isomorphs

were also prepared by them. The possibility of replacement

of Ca2+ by an+ ions, the iatter being capable of occupying

both Ca(I) and Ca(II) lattice93 positions, was proved by

Gilinskaya and Shicherba Kova174. A substantiation of these

175

results was provided by Dubrov et al through EPR studies

which were extended to fluoro- and chlorapatites by Vinnikov

and Gugel176

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

169

, the characterization of the sample

sised by Federov et al

. Oxyapatites of composition, M4,Nd6(slo4)4(EO4)202,
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being done by X-ray diffraction studies. Similar investiga-

178

tions were extended by Mayer et al to systems such as

Lan(1O—2x)Nax(Po4)6F2' where Ln stands for La, Pr, Nd, Sm,

Eu, Dy, Er, Lu or Y and M for Ca, Sr, or Ba.
Through Mdssbauer studies Khudolozhkin et al)]79

provide evidence for Ca2+—Fe2+ substitution on calcium hydro-

180
o

could

xylapatite over a limited compositional range. Ra .could

confirm thesalfindings through chemical analyses. Replacement

of Ca2+ by Ni2+ and Cu2+ ions on the apatite lattice through ’

equilibration studies of calcium hydroxylapatite with solu-

tions containing these ions was shown by Misra et al181.

The existence of a new series of compounds having a
general formula, Ba10(Re05)6X2, where X stands for Br or

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

Besse et al182’183. A series of apatites containing 52_ and

SO 2- ions was reported by Schiff Francois et al184. A sample

4
of strontium oxyapatite could be prepared by Berak et al18;

186

Mayer et al could prepare samples of Iead and strontium

phosphate apatites gsubstituted by rare earth and silver ions

having the formula M LnXAgX(PO4)6Z2 (M=Sr, Pb, Ln=La, Nd,

10-2x

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

J

solid solutions with phospho calcium oxyapatite were prepared

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 ¢ ~hydroxylapatite have attracted

lution
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
fluorine1~9’20 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 studies on solubility of hydroxyl apatite carried out

188

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 agueous solu-
tions from the stoichiometric value of 1.67. The divergence
was attributed to the formation of a surface coating on the
éolute consequent upon its hydrolytic dissolution. While

193-195 w14 prove this surface coating to

Rootare et al
-be a complex, Caz(HPO4) (OH)Z, others could provide evidence
that it is one among calcium monohydrogen phosphate, CaHPO4,
calcium pyrophosphate, CaZPZO7 and octacalcium phosphate,
(Ca4H)PO4)3. Simulation of biological conditions and maintai-
nance of a constant ionic environment in the medium of disso-

lution were achieved by Levinskas and Neuman188

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 preduct, 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

190. While observing divergent values of

by Rootére: et al
the solubility product of hydroxylapatite, they attributed
it to a dependence of solubility on solute to solvent ratio,
defined by theﬁ>as‘slurrydensity. Further as shown by Levinskas

and Neuman188, 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-
rations were subsequently substantiated by La Mer191. Hydroxy-
lapatite being the salt of a weak acid, undergoes hydrolysis
in agueous solutions yielding a solid surface complex,
CaZ(HPO4)(OH)2, which was found to dominate the solubility
équilibria according to the following equations:-

2

++2HP042‘ ceee (1217

_+80H_ a s e (1—18)

Ca1O(P04)6(OH)2+6H 0 = 4Ga2(HPOA)(OH)2+2Ga

2

= apalt, mon R
40a2(HP04)(0H)2 = 8Ca” +4HPO,

Thus it is evident that when equation 1.17 predominates the g
atom ratio, Ca/p, in the solution 1s unity while it becémes
2 with the establishment of equation (1.18). When both the
equations contribute equally to the solution process this
ratio becomes 10/6 as expected for the stoichiometric disso-
Iution. 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

by Levinskas and Neuman188 and substantiated by La Mer.

La Mer191 pointed out that consequent upon its biological
significance an aqueous 0.165M solution of sodium chloride,
which is the sélvent 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
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solubility eqguilibria 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 Neuman's data based on

the foregoing considerations. These studies were subsequently

192,193

extended to natural samples of hydroxyi:}patite The

solubility of dental enamel with saliva as a medium of disso-
lution was investigated by Brudevold et al193. According
to them calcium monohydrogen phosphate, CaHPO4, 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-
phatic minerals were investigated by Francis192. The formation
of a coating of calcium monohydrogen phosphate, CaHPO4, on
the surface of these samples when equilibrated with acid
bufférs 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

4’
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-

xylapatite solution was explained by Francis192'
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The role of a surface coating of calcium pyrophosphate,

194

Ca,P was investigated by Fleisch et al in controlling

2P2977
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.

195 at 37°C using 1G4 sintered glass crucible

by chickerur et al
for separating the colloidal component of the solute from
the saturated solutioné. 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

cémplex theory suggested by Rootare et al190.

Blitz et a1196

studied the solubility equilibria of

hydroxylapatite obtained-from animal bones and teeth in order
to characterize tﬁe 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, Ca4H(PO4)3, formed during dissolution of hydroxyl-
apatite controlled its solubility. Bell et a139 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 1laws of solubility goes to

Clark189

. He investigated the solubility equilibria ofvhydro—
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 ligquor 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 froﬁ béth the sets
of investigations that hydroxylapatite éxhibits stoichiometric
dissolution resulting in a definite Xsp at 25°C, the pKsp
reported being 115.5. Using precipitated samples of hydroxyl-
apatite, its solubility was investigated by Brandy et al197
taking the solute in the form of a pellet mounted on an elec-
trically operated stirrer fixed in a buffered dissolving

‘>medium éontaiﬁing‘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 could also substantiate the stoi-

Fassbender et al
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 Zimmermanzoo 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 could provide evidence for stoichiometric

Moreno et al
dissolution. The interfacial pfoperties'associated with solu-
bility equilibria of hydroxylapatite were investigated by
Chander and Fuerstenan202 through application of- thermody-
namics. Théy further studied the role played by electrical

double layer properties in the solubility of apatites.

203 investigated extensively the solubility

Wier et al
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~ 1N
ammonium chloride solution for 50 days at 120°C under a pres-
sure of 1.06 kg/cmz, the wash-liquid being periodically repl-
aced. Systematic characterization of the samples was done
through R®-ray, petrographic and chemical analyses. The samples
were equilibrated in media at pH values raﬁging 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.



51

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 116.5. Divergence observed in the results of solubility
of hydroxylapatite was attributed by them193 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 wére
undertaken by Narasaraju and Raozo4 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 foundhfo be 110.6
and 115.4 respectively for hydroxylapatite and chlorapatite.
Valyashko et al.zqavestigated 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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Benedict and Kanthak206 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

207,208

a

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

Co3 ions, serum and saliva was attributed to the formation
of complexes involving Cazf ions. Further light on the solu-
bility of such complexes was thrown by Davies and Hoylezog.
Studies on the pH dependence of the solubility of hydroxyl-
apatites of strontium and calc¢ium 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

5042_ ions on the solubility of synthetic hydrokylapatite
at a series of pH values was established by Paunio and
Makinen210. Studies on the kinetics of release of PO43_,

HPO42— and C032_ ions from powdered samples of normal human
tooth enamel region were carried out by Vogel et a1211. 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

137 in the pH range,

solutions was investigated by Narasaraju
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 dJdecrease 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
Jongebloed et a1212 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

213 used high reso-

dislocation parallel to it. Daculsi et al
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

1 Y

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: -
(1) An attempt to clarify the reported divergence in the
g atom ratio, Ca/P, of calcium hydrogen phosphate solutions

214 by dissolving a synthetic sample

was made by Smith et al
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/
sélvent 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 1low 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

solubility195.

(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-

saturation and supersaturation190. 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

'phase215 functioning as solute in systems used for the deter-
mination of solubility of hydroxylapatite 1is evident from
-H

CaO-P 0 phase diagram and demands adequate precautions

2057Hy
in determining the phase controlling the pKsp calculated.

45,21% through adsor-

(v) Impurities caused by contamination
ption of foreign ions facilitated by high surface areas of

the samples contribute towards vitiating the solubility data.

(vi) 1Inaccuracies in the measurement. of pH of the dissolving
medium cause aberrations 1in the computed solubility data
since the pH exerts a sensitive control over the solubility

of apatities189’191.

(vii) Ingredients of the Dbuffer combinations adopted for
the solubility determination of hydroxylapatite exhibit a
tendency to form soluble complexeszo9 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-
tion of insoluble phases and causing thereby errors190’191

in solubility determination.

(ix) Microdeterminations of Ca2+, PO43— 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.

Savage22 investigated the solubiity of calcium phos-
phates by choosing a three component system of calcium hydro-
xide, water andl 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, PB-tricalcium phosphate,
octacalcium phosphate, dibasic calcium phdééhate 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 undergoces 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 hich involves an orderly preci-

menon of calcification
pitation of hydroxylabatite within the organic matrix of
bone. In the light of the fact thét 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 c¢ontext.
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The results of in vivo and in wvitro investigations

on the solubility of hydroxylapatite facilitated the under-
standing of the mechanism of calcification1. It has Dbeen
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 thése sites which
‘is brought about by the body fluids. For the promotion of
calcification, optimum environmental conditions should be
prevalent at these sites. The ﬁechanism of establishment
of these conditions was suggested by Robison‘s ,scheme1;
It involves a local increase in phosphateiconcentration 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 1is supersaturated with respect to it and
its spontaneous precipitation 1s 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.

It could be shown219 that about one-third of the cal-

cium of Dblood 1s bound to protein fraction through chelation

while the rest of it exists in the ionised form or as soluble
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complexes involving ions such as citrate and phosphate208.

The phosphorus of blood serum exists principally as HPO42—
ions and to some extent as H2PO4_ and PO43_ ions. The compo-
sition of blood serum suggests that it is complicated to
apply the principles of solubility product to account for
the deposition ;f hydroxylapatite. The calcium and phosphate
concentrations of blood serum are hiéher than those corres-
ponding to the solubility product of hydroxylapatite and
approximate to those of saturated solutions of dicalcium
phosphate. It was thereﬁofe supposed by Neuman188 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.

217,218 could provide a <clear insight into

Samachson
the Dbasic requirements of calcification. While he agrees
with earlier theories as far as the role of HPO42— ion as
a prerequisite for calcification 1s concerned, he considers
the removal of H' ion as a factor essential for the process

as indicated by the following equation:-

2+ 2

- o +
10Ca +6HPO4 +2H,0 —m Ca1O(PO4)6(OH)2+8H (1.19)

2

It is evident from the equation that the deposition of hydro-
xylapatite 1is facilitated when there 1is 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 ﬁpund ag 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
significance since they are found to act as catalyst3220_223
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, Cd MO4)3X, where X stands for Cl, Br or I,

5 (
were studied by Wilson et a1224. Many theorie5227, the

salient aspects of which have been presentedlhere were proposed

to explain the structure and composition of these compounds.

5 226 227

Cameron22 , Hodge ' Schleede27 and Trémel et al have

advanced independently a theory based on the adsorption of

2-
4

This theory was rejected by Posner

ions to account for the non-stoichiometry of apatites.
228,229

HPO
on the basis that,
the non- stoichiometry was not exclusively due to gurface
adsorption sgince the measured surface areas of the samples

2-

were too low to account for the expected uptake by HPO4

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 Ca2+ 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 chargges' of each missing Ca2+ ion by addition
ofaproton and removal of a structural OH ion. Additional

theorie5232_234 on non-stoichiometric apatites were advanced

among others by Bett and Christner225, Brown et a1235, Berry236,

Young237.and'Feenstra and De Bruyn23§.

1.11 Recent Trends in Apatite Research

The trend of recent investigations239_245 in the field

of apatites establishes convincingly their interdisciplinary
significance. In a brief review 1like the present one, only
a few significant aspects other than these given earlier

merit a mention.

Apatites find an increasing application as catalysts239

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 and as starting materials

‘ . < s 2 .
for several phosphatic fertlllzer5246) 47. The observation

that kidney and prostrate stones?287251 contain hydroxylapatite

function as luminophosphors

further enhances the biological and physico-chemical signifi-
cance of theése 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-
tion252 of dust containing toxic ions. Another significant
role of apatites in biology is the utility of apatité coated

253 254-257

ceramics as dental prosthesis and artificial bons™™ P

While the use of hydroxylapatite as a column in chroma-
tographic separation258 was well known, recent trends have
been in the directiondfits use in significant separations such

as those of protein mixtures.

1,24,31,32,188-193 work was carried out

Though extensive
during the recent past on various aspects of apatites in ‘
different disciplines, a researcher in the field suffersfrom |
the absence of an up-to-date review containing a consolidated
and systematic account of all these aséects. The present
review has been an attempt to compensate for this lacuna

with a Jjudicious 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

2+ by Sr2+ is signifi-

phosphate apatite(CbA}replacement of Ca
cant since it expldins the mechanism of incorporation in-
the human skeletal system of B-active S8r-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
(28.5 years)253. Papworth and Vennart118 showed that the

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

damage in the bone marrow leading to incidence of leukemia.

According to Collin106"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 1.132 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 1living organisms its
incorporation in the human skeletal system through PO43"

43‘ exchange on CPA of bone is probable. Consequent
upon the fact that tetrahedral ASO43— and its isostructural

3-
4

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

= ASO

PO have covalent radii (1.18 and 1.10 i respectively)
for isomorphous replacement bj the former ieading to stron-
tium arsenate apatite(SAA). while extensive work has been
done on SPAZGO, studies on its solid solutiqg 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
by Collin52, 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 (1) 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 scolutions spread over the entire compositional

range was based on the following equation

108r2++6xo43

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

+.20H _> SI‘.]O(XO4)6(OH)2

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 carbo; 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 aisodium hydrogen érsenate Qere taken stich that the yiéld
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(NO3)2, in water and making up the wvolume
to i litre, its strontium content being determined complexo-
n@trically26’. 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 ﬁhe 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 diammonium hydrogen

phosphate: -

This was prepared by dissolving approximately 70 g of
diammonium hydrogen phoséﬁate in water and making up the
volume to 1 1litre, its phosphorus content being determined

by Washburn and Shear's78 method.

Solution C

Approximately 0.5M solution of disodium arsenate:-

This was prepared by dissolving approximately 156 g of
disodium hydrogen arsenate in 250 ml of~ 2 N sodium hydroxide
and making up the volume to 1 litre, the arsenate content

of the solution being determined iodometrically26l.
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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.
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An appropriate volume of solution 'B' or 'C' or a
mixture of tﬁem 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 1liquor, 1left overnight, filtered through a 1G4
sintered glass crucible, washed till washings were neutral
and air-dried. A part of it was heated to ~300°C for ~6 hours,
for purposes of x-ray diffraction studies. A schematic repre-
sentation of the asse@bly 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
mutual’. 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 éssessed by analysing sample solu-
tions containing known guantities of the respective ions.
The solutioqs 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(NO3)2, previously heated to constant weight, in distilled
water and making up to 1 litre. Thé Sr?+ content of the solu-
tion was determined complexometrically261 using Eriochrome
Black T as indicator at a pH of ~10 obtained by ammonium

chloride-ammonium hydroxide buffer.

(b) Potassium dihydrogen phosphate solution containing

Tmg of P per ml. -

4.3930 g of KH,PO, heated previously to constant weight

274
at 110°C were dissolved and made up to 1 litre.

(c) Disodium hydrogen arsenate solution containing 1mg of

As [l
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4.1630 g of Na,HAsO .7H20, dried previously to

2 4
constant weight, were dissolved in distilled water and made

up to 1 litre.

(dj Standard 0.1M EDTA solution.

The disodium salt of EDTA (ethylene diaminetetra acetic
acid) was dried for about 12 hours at 80°C and cooled in
a deﬁZ}ccated atmosphere so that the compound attained the
composition of its dihydrate, Na2H2C1OH1208N2.2H20. 1 litre of
0.01" M EDTA solution contained 3.7224 g of this dried sub-

stance.

(e) 0.01TM Magnesium chloride sclution.

A solution of magnesium chloride, MgC12.6H20, of an
approximate molarity slightly higher than 0.01M 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 pH of
~ 10 against 0.01M EDTA solution using Eriochrome Black T as

an indicator.

(g) Buffer solution of pH ~10
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.

{(g9) 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 Sr2+ and PO43' when present together

A convenient volumé 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 prv10;and 2 drops of indicator solution.
The resulting solution was titrated against MgC12 solution
standardised previously by titrating against ‘standard EDTA
solution. The end-point- is the change of the color from blue
to wine reé. From the above solution MgNH4PO4.6H2078 was
precipitated by treating with excess of 0.5M magnesium chlo-
ride solution followed by the addition of~9M ammonium hydro-
xide, the presence 6f excess of Mg2+ being confirmed by the
absence of further precipitation from the supernatant liguid
on addition of the precipifant. It was left overnight in
contact with the mother liquor, filtered through a ‘lG4 sin-
tered glass crucible, washed/successively with 0.4M ammonium
hydrokide, acid-free alcohol and ether till freed from the
accompanying ions and then dried overnight at 37°C to constant
weight and weighed as MgNH4PO4.6H20. The precipitate was

dissolved in~2N HCI, quantitafively made up to a known con-

venient volume and the Mg content determined complexometrically.
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2.2.2.2 Estimation of Sr2+ and Aso43— 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 AsO43— ions. A known volume
of stock solution of arsenate was then added to this solution.
While strontium was estimated complexometrically, arsenate

taken as another aliquot was estimated iodometricallyzsz.

2.2.2.3 Estimation of Sr2+, PO43— and..AsO43_' when present
together :

Sr2+ was determined complexometrically in the presence

of PO43_ and Aso43— 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
"Q.. procedure, the details of which were given above. The
precipitate was dissolved quantitatively in ~ 2N HCl, made
up to a known volume and Mg2+ estimated complexometrically.
From this value the total(P+A§)content was determined. From
another aligquot 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, 0.5 of each sample being dissolved in a
minimum quantity of .2N hydrochloric acid and made up to

500ml.

2.2.3 Detgrmination of Unit-Cell Volumes

The criteria for a given pair of substances to form

solid solutions are that the two are isomorphous and that

 “ble with

the ionic radius of each ion of one is compara . ]
that of its counterpart in the other. It is evident that
SPA and SAA fulfil these requirements. Since the replacement
3- 3~
4 by AsO4

vely) in an apatite lattice brings about a dilation of the

of PO (covalent radii 1.10 and 1.18& respecti-
unit cell, a proof fdr 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 équeous
media. The samples toe be subjected to these investigations
were previously heated for ~6h at 300°C in ofder to increase

22 so that the sharpness of the dif-

the size of the crystals
fraction lines could be enhanced. The patterns were recorded
as paper-traces with a rotating-'sample '~ . exposed to CuéKa

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 Dby their electromicrographs 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 sam/ples were found
to be better suited for the purpose than those heated to
300°C, since the 1latter operation was found to be leading
to fusion of the individual crystals into large crystalline

263

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 mi-nutes
to ultrasonic radiation at a frequency of a few hu.ndred kilo--
cycles per sec. 1in order to breakdown the cénglomeration
of the individual crystals. A drop of the resulting slurry
was taken on a copper grid, placed in the wvacuum 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 é&vacuation, 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

2
2mr’_+ 2mrh ;, where r=0.5

rface areas usi the expression
sd ng p J Tr2hp P

times the average breadth, h=average length, and p=density of
the samples. It is evident that the rates of dissolution137
of the samples which decide the peribd of equilibration re-

quired for the attainment of saturation are dependent on

their surface areas. In addition, the utility of apatites

as luminescent phosphors and ion exchangers144 is controlled
by their surface areas, the measurement of which is therefore
justified
2.2.5 1Infrared Spectra

Infrared spectra of the samples at room-temperatures
were recorded on the Perkin-Elmer model 983 spectrophotometer.

. The spectra were recorded within the frequency range, 4OOOcm—1

- by
to 180¢&m 1 as nujol mulls as well asAusing KBr pellets.

2.2.6 Laser-Raman Spectra

It is e&idént that Raman Spectroscopy is basically
emission sﬁéctroscoéy; Consequently the instrumental techni-
gue 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
exéitation the range-of samples which can be studied by 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 £ill up sample tubes 20-30 cm long and 1-2cm

in diameter,

(iii)There is incidence of fluoroscence of the sample
under the high fregquency 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 wusing .Q. laser
‘as a source of excitation. The possibilitf 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.
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Laser Raman(LR) spectra were recorded on a SPEX Ramalog
Model 1403 Raman Spectrometer. The Laser line of wavelength
4880i 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
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Fig 2.2
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Debye-Scherrer diffraction powder pattern of Sr1O(PO4)6(OH)2
(sample No.1 of Table 2.4)
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Fig 2.3

Debye-Scherrer diffraction powder pattern of

Sr10(P04)5.4(ASOA)O.6(OH)2'

(Sample No. 2 of Table 2.4)
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Fig 2.4

Debye-Scherrer diffraction powder pattern of
Sr1O(P04)4.4(A804)1 _6(OH)2.

(Sample No. 3 of Table 2.4)
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Fig 2.5

. Debye-Scherrer diffraction powder pattern of

Sr1O(P04)4.2(AsO OH)2.

4)1.8(
(Sample No. 4 of Table 2.4)
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Fig 2.6

Debye-Scherrer diffraction powder pattern of
Sr1O(P04)2.6(A304)3_4(OH)2.

(Sample No. 5 of Table 2.4)
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Fig 2.7

Debye-Scherrer diffraction powder pattern of
A\
Sr1O(P04)2.3(A804;3.7(OH)2.

(Sample No. 6 of Table 2.4)
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Fig 2.8

Devye-Scherrer diffraction powder pattern of

Sr1O(P04)1.O(ASOA)B.O(OH)Z'

(Sample No. 7 of Table 2.4)
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Fig 2.9

Debye-Scherrer diffraction powder pattern of
STTO(ASOA)6(Oh)2'

(Sample No. 8 of Table 2.4)
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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

phosphate and arsenate apatites of strontium on -

cent of strontium arsenate apatite.

(Column 9 of Table 2.5)

solutions of

© mole per
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Fig 2.12 Electronmicrographs of the samples.
{S.Nos. 1-3 of Table 2.6)
A. Electronmicrograph of Sr1o(PO4)6(Oh)2
(Sample No. 1 of Table 2.6)
B. Electronmicrograph of Sr1O(P04)4.4(AsO4)1-6(OH)2
(Sample No.2 of Table 2.6) :
C. Electronmicrograph of Sr1O(P04)4.2(ASOl)1.8(OH)2
(Sample No. 3 of Table 2.6) :

Magnification, 35,000 x
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Fig 2.13 Electronmicrographs of the samples.
(8. Nos. 2-6 of Table 2.6)

A. Electronmicrograph of Sr1O(POA)2.6(ASOA)3.A(OH)2
(Sample No.4 of Table 2.6)

B. Electronmicrograph of Sr1O(P04)2.3<ASOA)3.7<OH)2
(Sample No. 5 of Table 2.6) ’
C. Electronmicrograph of Sr1O(As04)6(OH)2
(Sample No. 6 of Table 2.6)

Magnification, 35,000 x






104

Fig 2.14 IR trace of ‘31'10(1304)6(01{)2
(Sample No.1 of Table 2.4)
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Fig 2.15 IR trace of Sr1O(PO_4~)5.4(ASO4)O.6(OH)2
(Sample No.2 of Table 2.4)
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Fig 2.16 A IR trace of Sr1O(P04)4.4(ASO4)1.6(OH)2
(Sample No. 3 of Table 2.4)
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Fig 2.17 IR trace of SrTO(PO4)4.2(ASOA)1.8(OH)2
(Sample No.4 of Table 2.4)
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Fig 18 IR trace of Sr10(1304)2.6(ASO4)3.4(OH)2

(Sample No.5 of Table 2.4)



aa T

=138,

o
1

\

i

f
i

et e

!

mr—

="t Fer,

1,

(°/, )9oUDRIWISUDI]

368 .

——
1=

=3

-—
=

B o |

=0
-4

[acre)
[aou]

Wavenumber (crmi')

#

-

H



109

Fig 2.19 IR trace of Sr1O(P04)2.3(A804)3.7(OH)2

(Sample No.6 of Table 2.4)
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Fig 2.20 IR tra £ )
ce o Sr1O(P04)1.O(ASOA)5.O (OH/2
(Sample No. 7 of Table 2.4)
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hn k4 " 4 \
Fig 2.21 IR trace of Sr1O(ASO4)6(OH)2
(Sample No.8 of Table 2.4)
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Fig 2.22 L.R. spectrum of Sr1O(P04)6(OH)2
(Sample No.1 of Table 2.4)
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Fig 2.23 L.R. spectrumof sz,(PO,) 5
(Sample No.2 of Table 2.4)

(ASOA)O_é(OH)Z
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i L.R.
Fig 2.2/ spectrum. of Sr1O(PO4)4

.4(A504)1'6(OH)2
(Sample No.3 of Table 2.4)
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Fig 2.25 L.R. spectrumof Sr1O(PO4)4.2(AsO4/1.8(OH)2
(Sample NWo. 4 of Table 2.4)
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Fig 2.26 L.R. spectrum of sl~1o(1304)'2
(Sample No.5 of Table 2.4)

6(AsO )
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Fig 2.27 1.R. spectrum of Srm(POA)Z.B(ASO4)3.7(OH)2
(Sample No.6 of Table 2.4)
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Fig 2.28 L.R. spectrum of Sr1O(P04)1.O(AsO

(Sample No. 7 of Table 2.4)

45,000,



(,LUD) JSGUINUSADM
00¢ 007 00S " 0SL 058 0se6

0S0t

00l 0ss€ 069¢

N | I L

Vol

[

By

AlISU9)U]



119

Fig 2.29 L.R. spectrum, of SrTO(AsO4)6(OH)2)
(Sample No.8 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 1in Tables 2.1 to 2.3, pp.77-79. The analyses were
carried out in each case on a few sets of such éolutions
preferably of different concentrations and the results of
a few representative sets were given in these tables. The
errors expressed as weight per cent. we;e‘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 aéﬁ: -~of strontium,
phosphorus and arsenic of each oﬁe 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 aividing 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), 1in a mole of each sample 1is 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 uniforﬁ shift in the lines with
increasing proportion of arsenic being a striking confirma-
tion of the homogeneity of the sampleg as is to be expected
from Vegard's 1law. About fifteen well-defined lines were
chosen from each one of the patterns and their corresponding
'8' 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:-

alx? + BIxy = TXZ ' (2.1)
ALXy + BZy2 = zy? (2-11)
where
X A
@ = "T337 B = 4c”
A =wavelength of incident radiation used, x = h?® + hk + k?

y = 1% and z = sinze(h,kand 1 being the Miller indices, and
1 1 1

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

as those of unit cell volumes were calculated by solving



122
the above equations for o and £, 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 and 'c' and the unit cell volume on the mole

a
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), whiie the molar volumes ob-

tained by multiplying the unit cell volumes by the Avogadro

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

The electronmicrographs of SPA, SAA and a few rebresen—
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
a systematic increase in size with increase iansO43_ 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 colums (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-
red with ‘.- increasing ASO43— content of the samples. While
the average length and breadth of SPA were 1273 and 313 A
respectively the corresponding values for SAA were found
to Dbe 13454 ahd 783 zok, the dimensions of so0lid 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,
exhibited a marked decrease with increase in the Aso43_ con-~
tent of thé sample. The specific surface areas of SPA and

SAA were found to be 35 and 13 m2/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 2.14-2.21. pp.104-112.
The experimental details of recording the spectra were given

on p. 74. The wavenumber range investigated extended from

4000—180cm—1. The =~ percent transmittance was represented

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

list of absorption peaks of the samples assigned to PO43—

3-
4
terns of all the samples were found to contain peaks in the

range,3575—35500m_1. In addition, the end-members were found

AsO and OH was given in Table$2.7 to 2.14. The i.r pat-

to contain another OH peak in the range,544—564cm_1. The

PO43— peaks, six to nine in numper , were found in the ranges,

1080-1018, 950-941, 590-559, 450-—420cm-1 as shown in Tables



124
2.7 to 2.14., Further the peaks characteristic of ASO43—
were found in the ranges,820—862o.nd400—442cm—1 for these sam-
ples as shown h1tﬁét&&ﬂes. 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

7,50,62,63,67,145,165,237,264-271 ool

literature
at 2920, 1460, 1375 and 722cm—1 observed 1in 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 sampie with the corres-
ponding absorptions of the L-R spectra, the two sets of absor-
ptions were included in the same Tab}e. It could be found
from such a cohparison 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-

rature272.
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2.4 Discussion
2.4.1 General Aspects

A Dbrief mention of the theoretical aspects of solid

275-275 was- considered relevant here since the results

solutions
of investigations included in this section were mainly con-

cerned with them.

Homogeneous crystals containing variable proportions
of isomorphous substances are formed, in general, from miktures
of solutions of the end-members. These‘are consequently known
as "mixed crystals" or more popularly as "“solid solﬁtions".
The formation of solid solutions sometimes extends to a pair
of solids Dbelonging to dissimilar crystallographic types,
the permissible range of compositicns 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 éolutions 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 rep;?cement 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 fpr a giveﬁ‘lattice position of the
solid solution should nét differ by more than 15 per cent.
A convincing proof for the formation of solid solution Ean
be provided by Vegard's law which states that when two isomor-
phous salts form continuous solid solutions among themselves,
the dependence of the 1lattice 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 so0lid solutions between thelr apatites.

Coprecipitation is considered to Dbe better suited for the
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preparation of these so0lid 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

4 and As043" ions which are

required for the coprecipitation of solid solutions of SPA

It is evident that PO

and S2A 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 ;ons of the medium of precipi-

tions with environmental
tation. The conditions of precipitation of SPA, SAA and their
solid solutions were theréfére 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 wére intended to understand the mechanism
of biological processes 1like calcification and resorption.
The various theoretical aspects associated with the formation,
properties- and purity of precipitates have been incdrporated
in an excellent review of Salutskey274. It is well known
that nucleation governs the nature and purity of the precipi-
tates formed, " mucleation being defined as the process
of generating the initial fragments of a new and more stable
phase capable of.furthér spontansous develoément. When nume-
rous nuclei are formed the precipitation will be rapid, indi-
vidual crystals small, filtration and washing difficult and
purity low. Nucleatioﬁ'caﬁ~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 specifications.
The rate of precipitation is another important parameter
decidihg 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 1is

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, maintanance 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
iméortant 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~ and as0,3"

4 4

priate lattice positions of apatite. Crystal imperfections

litates the diffusion of PO ions into the appro-

in the samples obtained may thus be eliminated enhancing

their homogeneity. In addition, sintering was supposed

263

to enhance the crystal dimensions leading to sharper lines

277 of the samples. Care was

in the x-ray powder patterns
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. Sin’ce the conditions for the
precipitation of the isomorphs, Mg NH4PO4.6H20 and
4Aso4.6H20 are identical, their co-precipitation £from
an aliquot containing both PO43_ and ASO43—

about. A combined determination of both these ions can be

MgNH

can be brought

'madé 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 guantitative 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 ﬁethod 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. Iodometric estimation of
orthoarsenic acid is well known. A reversal of this method

has been found to be specific only for Aso43— in presence

3~

of PO4 . The equation can be represented as follows:

’ + - =
H3Aso4+2H +2T e H3ASO3+IZ+H20 (2-3)
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3- 3-
4 to AsO3

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

It could be shown that the reduction of AsO is

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

clarify the theoretical basis for the conditions adopted

for the iodometric determination of ASO43—
3-

4 -

in the presence

of PO

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

278 composition, furni-

those of apatites of well-established
shed evidence for.fheir characterization as well as for the
absence of..extraneous phases. Based on - considerations
of the proximity of atomic dimensions of P ahd As (tetrahedral
covalent radii 1.10 and 1.182 respectively) as well as of

274 the

the criteria for the formation of solid 'solutions
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 prim;rily hexagonal in

shape tending to look ribbon-like, tabular or needle-shaped >’ 37
depending wupon 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 dimensioﬁs 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-

‘l:ure7’57'62'264_271 on i.r. absorption spectra of apatites,

it could be concluded that principal findings relevant to

the present discussion were made independently by Bhatnagar264

and Fowler270. In the case of S8SPA the bands characteristic

of the OH group were found at 544 and 3578 cm'1 respectively.
The peaks characteristic of PO43_ were observed at 1075, 1030,
949, 592, 560 and 4560m'1. Similarly, in the case of SAA the
bands characteristic of the OH group were found at 564 and

1 3

3359¢m ° and the characteristic peaks of AsO, ~ were found

to be 862, 834, 822, 422 and 400 cm—1. The solid solutions

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

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

3- 3-
of Po4 4

was observed which can be attributed to water of adsorption

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

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—1 which can be attributed to HOH.ben—

266

ding motion of free water present in the lattice. The persis-

tance of a peak in the range, 3551—3572cm“1 due to OH group of
apatites even in the case of samplés 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
expected, with progressive replacement of ‘PO43‘ by ASO43_

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 characterizatiop of the samples. The qguantitative
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—1 which is attributed to the exis-
tence of CO,2%~

3
action of carbondioxide of atmospheric air with the sample.

as an impurity caused probably by the inter-

..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 agueous
media at 37°C by a method specially developed for the purpose.
They were characterized by the conventional chemical analyses
as well as by x-ray, electronmicroscopic)i.r and Laser Raman
studies. As was to be antiéipated from the covalent radii
of P and As (1.70 and 1.18 Y respectively) the x-ray studies
could show a systematic increase in the lattice constants -
consequent upon a dilatién 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

progressive increase in the extent of replacement of PO43_

3.
4

spectroscopy o©f tha samples, when compared with the corres-

by AsO in the solid solutions. Results on the Laser Raman
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 soclutions could thus be established.



SECTION IIT

SOLUBILITY EQUILIBRIA OF PHOSPHATE AND ARSENATE APATITES
OF STRONTIUM AND THEIR SOLID SOLUTIONS



3.1 Introduction

It is well known that the incorporation of R-active
Sr-90 in the human skeletal system turns out to be fatal118
because of the long half-life period of Sr-90 (28.5 years).
The toxicity of elemental arsenic and its salts is well
known152—155. The combined presence of these two or their
compounds in the body-fluids may result in the precipitatién
of SPA and SAA at the bone/body fluid inferface causing there-
by a disturbance of calcium-phosphorus metabolism through
a shift in the calcification-resorption equilibrium. Investi-
gations on the solubil¢jof SPA, SAA and their solid solutions
under a simulated set of biological conditions may provide
an explanation and a means 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

260 The toxic effects of arsenic and the absence

invgstigated
of information on the solubility equilibria of SAA in the
existing literature are the motivations for wundertaking the
present investigations. 1In 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 gé&erning 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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PO,) (OH), e====> 10Ca®+6P0,> 4200 (3.1)

10(F04) 4! +6P0,

It is evident that such a saturated solution is characterized

Ca

by the fact that the solubility preoduct, Xsp, of the solute,

3-,6

2+) )" X (OH—)2 is a constant at a

given by ‘a (Ca 10xa(PO

4
given temperature, where the +terms in Dbrackets 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

A careful survey of the existing literature188—192’203’212'215

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 1leading to the
existence of such uncertainties and a few such are the follow-

ing: -

(1) 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 sclution which is to be separated before the solution

is analyzed for the determination of solubility195.

(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

Ca0O-P,0 —HZO system as indicated by its phase diagram (Fig.

275
1.1 FJ'B) there is a possibility for the existence of more
than one solid phase215 functioning as sgolute. studied for

the determination of solubility of apatites.

-

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

45,279 through

there is a possibility of their contamination
adsorption and surface exchange of foreign ions which leads
to -4 divergence in the,resﬁlts on the solubility, the effect

being accentuated when the contaminants are highly soluble.

{(v) ~A tendency of the calcium ions to get complexed209

with some of the ingrédients 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

insoluble phases which control the solubility equilibria192.

(vii) It should not be ignored that errors involved 1in the
evaluation of activity coefficient191 of the products of
dissolution of apatites introduce uncertainties in the calcu-

lated Ksp wvalues.

In the 1light 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-
rature50’144’215, 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 éomplexo -
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 interference82’83. 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 guantitative determination of phosphate, arsenate, as

well as the OH 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 1limits. The 1limiting concentration range of each
buffer for each determination was established by separate
experiments. Care was taken to _seé that the proportion of
the buffer in fhe medium of dissolution was well within the

limiting concentration range established.

3.2.2 Solubility sStudies

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 werFe likely to inter-
fere with the subsequent microanalytical determinations.
Polyethylene vessels of about 125:ml 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 thé
formation, if any, of carbonate apatite. Since the activity

coefficients of the dissolving species c¢an 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, 0.1M stock solutions
of each of the ingrgdients 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 1in the
subsequent microanalytical determinations. For each one of
the pH values chosen for equilibration, thelrequired propor-
tions of the ingredients of the buffer combinations were
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'measured before and after equilibration
using a pH meter. A separate system for each one of the chosen
pH values was set up taking 0.1g 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 IG4 sintered glass
crucibles to eliminate the colloidal component108’188’215.
In order to bring about this filtration at 37°C, a thermally
insulated wooden cabin, specially prepared for the purpoéé
and maintained at 37+0.5°C was used. Heating to the required
temperature was done by a couple of 200 watt incandescent
bulbs pesitioned 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 housad 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 subsegquent microanalytical deter-

minations.

3.2.2.3 Chemial analysis of the saturated solutioms

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 knowledge of the pH of the saturated

solution enabled an evaluation of the OH ion activity.

The following is an account of the necessary details

of these estimations.

(A) Determination of OH 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 ,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 OH 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
systems’ strontium82 was first determined by atomic absorp-
tion spectrometry in the presence of phosphate and arsenate
after appropriate masking of the interfering ions. Phosphate280
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 redu;tion 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 know-

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
could be calculated280. 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; mblybdenum blue formed by the ieduc-

tion of the latter was determined spectrophotometrically.

B. Determination of Phosphorus and Aréenic_

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 35g of ferrous ammonium sulphate,Fe(SO4)(NH4)2
SO4.6H2

of water and about 10ml of sulphuric acid (sp.gr.

O, were treated successively with about 150ml

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-

KH,PO containing 0.4387 g of ik

gen phosphate , 2P0,


http://sp.gr
http://sp.gr
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was prepared, the amount taken being such that each

"ml of this solution contained 100Y of phosphorus.
(e) Standard apsenate solution.

Approximately 0.50g of disodium hydrogen arsenate

NaZHAsO4.

was made up to 1 1litre, the arsenate content bdng

7H20 WESZ dissolved in water and the volume

determined iodometrically. A definite volume of the
above mentioned solution was diluted so that each

ml contains 100Y 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 200Y . 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 sulphaté solutions. The resulting solution was made up
to 100 ml, 10 minute after the addition éf the reducing agent.
The absorbance was measured against a blank at. 825 nm using
a spectrophotometer (Reckmann Modei-26)} the ceM. 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 sét 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.IITI) 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. 1II). 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 curves, two separate
convenient volumes of the filterea saturéted solutions of each
one of the samples of apatite was subjected té the procedure
adopted for Sets I and II. It is evident that the absorbance
values obtained coupled with the calibration curves of Sets.
I, IT 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 constént weight at 110°C
was accurately weighed, made up to 1 1litre. The resulting.
solution contains 0.17g of strontium per litre which amounts
to 0.1 mg of strontium per ml. The strength of the solution
so prepared was scrutiniied by titrating it against standard
0.001M EDTA solution using Efiochrome black T aé indicator
maintaining the solution at pH~10. The estimated amount was

found to tallywith 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 range
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.

—r . S e e e e T

A correction is to be made for the interferéﬁc;_e — 6f . 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 nﬁmber of g dtoms of P and As is equal to tﬂe

stoichiometric ratio  of 1.g7.

In order to mask the presence of phosphorus in each
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system exactly weighed amounts of 0.5g of KCl and 1g of LaCl3
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 rénge investigated and served as
the calibration curve. The strontium content of the saturated
solutiong of apatites could be determined after ﬁeasuring the

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
workers203 and also keeping in view thé-faét that trace impu-
rities present in the solutes céﬁ markedly vitiate solubility
data, about 3 g of each sample were subjectedto equilibration
in polyethylene containers using a mechanical shaker for abogt
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 respeétively 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. Whilé
the strontium content of thé filtrate was determined by atomic
absorption spectrometry, fhe amounts of phosphate and arsenate
were determined spectrophotometrically as mentioned earlier.
The dissolution kinetic studies could be extgnded in each
case to a total duration of about 24 hours by seﬁting 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 apétites
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 3.7 Dissolution kinetiecs of _Srm(POA)()(OH)2 in an acidic medium.

Solute: 0.1g of Sr1O(P04)6(OH)? (Sample No.1 of Table 2-4) washed
with a 27 solution of FEDTA maintained at a pH~10 using
" ammonium chloride-ammonium hydroxide as buffer combina-

tion. -
Dissolving
mediums: 1 100 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°C

Period of Final Measured conc. g atom
S. equilibration pH (g atoms/litre) - ratio,
No. (hours) o B Sr/P

x 10" x 102

@ €) ) Z5) )
1 0.17 5.59 2.85 1.65 . 1.72
2 0.33 5.62 3.05 1.86 1.64
3 0.50 5.60 3.15 1.93 1.63
4 0.75 5.60 3.23 1.96 1.68
5 1.00 5.62 3.30 1.97 1.67
6 1.50 5.62 . 3.50 2.16. 1.62
7 2.00 5.62 3.98 2.37 1.68
8 2.50 5.61 4.10 2.41 1.70
9 3.00 5.62 L.23 2.52 1.68
10 4..00 5.62 4.50 2.68 1.68
11 6.00 5.60 4.48 2.60 1.72
12 12.00 5.60 4.50 2.65 1.69

13 24.00 5.50 4.48 2.63 1.70
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Table 3.2 Dissolution kinetics of Sr1O(P04)6(OH)2 in an alkaline medium

Solute : 0.1g of Sr1O(PO )6(OH)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 potassium acid

- phthalate and sodium hydroxide brought to a molarity
of 0.165 with respect to NaCl.

Temperature: 37+0.5°C

Period of Final ' Measured conc. g atom
S. equilibration pH . (g atoms/litre) ratio,
No. (hours) - Sr P Sr/P

x10*2 . x0™

) (2) (3) (4a) (4b) (5)
1 0.17 7.80 0.06 0.36 1.65
2 0.33 7.82 0.10 0.62 1.62
3 0.50 7.83 0.15 0.86 1.74
4 0.75 7.82 0.18 1.05 ) 1.72
5 1.00 7.85 0.20 1.19 1.68
6 1.50 7.83 0.22 1.3 1.64
7 2.00 7.82 0.24 142 1.6%
8 2.50 7.83 0.26 1.59 1.63
9 3.00 7.83 0.26 1.52 1.65
10 4.00 7.85 0.25 1.51 1.65
11 6.00 7.83 0.25 1.52 1.64
12 12.00 7.85 0.24 1.50 1.60

13 24.00 7.83 0.26 1.52 1.7
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Table 3.3 Dissolution kinetics of a representative solid solution of stron-
tium phosphate apatite and strontium arsenateapatite in an acidic
medium.

Solute 0.2g of Sr1O(P04)4.2(AsO4)1.8(0H)2 (Sample No.Z of
Table 2-4) washed with a 27 solution of EDTA main-
tained at a pH 10 using ammonium chloride-ammonium
hydroxide as buffer combination.

Dissolving

medium: 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

Period of Final Measured conc. g atom

S.  eguilibration pH (? .atoms/litre) ratio,

No (hours) Sr P As Sr/(P+As)

x10™3 x1072  x10"3

@) &) G) Ga) b)  (4e) )

0.25 5.43 4.56 1.71 0.89 1.75

2 0.75 5.50 4.78 1.76 0.92 1.78

3 1.00 © 5.50 4.89 1.78 0.98 1.76

4 1.75 5,50 4.96 1.88 1.13 1.64

5 2.50 5.50 5.08 1.81 1.35 1.61

6 4.00 5.50 4.72 1.81 0.98 1.69

7 6.00 5.50 4.89 1.86 " 1.13 1.63

8 12.00 5.49 4.96 1.81 1.12 1.69

9 2400 547 4,96 1.81 1.13 1.68
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Table 3.4 Dissolution kinetics of a representative solid solution of stron-

tium phosphate

alkaline medium.

Solute

Dissolving
medium

0.1g of Sr1O(P04)4.2(AsO

apatite

and strontium arsenateapatite in an

4)1.8(

OH)2 (Sample No.4

of Table 2-4) washed with a solution of 27 EDTA

maintained at

ammonium hydroxide on buffer combination.

pH 10 using ammonium chloride-

100ml of a buffer consisting of boric acid-borax

brought to a molarity of 0.165with respect to

NaCl.
Temperature: 37+£0.5°C

Period of Final Measured conc. g atom
S. equilibration pH (g ‘atoms/litre) - rabie,
No (hours) Sr P As Sr/(P+As).

x10"2 %10 x0™t

(1) (2) (3) (4a) (4b) (4c) (5)
1 0.25 7.20 0.40 0.16 0.74 1.66
2 0.50 7.21 0.44 0.16 0.98 1.73
3 0.75 7.10 0.46 0.18 0.97 1.68
4 1.00 7.13 0.49 0.21 0.82 1.67
5 2.00 7.13 0.57 0.25 0.99 1.64
6 4.00 7.18 0.62 0.26 1.16 1.65
7 6.00 T.14 0.60 0.25 1.12 1.65
8 12.00 7.15 0.60 0.26 0.94 1.71
9 24.00 7.17 0.57 0.26 0.89 1.64
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Table 3.5 Dissolution kinetics of Sr1O(A304)6(OH)2 in an acidic medium.

Solute : 0.1g of Sr1O(AsOA)6(OH)2 (Sample No.8 of Table 2-4)
washed with a 27 solution of EDTA wmaintained at
pH 10 using ammonium chloride-ammonium hydroxide
as buffer combination.
Dissolving -
medium : 100ml 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°C
Period of Final Measured conc. . g atom
S. equilibration pH (g atoms/litre) ratio,
No. (hours) o e Sr/As
<10"2 <1072
(1 () (3) (42) (4b) - (5)
1 0.17 6.60 VAVAS 2.82 1.59
2 0.33 6.60 5.00 2.92 1.7
3 0.50 6.62 5.21 2.96 1.76
4 0.75 6.59 5.63 3.19 1.76
5 1.00 6.61 5.99 3.47 1.72
6 1.50 6.62 6.13 3.61 1.69
7 2.00 6.63 6.13 3.56 1.71
8. 2.50 6.62 5.85 3.61 1.61
9. 3.00 6.61 5.71 3.54 1.61
10 4.00 6.62 5.49 3.56 154
11 6.00 6.63 5.99 3.52 1.70
12 12.00 6.62 6.06 3.61 1.68
13 24.00 6.62 6.13 3.61 1.69
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Table 3.6 Dissolution kinetics of Sr1O(As04)6(OH)2 in an alkaline medium.

Solute

Dissolving
medium .

A

: 0.1g of Sr1O(ASOA)6<OH)? (Sample No.8 of Table 2.4)
washed with a 27 solution of EDTA maintained at
pH 10 using ammonium chloride-ammonium hydroxide

as buffer combination.

2 100ml of a buffer consisting of boric acid and

borax brought to a molarity of 0.165 with respect
to NaCl.

Temperature: 37+0.5°C

Period of Final Measured conc. g atoem
S. equilibration pH (g atoms/litre) ratio,
No. (hours) = s Sr/As

x10"? - x10%

(1) (2) (3) (4a) (4b) (5)
1 0.17 7.50 -0.80 0.44 1.80
2 0.33 7.53 1.00 0.52 1.92
3 0.50 7.55 ) 1.40 0.82 1.71
4 0.75 754 .1.60 1.00 1.60
5 1.00 7.50 1.75 - 1.09 1.60
6 1.50 7.51 1.80 1.18 1.53
7 2.00 7.53 1.95 1.21 1.61
8 2.50 7.55 2.30 1.44 1.59
9 3.00 7.55 2.65 1.60 1.67
10 4 .00 7.55 2.80 1.69 1.65
11 6.00 7.54 2.79 1.65 1.70
12 12.00 754 2.78 T 1,61 1.73
13 24.00

754 2.70 1.69 1.59




158

‘819 1T/SOT0W UT *ouony

Y2009 gLzl 022 £0°0 VAR Y100 g0 S6°L oL
GLezey 06'2L 82°¢2 600 291 9L°0 920 68° 4 6
0G*LGE £y°€l Li€ 600 191 LL*0 820 SL*L 8
00" 9€€ 6891 29'¢ LL'0 $9°1 2z o 9€°0 59°L L
Yreese £6°GL bve L 0€°0 WA €20 6£°0 2G L 9
09°782 6802 2L £5°0 9L 1 2e0 LS50 9L g
LE"S 0901 02951 oL'761 291 L9 L WA £0°9 Y
60° 7 o¥-oL 09 L6} Ze€9Le 791 80°¢ e e6°§ €
LL 2 67°6 08°8%¢ 9L 674 g9 1 8972 StANY 8L"G (4
vG L 92* L L1852 LE* 694 69° 1 592 6y Y 59°¢ L
) ) ) (9) @) €2) ©) @
|14 0L% 401X ¢, 0% 4, OL¥ | /48 £, 01X £,01%
|m¢om umqomm od%y « odtn ‘0T4Rx d ag gl on
(1/suo0T Mv *QUOY paYeTnNOTE] woys 3 (T/swoq® 8)*0U0d paansasy et S
€, -OLXGL™T = €5 pue mnoﬁxmm.@umm ,m;oﬁxﬁm.murm"qommm R

‘10BN 0% joedsex UQTA G9L°(Q JO AQTIBTOW B 3B POUTBIULRU

JO 59UB}SUOD UOTLBTOOSST(

006 0FLE

XBIOQ-PTO® OTJOQ JO

epTxoapdy untpos o3eTRYIUd PTOE® WNTSSB}Oq: JO UOTBUTqUOD J8jyjnd eqeradoxdde ue Jo TuQg

*UOTRRUTQUOD J9JING 8% sPTxoIply wniuowuwr-spTIoTys untuoumwue 3ursn | gd ® 938 peurBlUTRU
VIJE %Z JO UOTINTOos ® Y3IM poysen (¥°z oTqeB] Jo L-oN eoTdueg) NAmov©ﬁ¢omvornw Jo 8L+
(vds)e1trede egeydsoyd uwnyjuoaqs Jo BIJIGTITTnbs Lq1T7TAnTos eyy jo eouspuadsp-yid 4-¢ 2198

roangexedus],

wnpau
Sutiaposs(

aqnrog



159

%66 =abvbany

6°2L o -oLxerL €-ee mmuorxm.v G L g-0L¥0"€ 0°Lé g6-0l¥E"6 0L
L2l o -oFLe Ve 7 OLXG"E VoL g-0LX€ € G L6 g6-01¥7"€ 6
e 4! g, -0bx6°€ 9°ee (x-01%L"T YL g-OLXL"€ 8 L6 ge0¥a" L 8
6° 1L 2 -0bxLTL ez mmnofxq.m A g-OLXL" G LTL6 ge0 6" L L
9° 1l o 0¥ e L ez c,-0L¥T'C 2 L g-0L%L"9 8 L6 g6-0+¥97 L 9
Lebl erofxv,n g€ree mmxorxu.q 6°9 ) -oLxerL 6°66 @@@Fxm.r g
z 8 -01%¥9°9 LYz mmlovxq.b 69 ,-0LxeTe £ eolL o -0kX6" Y Y
6°L g-OL¥e"L Leve (- OH¥0"L 7°9 ,-OL¥9°€ zreol co~0F0°9 £
9* L g-0L¥9°¢ £ ve mwuorxm.m Y9 ,-OLXLT 9°20L co-0KXTe 2
) g-0L¥0"¢€ 9%z mmnorxq.m G'9 ,-OVXET€ L*yoL coL-0F9 L L
(L1) (91) (61) (71) () (¢t) - (i) (o1) (1)

deyd d1y diyd dty dryd dry diyd diy
2" 0an) s %(u0) ("oan)as , (" odnas) “10)%("0a)Otag N
sqonpoad STUOT JATeY] PuB pewaoJ g 03 pojoedxs Sessyd , 'S

g IM¥d — L°¢€ 91q®m]



160

T/8eT0W UL *0UO0Qy
6279 gLel e €0°0 QL LL°0 9L*o 0£°0 o8 0oL
9079 29l 60°€ ¢o*0 N1 gL*o 6L°0 0 6L 6
GG 965 e 8l lete 80°0 (§/ANN €20 oo 8e0 8L 8
76°009 8¢°0L q0'g ZLo "L €20 £2°0 (A4 L L
90°E£8€ Srarsd 43 90 19t gero k0 970 9G°L 9
KA £Lr6l 986 cro 897 L ee o 620 Y30 S L G
leeoL 26 €l oL-g7l 9L°zeL 9L oL 96*L £8°'C 619 K4
QL7 186 861461 e L6t g9° L 6L 1L L9 L 962 L0*9 £
7672 76 L 2L g8l 8L"G9E L9t gi'e 6L L7°€ €8¢ (4
gL'¢e Ly L g% L6l 25 eLy 291 tet¢e 66" 1L 64'¢ 6L°5 b
(o) (6) (8) (L) (9) (%) (") (€) @) )
1140 G+ 6O 610t (STpd)/8 5, 0L e £,0L%
_ lod _,oan od% x0a%H woqe 3 8y a ag mem L s
(T/8U0T &) *oUCO PITBTNOTRY) (T/moqe 5) *0U0D peInsesy

e o o Zo T U v Lavd

erorwm € = Y pue blorxo.vu_m mlowxo.wn_m $TOSYH(TL)

_OLxXgL Y = mM puzg lofxmm.@nmm .mlorxrm.b = w& nwommm (t)

£l

8

JO $qUBISUOD UOTIBRTOOSSTI(

006 0FLE toanyeradua],

*10eN 03 goedsed YFTM G9L*Q JO A3TIBTOW B 9B POUTBIUTEN XeI0-PIO® DTJIOQ IO

\

C unTpau

opTxoaply untpos—eqereysyd prow untsseqod Jo uorgeuUlquoo Jeyyng ejeridoxdde ue Jo TG :SUTATOSSI(

{

‘U0 T BUTQUOD

I9F3nq 8B oPTX0Jpdy unTuoume-8pPTIOTYS auTuoume Jursn (L gd ® 9B pouTeUTBM VYIQHd %2 JO

uorqnyos ® YITM peysem (Y'y o[q®] JO Z2°oN eoTdusg) Nﬁmov@.oﬁ

7

omiq.m%o&ofm Jo 3L-0:

aantog

*(¥yg)earTredre 81BUSSI® UNTQUOILES pPUB

(vds)eartyede ogeydsoyd unrquoxys Jo UOTINTOS PITO8 B Jo eraqifinbe L317Iqnios ey jo souspusdeg—-pd

8¢ °TABL



161

*T/seTol UT *0ou0qy

€-8b wﬁﬁ?u>¢ -
8°G6 96-0+%9" L e 62e 8e* L 0L*0 92°0 o]
AR 96-01¥6" S 60°19¢ geL 9L*0 67°0 6
0°66 omnofxq.m LO"6€EY 86" L 62°0 0L°0 8
2'5%6 @mnorxm.@ 06°€9¢ wm“r 7€'0 gL*o L
6°56 @onorxm._ geriLee 66" L %60 80 9
6°56 eo:orxm.r 6L°25¢ 67°¢ 840 | 90 g
L*00L Lo -0 F¥L L L6°0L oee (A4 97 622 @
g eol morxorxo.m G | 99°1 9¢ 9l Lt L6E £
9° €0l 1o -0¥8°C G6°% 9€" L gL oz 60°S7L (4
8'€0L o -01¥E" L ) £6°2 -8zl 18°0¢ TANAL L
C19) €19 (71) : (€1) (c1) (L) (L)
. :+o$« m+o§N m+o bX or+orx
dryd dry _ oSy RAE osv% ¥ 0sve o
9quTos oy4 Jo qonpoad OTUOT (T/¢uot 3) *ouU0O pPeqBTNOTE) 'S

g L¥¥d — 8°¢€ eTq®lL



162

. . *T/seTou UT °oU0Ny

. 08°094 L9°9l Y62 £0°0 lg9-| 120 61°0 €0 00°8 0

L
0269 ¥38°91 G0 ¢ G0°0 861 o%°0 02°0 8€°0 6° L 6
e 229 €L Ll 8L € L0*0 091 Y70 rAAR) ey o L8°L 8
88°9%¢ 8L 6L €0°¢ LL*0 8L° L g0 2°0 160 8L°L L
AV AAS YL 8l . glL°g 620 69° 1 9¢°0 LZ°0 G¢'o 9G°L 9
0€°982 85°61 © 0lol €70, G9°1L 85°0 0£°0 65°0 67" L 4
62 09°9 09°.L0L . 207051 191 VAR VAR £€0°2 86°¢ K
oL*2g £L°9 YL gEL 28 Gve 79+ 1 ZyL oL €6 2 98°¢ €
L0 L iy £€9°'9GL - €L GeY oL°L 9G° L 19°1 00°¢ 89°¢ re
Y40 Loy LLt29lL L8°99% 69° L 19 L L9 L 60°¢ 65°¢ L
(0L) (6) (8) (L) (9) (6) (7) (¢) (2) (1)
X L .

:+or_ m+or‘ m+o_.x m+o_,x Amf%\% ¥ olx ¢ Olx c 0iX
U v v 2 7€ " ! * *. nd o
—¢ 0d _ OdH _'od”H % O0d H woqs 3 ¥ d S Teuty  °g

(T/su0T 8) *0U0D PelBINOTE) (T/m0o3® J) °Ou0O painsesy
€ 2 L. .Y .€ vV 1dVd
mrnorxm.m = “Y pue u-o_xo.ru bl hm;orxo.ﬁu A :'0sY H(TT)

mrlorxmb.< u mM @ﬁm wrorxmm.oumm .MIOrNrm.b n rM nwommm Aﬁv

JO S3UB3SUOD UOTLBIOOSSTI(
005G °0FLE teanjetadusy,
*TOBN 09 9oedsed WTHM ¢9L*Q Jo £3TJIBTOW B 9B DPAUTBIUTEBN (XBJIOQ-PIO® OTIOQ IO mnTpe
opTx0oapAy untpos-s1®Tey3yd pro® untssejod Jo uoTyBUTqUOO JoIjng e4BTIdoadde um Jo TuQG : 3UTATOSSI(
*UOT}RUTQWOD
JoJJnq SB SPTX0JIPAY UNTUOWNB-oPTJIOTYD untuomue Suisn o pd ® 9® peurequlel VIAH %2 JO
woTInTos ® yata peuswm (V- eiqey jo ¢ron erdwss) S(mo)? H(Tosv)” 7("oq)Ot1s 3o 81-0:  ernrog
*(Vv¥s)e1tqede ©qBUSSIR WNTJUOILS DURB

(vdg)ertyede eqeydsoyd uwntquoazs Jo uorqunios PITOS B Jo ®BTIQITInbe Ay1Trqnros ey3 Jo eouspusdsg-pd 6°¢ 9TqQBL



163

*T/seToW UL *2uon,

0-Lb me.o Lan d

7976 | (012 82" 529 S6°1 61°0 500 oL
5076 ¢-01%0°8 28666 85 € L0 LL0 6
€0°¥6 (-0VxE"6 0L 26 €6°¢ €60 8L°0 8
28°¢6 yg-0L¥5" L 80° LGL 06 ¥9°0 LZ"0 L
2 66 96-01X€"9 €4:*905 9 0z° L. £€8°0 9
€56 96-01%¢"5 L9 9€Y Al yLvL 9L* | G
L*50L | 601-0H%6"9 Lev€ '80°1 ST LL*L62 7
€50l 501057 AA 960 92 €L LL*LGY €
2 90l | 1o1-0H%8" L 60" | VAL 8L 18" SLL 2
L*LOL 20019 | SL*0 | 090 . 255l 70* 66 1
(91) ¢19) ’ (71) (€1) (21) (L) (L)
, L ,OLX PN cOI% 010X

dyd dry |m<0m< -m@om<m |<0m¢mm *<0m4mm oK

93NTOS 87] JO 4oNpoJd JTUOT (T/suoT d) *ouo0o peqBINOTE) 'S

' g LYvd — 6°€ 9T9B]



164

*[/8eTOm UT °TOU0

g7°€89 0291l L8°¢ 70°0 /ARE €0 6170 6£°0 6L oL
8L° 689 mQ.ww 06°¢ 4070 Lt t¥-0 12°0 77°0 g8°L 6
05°229 cesl 087 LL*0 GL*L £7°0 £€2°0 8%°0 8L°L 8
06°80Y 0681l £9°9 61°0 /AN £9°0 YA £9°0 99°4L L
g 672 Sy LL A €Lé LE*0 /ANt 99°0 92°0 4LG°0 874 9
L6°82T 6£°81 G0"LL 96°0 LWLt 99°0 62¢°0 19°0 7L “
97-¢lL L0 €l 96°¢6 6L LS L9t A L0" L L6 7€°9 7
gerol BZ CL €160l Ll*8 09°1L LGt it 6L°2 g2z*9 £
YL ¢8° L 04°8€L LLt9EL 6L° 1 (4% 08’1 LO°€E £€L°9 [4
8G°¢ LL"6 00" €Ll 66°9L2 89° 1L 69°¢ 8 L 1€ g6 4 L
(Oh) (6) (8) (L) (9) (9) () (£) () (1)
rrwo X mWO X m\+owm w+owx Amf%ﬂ\fmm 5, 01X ¢, 01X ¢, 01 oy
~¢ od ~ OdH Od'H ¥ Od'H wog® S SY d I8 TRUT] ‘g
(T/suQT F) *0UOOD P8LRINOTRYD (T/moq® Z) *0UOO palusesjy
¢ ) r 7 vV Luvd
NFIOrNN.m = |1 pus L~ 0ix0* ﬁl M|orxo.vu. Wm<mmﬁ T)
mrlorxmb.ﬁ = "} Ppus orxmm ol mnorxrm.h = 0d"H (T)
JO S3UB3SUOD WOT}BLO0SSTI(
00§ °0%LE :eangeaedmay,
*TOBN 0% oedsex UY3TM G9L°0 JO £3TIETOW B 3B PAUTBLUTERL (XBI0Q-pTOB OTJIOQ JO o
opIx0oapdy untpos—eqereylyd prow untesejod JO UOT}BUTqEOOD J9Jjnq e%'Tadoadde ue Jo TuwQg:SutATOSSTI(q
) *UOT}BUTGUOD
J8FJnq SB OPIXOJPAY UNTUOWNE-OPTJIOTYS unfuomme Jutsn o Hd ® 3B peuTBlUTBU YIQH % JO
woTanTos ® YJTM peysem (Y°z oTqel Jo YroN eoTdumeg) NAmovm.rﬁv0w<vw.ﬁﬁqomvorhw Jo 3i-0% ejnfog
*(vvs)e3Tqrde 93BUSSIR UNTJUOILS PUB
(vdg)estyede sqwydsoyd wngquodqs Jo uUOTIn[os PTITOs B Jo wTIqTTInbe A3TTTquros ouj3 jo eouspusdsg-pd OL°€ °T1q®IL



165

*I/S9T0W UT *0ouUony

Ll L = PRedsAy

0°76 mouorxq.m 09°658 L0°€ €€°0 60°0 oL
LoY6 cg-0t¥L 8 06°Li8 09°¢ 16°0 8L°0 6
L6 0L L 8Y°GlLL WAL 29°0 92°0 8
G 6 w@lorxm.m 16°2¢€9 ety G6°0 250 L
L* 56 oonmrxr.m G6°LLY 76"y £9°1 Ggetl 9
8756 oouorxw.r ZL eo” 8Ly 28" L gLl g
7-001 Forlorxoé gLe6L gLz g7°cl 00°2¥L 7
¥°001 LoL-0FXe € LG €l LE2 get€l 2L L8l €
£°00t L0107 68°01 (A LL 8L 18°97¢ 2
1201 coL-0r*9°8 26°¢G ze e eL9e 61°€08 L
(91) (s1) (V1) (EL) (ct) (LL) (L)
L L0HX c,Obx 0% 014+0b

dryd d1y 1m¢om< -N#Om<m _"osv%m x 05v°R oN

83N o8 oYy Jo qonpoad OTuof (T/SUOT B) *0oUCD Pe}BINOTEY ‘S

g L4vd — 0l°¢ °IqeL



166

*OJ3TT/SOTOW UT *2uU0Ny

g€gazy 60°01L 6L L €0°0 G9° 1L 0e*o [450] £9°0 §6° L oL
L9 L\LE 876 Li e 70°0 BL L L2*0 LL*0 LG°0 g8°L 6
29°0¢€ 98" L1 8l'e L0°0 89" L 2e0 GL 0 6L°0 Ll L 8
Lee6e £8°€l 687 SL°o 79°L 070 6L°0 L6°0 694 L
L0991 LitLl 86°6 Lo YLt L7°0 LL°0 Lo* L L7 L 9
gLzl 6711 Gl : 770 0L°1 g7°0 6L°0 60°1L LE" L g
00°91L ocoLL 8¢°8Y . mw.mmu 0L L 16°0 69°0 LT 879 7
£0°8 0L°8 £5°0L _ 9L°gY% 89°1L 70" L 6L°0 L0"€ 62°9 €
0% £9°9 9¢° 18 70°%8 . LLo L gLl 88°0 L€ LL™9 [4
99 L 8L 61601 Liote 09°L 671 ANt (A 78°¢ L
(01) (6) (8) (4) (9) ) () (€) (RN
L1+0HX G40+~ g+ OLX 610k (FTd)/8 4, 01% £,01% £,0Lx
_oa _oan o +0atH w03 3 5y d ag Hmmmm 8
(T/SUOT &) *0U0CD Pa}BINOTEY (T/103B &) °0U0D p8INsBay

¢ 2 by W7 v 18vd

waorxm.m = ) pue bxorxo.ru_m M|orxo.<u_m *TOSYTH(TT)

mrlorxmb.¢ = mm pus mlorxmm.@umm .M|orxrm.b = rM "¢ommm (%)

JO SqUBQSUOD UOTRBRLOOSSTI(

9G°0FLE :oangeaadusy,
*I0BN 0% poo@mmp Y3TM G910 JO £3TIeTOm B 9B DPOUTBIUTRBN (XBIOG-PIOB OTJIOQ JIO mmTpem
opIXoapdy untpos—o3e[ey3yd Pproe untssejod Jo uoT}eUTqUOd Jeojyng oqertidoadde ur Jo TWQS:SUTATOSSTIQ
*UOT}BUTQUOD
JI9JJnq SB OPTXOJPAY UNTUOWEEB~oPTJIOTYo untuomme Jursn g gd ® 9B PeuUTBIUIBL VIQH %o IO
| uoTAnTos B UYITM Ppaysem (¥'z oTqB], Jo G*oy oTdumeg) NAmovq.mﬁvOm<vo.NAvomvornm Jo 3L-0: ajnfog
*{(¥¥g)e31a8dR 8]BUSEIR WNT]UOILS PURB

(vds)eatasde egsydsoyd unyjuogqs Jo UOTFNTOS @ﬂﬂom.m Jo ®TaqirInbs A31TTqnios 8y3 Jo souspuadsg-ygd

LL°E @Tq®]



167

S3x11/s3j0w ur duoy *

‘0°€6 = 83rvIOAY
7°06 rm|orxm.m LE BLG bw.mr €0 e 30°0 ol
6°06 ronorxo.ﬁ 06°L27 88°81L 99°¢ 60°0 6
7°68 omlorxo.v G0°GLG geLe 79y 6L°0 8
L*68 oo;orxw.w L7719y ere L L L7 0 L
9706 rOIOFXm.N 18°68¢ 89°0¢€ 6€£°01 88°0 9
016 rmlopxo.r 0z-9¢ee 87 Le €7 €L gereyL g
L76 mmlorxo.r ¢r-oz gL°ie 80°04L 20° 84 7
7°96 bmlorxo.# 65 0l L6°91 ¢l 98 6L LLL £
6°L6 ggQt¥0" L 07°¢ (A% 68°10L 99°L6L [4
L°00L Fowlorxﬁ.b getle LL°G LitoY L6 LL b
(91) (¢1) (1) (€1) (2i) (1) (1)

L1 +0* G+OH* g+OH 01+0H%

dryd dty 1%02 -Nﬁ_umé Tosvy AT ox
9qnios eyy Jo gonpoad OoTuoT (T/sUOT &) *0UOOD PagBINOTBY 'S
g JUVd — LL € °TARL



168

*OI}TT/SOTOW UT *0uopy

Y8 gy 9z 7l LGE L0°0 Gl1 82°0 LL°0 6L°0 08°L 6
%0°2Z8¢ 8e°Gl £€9Y LL*0 09°1 A1) 02°0 £8°0 gL' L 3
zLreee 8¢ 9L 02°9 02°0 2Ll 9€°0 rAARY 00" L 29°L L
9L°Y02 0£° Gl 85°8 o0 L9 L ge 0 £€2°0 2oL S L 9
G 291 69 L L8 6 950 $9°1 60 720 o LE* L, G
ge° 8¢ £L°9l LE"0g Y6 €l 0Ll 90° 1L 9970 £6°2 0L*9 Y
G2 Le 66°91 ALY gL le TL" T 291 96°0 Vi £5°9 £
06°8 09°LL Lo €Ll LL°26 Y91 00°2 gzl Ye g 12°9 Z
189 gv-ol Ve 6Ll bLeGLL €9°1 . 60°2 0L Vi 719 L
(oL) (6) (8) (L) (9) (S) (7) (€) () (1)
L1 OFX 6Ot 6+ Ob* 6Ot (FTHd) /8 £,01 £ 0L L
o _,oan _Tod%H x"0a%n w075 3 5y d iy
(T/suoT J) <oU0D POYBINOTE) (T/wo3e J) °*0ou0D pPaInses)y

€ A be W7o vV Ldvd

erofxm.m = 1 puB ,_0LX0 Mu,m m-oﬁxo.Qu_w : qummﬁﬂﬁv

g -0bXGL™7 = "X PUB o OLXEE 9="Y ‘ _O0IXlg"L = "X :'0d°H (T)

JO S3UBJSUOD UOTLBIDOSSI(

96 0FLE toangrieduay,
.Homz,op qoadsel YaTM ¢9|°0Q JO A4TJIBTOW B 4® POUTBIUTBU XBIOG—~PIOB OTJIOQ IO : mTpam
opTxoapdy unlpos-eqeTeyzyd Pproe untsseiod Jo uoTyBUTquUOo Joyjnq egeitdoadds u® Jo THQS SUTATOSSIQ
| *UOT}BUTqEOD
I8Fjnq SB OPTX0JpAyY UNTUOWWEB-oPTIOTYO uwnfuomme Juisn | gd ® 9® peutejulew VIQE %2 JO
UOTANTOS B YITM poyswm (¥°g o[qw] Jo 9°oN oTdueg) mﬂmovb.mA¢Om<vm.NAwomvorpm Jo 3L°0: ° eqmyog
*(Vvg)e3Tqede 99BUSSI® WNTRUOIGS PUR

(vag)eyrtyede ejeydsoyd wWnNTjuUoOILsS JO UOTINTOS PLTOS B Jo wraqiTInbe A3TTiqnios ey3 Jo eouspusdeq-gd ZL°€ oT1q®]



169

‘ m»ﬁg\mvdocr Ul owo) %

£'06 = 98BIsAy

——

L*88 6g-01%8" 1 LL*66Y SL*72 26°¢ gL*0 6
9°88 6g-0b%C T TAN Y Y0°Le GlL*g 620 8
G°88 mmuorxﬁ.m gerlée [AR Y4 £0°L c7:0 L
668 06-0+X7" L £6°65C LE"82 90°0L 6268 9
§*06 ronoc&.m 74" L02 99°L2 08°LL el g
506 | L6-0L%9°2 00°L5 qreg€ LE"OL 9€° € y
106 Lg=0+¥T L 6y 77 20" LY 86°021 12*68 €
0°€6 4 -0L¥5°2 8671 . 60°82 AR VA 687992 (4
0°€6 4g-O1XE"S 8L* Ll | ARSI TYegl cereee L
(9L) (51) (71) (€1) (c1) (LL) (L)
01+0FF I 4O PHYE

dryd d1y -m¢0m< -N<0m<m sy « 0svR o
9qnTos 9Yq JO 1oupoJd OTUO] (T/suoT 3) *0ou0D pPalBINOTRBY) 'S

\ g IYVd - ¢lL'€ °Ta®BL



*OXFTT/SOTOW UT *OUUHy

S 8872 €8°2l €E"2 9¢°0 - 691 88°0 G170 GL"L V6" L L
AR 4 9291 £9°€ 890 1901 YoM 02°0 L0°2 $8'L oL
60° LY VAVAR LL€ £8°0 99" L oLL 8L°0 £Le 8L* L 6
L6°62 0L*0L 62°¢ 68°0 99°1 96° 1 Y1°0 8¢ VLo L 8
92°8l £9°01 9z°Y 69° 1L €Lt 28 L G1°0 AT 964 L
L9°8L 26" L1 69°¢ 822 L9°L 00°2 L1°0 £9°¢ 25°L 9
9591 82 Gl 76 0L €19 89°1 1972 62°0 bg" Y 9¢° L g
26°9 Li2l 66°GlL WATH! §9°1L 96°2 82°0 Ge*g 80°L Y
€Le €0°0L 00°72 8E°8Y gLt L2 € ¥€*0 ¥2°9 28°9 €
86° 1 1601 gLt LY 96°6¢1 0Lt 18" € 25°0 o4 09°9 [4
78" 1L 792l LL*Y9 SE6LE ¥9°1 L6 € LL*0 9L L 6%°9 L
(o1) (6) (8) (L) (9) (5) [§2) (€) () ()

0140 ¢ 0L 401X 0140 mm<+mwmmm £,01% £,01x £,0L%
|m<om nm«omm ;wommm < odtH sowm 3 8y d Ig Hmmmm .wm

(T/SUO0T §) *0u0d PelBTnOTB) (T/Wo3e 3) *oUO0D paanssaj
€ B by 7€ v dHvd
2y -0LXCE = ¥ PUB ,_OLX0"L=(Y  ‘ _01X0"7=;} :'0SV H(TT)

mrlorxmb.¢ = mM pue wlorxmm.onmm .mtorxrm.b = PM uﬁommm (T)

JO S}UB}SUOD UOTRBTOOSSTI(

96 0FLE teanyeaedus],
*TOBN 0% 30edeex WITM ¢gL°Q Jo AJTIRTOW B 9B POUTBIUBU (XBIOG-PIOB DTIO] IO R
opTx0apAy untpos-eqereyyyd proe mntssejod Jo UOTGBUTqUOD Jeozyng eqeradoadd® uw Jo TmQS. SUTATOSSIQ
*UOT4BRUTQWOD
I8JInq SB OpTX0apdy uUnTUOmNEB~epTJOTyo unfuowme Juisn o gd ® 98 peuUTBIUTEBA YIQE %2 JO
uOTANTOS ® UM peusem (¥-z erqel Jo Leof erdmes) S(mo)0 9 (Tosv)0 t(70q)Otag zo Biv0:  equyog
* (Y¥g)e3Tiede ejrUess® NUTIUOILE PUR

!
(vdg)egryede eqeydsoyd mnijuoals JO UOTINTOS PITOS B Jo BIIQITINDe L3TTiqnros ey3 Jo souepusdeq-gd €L°¢ eTgBL



171

*T/SeTOW UT *2U0Ny

8°08 = °3raeAy

£°08 rmlorxo.v 9¢°6lLe LL* 8L 7076 9¢°0 L
6°6L owlorxm.r LZ*902 20" 16 g8°cl g7+0 oL
€08 Lg-0F¥8°7 60°281L £7°76 L9°Gl $9°0 6
g°8L mBIOrxm.N 81°69¢ L0*Y91L 86° L€ 961 8
£°64 owlorxﬁ.m 64°991 69°2¥L o€ 6¢ 0L°¢C L
L6 omlorxo.b 67°€91 VAt 65°9Y 439 9
L°8L _ mblorxr.m 76 LSE Ll 8Y 68°2le £€eree g
8°08 . _ rmlorx<.r 91L°¢9 8¢ 19l . o7-¥€L qg6°Le K4
8°¢8 mmlorxo.r LG L 7i0€L 96 961 29l €
(AN mwlorxm.@ 6c°8¢l 85°801L oL eLe TANVAN (4
LG8 omlorxo.b TN (AL Gs eoge L0472 L
(91) | (51) (71) (€1) (21) (L) (k)
®+orx m+orx m+orx m+orx

dryd | dry _ oSy _ 0SVE osvs ¥ 0s7CH ox
ajnf{os 8yq Jo gqonpoad OTUOT (T/SUOT 8) °OUOD PalBINOTBY 'S

g L4vd — £L°€ °Tq®y



172

T/88T0W UT *2UO]y

69°62 9¢°LLL

LYoEL 07°0 99°1 Gz'L 80°€ 26°L Ol
65" €2 £CLLL L2 8L €9:0 $9° L 62" 1 €Lz 8L 6
06°22 L2 0EL 0L €2 LO" L 19" 1 vgrL 6 2 YLl 8
26°8L Gz zEL £9°62 99° | 09° L 29° 1 09°2 $9°L L
v L 9¢2EL €0°6€ L8°€ 99° 1 AR g8°2 £€5°L 9
€L €L Lyl 60" LY 68°¢€ Y9° 1 68° 1 oL € 8L 6
89°8 $8°6G1 £Lev6 58 €L 89° vGe Lz A A
82°6 £€°191 G9° LS 25 8¢ L9° L 6L°€ vE s L €
0€2 L g2l GL-82e €v* Lot 0L" 1 95°€ 90°9 SL'9 ¥
56" 1 LG ELL 0L°992 567551 €L° 1 6L°€ 9579 £€9'9 1L
(6) (8) (L) (9) (9) (7) (€) () (1)

m+mrx w+orx w+orw W+ofm. &7/ g £,01% £ 0L
~¢ 08Y — OSVH 0SYV H % OSV'H ‘otgea sy Ig Hd O
(T/suot 3) "ouod pPejeTnITR) wo3e 3 (T/woje 8) *ouoo peanswey [ S
N . ) v Iuvd

5 -0L¥e € = {3 pue  _oLx0tL = ¥ ‘0L X 0'% = iy

JO 84UB}SUOCO UOTLBRTOOSSTI(

005 °0OFLE
*IoeN 07 goedsed YQTM G9L°0 JO LqTJelow € 18 POUTBIUTBM ' XBIO(~-PTOB OTJIOQ 40

raanqeasdwayg,

unypeu

9pPIX0apdy unipos-eqeyTBY3yd PTOB UNTSSBL04 JO UOTFwUTqUod a83jng sqetadoadde us Jo TuwQpg .@mgﬁ>ﬁommﬂa

*UOTQBRUTEOD JI8JJNQ €% opTXoapAy uniuouwe-sprJoTyo mntuowuwr Jursn QL Hd 3B peuteq
-“UTBW YIQH % JO UOTINTOS B YITM poysem (Vg OH@mamw.oz mﬂmswmv.mﬁmovomvom¢vofam Jo 31+0
(V¥g)e31aede 93BUSSIR unTquoags jo BTIQTTTnbe £311TQnTos eyy Jo souspusdep-yd 4 *€ o1qeBL

99NT0g



173

: 8-3L =a2bvrany

Y0l || -OLXLTE 7102 |2-01¥9"€ 9°6 g-OL¥E"2 2 LL g, -0LX6°S Ol
L0t L|-0L¥L L G 6l 0z-01%6"2 9°6 o-0WX7"2 6° LL g -0V L 6
6°6 01 -0k L G 61 gz-01¥6°2 g g-0L¥C € G*LL g0 € 8
9°6 o,-0k¥e e LT61 gz-0t¥e e GG o-o_xq.m 0°8L g -0tEL L L
76 o_,orxm.q 8761l gz-0t¥8 L 76 @norxw.m G 8L 6L-01%6°¢ 9
26 0;-01%6"9 661 0z-0L¥€ L Y ouorxq.q V8L mplcrxm.q g
78 (=018 € 2 oz |z-01%6°9 AL 9-01%89 8°9L 0P
8°L g-0L¥E" L Y02 |p-0LX6€ 0°¢ g-0L¥7"8 V6L 0g-0t¥9°€ €
G4 g-01%XL € 6°02 Lp-01¥E" L LG o-01%8" L G*18 LU A
£°4 g-01¥9"7 L1z e OVE7 "L e g-0V¥7"L G*e8 cg-0L¥OL"€ L
(LL) (91) (1) (71) (eL) (¢l) (LL) (o) (1)
dryd dty dyd dty dryd dTy diyd dry

2 Yooy ag 2 (mo) (Tosya) Cas (osvm)as ¢10)9(Tosw)Ola wm

sponpoad OTUOT JATOY} PUR pPOWlaOgF @J O3 pejoadxe Soseyg

H L4¥d — 7l°€ o198



174

Table 3.15 Ionic products and Free Energies of solution of SPA and SAA

and their solid solutions.

S Molecular Formula pKip G
No soln.
(average) K.cals/mole

(OH) 99.4 141.15

1 Sr1o(?04)6(> R

2 | SrlO(POA)5_4(A304)O.6(OH)2 98.3 A 139.65

3. Sr1O(P04)4.4(AsO4)1.6(0H)2 97.1.. 138.04

A Sr1O(P04)4.2(AsOA)1.S(OH)z 97.1 . 138.00

5 «Sr1O(PQA)2.6(AsOA)3-A(OH)Q 93.0 . 132.20

6 . Sr1O(P04)2.3(ASOA)3_7(OH)2 90.0 128.30

7 SrTO(POA)1-O(ASOA)S_O(OH)z 80.8 114.80

8 Sr1O(ASOA)6(OH)2) 78.8 111.95
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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 lto 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 é.nd 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 subsegquent 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. Frorﬁ these concentrations the
g atom ratio, Sr/(P+As), 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 cases, thé subse-
guent variationé 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
pf solub;lity equilibria of SPA, SAA and six of their solid
solutions lspread"over‘ the 'entife compositional range. Out
of them, tables 3.7 and 3.174 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 iﬁ a total of about
ten systems, each system being maintained at a different pH.
The pH range chosen in all the cases wés found to range between
S.S 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 producﬁs
caléulated T1:'1:om 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,:..

pKip = - log Kip.

The following aspects were considered relevant in explai-

ning the subdivision of total measured phosphorus and arsenic

. . ‘ - 2- 3-
into the spec1e§, H3PO4, H2PO4 ’ HPO4 ’ PO4 and H3Aso4,

- © 3=~
H2A504 and AsO4

to (9) of the tables. Orthophosphoric

respectively as given under columns (6)
203,215 acid being a
tribasic acid exhibits in its solution, whep dissociated,

the following equilibria:-

HyPO, m==—=== H,P0, +H" (3.3)

H2P04— _— HPO42—+H+ (3.4)
2- 3- ot

HPO4 ﬁ P04 +H (3.5)

It is evident that HY ion mentioned in the above equili-
bria exists as H30+ ion in agqueous media. The total amount
of phosphorus present j.n 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 dissociéted ionic
species (H2PO4_), (HPO42-) and (PO43_), making use of the

pH of the system and the three dissociation constants of the

acid. Expression for the dissociation constants, Kqv K, and K3
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and their values at 37°C are given below:

- +

| =3
K, = = 7.51 x 10 (3.6)
1 (H3P04)
(ap0,27) (%) s |
K, = - - 6.33 x 10 (3.7)
(H2P04 )
(p0,>7) (5*) | 13
Ky = . = 4.73 x 10 (3.8)
(HPO4 )

The gquantities 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
suggested by La Mer191J The concentration and activity of
--each ion are therefore considered to be the same, . the solu-
biliéy product, Ksp, and the corresponding ionic product,
Kip, of each solute being therefore considered synanymoué.
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,

. : - 2- 3-
Pioral = (H3PO,)+(H,PO, )+(HPO,” )+(PO,~") (3.9)

The quantities on the right hand side are the concentrations
of the respective species, the first being expressed in moles/1l
and the rest in g ions/l. From equation 3-6 to 3-8 it can

be shown that
+,3 :
(P) x (H') , (3.10)
g

H3PO4-=
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(P) x 7.51x10° x(u*)?2

H.,PO = (3.11)
2794
q
. (PYx 47.53 x 10711 x(u*)

HPO, %" = (3.12)

q
~24
po,3" - (B1x224.9x10 . (3.132)
a

where
g = (593 + 7.51x1073 (5" %447.53x107 1 (w¥) +224. 0 x 10724
(3.13b)
Table 3.14 contains results of similar calculations
done in the case of orthoarsenic acid. Orthoaféenic acid being

a tribasic acid exhibits in its aqueous solutions, when disso-

ciated, the following equilibria.

H3ASO4 —# HZASO4_+H+ - (3.14)

H,As0,” =———= HASO42_+H+ (3.15)
2~ 3- _+

HAsO4 —_— Aso4 +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; - - 4.0x1073 (3.17)
(H3ASOQ' | _
- +
: (HASO,”) (H') .
K}, = . = 1.0%10 (3.18)
(H2AsO4 )
, (s0,°7) (H*) oty
Ky = 5= = 3.2x10 (3.19)
(HASO,“7)
- 2- 3-
BStota1=(H3As0, )+ (HpASOy }+(HASO,™ )+(ASO,™ ) (3.20)
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+.3
(H4As0,) _ @asyx (H7) (3.21)
q'
(H.as0.~) = (2Slx 4.0x10°x(#*) (3.22)
oAs0y "
(naso 27y o {as)x 4.0x107' Ox(ut) (3.23)
4 o .
(25037 (As) x 12.8 x 10722 (3.24)
4 o '
where
a' = (a5 344 0x1073 (87244 0x107 1 O (mt)+12.8x10722  (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 thréé dissociation products can
be calculated, since there are four unknown gquantities 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
concent:ation could be calculated taking ionic product of
water expressed as pKw to be 13.54 at 37°C. The concentrations
of OH ions were not included in the tables since they could

be obtained from the relationship.

pPH + pOH = pRKw = 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,
Rip, of SPA‘ and SAA could be calculated on the basis of the
corresponding molecﬁlar formulae. It 1is 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 wvalues. In
the case of SPA the ionic products of all the possible phases
likely to control the solubility equilibria such as SrHPO,,

Sr(HzPO and the reported surface complex, Srz(HPO4)(OH)2,

)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 SrHAsO4, Sr(HZAsO4)2, and the surface complex
Srz(HAsO4)(OH)2 were calculated from the measured concentrations
of strontium and arsenic and reportéd 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 tc¢ explore the possibility of non-stoichiometric
dissolution involving one of these phases as the solute. In
spite of the fact that the pKip wvalues 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 SrHPO4,
Srz(HPO4)(OH)2, Sr(H2P04)2, SrHAsO4, SrZ(HAsO4)(OH)2 and
Sr(HZAsO4)2, the power to which the measured concentrations

. 2+ - 2- 3- 2- -
of ions such as Sr™ , H PO4 ’ HPO4 ’ PO4 ’ HAsO4 ’ HZASO4 ,

2
43—, and OH ions were to be raised were low in comparison

with those required for the apatite phase. Such a disparity

AsO

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 pXip wvalue of the apatite phaée 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 wvalues investigatedr In addition, the Kip's and the
pKip's of the samples of the so0lid 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 valﬁes.
The average pKip values showed a regular decrease from SPA

to SAA while the so0lid 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,S;/(P+As),to
the stoichiometric wvalues of 1.67 suggested the redundancy
of inclusion of the Kip wvalues of other possible solid phase
controlling the solubility equilibria. Making use of the expe-
rimentally determined Kip wvalues of SPA, SAA and their solid
solutions, the free energy decrease accompanying the dissolu-
tion of each sample was calculated and given in Table 3.15.
A systematic decrease in the magnitude of:4G 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 50lid 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 medium. 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-
4

in column (6) and (8). The rest of the calculated values being

‘ribed earlier. Out of them bﬁly PO, and AsO are included
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 valuesocCuis
as one goes from SPA to SAA the decrease being from 101 to
83. In addition7 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 écid phthatate 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 qguantities
required for such an evaluation. While the determinations
of strontium, phosphorus 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 +27 and -37 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

A brief mention of fundamental principle5281’282

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 conseguence 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 entefs into solution an attraction
'between the solvent molecules and the constituents of the
lattice of -the solute ycaused by the existence of solvation
energy ,occurs. An interplay of lattice and solvation energies
controls the dissolution: - of the solute which 1is favoured
when it 1s 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



187

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 éreater binding leading to a lower-

P

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'éxeré attractive
forces on the chavged particles. When the ionic crystals
come in contact with water, the molecules of the latter align
themselves such that their negative and posiﬁive ends are
oriented respectively towards the oppositely charged ions
of the crysta1281. The interionic attraction within the crystal
is weakened consequent upon the dipolar forces exerted by
water. .The ions are thus pulled into solution. The detached
ions move away from the crystal along with‘the accompanying
water molecules. The dissolution of the ionic compounds in
polar solvents like water may thus be explained. Additional
factors that greatly influence the dissolution of crystalline
.splids. in polai 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 pf‘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-

soln’

ing such a process. at temperature T can be shown to be given

by,

AG — RT1n Ksp {3.23)

soln
where the other terms involved have their usual significance. On the
basis of the fundamental thermodynamié expression used for
defining thé change in fiee energy,; it can be shown that

— TAS (3.24)

AG AH

soln soln soln

where M and ASS are the changes in heat content

soln oln

and entropy of solution respectively.

In order to evaluate Kip of a given solubility equili-
brium making use of equation (3.23), AGsoln is desired which,
“in turn,is obtained from s A 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,.AHs is given

oln’
by: -
=2AH

AH U (3.25)

soln hi ¥

where IAH is the sum of heats of hydration of the ions,

hi

while AH is the corresponding value for the ith ion. It

hi
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 AL H is greater than that for U while the converse

hi
is wvalid for cases of low solubility. While AZX Hhi is the
summation of the enthalpy changes involved in the conversion
of the products of dissolution to their corresponding hydrated
species, U can be shown to be made up of two principal energy
terms contributed by 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.
2
g = (MRl (1, (3.26a)
Ro n
B _
- (332AZ:Z_) (1_ 1 ) (3.26b)
R, n
B
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, R, is the minimum cation
to anion distance equal, for approximate purposes, to (r++r_)
where r, énd r are respectively the cationic and anionic

radii and Ny 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 eguation (3.24), a theoretical evaluation of AH

soln soln

involved in this equation which is now desired, can be obtai-

ned from the expression,

AS =[ (Sum of the entropies of products of

soln
dissolution)-(entropy of solute)] (3.27)

It is evident that the gquantities on the right hand side

of the above expression can be evaluated using the \atimer

. 283
expression
S°298=[3/2 Rln.(at.wt.of the species)-0.94] (3.28)
_where S°298 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-
282

Tetrode equation

) s°g = 26.0 + [3/2 Rln. (at.wt)] (3.29)

is also desired where S°g refers to the desired gaseous ions.While the
above discussion involves a circuitous evaluation of AGsoln
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) ZA Ghydration’ the summation
of the free energy changes of hydration of the constituting
ions of the solute and (ii) AGlattice' the free energy changes

of formation of the lattice of the solute,

AG =ZA G .
soln hydration -—'AGlattice (3.30)

Using a specific example of a solute of general formula,
MmNn’ the quantities of the right hand side of the above
expression can bke shown to be given by the relationships,

(3.31 to 3.35) as given below:-

AGyyaration = M-AGpy + m-AGy (3.31)
_-164z2 m 16422 n (3.32)
r++0.85 *p_+0.1
The fundamental expression
BCrattice = MMiattice ~ TAS1 sttice (3.33)
assumes the form
BGiattice = 7 U"TBS 1 ttice - (3.34)

appropriate signs being given to the terms involved. As ex-

desired in the above expression

283 and.Sackur—Tetrode282

plained earlier lxslattice

can be evaluated using the Latimer
equations givenj; equations (3.28) and (3.29). On substitution
Qf the appropriate wvalues for the _quantities involved in

equation (3.34), expression for AG assumes the follow-

lattice

ing form:-

G . - 332 AZ.Z._(ng-1)
lattice R, nB

A - 8.03 (m+n) (3.35)
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Substituting the values of A G andA G obtained

hydration lattice

from the expressions (3.32) and (3.35) respectively, AGsoln

in K cal/mole at 298° XK for such a system is given by the

expression,
AG B (16422 m) (16472 1)
. soln - (r+ +0.85) (r_ +0.1)
332 Az, Z_ (n.-1)
*{ | B " _g.03 (m+n)}
Re D
X cal/mole (3.36)

To emphasize the dependence of AXGsoln on the replacement
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,

24 G

_ 2
(or soln) ={ 16472n B 332A2tz_] (3.3%)
- r+ (r_+0.1)z Ro2
It is evident that the changes ensuing in AGhydration and
AGlattice consequent upon such a replacement are given respec-

tively 5& 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-
rable with that reported in the earlier literature195 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 apétites pre-
rured are of a high order of pafity as 1indicated by their
chemical analyses and other methods of characterization.
The non-stoichiometric dissolution of apatites ﬂfeported in
the earlier 1iterature190 can be attribuféd 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 1is 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 dissclving 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 1is relevant in the present context
is the following: -

2+ 3-

SI‘1O(PO4)6(OH)2 —————10Sr + 6PO4

+ 20H (3.38)
Among the products of dissolution PO43_ 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 PO43_ in aqueous medium initiates establish-

ment of the following equilibria which are all pH dependent.

3- + 2-

PO4 + H3O — HPO4 + HZO (3.39)
2- + - -

HPO4 +H30 = - H2P04 + H20 (3.40)
- +

H,PO,” + H30" === H PO, + H,O (3.41)

The OH ion on the other hand, takes part in an additional
equilibrium characteristic of all aqueous media as shown

below: -

+ -
Hy0' + OH ———= H,0 (3.42)

which is also pH dependent. A shift from left to right occurs
in all the above equilibria when H3O+ ion concentration 1is
increased. All these equilibria are collectively responsible
for influencing the equilibrium concentrations of the parti-

cipants of equation (3.38). Since the concentration of PO43_
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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-
tion brings about a decrease in the PO43_ 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 soclution to achieve this objective. Consequently
the’ solubility of SPA increases with a decrease in pH of
fhe m‘edium of diésolution. A similar argument is valid for
systems containing SAA and the solid solutions of SPA and
SAA as solutes, since the AsO43" ion concentration is also
likewise éffected by a decrease in pH. The foregoing arguments
are substantiated by the observed fact that the calculated
proportions of PO43_ or Aso43— ions of the saturated solutions
of the samples decreased with an increase in the hydrogen
ion concentration of the medj;um of dissolution (Tables 3.7

to 3.14).

Based on the concept of 1ionic equilibria prevalent .
in such systems and the role of dissociation constants of
the polybasic acids, H3PO4 and H3Aso4, 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 H3Aso4 over those of H3PO4. It

is evident that the repression in the equilibria involving

the dissociation products of H3Aso4 with an increase in the
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H3O+ ion concentration demands a higher dissolution of 'the-
corresponding apatite phase to compensate for the depletion
of the Aso43_ 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

soln

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 tq 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 &, 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, 1s another important factor influencing the solubi-
lity product. The following expression which can be derived
on the basis of the Debye-Huckel theory gives the solubility

of a salt as a function of the ionic strength, p at 25°C.

log S = log Sy + 0.509 (Z2,)(Z_) /ax (3.43)

1+ 0.329 a /U

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 tdlsodium
chloride. The ionic strength of the dissolving.ﬁedium thereby
remained virtually constant over the entire compositional
range of the buffer combinations. The role of the %onia B{ﬂé—
ngth of the medium of dissolution as a parameter of the solu-

bilities of apatites could thus be avoided.

191 that it is compli-

It has been sﬁggested by La Mef
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-Hickel 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 1is considered

as a solvent of reference in which all the activity coeffi-

cients may be assigned a wvalue 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, XKsp. 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

285,286 even before

important concept advanced by Bronsted
the enunciation of the Debye—Hﬁqkel theory. Based on an exten-
siveNsefies of investigations he could show that a constant
ionic environment contributed by a large excess of an inert
neutralvsalt 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

Apatites due to the Replacement of PO43_' by Aso437

The overall change in the solubility of an ionic com-
pound depends exclusively on the relative variations in
AGhydration and AGlattice terms as discussed earlier. The
latter becomes more dominant for sparingly soluble salts
like apatites. This can be justified by the fact that the
alterations in hydration energies284 for the pair of anions

3 3-

involved, namely, PO4 ~ and AsO4 , 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).

The covalent radius of AsO,>” (1.188 ) being higher than

3-
4

packing, since the cation, Sr2+ is the same in all the cases

than of(PO _(1.10£).contributes to a relatively more loose
involved. That SAA 1is relatively less stable than SPA is
evident from the experimentalZXGsoln values, the wvalues being
141.15 and 111.95 X cal/mole respectively for SPA and SAA.
The reported282 increase in the solﬁbilities of sodium halides
in the order NaF,'NaCl, NaBr and Nal with an increase in the
anionic radii?®>, (F7, c17, Br” and I~ being 1.34, 1.81, 1.95
and 2.17£ 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 eneréy with an increase in the ;rsenic 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. valuesusing the conventional thermody-
namic expression shows a éystematic decreasg with an.increase
in the arsenate content. As mentioned earlier the replacement
of phosphate by a relatively bigger ion such as arsenate (cova-
lent radii of PO43_ and AsO43_ are 1.103 and 1.18% respec-

tively) brings about a decrease in the lattice energy due

to the consequent loose packing.
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D. Explanation of the Absence 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 phasés 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 ffom_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, OH , with its
dominant accompanying effect on the calculated values of

3- or aso0,3"

4 4 total °F PStotal

value, as indicated by equations (3.9) and (3.20) s> of

the PO ion from the measured P

significance. It is evident that an error in its measurement

effects not only its own concentration term used directly

in the calculation of Kip but also that of PO43_ or Aso43_

which are computed from the Ptotal or Astotal and the measured
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 Sr2+, PO43— or AsO43_
and OH . Such computations involve large powers to which

the corresponding concentrations ate 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, SrHPO4 or SrHAsO4, a sur-~
face complex, Srz(HPO4)(OH)2 or Srz(AsO4) (OH)Z’ 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 wvalues
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 1is 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 controll'ing the sélubility 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.
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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-

dence on the extent of isomorphous substitution of PO43"

3-
4

to a few chosen buffered dissolving media spread over a pH

by AsO . The studies carried out at 37°C were extended
range, 5.50 to 8.0. The minimum duration of equilibration
réquired for the attainment of saturation was established
through studies on the aissolution 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 1G4 sintered glass
crucibles and the filtrates were subjected to micro-analytical
determinations of the concentrations of the dissolved ions.
The proportion of H3PO4 and H3Aso4 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, Srz(HPO4((OH)2
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



203

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
_ip'order'to maintain the ionic strength constant. This enabled
the solubility product of the “solute, Ksp, to be coﬁsidered
as its ionic product, Kip, in its saturated solution assuming
the acﬁivity 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 PO4 by AsO4 , covalent radii

of P and As being 1.10 and 1.18 A respectively.
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SYNOPSIS

Calcium hydroxylapatite, Ca1O(PO4)6(OH)2, the principal
inorganic constituent of human . bones and teeth, belongs to
aﬁ }isomorphous series of substances .known as apatites. It
has been the subject oé’ extensive investigations because
of its biological significance and 1its 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 ipnic-radii of tﬁe pairs of
ions involved. Among such diverse exchange réactions_ a few
have attained significance during the recent past consequent
upon the toxicity of the elements involwved, suchlan 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}3~active Sr-90,
a product of atomic explosions, §tudies on the replacement
of calcium by strontium (ionic radii 0.99 and 1.13A respec-
tively) and of phosphate by arsenate covalent radii (1.10
and 1.18& respectively) have been chosen for the present
investigations. Among  heteroionic cationic substitutiohs
on calcium hydroxylapatite replacement of Ca2+ by Sr2+ is
significant since it explains the mechanism of incorporation

in the human skeletal system of /g—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 Ca2+ ions by Sr2+
ions leads to the formation of strontium phosphate apatite,
r1O(PO4)6(OH)2, while that of PO43— by AsO43— on, strontium
phosphate apatite leads to strontium arsenate apatite

T10 Aso4)6(OH 2,'both being iosmorphs of calcium hydroxyl-
apatite. A partial-replacement in either case leads to forma-

tion of so0lid 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 respohsible 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 PO4 —— Aso4 - exchange on calcium

hydroxyvlapatite 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 résorption, 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 oﬁ' strontium phosphate apatite, gtrontium
arsenatelapatite.and a series of six cf their solid solutions
spread- over the entire compositional range, was undertaken.
Adopting co-precipitation of the end-members in aqueous media
through a Jjudicious modification of the existing methods,

the samples were prepared at 37°C to simulate biological

conditions.

Characterization of thesg 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 unii cell volume of .a homo-
geneous series of solid solutions wvaries linearly with the
composition and offers a convenient method of scrutinizihg
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 proportibn 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-

4 and OH ions.

, AsO 3-

to the PO 4

Studies on the solubility of the samples were under-
taken at 37°C in order to investigate its dependence on the
replacement of PO43" ion by Aso43_ 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 dissolwving
medium was used to maintain constancy of the activity 'of
OH  ions involved in such calculations. In order to investi-
gate the reproducibility of the solubility product so éeter—
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
ac;urately the activity coefficients of polyvalent ions could
be avoided by assuming ail 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 separﬁted by filtration at 37°C through a 1G4 sintered
glass crucible Dbefore 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 étrontium, 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.purpqse 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
its three dissociation products, H2PO4—, HPO42" and PO43T
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 orthé:hrsenic acid in the case of systems having arsenate -
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containing samples as solutes.

There exists an ambiguity in the earlier literature
regarding the solute ?hase likely to control the solubility
of apatite systems since the dissolution involved is hydroly-
tic. That the apatites exhibit stoich}ometﬁic 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 ‘estab;ish 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 seconaary
phosphates of the metal concerned in addition to the apatite
phase. By analogy with a double salt, CaZ(HPoé)(CH)z, a phase
reported to control the zolubility product of calcium hydroxyl
apatite\by functioning as a surface coating, the ionic product
of its strontium counterpart, SrZ(HPO4)(OH)2, 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 1limits. 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 thé
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 wvalue (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, daecreased systematically

with an increase in the extent of replacement of PO43— by

3-
4

by the concept of alterations in lattice and hydration ener-

AsO . An interpretation'of these results could be provided

gies of ionic crystals consequent upon isomorphous substitution.
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To understand the toxic effects of vanadium on the human sketetal system, the solubility products
of phosphate and vanadate apatites of calcium and eight of their solid solutions, spread over
the entire compaositional 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,,(PO,),(OH), (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 PO}~ by VO~ resulting in the formation of its
isomorph. calcium vanadate apatite, Ca,,(VO,),(OH),
(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 earlier. In addition,
these studies were intended to clarify a few ambiguities
assoclated 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 0.2g of apatite to potassium acid
phthalate-sodium hydroxide or boric acid—borax
buffer of required pH prepared in 200 ml of 0.165M

1286

0022-2461/87 $03.00 + .12

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 0.165M 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 12h, 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 investi-
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 pK,, of CPA and CVA was also
investigated at convenient pH values.

© 1987 Chapman and Hall Ltd.



TABLE [ Solubility products of phosphate and vanadate apatites* of calcium and their solid solutions in 0.165M sodium chloride

solution
Serial Final pH Measured conc. (10’ mol1™!) Calculated activities (moil~!) Mole ratio, pK,, Average
no. Ca/(P + V) pK.
Ca P \% a(on—)T 4po3-) Bvo3-) P
x 10® x 10" x 10"
) @ 3) ) (%) (6) M ® ® (10) (In
Solute:  calcium phosphate apatite, Cay(PO,)s(OH),
1 477 3.36 2.06 - 0.16 0.21 - 1.62 118
2 4.94 3.17 1.87 - 0.25 0.42 - 1.69 116 114
3 5.20 2.67 1.53 - 0.46 1.14 - 1.74 114
4 5.65 2.30 1.29 - 1.28 7.50 - 1.78 109
Solute:  solid solution no. 1, Cay(PO,)s,;(V0y4)e3:(OH),
5 5.48 1.03 0.55 0.06 0.87 1.47 0.08 1.69 118
6 5.85 0.7t 0.38 0.05 2.04 5.56 0.36 1.60 115 114
7 7.01 0.14 0.05 0.03 29.5 107.0 39.7 1.65 112
8 7.20 0.12 0.04 0.03 45.7 164.0 76.7 1.65 111
Solute:  solid solution no. 2, Ca,g(PO,)s4(VO4)ps(OH),
9 5.54 1.17 0.56 0.14 1.00 1.89 0.23 1.64 116
10 5.90 0.82 0.42 0.10 2.29 7.55 0.84 1.58 114 113
11 7.01 0.18 0.06 0.05 29.5 120.0 59.7 1.64 111
12 7.20 0.15 0.05 0.04 45.7 182.0 123.6 1.66 110
Solute:  solid solution no. 3, Ca\g(PO,),,(V04),,(OH),
13 5.22 2.60 1.24 0.37 0.48 1.01 0.13 1.60 116
14 5.62 1.84 0.80 0.34 1.20 4.01 0.78 1.62 113
15 6.05 1.10 0.37 0.31 3.23 13.2 5.12 1.61 112 113
16 7.01 0.36 0.05 0.02 29.5 95.2 21.5 1.62 109
Solute:  solid solution no. 4, Ca,y(PO,);;(V0,),;(0OH),
17 5.03 5.32 1.64 1.57 0.31 0.56 0.23 1.72 116
18 5.17 5.09 1.34 1.47 0.43 0.87 0.41 1.80 115
19 5.40 4.47 1.16 1.37 0.72 2.16 .13 1.76 112 112
20 6.03 342 0.71 1.29 3.09 22.8 19.3 1.70 106
Solute:  solid solution no. 5, Ca;g(PO,), ,(V04):5(0H),
21 5.08 5.89 1.16 225 0.35 0.49 0.42 1.72 116
22 5.27 5.52 0.96 2.11 0.54 0.99 0.95 1.79 114
.23 5.57 4.75 0.79 1.96 1.07 3.21 3.53 1.72 111 111
24 6.17 4.19 0.47 1.88 4.26 283 53.2 1.77 104
Solute:  solid solution no. 6, Cayy(PO,),;(V04);;(OH),
25 5.19 T6.73 0.96 2.94 0.45 0.69 091 1.72 115
26 5.39 6.24 0.87 2.61 0.71 1.55 2.05 1.79 112
27 5.65 5.46 0.56 2.48 1.29 3.26 6.46 1.79 110 11
28 6.61 1.99 0.07 1.17 11.7 28.5 244.0 1.59 106
Solute:  solid solution no. 7, Cay(PO,),s(V04)ss(OH),
29 5.27 7.21 0.78 3.43 0.54 0.81 1.54 1.71 115
30 5.40 6.73 0.64 3.14 0.72 1.20 2.58 1.77 112
31 5.79 6.01 0.42 2.98 1.77 4.67 14.3 1.76 108 109
32 6.42 5.07 0.19 2.75 7.58 33.7 242.0 1.72 101
Solute:  solid solution no. 8, Cag(PO,)ys(VO4)s2(0H),
33 5.33 7.78 4.52 3.92 0.62 0.61 2.33 1.78 113
34 5.52 745 3.55 3.83 0.95 1.14 5.46 1.78 1
35 6.14 6.78 2.01 3.76 3.98 10.5 9.28 1.70 103 107
36 6.65 295 0.12 1.72 12.8 6.02 429.0 1.69 102
Solute:  calcium vanadate apatite, Ca,,(VO,)s(OH),
37 5.33 8.27 - 5.15 0.62 - 3.06 1.60 112
38 5.53 7.88 - 441 0.98 - 6.60 1.78 110 107
39 5.90 7.12 - 3.92 2.29 - 322 1.64 106
40 6.60 3.78 - 2.25 10.9 - 448.0 1.68 100

*0.2 g 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 0.165 M with respect to sodium chloride.
*Caleculated 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 Common ion added Final pH Measured conc. Mole ratio: Calculated activity Solubility product
no. (mg!™") (10° moll=") Ca/P (10" mol1=Y) of solute,
Ca P Ca P Ao} PKy
(M @ (3) ) &) () N @) ®
1 10 - 5.62 3.23 [.19 2.71 6.03 108
2 30 - 5.62 4.44 0.79 2.46 4.01 108
3 - 10 5.48 2.49 1.59 6.87 4.26 110
4 - 30 5.48 1.75 2.58 11.1 6.91 110

Average 109

K, = (Ca®*)"°(PO}™)*(OH ).

Solute: 0.2g Ca(PO,)s(OH), washed with a 2% solution of EDTA maintained at pH I0 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 sample at a
measured pH are given in columns 3-to 5. While the
activities of OH™~ and Ca** ions were thus available
directly from the measured pH and concentrations of
Ca?*, respectively, those of PO}~ and VO;~ 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 PO}~ and VO~ 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 CaHPO,, Ca,HPO,(OH),,
Ca(H,PO,),, CaHVO,, Ca,HVO,(OH), and
Ca(H,V0O,), 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 pK;, values of the phases are given in
column 10 of Table 1.

Resuits of the effect of common ions on the solu-
bility equilibria of CPA and CVA are given in Tables
IT and IIT respectively. It was found from these results
that the pXj, values (column 9, Tables II and HI) 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 1I) 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, X,, of CPA is
equal to the product of the concentrations of the

TABLE III Studies on the effect of common ions on the solubility equilibria of calcium vanadate apatite

Serial Common ion added Final pH Measured conc. Mole ratio: Calculated activity Solubility product

no. (mgl™") (10° mol1™") Ca/Vv (10" mol1-") of solute, .
Ca v Ca \% voi PKs

M &) 3 @ (5 © O] @® ®

I 10 - 5.70 8.41 294 235 9.63 107

2 30 - 5.70 10.7 1.76 6.07 5.78 109

3 - 10 5.79 6.42 4.22 1.52 20.90 107

4 - 30 5.79 4.71 5.69 0.83 28.20 108

Average 108

K,, = (Ca**)"(VO}~)*(OH" ).

Solute: 0.2g Ca,((VO,),(OH), washed with a 2% solution of EDTA maintained at pH 10 using ammonium chloride and ammonium

hydroxide.

Dissolving medium: 200 mi of an appropriate buffer combination of potassium acid phthalate and sodium hydroxide brought to a molarity

of 0.165M with respect to sodium chioride.
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 PO}~ was
calculated as shown below from the overall analytical
concentration of PO}~ represented as P,,,,.

Orthophosphoric acid, being a tribasic acid, dis-
sociates as shown below:

H,PO, = H,PO; + H* M
H,PO; = HPO? + H* )
HPO:~ = PO}~ + H¥ 3)

It.is evident that the H* ion in the above equilibria

‘exists as H,O* 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 (H,PO;), (HPOZ™) and
(PO;™), making use of the pH of the system and three
dissociation constants [17, 18}, X;, K, and K; of the
acid:

z,p07 ) A+ )

K = =00 o 751 % 1070 @)
4,po,)
s S S, S .
K, = %V E _ 633 x 107 (5)
Ak,p0; )
and
[ 9 TN 7 P
K o= X200 = 473 x 100°(6)
AmpoiT)

The activity coefficients of all these ions were con-
sidered to be unity in a 0.165M sodium chloride sol-
ution as suggested by La Mer {I3]. Thus the total
dissolved phosphorus is given by the expression,

by = Amypoy T nipo;) T Gupoi-) + Apo3-,(7)

where the activities are expressed in moles/litre.
From Equations 4 to 6 it can be shown that

a a
(P| t l) (H+)3
AP0, = oaq (8)
— Ap ) K1 Qi 9
qmypoyy = 7 ®
_ a(Pmlal)Kl K:a(H-i») 10
AQupol-y = ———q~— (10)
a _ a(leal)Kl K3K3 (ll)
(G 7 )

whereq = Qg+ + Kla(H+)Z + K]KZG(H+) + K1K2K3.
A similar set of calculations {19] could be done to
obtain the activity of the vanadate ion, awol-), from
its ionization constants [9], K|, K and K taken, res-
pectively, as 3.98 x 107%, 132 x 107®* and
1.00 x 107". A combination of these two sets of
calculations could be made for the solid solutions.
The pK,, values of the phases given are only a
few among a total of about ten determinations made
in each case, the individual values being 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 pK,, 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 colloidal component in its saturated sol-
ution, Larsen supposed it to behave like an amphoteric
colloid such that in highly acidic media the observed
pK,, 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 above 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,,, is related to K, as
shown below, at a given temperature, 7, and can be
calculated by the expression

AGy, = —RTIK, (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

AGsoln = z:AGhi - AGlallicc (13)

where ZAG,; is the sum of the Gibbs energy changes of
hydration of the constituting ions of the solute, while
AG\, 1S 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 PO}~ and VO]~ ions.

1t can be concluded that while the overall change in
the solubility of an ionic compound depends exclu-
sively on the relative variations in AGygmion and
AG),.. 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. PO;~ and VO;™ 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 VO;~ (0.122nm) is greater than
that of PO}~ (0.110nm). 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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Sampies of phosphate and arsenate apatites of strontium and six of their solid sofutions,
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, 3Ca,(PO,),. Ca(OH),, 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
1somorphous substitutions [2]. Principal among such
substitutions have been the replacement of Ca’* by
Sr** and of PO;~ by AsO;~ 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 f-active *Sr is
involved, and the latter to toxicity [5, 6]. While
Ca™ = 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
PO;~ = AsO}~ 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 SI_.'H— + 6 Xoi_ + 2 OH_ - Sr,o(XO4)6(OH)2

where X = phosphorus or arsenic for the end-members
and (P + As) for the solid solutions. Stock solutions
of Sr**, PO3~ and AsO;~ were prepared respectively
from strontium nitrate, diammonium hydrogen phos-
phate and arsenic pentoxide, the latter being con-
verted to AsO:~ by the addition of an appropriate
amount of sodium hydroxide. From these solutions,
preserved in polyethylene containers, the amounts of
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Sr**, PO}~ and AsO}~ 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 ~30g
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 1000ml 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
Sr**, 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 ~6h 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 + 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 [.63
and 1.69, the theoretical value being 1.67. A striking
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TABLE 1 Chemical analysis of solid solutions of phosphate and™rsenate apatites of strontium

Sample number  Sample Sr(wt%) P(wt%) As(wt%) gatom ratio, Molecular formula

St/P + As
1 2 3 4 5 6 7
I Strontium phosphate apatite  58.96 12.38 - 1.68 Sry(PO, )s(OH),
2. Solid solution: I 58.13 11.09 3.14 1.66 St1o(PO, )5 4(ASO, )y (OH),
3. Solid solution: II 5647 8.83 8.11 1.64 St1g(PO4)a 4 (AsO,) s(OH),
4, Solid solution: II1 56.44 8.44 8.54 1.67 Sr10(PO; ), 2(ASO,), 5 (OH),
5. Solid solution: IV 54.05 5.10 15.69 1.65 Sry(PO, )2 6(ASO,); «(OH),
6. Solid solution: V 58.55 4.37 16.58 1.69 Sr14(POy),5(ASOy); ,(OH),
7. Solid solution: VI 51.59 1.85 21.97 1.66 St14(PO, ), o(AsO, )54 (OH),
3. Strontium arsenate apatite 50.26 25.77 1.66 Sr o(AsO,)(OH),

TABLE 11 X-ray and infrared analyses of solid solutions of phosphate and arsenate apatites of strontium

Sample Lattice parameters (nm) Unit cell Molar volume Wave numbers of peaks (cm™')
number a . volume, ¥, V.. N (mlmol™') PO Ao -
\/37/2 a’c (nm)* 4 sO; OH
1 2 3 4 S 6 7 8
I. 0.976 0.726 0.598 360 1075 (s),* - 3572 (w)
1030 (s),
948 (m)
2. 0.982 0.728 0.608 366 1072 (s), 851 (s) 3564 (w)
1028 (s),
947 (m)
3. 0.993 0.734 0.627 378 1068 (s), 850 (s) 3564 (w)
. 1017 (s),
946 (m)
4. 0.996 0.736 0.632 381 1018 (s), 852 (s) 3564 (w)
945 (m),
5. 1.013 0.744 0.662 399 1025 (s), 833 (s) 3562 (w)
. 942 (m)
6. 1.016 0.746 0.667 402 1028 (s), 830 (s) 3562 (w)
- 941 (w)
7. 1.031 0.754 0.694 418 1028 (s), 821 (s) 3556 (w)
973 (m)
8. 1.043 0.760 0.716 431 - 863 (s, 3556 (w)
841 (s).
825 (s)

*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 ¢ of the samples given in
columns 2 and 3 of Table II were found to increase in
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Figure | Dependence of unit cell valume of solid solutions of phos-
phate and arsenate apatites of strontium on the mol % strontium
arsenate apatite.

the ranges 0.976 to 1.043nm 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 I1 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 0.118 nm, 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 arsenaté observed in the vicinity
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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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